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Introduction 

3 

 

1. Cardiovascular diseases and regeneration 

1.1   The mammalian heart 

The mammalian heart is the first organ formed in the embryo and is composed of four chambers: 

right atrium (RA), right ventricle (RV), left atrium (LA), and left ventricle (LV), and three layers: 

the endocardium, the myocardium, and the pericardium.  

The endocardium is formed by simple squamous epithelium known as endothelium, which lines the 

chambers and is joined to myocardium by a thin layer of connective tissue. The pericardium is 

comprised of two distinct sublayers: the inner serous pericardium, which is formed by visceral 

pericardium or epicardium and parietal pericardium separated by pericardial cavity, and the outer 

fibrous pericardium made of dense connective tissue. The myocardium is the muscular layer of the 

heart, it is the thickest one and is located between the endocardium and the pericardium. 

With regard to cellular composition, the heart is principally formed by cardiomyocytes (CM), 

cardiac fibroblasts (cFib) , vascular smooth muscle cells (localized fundamentally within the 

myocardium), vascular endothelial cells (located within the myocardium and endocardium) and 

mesothelial cells present in the pericardium 1–3. CM are specialized cells with a complex filament 

structure responsible for the control of the rhythmic beating of the heart and present heterogeneity 

depending on the location, morphology, and function, including atrial, ventricular, sinoatrial nodal, 

atrioventricular nodal, His bundle, and Purkinje fibers 4,5.  

The heart acts as a potent blood pump, crucial for both the proper circulation of nutrients and 

oxygen and the removal of metabolic waste. Within the heart, valves allow the proper blood flow 

and the correct pressure to pump the blood. Atrioventricular (AV) valves avoid blood to return from 

ventricles to atria: tricuspid valve in the right side, and mitral valve in the left one. Semilunar valves 

regulate the blood ejection from the ventricles through the major arteries: pulmonary valve between 

the RV and the pulmonary artery, and aortic valve between the LV and the aorta 6.  

In this manner, de-oxygenated blood from the body is collected by the right side of the heart 

through the superior and inferior vena cava into the RA. Afterwards, the blood is pumped to the RV 

to subsequently be ejected through the pulmonary arteries to lungs (pulmonary circulation), where 

is oxygenated through passive diffusion. The blood circles back enriched with oxygen to the LA 

through the pulmonary veins. Then, blood is pumped from the LA to the LV, being the LV the main 

pumping chamber in charge of the ejection of blood with the maximum pressure through the aorta 

(systemic circulation) 6.  

Mechanical beating of the heart alternates systole, when heart muscle contracts and pumps blood 

out of the heart, and diastole, when heart muscle relaxes and cardiac chambers fill with blood. This 

rhythmic beating is governed by electrical signals from the cardiac conduction system. The 

sinoatrial (SA) node, which is located in the myocardium of the RA, initiate the impulse when the 

inflow pressure provokes the contraction of the atria and is propagated to the AV node that controls 

the contraction of the ventricles by impulse conduction along the bundle of His and Purkinje fibers 
6,7. 
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1.2   Basis of cardiovascular diseases. Acute myocardial infarction 

Cardiovascular diseases (CVD) are a group of disorders which include coronary heart disease, 

cerebrovascular disease, peripheral arterial disease, rheumatic heart disease, congenital heart 

disease and deep vein thrombosis and pulmonary embolism.  

Cardiovascular diseases are the leading cause of mortality and morbidity worldwide. In Europe, 

47% of female deaths and 39% male deaths were caused by CVD in 2019 (Figure 1). It is estimated 

that, in the world, approximately 17.9 million people died from CVD in 2019, representing 32% of 

all global deaths. Of these deaths, 85% were due to heart attack and stroke. By 2030, 23.6 million 

people are estimated to die annually from cardiovascular diseases.[https://www.who.int/news-

room/fact-sheets/detail/cardiovascular-diseases-(cvds)].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Deaths by cause for all ages in European Society of Cardiology member countries in 2019. CVD represent 

approximately 47% female deaths and 39% male deaths. Data source: WHO Mortality Database, 

https://www.who.int/healthinfo/statistics/mortality_rawdata/en. Image reproduced from 8. 

 

https://www.who.int/news-room/fact-sheets/detail/cardiovascular-diseases-(cvds)%5d.
https://www.who.int/news-room/fact-sheets/detail/cardiovascular-diseases-(cvds)%5d.
https://www.who.int/healthinfo/statistics/mortality_rawdata/en
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The main risk factors of heart disease and stroke are predominantly behavioral determinants such as 

unhealthy diet, sedentary lifestyle, tobacco use and alcohol abuse. Other causes are hypertension, 

diabetes, high blood lipids and obesity. Also, several socioeconomics and cultural determinants 

increase the risk of cardiovascular diseases such as poverty, stress and hereditary factors 9. 

Acute myocardial infarction (AMI) is caused by the decrease of coronary blood flow, producing an 

acute reduction of blood supply (ischemia) to a portion of myocardium. Ischemia leads to cardiac 

tissue necrosis and can induce the loss of approximately one billion CM. After AMI, damaged 

tissue undergoes a remodeling process, being replaced by a non-functional fibrotic scar, and 

cardiomyocyte hypertrophy occurs as an attempt to compensate the loss of cardiac tissue 10. 

Ventricular remodeling process provokes the thinning of the wall and dilation of ventricular cavity, 

leading to a decrease in cardiac function and eventually to heart failure, a chronic condition which 

occurs when heart muscle is not able to pump sufficient blood to meet the body demand for blood 

and oxygen 11.  

The etiological factors that lead to decrease of the coronary blood flow are atherosclerotic plaques, 

coronary artery embolism, cocaine-induced ischemia, coronary dissection and coronary vasospasm, 

being he major cause of AMI a coronary artery occlusion provoked by the rupture of atherosclerotic 

plaques that triggers an inflammatory response and thrombus formation 12,13. 

The treatment of AMI has focused on preventing the progression of ischemic heart towards heart 

failure 14. Currently, cardioprotective therapies including revascularization by thrombolysis, cardiac 

intervention and bypass surgery are successfully used, increasing the blood supply and reversing the 

adverse remodeling process. Additionally, pharmacological therapies such as vasodilators 

(nitrodilators, angiotensin-converting enzyme inhibitors, and angiotensin receptor-neprilysin 

blockers), cardiac depressant drugs (β-blockers), thrombolytics (anticoagulant and anti-platelet 

drugs, and plasminogen activators) and mineralocorticoid-receptor antagonists, have demonstrated 

substantial long-term benefits by decreasing heart failure mortality.  

There are scarce therapeutic approaches available to treat advanced remodeled heart at end-stage 

heart failure. Mechanical support therapies, including left ventricular assist devices (LVADs) and 

cardiac resynchronization therapy, show beneficial results. However, current therapeutic options for 

heart failure are palliative rather than curative, and heart transplantation is the only curative solution 

for most severe cases. Nevertheless the  lack of donors, surgical procedure complexity and 

transplant rejections limit this therapeutic approach 15. In that light, it is of vital importance the 

establishment of new therapeutic approaches able to repair the damaged heart, applying the 

knowledge of cardiac development and regeneration mechanisms. 

1.3   Cardiac regeneration 

The mammalian adult heart has been considered a terminally differentiated organ. During 

mammalian embryogenesis, CM proliferate supporting heart growth. However, after birth, CM 

rapidly lose proliferative capacity and many of them undergo polyploidization 16,17. 

Although it was previously accepted that human heart CM exit cell cycle after birth and are not able 

to renew, there is evidence that CM, albeit limited, possess renewal capacity 18–20. Nevertheless, the 

turnover rate highly differs between studies.  The integration of 14C into DNA allowed to calculate 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/polyploid
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the age of CM and also its turnover rate. Authors described that the highest turnover occurs during 

the first two decades of life, with turnover rates of approximately 1% per year at the age of 20, 

while in elderly individuals the rate is approximately 0.5% per year 17.  In consonance with these 

results, other studies determined similar low but detectable turnover rates of approximately 1% per 

year in mouse by measuring proliferating DNA labelling 20–22 and in human by mitotic marker 

phospho-H3 23. However, other studies, principally reported by the group of Anversa, suggested 

higher turnover rates of CM of around 10% per year measured by mitotic markers 24, 7-40% by 

immunohistochemistry 25 and 7-8% by proliferating DNA labeling 26,27. Interestingly, some studies 

state that cardiomyocyte renewal could be increased after heart injury 18. Other studies suggest no 

renewal in mouse hearts by using mitotic marker phospho-H3 28 or proliferating DNA labeling 29. 

The source of new CM has also been a controversial issue. Several studies affirm that pre-existing 

cardiomyocyte proliferation is the main responsible mechanism for cardiomyocyte turnover 20, 

whereas others state that new CM are derived from endogenous adult cardiac progenitors (CP) 18,30. 

In any case, it is evident that the mammalian heart lacks the ability to efficiently and sufficiently 

replace the large loss of CM after heart injury, in contrast to lifelong heart regeneration observed in 

organisms such as zebrafish and newts 31,32. Consequently, establishing cardiac repair and 

regenerative therapies is crucial in order to be able to restore the damaged heart in patients with 

cardiac disease. 

1.4   Cardiac cell therapy 

Cardiac cell therapy emerged few decades ago as a promising approach for the treatment of 

cardiovascular illnesses, especially ischemic heart disease. Diverse cell types have been used, 

whose properties and application in clinical trials have been extensively reviewed 33. 

First-generation cell types are cells of non-cardiac origin, including skeletal myoblasts, bone 

marrow-derived mesenchymal stem cells, which includes hematopoietic stem cells and endothelial 

progenitor cells, and mesenchymal stem cells, that have been the source for first cell-based 

therapies in heart failure 34 (Figure 2). 

Second-generation cell types includes lineage-guided cardiopoietic cells, adult cardiac stem cells  

and pluripotent stem cells (PSC), including embryonic stem cells (ESC) and induced pluripotent 

stem cells (iPSC), for repairing the failing heart 34 (Figure 2). Specifically, PSC-derived cardiac 

cells have several advantages over first-generation cell types since CM or CP cells obtained through 

cell reprogramming could be expandable or scalable, immunocompatible and integrate and 

synchronize with the rest of the host myocardium, however tumorigenic risk is a problem that must 

be overcome. 

Overall, a poor engraftment and low survival of the cells after transplantation and inadequate 

recruitment of circulating or cardiac resident cells is an evidence 33, and any beneficial effect in 

cardiac tissue repair is attributed to a paracrine effect 34,35. Thus, a third-generation cell types 

mainly based on cell enhancement (e.g., biomaterials, 3D cell constructs, cytokines, miRNAs) 

and/or cell-free approaches concepts (e.g., growth factors, non-coding RNAs, extracellular vesicles, 

and direct reprograming) are urgently required 36 (Figure 2). 
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Figure 2. Evolution of translational cardiac regenerative therapies. First-generation cell types, mainly bone marrow-

derived stem cells, demonstrated safety but limited efficacy in the clinical setting. Second-generation cell therapies 

propose the use of cells with cardiomyogenic potential but still the lack of cell survival and engraftment are major issues. 

Next-generation therapies for cardiac repair are aimed to cell enhancement and cell-free concepts might make a 

difference. SMs: skeletal myoblasts, BMMNCs: bone marrow mononuclear cells, HSCs: hematopoietic stem cells, EPCs: 

endothelial progenitor cells, MSCs: mesenchymal stem cells, cpMSCs: cardiopoietic MSCs, CSCs/CPCs: cardiac 

stem/progenitor cells CDCs: cardiosphere-derived cells ESC: embryonic stem cells, iPSC: induced pluripotent stem cells. 
Image reproduced from 34. 

 

 

2. Cardiac progenitors  

2.1   Adult cardiac progenitors 

Cardiac tissue-derived stem cells have been described as heterogeneous populations of cells 

distributed all over the adult heart, which have been characterized according to the expression of  

diverse surface markers 19,37. Cardiac tissue-derived stem cells that have been reported until now 

includes c-Kit+ cells, cardiosphere-derived cells, Sca-1+cells, Isl1+cells, epicardium-derived 

cells, side population cells and cardiac colony-forming unit fibroblasts. Nevertheless, the extent 

to which these cells are able to repair the heart is a controversial issue 38. 

Resident adult CP were first reported by the group of Piero Anversa in 2003, based on the 

expression of the tyrosine kinase receptor c-kit 39. These c-Kit+ cells were described as clonogenic 

and multipotent cells capable of self-renewing and improving cardiac function. Furthermore, these 
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putative CP were used in SCIPIO (University of Louisville Identifier NCT00474461) and 

CONCERT-HF (The University of Texas Health Science Center, Houston, Identifier 

NCT02501811) clinical trials 40,41. However, several researchers failed to reproduce these findings 

and its reliability was questioned 42–44. Finally, on 14 October 2018, the Harvard Medical School 

and Brigham and Women’s Hospital recommended the retraction of 31 papers about the c-kit+ heart 

cells because of the uncertain validity of this data 45. 

Cardiosphere-derived cells are a natural mixture of stromal, mesenchymal and progenitor cells 

obtained from endomyocardial biopsy cultured in suspension,  giving rise to clusters known as 

cardiospheres 46,47. Cardiosphere-derived cells are  clonogenic and multipotent, and have 

demonstrated to be superior to bone marrow-derived stem cells or adipose-derived stem cells with 

regard to ischemic tissue preservation, positive remodeling and functional benefits in preclinical 

models 48. The CADUCEUS (Cedars-Sinai Medical Center, identifier NCT02501811) clinical trial 

was carried out using cardiosphere-derived cells in AMI patients. Although no substantial 

improvement in ejection fraction was detected, the infarct zone was significantly reduced and 

contractility was enhanced in patients treated with cardiosphere-derived cells 49. Also, the 

ALCADIA clinical trial (Naofumi Takehara, Identifier NCT00981006), in which cardiosphere-

derived cells were transplanted in combination with controlled bFGF release, showed to be safe and 

efficient. 

Sca1+ (stem cell antigen-1) cardiac cells have been described in mice, however the human 

orthologue has not been so far identified 50,51.  

Isl1 is expressed in embryonic CP during cardiogenesis 52 and also Isl1+ cells have been detected in 

adult heart. However, these cells are not considered CP cells, since Isl1 expression is restricted to 

cells in the sinoatrial node and they are not recruited to the infarct zone in mouse AMI models 53 . 

Side population CP are a subpopulation of cardiac tissue-derived stem cells that express the 

ABCG2 gene 54,55. Side population CP cells can be isolated from the heart, are multipotent and have 

regeneration potential in response to cardiac injury 56. Nevertheless, it has been shown that an 

important fraction of these cells is of bone marrow origin 57.  

Epicardium derived cells are mesothelial cells and dense connective tissue of epicardial origin, 

which have a pivotal role in the development of the embryonic heart. Preclinical studies have shown 

that these epicardium-derived cells can get activated after AMI, migrate and enhance 

neovascularization of damaged tissue 58,59. 

Colony-forming unit fibroblasts (c-CFU-Fs) are PDGFRα+ cells that have been identified in 

murine and human adult hearts. These cells have self-renewal potential and are multipotent in vitro, 

being able to differentiate into vascular cells, fibroblasts and CM 60,61. 

2.2   Embryonic cardiac progenitors  

2.2.1 Cardiogenesis and cardiac progenitor populations 

The formation of the complex structure of the heart is orchestrated by the integration and 

contribution of different CP from the cardiogenic mesoderm, pro-epicardium, and neural crest in 



Introduction 

9 

 

response to diverse spatio-temporal signals and a tight control of specific gene regulatory networks 
62–64. The specific CP populations and their contribution to developing heart are represented in 

Figure 3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Cardiac development in the mouse embryo and contributions of CP cells. A) Migration of cells anteriorly 

from the primitive streak (PS) B) Formation of the cardiac crescent (CC), with the second heart field (SHF) lying medial 

to it. C–E) Front (left) and lateral (right) views of the heart tube as it begins to loop with contributions of cardiac neural 

crest cells (cNCC), which migrate from the pharyngeal arches (PA) to the arterial pole (AP). The proepicardial organ 

(PEO) forms in the vicinity of the venous pole (VP). F) The looped heart tube, with the cardiac compartments—OFT, 

outflow tract; RA, right atrium; LA, left atrium; RV, right ventricle; LV, left ventricle. G) The mature heart which has 

undergone septation—IVS, interventricular septum; AA, aortic arch; Ao, aorta; PT, pulmonary trunk; PV, pulmonary 

vein; SVC, superior caval vein; IVC, inferior caval vein. The first heart field (FHF) and its myocardial contribution are 

shown in red, the SHF and its derivatives in dark green (myocardium) and pale green (vascular endothelial cells), cNCC 

in yellow (vascular smooth muscle of the AA, endocardial cushions), and PEO derivatives in blue. Image reproduced from 
64. 

 

The complexity of heart morphogenesis is shown by the wide spectrum of congenital heart defects 

that become life-threatening cardiac anomalies, which are detected in approximately 1% of human 

live births 65. 
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The heart is generated from mesodermal layer, that arises during gastrulation. Initially, embryonic 

disc is formed by two layers known as epiblast, upper layer of cells that will give rise to the embryo 

and extraembryonic tissues such as amnion and placenta, and hypoblast, lower layer of cells that 

will produce the yolk sac 65. During gastrulation, cells from the epiblast migrate through the 

primitive streak, a region located in the midline of the long axis of the embryonic disc, to form the 

three primary germ layers of the embryo: ectoderm, endoderm, and mesoderm 66. 

After gastrulation, cells from bilateral regions of the lateral anterior splanchnic mesoderm migrate 

to the cranio-lateral region of the embryo to form the anterior lateral plate that is single in the mouse 

and bilaterally paired in human and avian embryos 67. The anterior lateral plate is a cardiogenic area 

where CP express basic helix-loop-helix (bHLH) transcription factor (TF) Mesp1, one of the earliest 

markers of cardiac precursors 68. Then, progenitors known as first heart field (FHF), migrate 

medially from cardiogenic area and form a structure known as cardiac crescent, that expands 

laterally almost to the junction between the embryonic and extra-embryonic regions 65. 

At cardiac crescent stage, two CP populations can be distinguished: the first heart field (FHF) 

progenitors that form the structure of cardiac crescent, and a progenitor population located medially 

to the crescent, more posteriorly in the splanchnic mesoderm that comprises second heart field 

(SHF). FHF CP, which are completely committed to a cardiomyogenic cell fate 69, form the primary 

heart tube and eventually give rise to the  LV, part of interventricular septum and parts of the RA 

and LA 4,64. The SHF, in contrast to the FHF, present continuous proliferation and differentiation 

delay, and contributes to the RV, parts of atria, inflow and outflow tract and ultimately to the base 

of the aorta and the pulmonary trunk 64. 

The linear heart tube, that is formed by the fusion of right and left halves of cardiac crescent, is a 

transient structure that is composed of an inner endothelial tube covered by a myocardial layer. In 

the linear heart tube, the inflow region (venous pole) is located caudally, and the outflow region 

(arterial pole) cranially. SHF progenitors, which are located behind the primary heart tube, migrate 

and populate both arterial and venous poles leading to the elongation and growth of the heart tube. 

Importantly, the SHF is patterned along the anterior-posterior embryonic axis forming two regions 

named anterior SHF (aSHF) or anterior heart field (AHF), and posterior SHF (pSHF). The AHF is 

programmed to give rise to the RV and outflow tract (OFT) myocardium of the arterial pole, while 

pSHF forms atrial myocardium, atrial septal myocardium and venous pole myocardium 70,71. After 

elongation, linear heart tube undergoes cardiac looping, a complex process in which tubular heart 

acquires a spiral shape, bending itself in rightward direction. In addition, the venous pole is forced 

dorsally and cranially, positioning above the developing ventricles and allowing the approximation 

of inflow tract (IFT) and OFT. After cardiac looping, the forming heart acquires the necessary 

alignment for future chamber formation. Further morphogenetic processes allow for the division of 

the heart chambers by septation and valves formation, giving rise to the four mature chambers. 

Also, the outflow region is separated into the trunks of the aorta and the pulmonary artery 67.  

The pro-epicardial organ (PEO) or pro-epicardium is a transitory mesothelial structure, located 

proximal to the venous pole (sinus venosus) in the early heart tube 72. Cells from the pro-epicardium 

grow over the surface of the forming heart, giving rise to an epithelial layer named epicardium. 

Posteriorly, some epicardial cells undergo an epithelial-to-mesenchymal transition (EMT) and 

infiltrate into the underlying myocardium. Epicardium gives rise to smooth muscle cells of the 
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coronary vasculature and is the principal but not the only source of cFib 73,74, being a subpopulation 

of cFib derived from SHF progenitors. Although it has been described that the epicardium gives rise 

to myocardial cells or endothelial cells of coronary vessels, these findings are controversial 75–78. In 

the adult heart, epicardium-derived progenitor cells are retained as a resident CP population 58,78.  

Cardiac neural crest cells (cNCC) are cells derived from dorsal neural tube that undergo EMT and 

migrate through pharyngeal arches to the OFT, where they form part of the endocardial cushions, 

transitory structures that give rise to the heart septa and valves. Derivatives of cNCC give rise to the 

parasympathetic innervation of the heart, contribute to valves and play pivotal role in OFT 

patterning and septation 79–82. 

2.2.2 FHF and SHF regulation. Signaling pathways and regulatory genes 

a) Signaling pathways  

 

During gastrulation, early CP cells within the anterior primitive streak start expressing Mesp1, 

activated specifically by the T-box TF Eomesodermin (Eomes) in a context of low levels of 

NODAL/Smad2/3 signaling. MESP1 marks most but not all the cells in the heart 68,83,84. FGF 

signaling through the receptor FGFR1 has a pivotal role in migration of CP during gastrulation by 

inducing an EMT of epiblast cells to form the cardiac crescent 85. This event is regulated by FGF8 

and MESP1 and MESP2, which activate FGF4 86,87.  

Several signals control the induction and regulation of FHF and SHF CP. The establishment of FHF 

progenitors is regulated by BMP2, FGF and non-canonical WNT signals received from underlying 

endoderm 88–90. Otherwise, SHF progenitors are induced by Sonic Hedgehog (SHH), FGF and 

canonical WNT signals 71,91,92. Canonical WNT, FGF, SHH and NOTCH signaling pathways 

promote proliferation of SHF progenitors, while BMP and non-canonical WNT pathways stimulates 

their differentiation into a cardiomyocyte fate 93. The anterior-posterior regionalization in the SHF 

depends on a gradient of Hox gene expression, regulated by retinoic acid signaling 94, while left-

right regionalization depends on NODAL signaling 95. 

Canonical WNT signaling induces the expression of Nkx2.5, Isl1 and Baf60c, allowing the 

specification of FHF CP to CM lineage during cardiac crescent stage, whereas canonical WNT 

signals retain SHF progenitors in a proliferative precursor state. Thus, FHF CP commit and 

differentiate into CM prior to SHF progenitors through the activation of canonical WNT signaling 
96,97. Non-canonical WNT signaling, via WNT5a and WNT11 ligands, plays a central role in CM 

specification and heart formation 98. SHF progenitors start to differentiate as they migrate into the 

developing OFT by inhibition of canonical WNT signaling and activation of BMP signaling 99.  

The main signaling pathways that regulate CP specification are depicted in Figure 4. It is important 

to mention that, although it is not represented in the figure, SHF progenitors can also give rise to 

cFib. 
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Figure 4. Specification of cardiovascular cell lineage during cardiogenesis. Distinct molecular signatures define the 

different stages along cardiovascular differentiation, which is determined by several signaling pathways. AV, 

atrioventricular; CNCC, cardiac neural crest cells; EMT, epithelial-to-mesenchymal transition; EPDCs, epicardium-

derived cells; LBB, left bundle branch; PF, Purkinje fibers; RBB, right bundle branch; SAN, sinoatrial node. Image 

reproduced from 4. 

b) Regulatory genes 

 

- FHF and SHF 

Tbx5, Gata4, Hand1, Nkx2.5, Srfp5 and Hopx genes are expressed both in FHF and SHF. 

The Tbx5 gene encodes TBX5 protein, a member of T-box TF family. In FHF, TBX5 interact with 

NKX2.5 and GATA4 to promote CM differentiation in LV myocardium. Moreover, TBX5 marks a 

population of cells in posterior SHF that contributes to myocardium of atria and venous pole of the 

heart but not to arterial pole 100,101.  Also, the formation of a complex between GATA4 and TBX5 is 

necessary for the regulation of cardiac regulatory superenhancers in human cardiogenesis  102,103. In 

addition, TBX5 activates the expression of Cdk6, which induces CP proliferation. Moreover, in 

combination with SHH signaling, possess a pivotal role in atrial septation 104,105. 

Hand1 is expressed in the cardiac crescent stage when myocardial differentiation is initiated. 

HAND1 marks myocardial cells in the LV, but also its expression is present in OFT, derived from 

SHF, and epicardium 106,107.  

The Nkx2.5 gene encodes the homeobox protein NKX2.5, that has a major role in CM 

differentiation 108. Nkx2.5 is expressed in FHF at stage of cardiac crescent, where together with 

GATA4 induces the expression of several cardiac-specific genes such as Hand1, Mef2c, or Myl2 
109–111. Also, NKX2.5 is expressed in SHF, where it regulates the maintenance of the progenitor cell 
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pool 112. NKX2.5 presents lower expression in SHF progenitors than in FHF or CM. In SHF, 

NKX2.5 directly induces the expression Fgf10 113 and, in combination with FOXH1, activates 

Mef2c-AHF enhancer 114. Importantly, when NKX2.5 levels are high, Fgf10 and Isl1 genes 

expression is repressed, preventing cell proliferation  112,113,115. 

Srfp5 encodes a WNT decoy receptor, expressed in the caudal region of FHF and also in SHF. 

SRFP5 expressing cells contribute to LV and atrial myocardium. Moreover, SRFP5 expressing cells 

have been detected in SHF progenitors that contributes to OFT and venous pole, endocardium and 

epicardium 116. 

Hopx is a cofactor expressed in FHF and SHF CP that specifies its commitment to CM lineage. 

HOPX interacts with SMAD4, regulated by BMP signaling, and HDACs in order to inhibit the 

transcription of genes involved in canonical WNT pathway 99, which maintains proliferation of 

progenitors, and activate the expression of cardiac differentiation genes such as Gata4, Mef2c, Srf, 

Hand2 and Nkx2.5 97. 

-FHF 

The Hcn4 gene, which encodes hyperpolarization-activated cyclic nucleotide gated potassium-

channel 4, is activated in early cardiac crescent stage and is considered as one of the few genes that 

specifically marks FHF 69. HCN4 expressing cells give rise to LV myocardium and parts of atrial 

myocardium, but do not contribute to endocardium. In maturing heart, HCN4 expression is re-

activated in conduction system 117. 

-SHF 

The Fgf10 and Fgf8 genes encode fibroblast growth factors (FGF) that are expressed in cells of 

AHF at cardiac crescent stage. FGF10 and FGF8 are involved in SHF progenitor proliferation and 

are crucial for the formation of RV and outflow region 118.  

The Isl1 gene that encodes LIM-homeodomain protein Islet-1 (ISL1) is considered a SHF marker 
119,120, nevertheless it is transiently expressed in FHF at low levels 121. ISL1 expressing cells 

contribute to endocardium and myocardium of RV and parts of the atria and OFT. In addition, ISL1 

is expressed in the cardiac neural crest and in the endoderm 119,122. GATA4 and FOX2c regulate 

ISL1 expression in AHF 123,124, while ISL1 directly activates enhancers of Mef2c 125, Fgf8 119 and 

Fgf10 113.  

Mef2c-AHF is expressed in anterior SHF progenitors that forms OFT and RV myocardium 126 by 

activating Hand2 expression 125,127,128. The AHF is also marked by the activity of FOXC1 and 

FOXC2, which participate in OFT development 129, and SIX2 130. 

Tbx1 encodes the T-box TF TBX1 expressed in CP that give rise to the inferior part of OFT that 

forms the myocardium in the base of pulmonary trunk 131–133. Also, TBX1 is involved in the 

formation of skeletal muscle of the head 134. TBX1 is regulated by SHH and canonical WNT 

pathways, which activate the expression of Fgf10 113 and positively regulate Fgf8 135, inducing CP 

proliferation. The deficiency of Tbx1 reduces proliferation and induces differentiation in the SHF 
136.TBX1 regulates chromatin accessibility by binding to BAF60A (or SMARCD1), a component of 

the SWI/SNIF complex 137. Additionally, TBX1 binds to the component of the histone methyl 



Introduction 
 

14 

 

transferase complex ASH2L 138, and to MLL (KMT2A) methylation family members 139, allowing 

the access of cardiac TFs. Six2 is expressed dynamically in a subpopulation of SHF progenitors 

regulated by Shh that contribute to the forming RV and OFT 130. 

The main gene regulatory networks controlling SHF CP specification are represented in Figure 5. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Gene regulatory networks in cardiac development. a) Regulatory networks involved in arterial pole 

development and in b) atrial septation. c) Developmental processes during early cardiogenesis. Image reproduced from 93. 

 

2.3   Proliferation of cardiac progenitors during cardiogenesis 

The main signaling pathways involved in SHF progenitor expansion and maintenance during 

cardiogenesis are FGF, SHH, IGF/PI3K and canonical WNT pathways. 

The FGF signaling pathway induces survival and proliferation of CP by activating both ERK and 

PI3K/AKT signaling pathways. FGF8 and FGF10 are required for proliferation of AHF progenitors 

and development of the arterial pole of the heart 113,140. IGF1 has been shown to be necessary for 

proliferation of both CM and CP through the activation of PI3K/AKT signaling pathway 141–143, as 

well as SHH signaling 71,144. 

Nevertheless, the canonical WNT/β-catenin signaling (Figure 6) is the most important signaling 

pathway that promotes SHF CP proliferation during cardiogenesis in the pharyngeal mesoderm 

before migrating to the linear heart tube and becoming differentiated 96,145,146.  
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Figure 6. Schematic representation of WNT/β-catenin signaling pathway. A) WNT signaling pathways are in the off-

state. WNT ligands (lime) are bound by the extracellular matrix or inhibitors (red) preventing receptor activation. The 

components that are inactive are indicated in light grey and the intracellular components that are active in light green. 

Thus, the destruction complex is active and phosphorylated β-catenin is degraded. B) The active WNT/β-catenin signaling 

pathway. The interaction between WNT ligands and the receptor complex of FZD and LRP5/6 (light blue) activates 

canonical WNT/β-catenin signaling pathway. Axin is removed from the destruction complex by DVL, β-catenin 

translocates to the nucleus and induces the expression of downstream target genes. Image modified from 147. 

  

WNT signals comprise a family of secreted lipid-modified glycoproteins. The main receptors of 

WNT in cell membrane are Frizzled receptors (FZD) 148, which are part of G-protein coupled 

receptors. Activation of the WNT/βcatenin pathway requires the WNT-FZD complex formation, as 

well as the co-receptor low density lipoprotein receptor-related protein 5 or 6 (LRP5/6).  

When the canonical WNT pathway is not activated by the binding of WNT ligands to receptor 

complex, β-catenin is phosphorylated and recruited in the multiprotein destruction complex, formed 

by AXIN, adenomatous polyposis Coli (APC), casein kinase 1 (CK1) and glycogen synthase kinase 

3β (GSK3β), and is degraded. The interaction of WNT and FZD receptor can be prevented by four 

groups of extracellular WNT antagonist: Dickkopf (DKK) proteins, soluble Frizzled-proteins 

(SRPF), Shisa proteins and a heterogeneous group of proteins such as WNT-inhibitor protein (WIF) 

and Cerberus 149 (Figure 6a). 

When the WNT ligand binds to FZD receptor and activates the receptor complex, Dishevelled 

(DVL) is mobilized to the intracellular domain of FZD receptor and recruits AXIN and other 

components of the destruction complex, which leads to the accumulation of hypo-phosphorylated β-
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catenin in the cytoplasm. Hypo-phosphorylated β-catenin is translocated to the nucleus and, 

together with T cell factor (TCF) and lymphoid enhancer factor (LEF), binds to WNT-response 

element (WRE) and activates the transcription of downstream targets 148,150–152. Among downstream 

target genes there are regulators of proliferation such as c-Myc and cyclinD1 153,154 (Figure 6b). 

The TCF/LEF family comprises three activators, including LEF1, TCF1 and TCF4, and one 

transcription inhibitor, TCF3155,156. Interestingly, LEF1 is a downstream target gene of TCF3 157, 

which eventually leads to the activation of WNT/β-catenin downstream targets.  

Canonical WNT signaling promotes proliferation of SHF CP by regulating cell cycle-

controlling target genes (as c-Myc, Cyclin D, c-jun and p21) 158 and also inducing FGF signaling, 

being Fgf10 a direct target 92,159. 

Importantly, four regulation levels of canonical WNT pathway can be distinguished 147 and are 

depicted in Figure 7: 

- Level 1: FZD receptors. 

- Level 2: FZD receptor antagonists.  

- Level 3: β-catenin. 

- Level 4: Multiprotein destruction complex of β-catenin. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Diagram of canonical WNT pathway with the four regulation levels. Four different levels of regulation (in 

orange) explained above are represented. 

 

In order to induce canonical WNT signaling activation and promote SHF CP proliferation, these 

four levels can be regulated. 

 

 



Introduction 

17 

 

3. Cellular reprogramming to obtain cardiac progenitors 

Cell reprogramming has emerged as an interesting strategy to obtain de novo cardiac lineages such 

as CM and CP for stem cell therapy, disease modeling, drug screening, and developmental biology 

studies 160–162. Cardiac lineage cells can be generated from adult somatic cells mainly through two 

different cell reprogramming methods (Figure 8): (1) the establishment of iPSC by the 

overexpression of OCT4, SOX2, KLF4, and c-MYC (OSKM) 163 and their subsequent 

differentiation towards cardiac lineages, or (2) the direct reprogramming into specific cardiac 

lineages such as induced CM (iCM) or induced CP (iCP), bypassing the pluripotent stage. 

Remarkably, CP generated through reprogramming methods are analogous to embryonic 

cardiogenic mesoderm progenitors (FHF or SHF), have similar gene and protein expression profiles 

and have the potential to differentiate into the main cardiac cell lineages 69,164–168 

 

 

 

 

 

 

 

 

 

Figure 8. Changes in cell fate on Waddington’s epigenetic landscape. PSC (naïve state in yellow, and primed state in 

orange) can be committed into any somatic lineage (green, pink or purple circles) through an intermediate progenitor stem 

cell states (blue circles) during embryogenesis or in vitro differentiation. Otherwise, reprogramming allows a somatic cell 

to be reverted into a cell state with higher potential as pluripotent or progenitor stem cell states. Direct reprogramming 

(trans-differentiation) allows a somatic cell to be converted into another mature cell. Image reproduced from 169. 

3.1   Cellular reprogramming strategies 

Cell reprogramming is the artificial process of reverting mature, specialized cells into a different 

cell type by the erasure and re-establishment of epigenetic marks, which leads to modifications on 

its gene expression 170. Somatic cells can be reprogrammed into a pluripotent stage or into another 

mature cell type through diverse strategies such as somatic cell nuclear transfer, cell fusion or 

ectopic factors use. 

3.1.1 Somatic cell nuclear transfer  

Somatic cell nuclear transfer (SCNT) or nuclear cloning consists of the transplantation of cell nuclei 

of a somatic cell into an enucleated egg cell. The idea was first purposed by Hans Spemann, 

however first SCNT experiments were performed by Robert Briggs and Thomas King, who 
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successfully transferred blastula cells nuclei into enucleated frog oocytes 171. Later, John Gurdon 

generated tadpoles by transferring the nuclei of tadpole intestinal epithelial cells into enucleated 

frog eggs 172. SCNT in mammals was first achieved by Wilmut et al., who were able to clone Dolly 

sheep using this technique 173. Currently, SCNT is also used as a technique for the obtention of 

hESC lines 174. Remarkably, nuclear cloning presents important limitations, such as low efficiency, 

difficulty of the technique and cloned organisms often present abnormalities because the epigenetic 

program is not effectively eliminated 175–177. 

3.1.2 Cell fusion 

Cells from different or same types can be fused together using diverse agents such as Sendai virus, 

polyethyleneglycol, chimeric hemagglutinins or electric pulse. When the fusion is performed 

between cells of the same type homokaryons are obtained, whereas when different cell types are 

used it results in the formation of heterokaryons 178. 

Cell fusion of somatic cells with ESC allowed for the obtention of a pluripotent state. This approach 

was first reported in mouse cells 179 and subsequently was reported in human cells 180 by the 

generation of stable tetraploid cell hybrids. In heterokaryons, the largest and the most proliferative 

is the dominant cell, which imposes its gene expression signature. Unfortunately, fused cells do not 

proliferate properly, being the optimization of the technique required 170,177. 

3.1.3 Ectopic factors 

The ectopic expression of a TF for cellular reprograming was first reported by Davis et al. in 1987. 

They achieved the transdifferentiation of mouse fibroblasts into myoblasts by the transfection of 

MyoD cDNA 181. The finding that a single factor was able to convert a somatic cell into a different 

fate encouraged investigators to apply this approach in different cell types. Nevertheless, a single 

factor was not enough to reprogram most cell lineages. 

A combination of factors for cellular reprogramming was first used by Takahashi and Yamanaka for 

the generation of iPSC  163. Differentiation of iPSC was used as strategy to obtain many different 

cell types. Subsequently, pools of TFs that regulate and define a specific cell fate were identified. 

Also, the use of miRNA, cytokines and chemical compounds combined with TFs have shown to 

increase reprogramming efficiency 182.  

Moreover, the use of chemical compounds only has demonstrated to induce the reprogramming of 

somatic cells by the regulation of cellular signaling pathways and epigenetic modifications, 

avoiding any genetic manipulation. Several chemical cocktails have been described in order to 

generate iPSC and other somatic cell types, such as cardiac cells 183–185. 

3.2   Reprogramming into iPSC and directed differentiation 

3.2.1 Reprogramming to pluripotency: iPSC 

iPSC are reprogrammed adult somatic cells that present ESC-like features. Takahashi and 

Yamanaka performed a screening of 24 ESC-specific candidate genes that were infected into mouse 
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fibroblasts using retroviral vectors. After single factor withdrawal experiments, a combination of 

four transcription factors (OCT4, KLF4, SOX2 and c-MYC, abbreviated as OSKM) was described 

as sufficient to reprogram mouse fibroblast into pluripotency 163. OCT4 TF regulates the 

maintenance and differentiation of pluripotent stem cells, which is also regulated by SOX2 186. 

OCT4 and SOX2 in combination with NANOG comprises the key transcriptional network of 

pluripotency. c-MYC is a proto-oncogene that recruits different chromatin-modifying proteins, 

inducing transcriptional activation. KLF4 functions as an oncoprotein and also as a tumor 

suppressor gene in a context-dependent manner, it is a downstream target of LIF and activates the 

expression of SOX2 187.  

One year later, the same group generated iPSC from human adult fibroblasts using the same factors 
188. In addition, another group described a different combination of factors (OCT4, SOX2, NANOG 

and LIN28) capable of generating human iPSC (hiPSC) from human somatic cells 189  

iPSC possessed similar morphological and genetic properties than ESC 190–192, such as the capacity 

to differentiate in vitro and in vivo towards cell types from the three germ layers, which was 

demonstrated by their contribution to teratomas when injected into immunodepressed mice, and to 

chimeras when injected into an embryo 163,188,192. Differences between iPSCs and ESCs according to 

global gene expression and DNA methylation patterns, are controversial. Several studies have 

revealed minimal differences between ESCs and iPSCs 193–195, whereas other studies have shown 

more substantial differences 196–198, which are mainly caused by reprogramming mechanisms 199. 

Therefore, it can be assumed that mature iPSCs and ESCs are probably equivalent based on the 

genetic profile and epigenetic status, being differences among PSC lines caused by their own 

background, rather than by the fact of being ESCs or iPSCs. 

Initially, retroviral and lentiviral vectors, which integrate into the host’s genomic DNA, were used 

for TF delivery. However, the use of integrative delivery systems comprises a risk of insertional 

mutations, and a re-activation of transgene expression can occur, leading to tumorigenicity and 

impairment of differentiation capacity.  In order to circumvent these issues, non-integrative delivery 

methods have been used, such as adenovirus 200, Sendai virus 201,202 , piggyBac transposons 203–205 or 

plasmids 206–208. Additionally, as mentioned above, the generation of iPSC using only chemical 

compounds is possible 183. 

First experiments for the obtainment of iPSC were highly inefficient. However, efficiency 

substantially improved with the use of chemical compounds, such as valproic acid, sodium butyrate 

or histone deacetylases inhibitors 209–211. Moreover, variations in culture environment, such as 

hypoxic cultivation, have demonstrated to enhance iPSC generation 212. 

hiPSC technology present interesting applications in diverse fields, such as developmental biology 

and regenerative medicine, as well as for disease modelling and drug discovery. Soon after the 

development of the technology, hiPSC were used to generate human disease models and to perform 

drug screenings in order to test efficacy and potential toxicity of distinct drugs. The use of iPSC, 

specifically hiPSC, present important advantages, including their human origin, easy accessibility, 

expandability, ability to give rise to almost any desired cell type, bypass ethical concerns associated 

with human ESC, and the possibility of developing personalized medicine, generating patient-

specific iPSC. Besides, recent advances with gene-editing technologies, such as the CRISPR-Cas9 



Introduction 
 

20 

 

technology, allow for the rapid generation of genetically defined hiPSC-based disease models and 

also reporter cell lines, among other applications 213. 

3.2.2 Cardiac differentiation of PSC 

Multitude of cell types can be generated through PSC differentiation. The differentiation process is 

promoted by the interaction of PSC with internal and external signals, which leads to the acquisition 

of epigenetic marks that restrict DNA expression and directs differentiation into a specific cell type.  

Differentiation of PSC brings the possibility of generating large amounts of CP or CM, necessary 

for their application in biomedical research and translational medicine.  Cardiac differentiation 

protocols from PSC mimics the embryonic development, first inducing cardiac mesoderm and later 

promoting CM specification and maturation. In this manner, the signaling pathways that coordinate 

cardiac development in vivo, are the same that control cardiac differentiation of PSC in vitro 4.  

Remarkably, BMP and WNT signaling pathways are the main routes involved in cardiac 

specification in vivo and in vitro in a time- and dose-dependent manner 214,215. Both signaling 

pathways have a triphasic effect in cardiac development: 1) in pluripotency, these pathways 

contribute to the formation of precardiac mesoderm; 2) in early stages of differentiation, the 

specification of precardiac mesoderm into CP requires the inhibition of these signaling pathways; 

and 3) in intermediate stages of differentiation, BMP and non-canonical WNT induce the further 

differentiation of CP into CM, whereas WNT/β-catenin signaling promotes the expansion of SHF 

CP. In addition to the fine-tuned regulation of WNT and BMP signaling pathways, the 

specification, expansion and differentiation of CP is also regulated by FGF, IGF, VEGF, SHH, and 

NOTCH routes 93,216. 

According to culture format, two principal techniques can be used for cardiac differentiation: 

embryoid bodies (EB) and monolayer culture. 

 

a) EB-based differentiation 

EBs are PSC spherical aggregates that mimic the three-dimensional structure and cellular 

interactions of the embryo. EB-based differentiation is the most extensively used approach for 

differentiation of mouse PSC. The first technique described for the obtainment of CM from PSC 

consisted of the generation of EBs in suspension using a media supplemented with serum. Using 

this approach, PSC spontaneously differentiated into cells from the three germ layers, including CM 
217. Nevertheless, the efficiency of this protocol was very low, and spontaneously beating areas were 

present only in an 8.1% of EBs 218.  

The addition of cytokines increased the efficiency of the differentiation into CM.  Activin A and 

BMP4 were added to EB-based differentiation, efficiently inducing cardiac mesoderm formation in 

human and mouse EBs, characterized by the expression of FLK1 (VEGFR2, also known as KDR in 

humans) and PDGFRα 214. Importantly, the activation of BMP and Activin/Nodal signaling induces 

the differentiation of PSC into mesodermal progenitors. However, both pathways must be repressed 

to allow differentiation into CP 214,219. To this end, inhibitors of BMP and Activin/Nodal pathways 

were used in order to enhance cardiac differentiation after cardiogenic mesoderm formation 214,219. 
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Additionally, the control of starting EB size is an important determinant in order to enhance the 

yield of CM, since it has been shown that it can dictate the differentiation trajectories of PSC 220.  

b) Monolayer-based differentiation 

Monolayer based-differentiation requires two-dimensional culture of PSC. Non-spontaneous 

cardiac differentiation was first achieved in human PSC by coculture with END2 mouse cell line, 

which is derived from visceral endoderm and provides signals that induces mesodermal 

differentiation 221. Directed differentiation protocols are based on the use of different molecules in 

order to promote cardiac differentiation of PSC. High density monolayer cultured human ESC 

treated with high doses of Activin A followed by BMP4 resulted in the differentiation into 

contracting CM, obtaining almost 30% of CM 222. However, differentiation based on modulation of 

BMP/Activin A presented variability in efficiency between cell lines and experiments. The correct 

induction of endogenous canonical WNT signaling, which modulates both BMP4 and Activin A 

signaling, was demonstrated to be necessary for efficient differentiation of human ESC 215. In 2012, 

Lian et al. described a highly efficient cardiac differentiation protocol for human ESC and hiPSC 

based on the temporal modulation of the canonical WNT pathway 223. In this protocol, human PSC 

were cultured as monolayers in serum and growth factor-free conditions, and canonical WNT 

pathway was first activated by the addition of a GSK3β inhibitor, and later inhibited with IWP2/4, 

obtaining 80-98% CM without selection 224. As NOTCH signaling regulates cardiac differentiation 

through negative modulation of canonical WNT signaling pathway 225, the maintained inhibition of 

NOTCH signaling activates cardiac mesoderm specification in human ESC 226. 

The diverse steps and regulatory pathways involved in the generation of CM through the directed 

differentiation of PSC are depicted in Figure 9. 

 

Figure 9. Generation of cardiomyocytes in vitro through PSC directed differentiation.  Fibroblasts can be 

reprogrammed into iPSC by the overexpression of Oct4, Sox2, Klf4 and Myc (OSKM) factors and further differentiated 

into CM. Cardiac differentiation protocols mimic different stages of cardiogenesis by the addition of growth factors and 

small molecules in a time- and dose-dependent manner. Once CM have been generated in vitro, they can be expanded in 

order to potentially be applied for cell therapy approaches. Image modified from 4. 
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3.3   Direct reprogramming 

3.3.1 In vitro direct reprogramming into induced cardiomyocytes 

a) Direct reprogramming into mouse induced cardiomyocytes 

The first described combination of factors for direct cardiac reprogramming of mouse fibroblasts 

into induced CM was reported by Ieda et al. in 2010 227. They carried out a microarray and selected 

14 TFs overexpressed in mouse embryonic CM compared to embryonic cFib. After sequential 

experiments of single factor withdrawal, they determined that the combination of three transcription 

factors, GATA4, MEF2C, and TBX5 (GMT), was sufficient and capable of transdifferentiating 

mouse postnatal cardiac and tail-tip fibroblasts into iCM using a retroviral delivery system, without 

passing through a progenitor/stem cell stage. Cardiac-specific proteins expression (17% αMHC-

GFP+), well-defined sarcomere protein organization and calcium oscillations were found, but 

beating was observed only in 0.01–0.1% of transduced cFib, and no spontaneous contractions were 

observed in iCM derived from tail-tip fibroblasts 227. Subsequent studies concluded that GMT alone 

is insufficient to directly reprogram murine adult fibroblast into mature CM 228. 

Also, stoichiometry was demonstrated to be important for direct reprogramming efficiency and 

iCM maturity. Wang et al. generated polycistronic retroviral vectors with GMT factors and tested 

all possible combinations of GMT factor orders, determining that when MEF2C protein levels were 

higher than GATA4 and TBX5 levels, reprogramming efficiency was significantly improved 229. 

In order to increase the reprogramming efficiency into iCM and improve iCM maturity, most 

studies focused on the inclusion of additional TFs, miRNAs, small molecules, growth factors, or 

shRNAs to the original GMT cocktail.  

Song et al. introduced a fourth transcription factor, HAND2, to the GMT cocktail (GHMT) 230. 

Their results showed a higher reprogramming efficiency of GHMT combinations compared to GMT 

alone and the authors reported that iCM showed expression of cardiac-specific proteins, well-

organized sarcomeres and spontaneous beating 230. To enhance transcriptional activity of GHMT, 

Hirai et al. fused each factor of GHMT to the MyoD transactivation domain and overexpressed 

them in mouse embryonic and neonatal tail-tip fibroblasts. They observed that the fusion of 

the MyoD transactivation domain to MEF2C factor produced beating iCM 15-fold more efficiently 

than with wild-type MEF2C 231. Addis et al. included HAND2 and NKX2.5 factors in the GMT 

cocktail GHMT/NKX2.5 in mouse embryonic fibroblasts and observed that the efficiency of 

reprogramming improved up to 50-fold compared to GMT alone. Calcium oscillations and 

spontaneous beating persisted for weeks after the inactivation of factors 232. Christoforou et al. 

described that the forced expression of GMT with MYOCD and SRF, or GMT with MYOCD, 

SRF, MESP1, and the BAF chromatin remodeling protein subunit BAF60C, increased the 

reprogramming efficiency of mouse embryonic fibroblasts into iCM compared to GMT alone. They 

observed sarcomeric protein expression and calcium transients, but no action potentials or 

contractility were detected 233. 

The addition of microRNAs alone or in combination with TFs have been used for iCM generation. 

Muraoka et al. demonstrated that the addition of miRNA-133 (GMT/miRNA-133) or MESP1 and 

MYOCD (GMT/MESP1/MYOCD) encoded in lentiviral vectors, improved cardiac reprogramming 
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efficiency of mouse embryonic and adult fibroblasts into iCM compared to GMT alone 234. 

Jayawardena et al. reported that a transient non-viral transfection system of an miRNA combo 

including miRNA-1, miRNA-133, miRNA-208, and miRNA-499a, (cardiac- and muscle-specific 

miRNAs), was able to reprogram mouse cFib into iCM in vitro and in vivo 235,236. Moreover, the 

addition of JAK inhibitor I improved the efficiency of reprogramming up to 10-fold 235. 

Many approaches in direct reprogramming have focused on the regulation of signaling pathways 

or genes that promote the inhibition of fibroblast signatures or enhance cardiac fate. The TGF-β 

pathway is one of the main signaling pathways active in fibroblasts. Ifkovits et al. reported that the 

addition of SB431542, a TGF-β inhibitor, to the GHMT/NKX2.5 cocktail produced a 5-fold 

increase in iCM generation 237. Regulation of other signaling pathways, such as WNT, Rho-

associated kinase (ROCK), JAK/STAT, NOTCH, and AKT in combination with TFs and miRNAs 

have also shown to improve direct cardiac reprogramming efficiency233,238–243. On the other hand, in 

most reprogramming methods, fetal serum has been added to the reprogramming culture medium, 

which has an undefined composition and can affect reprogramming efficiency. To standardize 

culture conditions, Yamakawa et al. reported that the addition of FGF2, FGF10, and VEGF (FFV) 

to a serum-free medium greatly improved direct cardiac reprogramming efficiency compared to 

serum-based protocols 241. 

Epigenetic modulation has been found to improve cardiac reprogramming efficiency through the 

inhibition of epigenetic barriers. Zhou et al. focused on the Bmi1 gene, which was reported to be 

one of the main epigenetic barriers to cardiac reprogramming, and its inhibition led to an important 

increase in reprogramming efficiency of mouse fibroblasts into iCM 244. 

Other cocktails different from GMT have been reported. Protze et al. overexpressed MYOCD, 

instead of GATA4, together with MEF2C and TBX5 factors in mouse embryonic and neonatal 

cFib, leading to the upregulation of a wide range of cardiac genes. However, although they 

observed sodium and potassium currents and rare action potentials, no spontaneous beating was 

detected 245. 

Chemical cocktails. Fu et al. achieved direct cardiac reprogramming of mouse fibroblasts into iCM 

using only chemical cocktails. They described a combination of 6 molecules called CRFVPT (C, 

CHIR99021; R, RepSox; F, Forskolin; V, VPA; P, Parnate; T, TTNPB) able to reprogram mouse 

embryonic and neonatal tail-tip fibroblasts into iCM 185, passing through a cardiac precursor stage. 

The generated iCM expressed cardiac markers and presented striations, calcium transients, action 

potential, and spontaneous beating 185. 

b) Direct reprogramming into human induced cardiomyocytes 

The initial GMT reprograming cocktail used in mouse cells was demonstrated to be insufficient to 

convert human fibroblasts into iCM, therefore, the inclusion of additional factors was required. 

In 2013, Wada et al. revealed that the overexpression of GMT/MESP1/MYOCD in human cardiac 

and dermal fibroblasts was able to generate iCM 246. This cocktail induced the expression of a broad 

range of cardiac-specific proteins in human cardiac and dermal fibroblasts. Calcium oscillations and 

action potentials were detected in human iCM. They also observed contractions of human iCM 

when they were co-cultured with mouse CM, but no spontaneous beating was observed when 
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cultured alone 246. Fu et al. described that the combination of GMT factors plus ESRGG, MESP1, 

MYOCD, and ZFPM2 using retroviral vectors was able to reprogram human fibroblasts into iCM. 

This combination of factors induced the expression of cardiac specific proteins and the authors were 

able to observe sarcomere formation, calcium transients, and action potentials. Again, no 

spontaneous beating was observed 247. 

Several authors have added miRNAs to TF cocktails to enhance cardiac reprogramming of human 

fibroblasts. Muraoka et al. described that a GMT, MYOCD, MESP1, and miRNA-133 

combination was sufficient to reprogram human cFib into iCM 234. This cocktail induced the 

expression of cardiac genes; however, no spontaneous contractions were detected. Singh et al. used 

lentiviral vectors encoding GMT, HAND2, MYOCD, or miRNA-590 and infected rat, porcine, 

and human cFib. The addition of HAND2 plus MYOCD, or miRNA-590 alone, to the GMT 

induced cardiac troponin T (cTnT) expression in approximately 5% of porcine and human 

fibroblasts and increased the expression of cardiac genes. When porcine iCM were cocultured with 

mouse CM, contractions were detected, but no contractile activity was observed in iCM obtained 

from human fibroblasts 248. Christoforou et al. described that the overexpression of GMT factors 

plus MYOCD and NKX2.5, in combination with miRNA-1 and miRNA-133 were able to directly 

convert human dermal fibroblasts into iCM. Cardiac proteins expression was detected and several 

cardiac-specific genes were upregulated. Although authors detected calcium transients, they 

observed immature cytoskeletal organization of both α-actinin and cTnT, and no contractile activity 

was detected. Moreover, they reported that the addition of JAK1 and GSK3β inhibitors or addition 

of NRG1 significantly enhanced the efficiency of direct reprogramming 249. Nam et al. described 

that a combination of GATA4, HAND2, TBX5, and MYOCD TFs, together with miRNA-1 and 

miRNA-133, was able to transdifferentiate human neonatal foreskin fibroblasts and adult cardiac 

and dermal fibroblasts into iCM. Calcium transients were detected and few contractions were 

observed in these iCM. However, no beating cells were detected from transduced adult human 

fibroblasts 250. 

Cao et al. described nine chemical compounds (CHIR99021, A83-01, BIX01294, AS8351, SC1, 

Y27632, OAC2, SU16F, and JNJ10198409) that were able to convert human neonatal dermal 

fibroblasts into functional iCM. These iCM could form beating clusters and expressed specific 

cardiac proteins. Remarkably, although the reprogramming efficiency was low using this procedure, 

the iCM obtained were homogeneous and functional 251. 

3.3.2 Direct reprogramming into induced cardiac progenitors 

Many protocols have been described for the direct reprogramming of fibroblasts into iCM, even 

though most of them are based on the initial GMT cocktail. Nevertheless, iCM have several 

limitations in cardiac regeneration therapy. First, these cells have no or limited proliferative 

capacity, which limits cell yield. Furthermore, in addition to CM, myocardium is made up of blood 

vessels (vascular endothelial cells and smooth muscle cells) and fibroblasts, and therefore, other cell 

components besides CM will be required for an appropriate cardiac regeneration. Taking these 

considerations into account, some groups have focused on obtaining iCP, since these cells retain 

proliferative potential and are able to give rise to all myocardial cell lineages. 
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In 2012, Islas et al. selected ETS2 and MESP1 transcription factors, based on the knowledge that 

homologous genes in ascidian Ciona (Ci-ets1/2 and Ci-mesp) were key regulators of cardiogenesis, 

and observed that these factors were capable of transdifferentiating human dermal fibroblasts into 

iCP in vitro 252. They found that the overexpression of ETS2 alone induced cardiovascular gene 

expression, such as KDR and PECAM1, but was insufficient to induce complete reprogramming. 

Additionally, they demonstrated that forced coexpression of MESP1 and ETS2 with lentiviral 

vectors or with purified proteins, and subsequent addition of Activin A and BMP2 was able to 

convert human dermal fibroblasts into iCP, which were identified by an NKX2.5 lentiviral reporter 

system. Nonetheless, these progenitors were not well characterized and spontaneously differentiated 

into immature CM and the potential to differentiate into smooth muscle cells or endothelial cells 

was not demonstrated 252. 

Pratico et al. generated cKit+ iCP by the electroporation of human adult dermal fibroblasts with 

GHMT mRNAs. These iCP expressed NKX2.5 an ISL1 and differentiated into cTnT+ CM with a 

very low efficiency and were non-contractile 253. 

In 2015, Li et al. transduced human dermal fibroblasts with GHMT proteins modified with QQ-

reagent, a non-viral delivery system, obtaining iCP 254. They also added BMP4 and Activin A for 

cardiac induction and bFGF to maintain the CP stage and observed a downregulation of fibroblast 

specific genes and an upregulation of CP markers. Moreover, they demonstrated that iCP were able 

to differentiate by WNT inhibition into three principal cardiac lineages: smooth muscle cells (2–

5%), endothelial cells (15–20%), and mainly CM (>70%), which started beating after 20 days of 

differentiation. Finally, they observed an improvement in heart function and tissue remodeling 

when iCP were injected in a rat model of AMI 254. Recently, the same group directly reprogrammed 

human foreskin fibroblasts into iCP using a dead Cas9 (dCas9)-based transcription activation 

system 255. This novel system consisted of the fusion of a deactivated form of Cas9 (dCas9) with 

transactivation domains of VP64 and p300, generating a precise synthetic transcription activator. 

The authors infected dCas9 expressing fibroblasts with lentiviral vectors encoding specific sgRNAs 

directed to the promoter regions of GHMT and highlighted that the transactivation of an additional 

factor, MEIS1, could improve reprogramming efficiency. They observed an overexpression of 

EOMES and MESP1 genes at an early reprogramming stage and CP-related markers such as 

NKX2.5 and ISL1 at days 7–10 post-induction. They observed differentiation into three main 

cardiac lineages 4 weeks post-induction. They detected expression of CM markers such as cTnT 

(~6% with GHMT or 8.75% when MEIS1 was also transactivated), α-actinin, sarcomere striations, 

as well as smooth muscle and endothelial markers expression. Unfortunately, the CM obtained were 

not functional and no beating was observed 255. 

There are only two groups that have achieved expandable multipotent iCP using mouse cells 166,256. 

In 2016, Lalit et al. successfully converted adult mouse fibroblasts into iCP using five factors, 

including MESP1, TBX5, GATA4, and NKX2.5 TFs and the BAF60c subunit of the SWI/SNF 

chromatin-remodeling complex 166. To detect reprogrammed iCP and achieve a doxycycline (dox)-

inducible transgene expression, an Nkx2.5-EYFP cardiac reporter mouse model was crossed with a 

transgenic mouse expressing the reverse tetracycline transactivator. Then, based on their 

implication in early cardiac development, 22 factors were selected and cloned individually in a 

lentiviral vector with the tetracycline response element. Although they could observe EYFP+ cells 

after transduction with all the factors, the reprogramming medium (fibroblast medium 
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supplemented with dox) was insufficient for long-term maintenance of proliferative EYFP+ cells. 

To achieve long termed maintenance, BIO, an activator of canonical WNT signaling pathway, and 

LIF, an activator of JAK/STAT, were supplemented into the reprogramming medium, which 

enabled iCP expansion and maintenance in the absence of dox for over 30 passages. Next, they 

selected the minimal combination of factors able to reprogram fibroblasts into expandable iCP: 

MESP1, TBX5, GATA4, NKX2.5, and BAF60C. They demonstrated that the iCP generated were 

able to differentiate into three main cardiac lineages in vitro. These iCP principally differentiated 

into CM (80% to 90%), to a lesser extent into smooth muscle cells (5% to 10%) and scarcely 

generated endothelial cells (1% to 5%). The iCP-derived CM did not beat spontaneously, and only 

when cocultured with mouse PSC-derived CM a 5% to 10% of the iCP-derived CM started beating. 

Nonetheless, the authors demonstrated the capacity of iCP to give rise to myocardial cell lineages 

when injected into the cardiac crescent of mouse embryos and in adult mouse hearts after AMI 166. 

Simultaneously, Zhang et al. described culture conditions able to highly expand iCP obtained from 

mouse embryonic and tail-tip fibroblasts using the cell activation and signaling-directed (CASD) 

conversion approach, which consists of the transient overexpression of pluripotency reprogramming 

factors in somatic cells inducing an intermediate state to further promote differentiation into desired 

cell type using inductive signals 256. To capture and expand iCP, they tested modulators of different 

signaling pathways, such as SMADS, FGF, VEGF, PDGF, WNT, and NOTCH. Finally, they 

described BACS, a combination of molecules that contains BMP4, Activin A, CHIR99021 (GSK3β 

inhibitor), and SU5402 (FGF, VEGF, and PDGF inhibitor), which repressed cardiovascular 

differentiation and supported iCP self-renewal and expansion. iCP were purified using FLK1 and 

PDGFRα surface markers. The authors demonstrated that FLK1+/PDGFRα+ cells expressed CP-

related markers such as GATA4, MEF2C, ISL1, and NKX2.5, suggesting that these cells were 

committed to a cardiovascular fate and reported that in BACS conditions they were expandable for 

more than 18 passages (over 1010-fold expansion). Additionally, these iCP were able to differentiate 

into the main cardiac lineages (CM, smooth muscle and endothelial cells) in vitro. To obtain CM, 

they added the WNT inhibitor IWP2 and found that 35% of cells were cTnT+ and expressed CM-

specific markers. The number of spontaneously contracting cells gradually increased until day 10 of 

differentiation and iCM expressed a well-organized sarcomeric structure, calcium transients, and 

action potentials. They also reported that iCP could be differentiated into 90% endothelial cells and 

98% of SMCs by directed differentiation. Remarkably, when iCP were transplanted into mouse 

models of AMI, improved cardiac function and reduced adverse remodeling was observed 256. 

However, it needs to be mentioned that the CASD approach generates a pluripotent intermediate 

state 257,258, and therefore, it cannot be considered a direct reprogramming approach. 

3.3.3 In vivo direct reprogramming into induced cardiomyocytes 

On the hypothesis that the heart environment (extracellular matrix, growth factors, cytokines, 

electromechanical stimulation, etc.) may favor direct cardiac reprogramming in vivo, several studies 

have been carried out. 

In 2012, Qian et al. revealed that the injection of a retrovirus encoding individual GMT factors in 

peri-infarcted area of mouse hearts was able to reprogram resident cFib into iCM 259. To induce 

resident cFib proliferation and improve reprogramming efficiency, they injected thymosin β4, a 

fibroblast-activating peptide, in combination with GMT factors.  They detected α-actinin expression 
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in approximately 12% of transduced cells, and 50% of these had mature CM features, according to 

structure, electrophysiology, and contractility. They also observed an improvement in heart 

structure and function 259. 

 

Since the heterogeneity of factor delivery generated by using multiple viral vectors encoding 

individual factors could consequently decrease reprogramming efficiency, several groups have 

focused on the use of polycistronic vectors encoding different splicing orders of GMT factors. 

Inagawa et al. showed that the injection of a 2A-polycistronic retroviral vector encoding TMG 

factors in infarcted mouse hearts increased 2-fold higher the number of mature iCM compared to 

the three single vectors 260. Ma et al. injected PT2A-polycistronic retroviral MGT vector into mouse 

infarcted hearts, which increased the number of iCM generated, but not their maturity. Moreover, 

they observed an improvement in heart function and structure compared to  single retroviral vectors 
261. Mathison et al. used TE2A-policystronic lentiviral vectors encoding GTM factors and injected 

them in rat models of chronic MI. First, the authors injected adenoviral vectors encoding VEGF in 

rat hearts immediately after infarction, to enhance vascularization, and GMT lentivirus were 

injected after 3 weeks. They observed an improvement in cardiac remodeling and function as well 

as a decrease in the number of myofibroblasts compared to monocystronic vectors 262,263. 

 

Mutagenesis is one of the major concerns regarding integrative viral vectors. Recently, some groups 

have used non-integrative viral vectors, such as adenoviral vectors or Sendai virus vectors, and 

also non-viral vectors such as nanoparticles have been used. Mathison et al. demonstrated that 

adenovirus and lentivirus induced equivalent expression levels of GMT factors and had a similar 

transdifferentiation capacity of rat fibroblasts into iCM in vitro 264. When adenoviral vectors 

encoding GMT factors were injected into the infarcted rat myocardium, an increase in cells 

expressing βMHC and improved ejection fraction compared to empty adenoviral vectors were 

observed 264. Miyamoto et al. generated Sendai virus (SeV) polycistronic GMT vectors and injected 

them into mouse hearts after AMI, achieving direct reprogramming of resident cFib into 

iCM in vivo with a greater efficiency compared to retroviral polycistronic vectors 265. They used 

Tcf21iCre/R26-tdTomato mice and observed that 1.5% of Tomato+ cells were cTnT+, and 20% of 

these double positive cells presented cross striations 1 week after injection. They also detected an 

improvement in cardiac function and a reduction in fibrosis 265. Finally, Chang et al. reported that 

polyethylimine (PEI) conjugated cationic gold nanoparticles (AuNPs) loaded with GMT operate as 

nanocarriers for cardiac direct reprogramming in vitro and in vivo. Functional iCM were obtained 

from mouse embryonic fibroblasts using AuNP/GMT/PEI in vitro. Remarkably, AuNP/GMT/PEI 

nanocomplexes produced efficient in vivo conversion of resident fibroblasts into iCM when injected 

in mouse models of AMI, resulting in reduced infarct size and fibrosis, and improved cardiac 

function. Importantly, they determined that this approach did not generate DNA integrations and 

had low toxicity 266. 

 

In 2012, Song et al., concomitantly with Qian et al. 259, reported that the injection of GHMT 

factors, encoded individually in retroviral vectors, could trigger the conversion of endogenous cFib 

into iCM in mouse models of AMI 230. They used both Fsp1-Cre/Rosa26-LacZ and Tcf21iCre/R26-

tdTomato mice to trace reprogrammed non-CM cells and observed that about 6.5% of CM in the 

injured area displayed β-gal activity. These β-gal expressing cells also expressed cTnT and showed 
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striations 3 weeks after viral transduction. Moreover, they detected the presence of calcium 

transients, action potentials and contractility. More importantly, GHMT-infected hearts showed a 

pronounced reduction of scar size, increased muscle tissue and improved heart function 12 weeks 

post infarction 230. 

 

Jayawardena et al. reported that a miRNA combo (miRNA-1, miRNA-133, miRNA-208 and 

miRNA-499a) was able to reprogram resident cFib into CM in vivo when injected in infarcted 

mouse hearts. They used lentivirus to overexpress the miRNA combo and used Fsp1-Cre/tdTomato 

mice. They observed that 12% of CM of the peri-infarcted zone were tdTomato+/cTnT+ and 

organized sarcomeres, action potentials and contractility were detected. Additionally, an 

improvement in several cardiac function parameters was reported 235,236.  

 

The combination of reprogramming factors with chemical inhibitors has also been tested in vivo to 

enhance reprogramming efficiency and CM maturity. Mohamed et al. injected GMT factors, 

encoded in retroviral vectors, in combination with repeated intraperitoneal administration of 

SB431542, a TGF-β inhibitor, and XAV939, a WNT signaling inhibitor, in an AMI mouse model. 

ROSA-YFP/periostin-Cre mice were used, and a 5-fold increase in YFP+ iCM was detected in mice 

treated with GMT plus inhibitors compared to GMT treated mice, and iCM were more mature. 

Moreover, the addition of both small molecules led to attenuated remodeling and improved cardiac 

function 240. 

 

Huang et al. achieved direct conversion of mouse fibroblasts in vivo using only a chemical 

cocktail. They added Rolipram to a previously described CRFVPT chemical cocktail 185 

(CRFVPTM: C, CHIR99021; R, RepSox; F, Forskolin; V, VPA; P, Parnate; T, TTNPB; M, 

Rolipram) and this combination was able to induce the generation of iCM from cFib in hearts of 

healthy adult mice. CRFTM were administered orally and VP intraperitoneally 184. They used Fsp1-

Cre:R26RtdTomato mice to evaluate the non-CM origin of iCM. CM-like tdTomato+ cells expressed 

CM-specific markers, including α-actinin, cTnI, GATA4, and MEF2C, and showed a well-formed 

sarcomeric structure and action potentials. In infarcted hearts, they observed that the CRFVPTM 

combination was also able to reduce the formation of fibrosis. Intriguingly, this group described that 

fibroblasts from other organs were not converted into iCM, which indicates that this cocktail 

specifically reprograms cFib 184. 

All the aforementioned strategies used for direct cardiac reprogramming are summarized in Figure 

10. 
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Figure 10. Schematic representation of different approaches used for in vitro and in vivo direct cardiac 

reprogramming. Figure modified from (annexed) 267. 

 



Introduction 
 

30 

 

3.4   Expansion of PSC-derived cardiac progenitors and induced cardiac 

progenitors 

The generation of expandable lineage-restricted CP is crucial for their application in cell-based 

therapies, in which large number of cells are needed. Robust protocols have been described in order 

to generate cardiac lineage cells through PSC differentiation, however, there are few protocols that 

define conditions for CP maintenance and expansion, and long-term expansion has only been 

reported in mouse CP.  

As mentioned above, long-term expansion of mouse iCP was described in 2016 in BIO plus LIF 166 

or BACS culture conditions 256, however, these findings have yet to be reproduced by different 

laboratories to demonstrate robustness. 

On the other hand, the expansion of mouse ESC-derived CP was first described by the group of 

Kenneth Chien. Mouse ESC-derived ISL1+ CP were maintained in a multipotent stage when they 

were cultured on feeder layers of cardiac mesenchymal cells 120. In a later study, same group 

demonstrated that activation of the canonical WNT pathway through signals derived from 

mesenchymal cells was the mechanism responsible for transient renewal of ISL1+ CP 159. 

Afterward, the same group demonstrated that ISL1+ CP derived from human ESC can be expanded 

by the modulation of canonical WNT pathway, maintaining their multipotency 52.  

 

Christoforou et al.  achieved more than 100 population doublings of NKX2.5+ CP on a layer of 

mitotically inactivated mouse embryonic fibroblasts (MEFs) in high levels of serum, which also 

were able to differentiate into CM, smooth muscle cells, and endothelial cells when serum was 

removed or in high cell densities 268. Nevertheless, the aforementioned approaches did not induce a 

long-term maintenance of CP and conditions were not well defined. 

 

Nan Cao et al. described that inhibition of BMP and Activin/Nodal, and activation of  WNT 

signaling pathways using Dorsomorphin (BMP inhibitor), A83-01 (Activin/Nodal inhibitor) and 

CHIR99021 (GSK3β inhibitor), induced 107-fold expansion of human ESC- and hiPSC-derived CP 

in feeder- and serum- free conditions 269. Also, the same group had previously described that 

ascorbic acid induced the proliferation of FLK1+/CXCR4+ CP derived from human ESC by the 

activation of MEK-ERK1/2 pathway, which promotes collagen synthesis, enhancing cardiac 

differentiation efficiency 270. Vahadat et al. performed a screening using eight molecules in CP 

derived from human ESC and iPSC and determined that the combination of three factors including 

A83-01, bFGF and CHIR99021 was able to generate 1014 CP after 10 passages 271. 

 

In 2015, the group of Christine Mummery described the expansion hESC-derived CP, that were 

immortalized using a MYC doxycycline-inducible system. They performed a screening of several 

molecules and determined that the controlled induction of c-Myc proto-oncogene in combination 

with IGF1 and SHH agonist (SAG) achieved 40 population doublings in hESC-derived CP. Also, 

these cells were able to differentiate into CM and vascular cells 272  
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4. Cardiac fluorescent reporter PSC lines 

Cardiac fluorescent reporter iPSC lines are highly valuable tools in order to monitor specific cardiac 

cell types during cardiac differentiation, such as subtypes of CP or CM. Reporter-based isolation of 

these cells allow the study of their biology, function, potential or response to drugs. 

4.1   Methods for fluorescent reporter cell line generation 

The first step for the development of a fluorescent reporter system is the generation of a transgenic 

construct, which consists of a fluorescent protein DNA sequence downstream a specific promoter 

or gene, except for promoterless constructs, in which an endogenous gene or promoter directly 

regulates fluorescent protein expression. Also, the construct can contain other sequences, such as 

selection cassettes. Reporter cell lines can be transient, in which the construct does not integrate in 

the host genome, or stable, where the transgene is integrated into the host cell’s genome. In the case 

of stable reporter cell lines, transgene integration can be random or targeted to a specific site of 

DNA 273. 

4.1.1 Transient fluorescent reporter cell line 

For the generation of transient reporter cell lines, the transgenic construct is transduced into the host 

cell using non-integrative vectors, such as Adenovirus 274. Thus, transgene plasmids do not integrate 

into endogenous genomic DNA of the cell and remain as episomes. This method presents several 

advantages, such as the easy preparation of the transgene construct plasmid and also the high 

expression of fluorescent protein achieved rapidly after transfection. Nevertheless, this system 

generates variability between cells due to the different number of plasmid copies transduced in each 

cell, and, since they are not integrated in genomic DNA, the number of plasmid copies per cell is 

reduced with cell divisions and fluorescent protein expression declines 273.  

4.1.2 Random integration of fluorescent reporter transgene 

In the random integration strategy, the transgenic construct is transduced into cells using genome-

integrating systems such as lentiviral or retroviral vectors, bacterial artificial chromosomes (BACs), 

transposons or plasmids 274. With this approach, exogenous DNA integration occurs in a random 

manner into genomic DNA, which entails important disadvantages. Firstly, one of the main 

concerns is the lack of control in copy number and integration site. Moreover, it has been described 

that epigenetic modifications that occur during differentiation of PSC can induce a rapid silencing 

of transgenes from retroviral vectors. On the other hand, reporter expression can be affected by 

endogenous regulatory elements, which can lead to transgene silencing and reporter expression 

impairment. Also, reporter integration can alter endogenous elements, which can perturb cellular 

function and differentiation 275.  

Overall, this method generates enormous clonal variability, being the expression of the gene of 

interest not faithfully mirrored by the reporter, which may disturb the analysis of the results. Thus, 

the use of targeted integration methods is preferable for reliable reporter generation. 
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4.1.3 Targeted integration of a fluorescent reporter transgene 

Transgene integration in specific genomic sites can be carried out using the homologous 

recombination (HR) strategy. 

a) Homologous recombination  

HR repair is a DNA repair process in which a complementary DNA is used as template to restore 

damaged DNA 276. The reporter construct must be flanked by large homology arms (HA) 

complementary to the target locus, which are essential for HR process and transgene integration. 

Importantly, this strategy circumvents the main problems of random integration, directing transgene 

insertion to specific sites with same chromosomic location and epigenetic conditions as the gene 

of interest. However, the efficiency of the process is extremely low 275.  

Currently, the use of genome editing technologies, such as site-specific endonucleases, has 

substantially improved HR efficiency through the generation of double strand breaks (DSB) in 

target sequences.  

b) Induced homologous recombination 

Site-specific endonucleases such as zinc finger nucleases (ZFN) 277, transcription activator-like 

effector nucleases (TALEN) 278 and clustered regularly interspaced short palindromic repeat 

(CRISPR)- CRISPR associated protein 9 (Cas9) 279 have made the edition and manipulation of the 

genome possible. Interestingly, these site-specific endonucleases act as accurate molecular scissors 

able to cleave DNA in specific sequences, generating DSB that promote HR mechanism, thus, 

enhancing the efficiency of the process 280.  

Diverse strategies for site-specific integration have been used according to targeting sites, including 

safe harbor sites (SHS) targeting or specific locus targeting. 

SHS are appropriate genomic regions for transgene integration, which ensure stable expression of 

fluorescent proteins in most cell types without altering the normal expression of other genes. 

Examples of these SHF are ROSA26 and AAVS1 loci 281–283. 

Specific locus targeting differentiates from previous ones in the absence of promoter region in the 

transgene construct. With this approach, the endogenous gene of interest directly regulates the 

fluorescent protein expression, which is integrated upstream the start codon or downstream the 

stop codon of the endogenous gene. An important problem of targeted integration approaches is the 

fact that the gene of interest can be disrupted, leading to loss-of function. To avoid this, linker 

sequences such as internal ribosomal entry site (IRES) or viral 2A peptide can be incorporated in 

transgene constructs, allowing for the bicistronic expression and translation of both fluorescent 

reporter gene and endogenous gene 284. 2A peptides are 18 to 22 aminoacid oligopeptides of viral 

origin that induces the cleavage of proteins or peptides during translation in eukaryotic cells 285. On 

the other hand, IRES are translational enhancers present in mRNA, which mediates the initiation of 

protein translation 286. Both linker sequences are extensively used in order to generate multicistronic 

expression cassettes. 
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However, it has been reported that, when IRES is used, the second gene is less efficiently expressed 

than the first gene, reducing the accuracy of the reporter system 287,288. In this sense, 2A peptides are 

preferable in order to achieve a more precise correlation between fluorescent reporter and 

endogenous gene expression. Nevertheless, after 2A sequence cleavage, various aminoacids are 

added to C-terminus of the endogenous protein and one aminoacid is added to N-terminus of 

fluorescent protein, which can alter their functionality 284,289. 

Schematic representations of different approaches for reporter cell line generation are depicted in 

Figure 11. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11. Diagram of transgenic methods for fluorescent reporter lines generation. A simple fluorescent reporter 

vector consists of an ectopic fluorescent protein (FP) open reading frame (ORF) preceded by a promoter (P) of a gene of 

interest (GOI). A) A non-integrating vector, e.g. adenoviral vector, is used to produce a transient reporter line whereas 

using B) a random-integrating vector, e.g. lentiviral vector, integration of the transgene occurs at random loci. C) 

Integration at a specific locus via homologous recombination (HR), flanking genetic arms (HA) homologous to a target 

site are required. D) The HR efficiency can be improved by incorporating genome editing technologies, e.g., ZNFs, 

TALENs and CRISPR-Cas9, which introduce a DSB at a specific site, stimulating HR. A fluorescent reporter can be 

integrated into E) a safe harbor site (SHS) or F) an endogenous GOI. To allow FP expression under an endogenous gene 

promoter, a promoterless targeting vector is used to target a specific GOI, e.g., at the stop codon. Alternatively, a link 

sequence, e.g., P2A, T2A and IRES is added between the FP and the target gene ORF to allow bicistronic expression of 

both the FP and the target protein. Image reproduced from 273. 
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4.2   Genome editing technologies 

Genome editing is the modification of genomic DNA at a specific site, generating insertions, 

deletions or DNA replacement in order to obtain in vivo and in vitro disease models, reporters or 

correct mutations present in several genetic diseases.  

Most used gene editing tools are site-specific nucleases: 

a) ZFN are derived from zinc finger DNA domains, one of the most common DNA-binding 

domains present in eukaryotes. The zinc finger domain is formed by approximately 30 

aminoacids and each domain recognizes 3 nucleotides 290. The generation of synthetic zinc-

finger proteins allowed the obtainment of domains that recognized DNA sequences of 9 to 

18 base pairs 291. Importantly,  recognition of longer DNA sequences provided specificity to 

zinc finger proteins, which enabled to target single specific sequences in the human genome 

for the first time 292,293. Also, the fusion of zinc finger domains with endonucleases 

permitted the generation of DSB in specific target sequences 294. 

b) TALEN are derived from TALEs proteins, present in bacteria genus Xanthomonas that 

possess DNA-binding domains formed by monomers, tandem repeats of 33 to 35 aminoacid 

that recognize a single nucleotide 295,296. TALE specificity is given by two hypervariable 

aminoacids called repeat-variable di-residues 297,298. In engineered TALE proteins, repeat 

domains are linked together in order to allow the targeting of any DNA sequence, being the 

only targeting limitation that TALE binding sites should start with a T base. As with zinc 

finger domains, TALEs can be fused with nucleases in order to generate DSB in specific 

sequences 299–301. 

c) The CRISPR-Cas9 system is derived from bacteria and archaea and consists of a Cas9 

endonuclease which is guided by small RNA fragments that are homologous to specific 

DNA sequences. Guide RNAs can be modified, allowing the recognition of almost any 

DNA sequence, where Cas9 nuclease is recruited, leading to DSB generation 302. 

Importantly, the CRISPR-Cas9 system is the most efficient genome-editing approach 

described until now.  

DSB generated by site-specific nucleases induce the activation of cellular DNA repair mechanisms. 

The main repair mechanisms are non-homologous end joining (NHEJ) and homologous directed 

repair (HDR) 303. Both can be exploited for gene editing with diverse outcomes. 

NHEJ, an error-prone DNA repair mechanism, is the most frequent DNA damage repair 

mechanism activated after DSB. Several enzymes and complexes are recruited to the DSB site in 

order to trim (through nucleases activity) or fill in (through polymerases activity) DNA ends to 

make them joinable, generating insertions and/or deletions (indels) in genomic DNA (Figure 10) 
303. Commonly, this mechanism is used in genome editing in order to generate errors in a specific 

gene, thus, generating a knock-down (one allele affected) or knock-out (two alleles affected). 

HDR is a high-fidelity DNA repair mechanism that consist of template-directed DNA repair 

synthesis 276. Importantly, the DNA template must contain sequences homologous to DSB flanking 

regions. HDR occurs less frequently than NHEJ and is only activated in dividing cells 303. In 
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genome editing, this mechanism can be used in order to correct precise mutations or insert 

sequences in genomic DNA, obtaining a knock-in (Figure 12). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.3   CRISPR-Cas9 system 

4.3.1 CRISPR-Cas9 system in bacteria 

The CRISPR-Cas9 system functions as an adaptive immune system of many bacteria and archaea. 

CRISPR loci was first sequenced in archaea Haloferax mediterreani by Mojica et al. 304,305. The 

CRISPR-Cas locus is formed by CRISPR array, which is a sequence that consists of repeated 

palindromic fragments separated by spacers, that are derived from exogenous DNA of phages and 

plasmids 306, and CRISPR associated (Cas) genes, which are a broad set of genes that encode for 

proteins with different function domains such as endonuclease, exonuclease, helicase, and also 

RNA and DNA binding domains among others 307. 

Three different types of CRISPR systems have been identified in bacteria and archaea, being type II 

the most studied.  

In an immunization step, when bacterium or archaea are first invaded by foreign genetic elements, 

Cas proteins cleave foreign DNA in small fragments, that are further integrated into CRISPR array 

between leader sequence and first palindromic repeat. After this step, bacteria acquire certain 

immunity against the invader. When the same invader infects the cell, CRISPR locus is transcribed 

and pre-crRNA is generated. Pre-crRNA is enzymatically cleaved, generating small RNA fragments 

containing palindromic repeats and one spacer, known as CRISPR RNAs (crRNAs). Importantly, 

in type II CRISPR system, a sequence located at 5’ extreme of CRISPR loci is transcribed in an 

RNA sequence known as trans-activating crRNA (tracrRNA) that is necessary for the generation 

of crRNA fragments. Both crRNA and tracrRNA bind and form a complex with Cas9 nuclease, 

which recognizes foreign DNA complementary to a specific crRNA spacer and inactivates it by 

Figure 12. Mechanism of DNA 

repair. DSB (e.g. induced by 

nucleases) can be repaired by non-

homologous end joining (NHEJ) or 

homology-directed repair (HDR) 

pathways. NHEJ can introduce random 

insertions or deletions (indels). 

Alternatively, HDR can introduce 

precise genomic modifications at the 

target site by using a homologous DNA 

donor template. Image reproduced 

from 371. 
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generating a DSB. Importantly, for the generation of DSB it is necessary the presence of a 

consensus sequence located at 3’ or 5’ of the targeted region named protospacer adjacent motif 

(PAM), which varies among Cas nucleases in sequence and location 307,308.  A diagram of CRISPR-

Cas system mechanism of action in bacteria is represented in Figure 13.  

 

 

 

 

 

 

 

 

4.3.2 CRISPR-Cas9 system adapted to eukaryotes for genome editing 

A broad number of CRISPR-Cas9 system types have been described in bacteria and archaea. 

Nevertheless, only a few of them have been adapted for its implementation in eukaryotic cells.   

The type II CRISPR-Cas9 system derived from Streptococcus Pyogenes is the most used in 

eukaryotic cells for genome editing 309,310. It consists of a Cas9 nuclease (spCas9) and RNA 

components, including specific crRNA and auxiliary tracrRNA that can be fused in order to obtain a 

single guide RNA (sgRNA) 311. Remarkably, crRNAs are formed by 20 nucleotides that can be 

modified in order to target almost any DNA sequence. Importantly, the DNA target sequence must 

be preceded by PAM sequence, which in SpCas9 is 5’-NGG-3’ 311 (Figure 14). Thus, when sgRNA 

recognizes a specific DNA sequence Cas9 is recruited, and in the presence of the PAM sequence, 

generates a DSB that can be repaired by two different mechanisms, NHEJ and HDR, described 

above. 

Figure 13. Overview of the 

CRISPR/Cas mechanism of action. 

A) Immunization process: After 

insertion of foreign DNA from viruses 

or plasmids, a Cas complex recognizes 

foreign DNA and integrates a novel 

repeat-spacer of the CRISPR locus. B) 

Immunity process: The CRISPR 

repeat-spacer array is transcribed into a 

pre-crRNA that is enzymatically 

cleaved into mature crRNAs, which 

guides Cas complex to interfere with 

the invading nucleic acid. Repeats are 

represented as rhombus, spacers as 

rectangles, and the CRISPR leader is 

labeled L. Image reproduced from 307. 
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Figure 14. Cas9 nuclease from S. pyogenes (in yellow) is targeted to genomic DNA by an sgRNA consisting of a 20-nt 

guide sequence (crRNA, blue) and a scaffold (tracrRNA, red). The guide sequence pairs with the DNA target (blue bar on 

top strand), directly upstream of a requisite 5′-NGG adjacent motif (PAM; pink). Cas9 mediates a DSB ∼3 bp upstream of 

the PAM (red triangle). Image reproduced from 279. 

 

One of the principal limitations of the CRISPR-Cas9 system is off-target cleavage activity, which 

consists of the generation of unexpected DSB in non-target DNA sequences 312. These off-target 

activity limits CRISPR-Cas9 system applications due to the fact that these DSB in non-target sites 

can lead to mutations that induce genomic instability 313, which is especially relevant to be taken 

into consideration if used for therapeutic purpose. 

Also, an important issue for CRISPR-Cas9 system implementation is the delivery method. 

Generally, three different methods have been used for CRISPR/Cas9-component delivery, which 

includes physical, viral and non-viral methods 314. For in vitro experiments, physical methods are 

the simplest delivery methods, which includes electroporation, microinjection and mechanical cell 

deformation 314,315. Viral vectors such as adenovirus, adeno-associated virus or lentiviral vectors 

have been used for CRISPR/Cas9-component delivery in vivo and in vitro 316,317. However, safety 

concerns related with the use of viruses limit the applications of this delivery method. These 

concerns can be bypassed by the use of non-viral vectors such as liposomes, polymers  and 

nanoparticles 318, which are safe and cost-effective. 

Another question to take into account is the cleavage efficiency according to the delivery system 

used. For instance, transduction of cells with Cas9-sgRNA complex ribonucleoprotein (RNP) has 

several advantages over the use of a plasmid delivery system (summarized here 

https://eu.idtdna.com/pages/education/decoded/article/are-you-still-using-crispr-plasmids-consider-

ribonucleoprotein-(rnp)-instead!),  being one of the most relevant the fact that the genome editing 

occurs immediately after transduction  and, in consequence, more efficiently.  

Interestingly, CRISPR-Cas9 systems have been engineered for diverse applications. For instance, 

nuclease dead Cas9 (dCas9) was established by introducing point mutations into HNH and RuvC 

domains of Cas9 protein 319. Thus, Cas9 lost its cleavage activity but retained its DNA binding 

activity. Then, dCas9 can be fused with translational activators or repressors in order to activate 

(CRISPRa) or repress (CRISPRi) the transcription of specific genes 320,321. 

https://eu.idtdna.com/pages/education/decoded/article/are-you-still-using-crispr-plasmids-consider-ribonucleoprotein-(rnp)-instead!
https://eu.idtdna.com/pages/education/decoded/article/are-you-still-using-crispr-plasmids-consider-ribonucleoprotein-(rnp)-instead!
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4.4   Cardiac PSC reporter cell lines 

Diverse reporters have been generated by targeted gene knock-in, that is to say, the insertion of a 

fluorescence protein DNA sequence in a gene expressed at specific phase of cardiac development, 

in order to study the gene function in cardiogenesis.   

Fehling et al. developed a mouse TBXTGFP reporter ESC line, in which a GFP fluorescent reporter 

was regulated by the early mesoderm marker T-box factor Brachyury (TBXT) through homologous 

recombination. They were able to identify two subpopulations of GFP+ mesodermal cells in early 

cardiac differentiation that differed in FLK1 expression. The GFP+ subpopulation with low levels of 

FLK1 possessed cardiogenic potential, whereas the GFP+ population with high levels of FLK1 

presented hematopoietic potential 322. Den Hartogh et al. established a MESP1mCherry/NKX2-5eGFP 

dual reporter human ESC line by homologous recombination. Using this cell line they were able to 

describe that MESP1-mCherry was transiently expressed followed by continuous expression of 

NKX2-5-eGFP, and that MESP1-mCherry+ cell-derivatives contained an enriched percentage of 

NKX2-5-eGFP and Troponin T expressing cells, proving its preferential cardiac differentiation 165.  

Elliot et al. established a NKX2.5GFP reporter human ESC line by HR. The authors were able to 

purify human ESC-derived CP and CM and standardize differentiation protocols. Finally, they 

identified VCAM1 and SIRPA as cell-surface markers specifically expressed in NKX2-5-eGFP+ 

cells, which allowed the isolation of live CM 323. 

More recently, Zhang et al. created a double reporter NKX2.5TagRed/TBX5Clover hiPSC line through 

CRISPR-Cas9 system-directed homologous recombination. The double reporter permitted the 

isolation of four different cardiac cell subpopulations: pro-epicardial- (NKX2.5-TagRed-/TBX5-

Clover+), SHF- (NKX2.5-TagRed+/TBX5-Clover-), FHF- (NKX2.5-TagRed+/TBX5-Clover+) and 

endothelial-like progenitors (NKX2.5-TagRed-/TBX5-Clover-) 324.  

For functional CM detection and isolation, MYH6, a pan-cardiac marker gene expressed in atrial, 

ventricular and nodal early-committed human CM, has been targeted in order to generate reporter 

hiPSC and human ESC lines 325–327. Also, several reporters have been generated using other CM-

specific genes such as ACTC 328, cTnT 329 and NCX1330. 

In order to identify and isolate CM subtypes, several human and mouse reporter ESC and iPSC 

lines have been established. For the detection of ventricular CM, fluorescent reporters have been 

generated targeting ventricular-specific gene MYL2, however, most of them were obtained by 

random integration systems331–334. On the other hand, since a reliable atrial-specific marker has not 

been identified, diverse genes have been used for reporter generation, such as MYL7 335, SLN 336,337, 

and NR2F2 338. Also, for nodal CM reporter cell lines generation, cGATA6 339 and SHOX2 337 have 

been used as target genes. 

Finally, reporter PSC lines can also be used for functional studies. Specifically, voltage sensitive 

and calcium indicators have been targeted for electrophysiological studies 340,341. 
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Direct cardiac reprogramming has emerged as an interesting approach for the obtention of CM or 

CP from differentiated cells, bypassing a pluripotent stage. Reprogrammed cells can be used for 

different purposes such as regenerative cell therapy, drug testing or disease modelling, among 

others. However, there are few studies that describe cardiac direct reprogramming in human cells 

and the generation of expandable human CP by direct reprogramming has not yet been attained. 

One of the causes that could explain the lack of well-defined cardiac direct reprogramming 

protocols in human cells could be the absence of bona fide CP-specific reporter fibroblasts that 

enable a simple and accurate monitoring of reprogrammed cells. On the other hand, the obtention of 

large number of cardiac cells is needed in order to permit its application in cell therapy. 

Nevertheless, robust long-term expansion of human CP has not yet been achieved. WNT canonical 

pathway is one of the main routes involved in CP proliferation during cardiogenesis and, in 

addition, its regulation has demonstrated to induce CP expansion in culture. 

We hypothesized that the generation of NKX2.5 fluorescent reporter human cFib cell lines will 

facilitate the screening of cardiac reprogramming factors and the development of robust direct 

cardiac reprogramming protocols. In addition, since NKX2.5 is expressed both in CP and CM, this 

reporter will permit the detection of both cell types. We considered CRISPR/Cas9-targeted genome 

editing system to create these reporter cell lines and recapitulate endogenous NKX2.5 gene activity 

since it is an easy-to-use and accessible method that has been shown high efficiency. Since the loss-

of-function of NKX2.5 could affect the biology of CP and CM, we designed a strategy that avoids 

the perturbation of its reading frame. In order to obtain human NKX2.5 reporter fibroblasts we 

devised two different approaches: 1) the genomic edition of hiPSC and its subsequent 

differentiation into fibroblasts and 2) the genomic edition of human foreskin fibroblasts.  

On the other hand, we hypothesized that the correct induction of WNT signaling would promote 

the self-renewal of human CP. To this end, we considered performing a molecular screening 

including small molecules acting at the four WNT signaling regulation levels using reporter CP 

obtained by directed differentiation of human reporter iPSC generated in our first approach 

mentioned above. In addition, we examined the effect of diverse epigenetic modulators, synthesized 

in Molecular Therapy Program at CIMA, on human CP proliferation, since epigenetic modifications 

can control cell fate and are implicated in many biological processes. 

For the verification of our hypothesis, we established the following objectives: 

 

1. To establish NKX2.5GFP reporter hiPSC for directed differentiation into CP and cFib. 

 

2. To corroborate that the GFP reporter can faithfully recapitulate endogenous NKX2.5 

activity. 

 

3. To perform a molecular screening to promote the proliferation of NKX2.5-GFP+ CP. 

 

4. To generate NKX2.5GFP reporter human fibroblasts to be used as platforms for monitoring 

CP and CM in direct cardiac reprogramming screenings. 

 

5. To fully characterize human NKX2.5GFP reporter fibroblasts and assess their functionality. 
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1. Cell culture 

1.1    Human iPSC 

The hiPSC line CBiPS1sv-4F-5 (abbreviated as CBiPS5) was generated from CD133+ cells derived 

from human cord blood by the group of Dr. Xonia Carvajal-Vergara. This cell line was 

characterized 342 and deposited in the National Bank of Stem Cell Lines. 

1.1.1 Maintenance on Matrigel  

Matrigel matrix (Corning) is a basement membrane preparation rich in extracellular matrix proteins, 

being laminin the major component, and several growth factors, used for hiPSC culture in feeder-

free conditions, among other applications. 

Culture dishes were precoated with Matrigel Growth Factor Reduced (GFR) Basement Membrane 

Matrix (Corning) diluted 1:100 in cold KnockOut (KO) DMEM (Gibco) for 1 hour (h) at room 

temperature (RT). hiPSC were plated on Matrigel GFR coated wells and cultured in mTeSR 

medium (STEMCELL Technologies) supplemented with 100U/mL Penicillin, 100 µg/mL 

Streptomycin (Pen-Strep, from Gibco).  The media was changed every other day. Before cultures 

reached confluence, hiPSC were passaged as single cells by enzymatic disaggregation using 

TrypLE Express reagent (Gibco) at 37 ºC for 5 minutes (min), blocked and collected in fibroblast 

medium (Table 1), spun down to discard the supernatant and plated onto new Matrigel coated 

dishes in mTeSR. Cells were passaged at a ratio of 1:3 or 1:6 dilution every 4-6 days. On days of 

hiPSC plating, mTeSR medium was supplemented with 5µM ROCK inhibitor (Y-27632 

dihydrochloride, STEMCELL Technologies) in order to avoid anoikis. 

In order to freeze hiPSC, freezing medium was prepared using 50% v/v mTeSR medium, 40% v/v 

Fetal bovine serum (FBS, Gibco) and 10% v/v dimethyl sulfoxide (DMSO, Sigma-Aldrich). Cells 

were frozen at a density of one million cells/cryovial and stored at -80 ºC for 24 hours and further 

moved to liquid nitrogen freezer. 

 

Component Final concentration Brand 

DMEM high glucose (4.5 g/l) Up to final volume Sigma-

Aldrich 

Fetal Bovine Serum (FBS) 10% v/v Gibco 

GlutaMAX 2 mM (1% v/v) Gibco 

Penicillin-Streptomycin (Pen-Strep) 100 U/mL Pen, 100 μg/mL Strep (1% v/v) Gibco 

MEM non-essential amino acids (NEAA) 0.1 mM (1% v/v) Gibco 

Table 1. Composition of fibroblast medium. 
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1.1.2 Cardiac differentiation assay 

The protocol used to induce cardiac differentiation of hiPSC was established by Lian et al. 224. This 

protocol efficiently differentiates hiPSC into CM on serum-free conditions through the modulation 

of canonical WNT pathway. 

hiPSC were plated at day -4 of differentiation on Matrigel GFR diluted at 1:100 at 125,000 

cells/cm2 and were cultured in mTeSR medium (STEMCELL technologies) supplemented with 

Pen-Strep, which was changed daily until day 0. Only the day of cell plating (day -4), the medium 

was supplemented with 5µM ROCK inhibitor.  From day 0 to day 7 cells were cultured in RPMI 

medium (Lonza) supplemented with B27 minus insulin (Gibco) and Pen-Strep. At day 0 of 

differentiation, cells were treated for exactly 24 h with 12µM CHIR99021 (Axon), a molecule that 

inhibits the enzyme GSK3β, which leads to WNT signaling activation. From day 3 to day 5 of 

differentiation, cells were treated with 5µM IWP4 (STEMCELL technologies), a molecule that 

inhibits WNT signaling by inactivating Porcupine. Cells were maintained in RPMI medium (Lonza) 

supplemented with complete B27 (Gibco) and Pen-Strep from day 7 of differentiation onwards, and 

the medium was changed every three days. 

Since CM can use lactate as an alternative energy substrate more efficiently than other cells, CM 

were enriched by two rounds of metabolic selection. Thus, cells were treated for three days with 5 

mM L-lactic acid in RPMI medium without Glucose (Gibco) supplemented with complete B27 and 

Pen-Strep, with a two-day rest period between both treatments, in which cells were cultured in 

regular RPMI medium supplemented with complete B27 and Pen-Strep. 

1.1.3 Cardiac fibroblast differentiation assay 

To differentiate hiPSC into cardiac fibroblasts (cFib), we used the protocol described by Zhang et al 
343.  

As in cardiac differentiation, hiPSC were seeded at 125,000 cells/cm2 on Matrigel at day -4 of 

differentiation and maintained in mTeSR medium (STEMCELL technologies) supplemented with 

Pen-Strep for 4 days.  At day 0, cells were treated with 12 µM CHIR99021 for 24 h and cultured in 

RPMI medium (Lonza) supplemented with B27 minus insulin and Pen-Strep. In contrast to cardiac 

differentiation protocol, to induce cFib, cells were cultured in cardiac fibroblast basal medium 

(CFBM) (Table 2) supplemented with 75 ng/mL bFGF (Peprotech) prior to day 3 of differentiation 

(day 2.75). The medium was changed every other day. At day 20, cells were harvested using 

TrypLE Express reagent and replated as single cells on gelatin-coated dishes at a density of 30,000 

cells/cm2 and cultured in FibroGRO medium (Millipore) supplemented with 2% FBS (Gibco). 

Gelatin precoating of culture dishes was performed using EmbryoMax ultrapure water 0.1% gelatin 

for 30 min at 37 ºC. The medium was changed every other day and cells were passaged every 4-6 

days at a cell density of 10,000 cells/cm2.  
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Component Final concentration Brand 

DMEM high glucose (4.5g/l) Up to final volume Sigma-

Aldrich 

Human Serum Albumin (HSA) 500 µg/mL Millipore 

Linoleic acid 0.6 µM Millipore 

Lecithin 0.6 µM Millipore 

Ascorbic acid 50 µg/mL Millipore 

Glutamax 7.5 mM Gibco 

Hydrocortisone Hemisuccinate 1 µg/mL Millipore 

Rh Insulin 5 µg/mL Millipore 

Penicillin/Streptomycin 100 U/mL Pen, 100 μg/mL Strep (1% v/v) Gibco 

                                         

Table 2. Composition of CFBM medium 

 

1.2    Human fibroblasts 

Commercially available human foreskin fibroblast cell lines and patient-derived human atrial 

fibroblasts were used.    

1.2.1 Human fibroblast cell lines maintenance 

BJ and HFF-1 foreskin fibroblast cell lines have longer lifespan and higher proliferation rate 

compared to other normal human fibroblast cell lines and were purchased from American Type Cell 

Collection (ATCC). HDF-α dermal fibroblast cell line was purchased from Sigma-Aldrich. All 

these cell lines were maintained on gelatin-coated dishes and cultured in fibroblast medium (Table 

1). The medium was changed every three days. When human fibroblasts reached about 90% 

confluence, were harvested using TrypLE Express reagent for 10 min at 37 ºC. The split ratio used 

to passage cells was from 1:2 to 1:5. 

1.2.2 Patient-derived cardiac fibroblasts maintenance 

Primary human atrial cFib derived from patients were obtained from the laboratory of Dr. Arantxa 

González Miqueo (Cardiovascular Diseases Program, FIMA, Pamplona). This protocol (ref. 

096/2012) was approved by the Research Ethics Committee of University of Navarra. Patient cFib 

were maintained in fibroblast medium (Table 1) supplemented with 10 ng/mL bFGF (Peprotech) up 

to passage 5 and the medium was changed every three days. When human fibroblasts reached about 

90% confluence, they were harvested using 0.025% Trypsin 0.01% EDTA Solution (Gibco) for 7 

min at 37 ºC. 

In order to freeze human fibroblast cell lines, patient derived fibroblasts and hiPSC-derived 

fibroblasts, freezing medium was prepared using 50% v/v fibroblast medium (Table 1), 40% v/v 

FBS and 10% v/v DMSO. Cells were stored at -80 ºC for 24 hours and further moved to a liquid 

nitrogen freezer. 
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Components frequently used for cell culture are listed in Table 3. 

 

 

                                    

 

 

 

 

 

 

 

 

 

 

 

Table 3. Cell culture materials. 

 

2. Gene expression analyses 

2.1    RNA isolation 

Total RNA purification from cells was performed with automated Maxwell 16 LEV SimplyRNA 

Cell kit (Promega). 

Cells in culture were detached from the tissue culture dishes using TrypLE Express reagent and 

pelleted into 1.5 mL Eppendorf tubes at 300 g for 6 min. Cell pellet was resuspended in 200 µL of 

Homogenization Solution supplemented with 1-Thioglycerol and stored at -80 ºC. To continue with 

the RNA extraction process, the homogenate was thawed on ice, 200 µL of Lysis Buffer were 

added and the sample was vortexed vigorously. Different components and samples were added in 

cartridges and introduced in Maxwell 16 instrument (Promega) following manufacturer’s 

instructions to be processed automatically. RNA was recovered in 50 µL of nuclease-free water and 

its concentration was measured by absorbance using NanoDrop 1000 spectrophotometer 

(ThermoFisher Scientific). 

 

Component Brand 

Matrigel Growth Factor Reduced (GFR)  

Basement Membrane Matrix  

Corning 

KnockOut DMEM Gibco 

mTeSR medium STEMCELL TECHNOLOGIES 

Penicillin Streptomycin (Pen-Strep) Gibco 

TryPLE express reagent  Gibco 

DMEM high glucose Sigma-Aldrich 

Fetal bovine serum (FBS) Gibco 

Non-essential aminoacids (NEAA) mixture Lonza 

GlutaMAX supplement Gibco 

ROCK inhibitor (Y-27632) STEMCELL TECHNOLOGIES 

Dimethyl sulfoxide (DMSO) Sigma-Aldrich 

RPMI 1640 Lonza 

RPMI 1640 without Glucose Gibco 

B27 supplement Life technologies 

B27 minus insulin supplement Life technologies 

CHIR99021 Axon Medchem 

IWP4 STEMCELL TECHNOLOGIES 

EmbyoMax 0.1% Gelatin solution Millipore 

Recombinant human bFGF  Peprotech 

FibroGRO medium Millipore 

Criovials Corning 
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2.2    Reverse transcription  

Reverse transcription (RT) of purified RNA into complementary DNA (cDNA) was performed 

using PrimeScript RT reagent kit (Takara). RNA samples (200 ng-1µg) were mixed with 2 µL of 

5X PrimeScript Buffer, 0.5 µL PrimeScript enzyme Mix I, 0.5 µL Oligo dT Primer (50 µM) and 0.5 

µL Random 6 mers (100 µM) in a total volume of 10 µL. 

Reaction was performed at 37 ºC for 15 min (reverse transcription) followed by 5 seconds (sec) at 

85 ºC (reverse transcriptase inactivation). cDNA samples were stored at -20 ºC. 

2.3    Quantitative real time PCR  

Quantitative real time PCR (qRT-PCR) was carried out using PowerUp SYBR Green Master Mix 

(Applied Biosystems). A mix of 2 ng of cDNA, 6 μL of SYBR Green PCR Master Mix 2X 

(containing SYBR Green I Dye, AmpliTaq Gold DNA Polymerase, dNTPs, ROX Passive 

Reference Dye, and buffer components), 0.5 μL of 10 μM forward (FW) primer, 0.5 μL of 10 μM 

reverse (RV) primer and sterile water up to a final volume of 12 μL was prepared. All primers used 

are listed in Table 4 and Table 5. 

QuantStudio 3 or 5 Real Time PCR Systems (Thermo Fisher Scientific) were used to run qRT-PCR. 

The following conditions were conducted: first stage at 50 °C for 2 min, second stage at 95 °C for 

10 min, third stage consisting in 40 cycles of 95 °C for 15 sec and 60 °C for 1 min, and fourth stage 

at 95 °C for 15 sec, 60 °C for 1 min and 95 °C for 15 sec. 

All quantifications were normalized to endogenous controls (GAPDH and CYCLOPHILIN). Gene 

expression data were analyzed in terms of normalized quantification expressed as 2-ΔCt or relative 

quantification expressed as fold change difference using the 2-ΔΔCt method, where indicated. 

COL1A1, LOX and FN1 profibrotic markers expression analyses were performed in collaboration 

with the group of Dr. Arantxa Gonzalez Miqueo (Cardiovascular Diseases Program, FIMA, 

Pamplona). Only for these analyses, first-strand cDNA was synthesized using High-Capacity cDNA 

Reverse Transcription Kit (Applied Biosystem) and qRT-PCR performed on AriaMx Real-Time 

PCR System (Agilent Technologies) with TaqMan Fast Advanced Master Mix (Applied 

Biosystems) using 1 ng of cDNA per reaction. The following PCR conditions were used: a first 

stage at 95 °C for 2 min and second stage consisting of 40 cycles of 95 °C for 1 second and 60 °C 

for 20 sec. All quantifications were normalized to RNA18S5. Primers used for qRT-PCR performed 

with AriaMx Real-Time PCR System with TaqMan Fast Advanced Master Mix are listed in Table 

6. 
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Gene Forward  Reverse  

CYCLOPHILIN GAAGAGTGCGATCAAGAACCCAT

GAC 

GTCTCTCCTCCTTCTCCTCCTAT

CTTTACTT 

GAPDH TGCACCACCAACTGCTTAGC GGCATGGACTGTGGTCATGAG 

NKX2.5 CTCCCAACATGACCCTGAGT CTCATTGCACGCTGCATAAT 

GFP AGAACGGCATCAAGGTGAAC TGCTCAGGTAGTGGTTGTCG 

POU5F1 (OCT4) AACCTGGAGTTTGTGCCAGGGTTT TGAACTTCACCTTCCCTCCAACC

A 

NANOG CCTGAAGACGTGTGAAGATGAG GCTGATTAGGCTCCAACCATAC 

MYH6 (αMHC) CTGAAACCGAGAATGGGAAG CGCTCCTTGAGGTTGAAAAG 

MYL2 (MLC2v) CAACGTGTTCTCCATGTTCG GTCAATGAAGCCATCCCTGT 

PLN CCCAGCTAAACACCCGTAAG AGCTGGCAGCCAAATATGAG 

IRX4 AGGGCTATGGCAACTACGTG CGAACCATCCTTGGAATCAA 

KCNA5 CCAGCAGAGGGATAACCCAAAC TTGGAACACATGGATGGAGGAG 

NR2F2 GCAAGTGGAGAAGCTCAAGG TCCACATGGGCTACATCAGA 

MYL7 AACGTGGTTCTTCCAACGTC AGGTCTGCCTTGCAGATGAT 

NPPA GCTGCAGCTTCCTGTCAACACT AGGCGAGGAAGTCACCATCAA 

SHOX2 GACGGAGGGTAGAAGGAAGC CCTCTTTGCGATCTTTCAGC 

TBX3 ACTGGGGAACAGTGGATGTC CCACGTAGCGTGATCACTTG 

TBX18 GAAGCGCTTTCATGAGATAGG GATCTTCACTCTCATTGCTGGA 

WT1 GCTCTGAGGATTGTGCAGTG AATGAGTGGTTGGGGAACTG 

ACTA2 (αSMA) GTGTTGCCCCTGAAGAGCAT GCTGGGACATTGAAAGTCTCA 

CNN1 CTGTCAGCCGAGGTTAAGAAC GAGGCCGTCCATGAAGTTGTT 

SM22α AAGAATGATGGGCACTACCG AAGGCCAATGACATGCTTTC 

PECAM1 TGTGCCTGCAGTCTTCACTC TCAGGTTCTTCCCATTTTGC 

KDR AGCGATGGCCTCTTCTGTAA ACACGACTCCATGTTGGTCA 

RSPO3 AATACATCGGCAGCCAAAAC GCCAATTCTTTCCAGAGCAA 

TGFBR3 GCCTTGATGGAGAGCTTCAC CAGACTTGTGGTGGATGTGG 

EDG7 GGAGGACACCCATGAAGCTA CACCTTTTCACATGCTGCAC 

CEND1 TCCCTGGTCCTGTGAGAACT CTGGCCCCCAGGTATTATTT 

TCF21 GAAACCCGAGAGTGACCTGA GCTCCAGGTACCAAACTCCA 

VIM TCAGAGAGAGGAAGCCGAAA ATTCCACTTTGCGTTCAAGG 

POSTN GCAACGGAGAGACTCAAGATG TCTGTTGAAGGGCACAGACA 

THY1 (CD90) ACCTACACGTGTGCACTCCA GCCCTCACACTTGACCAGTT 

TERT CGAGCTGCTCAGGTCTTTCT GCACCCTCTTCAAGTGCTGT 

 

Table 4. List of primers used for qRT-PCR analyses using QuantStudio 3 or 5 Real Time PCR Systems (Thermo Fisher 

Scientific) with PowerUp SYBR Green Master Mix. 
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Gene Forward  Reverse  

MEF2C CTGGTGTAACACATCGACCTC GATTGCCATACCCGTTCCCT 

AP2 GACTCGGAGACCTCTCGATCC GACGGCATTGCTGTTGGAC 

ISL1 GCGGAGTGTAATCAGTATTTGGA GCATTTGATCCCGTACAACCT 

MZF1 GGCTGCTGCCCTAGTAGATG TGGTGATTCCTGCATAGTCCTA 

PAX4 ATACCCGGCAGCAGATTGTG AAGACACCTGTGCGGTAGTAA 

SP1 TGGCAGCAGTACCAATGGC CCAGGTAGTCCTGTCAGAACTT 

SP1B CTGCAAGCATTCCAGCTACC GAAGGCTTCATAGGGGGTGG 

DDIT3 GGAAACAGAGTGGTCATTCCC CTGCTTGAGCCGTTCATTCTC 

ETS2 CCCCTGTGGCTAACAGTTACA AGGTAGCTTTTAAGGCTTGACTC 

MESP1 TTCACACCTCGGGCTCGGCATA GCAGAGAGCATCCAGGACTCGGAGA 

BAF60C ATGGCCCTGACAACCACCTCGT AGCATGAGGAGCAGCGTGCA 

TBX5 GACCATCCCTATAAGAAGCCCT TGTGCCGACTCTGTCCTGTA 

GATA4 ACACCCCAATCTCGATATGTTTG GTTGCACAGATAGTGACCCGT 

TBX1C GAGCGTGCAGCTAGAGATGAA TTGGAAGGTGGGAAACATCCG 

KLF4 AGAAGGATCTCGGCCAATTT GTGGAGAAAGATGGGAGCAG 

MYC TTCGGGTAGTGGAAAACCAG CAGCAGCTCGAATTTCTTCC 

 

Table 5. List of primers recognizing direct reprogramming factors used for qRT-PCR analyses using QuantStudio 3 or 5 

Real Time PCR Systems (Thermo Fisher Scientific) with PowerUp SYBR Green Master Mix. 

 

Table 6. List of primers used for qRT-PCR analyses using AriaMx Real-Time PCR System (Agilent Technologies) with 

TaqMan Fast Advanced Master Mix (Applied Biosystems). 

COL1A1 

Ref: Hs.PT.58.15517795 

Primer 1: 5´-TTCTGTACGCAGGTGATTGG-3´ 

Primer 2: 5´-GACATGTTCAGCTTTGTGGAC-3´  

Probe: 5´-/56-FAM/TCGAGGGCC/ZEN/AAGACGAAGACATC/3IABkFQ/-3´ 

LOX 

Ref: Hs.PT.58.40011520 

Primer 1: 5´-AGTGGCTAAACTCATCCATACTG-3´ 

Primer 2: 5´-GCTCAGATTTCCCAAAGAGT-3´ 

Probe: 5´-/56-FAM/TGACAACTG/ZEN/TGCCATTCCCAGGA/3IABkFQ/-3´ 

FN1 

Ref:  Hs.PT.58.21141138 

Primer 1: 5´-GTCCTTGTGTCCTGATCGTTG-3´ 

Primer 2: 5´-AGGCTGGATGATGATGGTAGATTG-3´ 

Probe: 5´-/56-FAM/CGTCCGCTG/ZEN/CCTTCTCCCA/3IABkFQ/-3´ 

RNA18S5 

Ref:  Hs.PT.39a.22214856.g  

Primer 1: 5´-GGACATCTAAGGGCATCACAG-3´ 

Primer 2: 5´-GAGACTCTGGCATGCTAACTAG-3´ 

Probe: 5´-/56-FAM/TGCTCAATC/ZEN/TCGGGTGGCTGAA/3IABkFQ/-3´ 
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3. Flow cytometry and fluorescence-activated cell sorting 

analyses 

For SSEA4 surface marker flow cytometry analysis, cells were harvested, filtered and resuspended 

at 107 cells/mL in cold blocking buffer (PBS without Ca2+ nor Mg2+ [Gibco] with 1% BSA and 10% 

FBS) for 20 min at 4 ºC. Then, one million cells were stained in 100 µL of blocking solution with 

10 µL of anti-SSEA4-APC (R&D Systems, FAB1435A) for 30 min at 4 ºC in the dark, following 

antibody datasheet and manufacturer’s instructions. Mouse IgG3 APC-conjugated Antibody (R&D 

Systems, IC007A) was used as isotype control. Immunolabelled cells were washed twice with PBS 

and resuspended in 500 µL of PBS to be analyzed by flow cytometry.  

For cTnT intracellular flow cytometry analyses Cytofix/Cytoperm Fixation/Permeabilization kit 

(BD Bioscences) was used. Briefly, one million cells were fixed in 250 µL of 

Fixation/Permeabilization solution for 20 min at 4°C.  Then, cells were washed twice with 1 mL of 

1x BD Perm/Wash™ buffer. Cells were stained in 50 µL of 1x BD Perm/Wash™ buffer with 250 

ng of anti-cTnT (Abcam, ab106076), previously conjugated with Alexa Fluor 647 dye in our 

laboratory using Alexa Fluor 647 Microscale protein labeling kit (ThermoFisher, A30009), at 4°C 

for 30 min in the dark. Cells were washed twice with 1 mL of 1× BD Perm/Wash™ buffer and 

resuspended in 500 µL of Staining Buffer. 

Flow cytometry data acquisition was performed with a BD FACSCanto II (BD Biosciences) 

cytometer. BD FACSDiva v6.1.3 software (BD Biosciences) was used for data files collection, and 

data analyses were realized with FlowJo v10 (Tree Star Inc.) software package. 

For fluorescence-activated cell sorting (FACS) analysis, cells were resuspended at 107 cells/mL in 

Sorting Buffer (PBS without Ca2+ nor Mg2+, 1 mM EDTA, 0.5% FBS and 1% Pen Strep [Gibco]). 

BD FACSAria II (BD Biosciences) cell sorter was used with BD FACSDiva v6.1.3 (BD 

Biosciences) software for data acquisition. 

4. Immunofluorescence 

Cells were fixed with 4% paraformaldehyde (PFA, Sigma-Aldrich) at RT for 15 min, and washed 

three times with PBS. After fixation, cells were blocked and permeabilized with blocking solution 

(PBS containing 10% goat serum, 1% BSA and 0.1% Triton X-100 [Sigma-Aldrich]) for 30 min at 

RT. Cells were incubated overnight (O/N) at 4°C with primary antibodies diluted in blocking 

solution (Table 7). After three washes with PBS at RT of 10 min each, secondary antibodies (Table 

7) diluted in blocking solution were incubated at RT for 45-60 min in the dark. After washing, 

immunostained cells with PBS (5 min each, three times) at RT, preparations were mounted in 

Faramount fluorescent mounting medium containing 4,6-diamidino-2-phenylindole (DAPI; 100 

ng/mL; Molecular Probes) to detect all nuclei and images were captured using an automated 

fluorescence microscope (Zeiss Axio Imager M1).  
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Antibody Type, clonality Host Usage Brand Reference 

NKX2.5 Primary, Polyclonal Goat 1:500 Santa Cruz sc-8697 

GFP Primary, Polyclonal Chicken 1:500 Aves Labs GFP-1020 

α-SMA Primary, 

Monoclonal 

Mouse 1:100 Sigma-Aldrich A5228 

Fibronectin Primary, 

Monoclonal 

Mouse 1:400 Sigma-Aldrich F6140 

Collagen I Primary, Polyclonal Rabbit 1:10 BioRad 2150 0020 

Alexa Fluor 555, 

anti-rabbit IgG 

Secondary, 

Polyclonal 

Goat 1:500 ThermoFisher scientific A21428 

Alexa Fluor 555, 

anti-mouse IgG 

Secondary, 

Polyclonal 

Goat 1:500 ThermoFisher scientific A32727 

Alexa Fluor 594, 

anti-goat IgG 

Secondary, 

Polyclonal 

Donkey 1:500 ThermoFisher scientific A11058 

Alexa Fluor 488, 

anti-chicken IgG 

Secondary, 

Polyclonal 

Goat 1:500 ThermoFisher scientific A11039 

 

Table 7. Antibodies used for immunostaining analysis 

 

5. Protein extraction and western blot 

In order to obtain protein extracts, cells were detached with TrypLE dissociation reagent (Gibco) 

and centrifuged. Then, cells were washed once with cold PBS (Gibco) and incubated with 0.5-1 mL 

of lysis buffer [1% Triton, 50mM Tris-HCl, 150 mM NaCl, 10 mM NaF, 1 mM Sodium 

Orthovanadate and cOmplete Mini protease inhibitor cocktail (Roche)] for 30 min on ice. Protein 

concentration was quantified with Pierce BCA protein assay (Thermo Scientific), following 

manufacturer instructions. Protein samples were denatured by incubating them for 5 min at 95 ºC in 

5x loading buffer (50% Glycerol, 250 mM Tris-HCl, 10% SDS, 12,5% 2-mercaptoethanol, 

Bromophenol blue). 

Each sample was subjected to electrophoresis in 1.5 mm thick 10% SDS-PAGE gel (NKX2.5) or 

12% SDS-PAGE gel (GFP) using the Mini-PROTEAN Tetra Handcast System (Bio-Rad). After 

electrophoresis, proteins were transferred to a nitrocellulose membrane (Bio-Rad) using the 

Wet/Tank Blotting System (Bio-Rad) at 350-400 mA for 2 h and were blocked for 1 h at RT in 

PBST (PBS, 0.05% Tween 20) supplemented with 5% of non-fat dry milk. 

Then, membranes were incubated O/N at 4 ºC with primary antibodies diluted in PBST 

supplemented with 5% non-fat dry milk. After washing three times with PBST, membranes were 

incubated with alkaline phosphatase-conjugated secondary antibodies for 1 h at RT. All the 

antibodies used for western blot are listed in Table 8. Membranes were washed three times with 

PBST and treated for 5 min with a mixture of Tropix CSPD®Ready-to-use and Tropix Nitro-Block 

II™ (Applied Biosystems) and visualized by chemiluminescence using ChemiDoc Touch Imaging 

System (BioRad). Western blots were analyzed using ImageJ. 
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Table 8. Antibodies used for western blot analysis 

 

6. Donor DNA template containing construct generation for 

NKX2.5GFP knock-in 

We created a CP-reporter hiPSC line by the generation of CRISPR-Cas9 mediated green 

fluorescence protein (GFP) knock-in (KI) at NKX2.5 gene. We designed gRNAs to target a PAM 

sequence close to the STOP codon of NKX2.5 gene, and the donor DNA sequence was generated as 

described below.  

6.1   Donor DNA template generation: Cloning 

The donor DNA  cloned in pGEMT vector (represented in Figure 15) contains a sequence 

homologous to the sequence located at 5' to the cleavage site without the STOP codon of NKX2.5 

(Left Homologous Arm, LHA), followed by the sequence 2A-GFP in frame with NKX2.5 gene, a 

Puromycin (Puro) resistance cassette regulated by the Phosphoglycerate kinase 1 (PGK) promoter 

flanked by LoxP sites (LoxP-PGK-Puro-LoxP), and finally a sequence homologous to the sequence 

located at 3' to the cleavage site of NKX2.5 (Right Homologous arm, RHA): LHA-2A-GFP-LoxP-

PGK-Puro-LoxP-RHA.  

 

 

 

 

 

 

 

 

 

 

Figure 15. Schematic representation of the NKX2.5 donor DNA cloned in pGEMT vector to generate 

NKX2.5GFP KI. Main DNA sequences and restriction enzymes used for cloning are shown.  

Antibody Type, clonality Host Usage Brand Reference 

Nkx2.5 Primary, Polyclonal Goat 1:1000 Santa Cruz sc-8697 

GFP Primary, Polyclonal Goat 1:2000 Novusbio GFP-1010 

β-Tubulin Primary, Monoclonal Mouse 1:100 Sigma-Aldrich T4026 

anti-goat IgG AP Secondary Rabbit 1:50000 Sigma-Aldrich A4062 

anti-mouse IgG AP Secondary Goat 1:50000 Sigma-Aldrich A9316 
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We designed this strategy in order to keep the protein levels and function of NKX2.5 intact, which 

is crucial for the biology of CP, and facilitate the selection of donor DNA containing cells with Puro 

treatment. The primer sequences used to generate this construct are described in Table 9: 

 

Name Forward  Reverse  

NKX2.5-LHA 

(Conventional 

PCR) 

AATTGCTAGCAGCTGTGCGCGCTGCA

GAAG 

CCTCTGCCCTCTCCACTGCCC

CAGGCTCGGATACCATGCAG 

2A-GFP 

(Conventional 

PCR) 

CTGCATGGTATCCGAGCCTGGGGCAG

TGGAGAGGGCAGAGG 

TCCCCAGCATGCCTGCTATT

C 

NKX2.5-LHA-

2A-GFP (Fusion 

PCR) 

AATTGCTAGCAGCTGTGCGCGCTGCA

GAAG 

TCCCCAGCATGCCTGCTATT

C 

PGK-Puro 

(Conventional 

PCR) 

AATTGCGGCCGCATTCTAGTTGTGCT

CGAGAGG 

AATTCATATGGGTGCTAGTC

CCGGGTCTAGC 

NKX2.5-RHA 

(Conventional 

PCR) 

CATATGACCGATCCCACCTCAACAGC ATGCATGAACCAGTATGGTT

CCAGCAA 

 

 

Table 9. Primers used to PCR amplify NKX2.5-LHA (PCR1), 2A-GFP (PCR2), NKX2.5-LHA-2A-GFP (PCR3), LoxP-

PGK-Puro-LoxP (PCR4) and NKX2.5-RHA (PCR5) DNA sequences are shown. Restriction enzyme sequences are 

marked in bold: Nhe I (GCTAGC); Not I (GCGGCCGC); NdeI (CATATG); Nsi I (ATGCAT). 

 

6.1.1 NKX2.5-LHA-2A-GFP fusion PCR and cloning in pGEMT vector 

The LHA sequence is complementary to a DNA sequence located in the coding region of NKX2.5 

gene, upstream the STOP codon. Genomic DNA (gDNA) from HFF1 human fibroblasts was 

extracted using NucleoSpin® Tissue kit (Macherey- Nagel) according to manufacturer’s 

instructions and was eluted in 50 µL of distilled water. LHA sequence was PCR amplified (PCR1, 

Table 10) from gDNA using Kapa Taq polymerase (Kapa Biosystems). Next, 2A-GFP sequence 

was PCR amplified from pGEMT.mAgxt.int1.LHA.2A.GFP-RHA vector kindly obtained from Dr. 

Juan Roberto Rodríguez-Madoz at FIMA (PCR2, Table 11). The following PCR conditions were 

conducted for both PCR reactions: first stage at 94 °C for 5 min, second stage consisting in 35 

cycles of 94 °C for 30 sec, 60 °C for 30 sec and 72 °C 1 min, and a third stage at 72 °C for 7 min. 
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PCR1: product size 668 base pairs (bp) 

PCR reagents Volume (µL) 

2x buffer Kapa 5,5 

NKX2.5-LHA_F 10 µM 0.5 

NKX2.5-LHA _R 10 µM 0.5 

gDNA HFF1 50 ng 

5M Betaine 1 

H2O Up to 10 µL 

 

Table 10. PCR1 reaction mix to amplify LHA of NKX2.5 

 

PCR2: product size 1039 bp   

PCR reagents Volume (µL) 

2x buffer Kapa 5,5 

2A-GFP_F 10 µM 0.5 

2A-GFP_R 10 µM 0.5 

pGEMT.mAgxt.int1.LHA.2A.GFP-RHA 20 ng 

5M Betaine 1 

H2O Up to 10 µL 

 

Table 11. PCR2 reaction mix to amplify 2A-GFP 

 

Both PCR products were run in a 1% agarose gel and the amplicon band was purified using 

NucleoSpin Gel and PCR Clean-up. Finally, the resulting DNA was eluted in 30-50 µL of distilled 

water.  

The purified PCR products were mixed in a 1:1 ratio and a fusion PCR was performed using 

Platinum HiFi PCR Kit (Invitrogen). The following PCR conditions were conducted for both PCR 

reactions: first stage at 94°C for 5 min, second stage consisting in 35 cycles of 94 °C for 30 sec, 56 

°C for 30 sec and 68 °C 2 min, and a third stage at 72 °C for 7 min. 

A fusion PCR (PCR3, Table 12) with both PCR products was conducted using the following 

conditions: first stage at 94 °C for 5 min, second stage consisting in 35 cycles of 94 °C for 30 sec, 

56 °C for 30 sec and 68 °C 2 min, and a third stage at 72°C for 7 min. The PCR product was run in 

a 1% agarose gel and the amplicon band of 1.66 Kilobases (kb) was purified using NucleoSpin Gel 

and PCR Clean-up, eluting it in 30 µL of distilled water.  
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PCR3: product size 1660 bp 

PCR reagents Volume (µL) 

10x HiFi buffer 5 

50 mM MgSO4 2 

10 mM dNTP 1 

NKX2.5-LHA _F 10 µM 0.5 

2A-GFP_R 10 µM 0.5 

PCR1 and PCR2 mix 1:1  2 

Platinum HiFi 0.2 

H2O 38.8 

 

Table 12. PCR3 (fusion PCR) reaction mix to obtain LHA-2A-GFP sequence 

Then, the purified LHA-2A-GFP DNA product from fusion PCR was ligated into the pGEMT 

vector system (Promega, Figure 16) using the T4 DNA ligase (Promega) and incubated for 2 h at 

RT.  

 

 

 

 

 

 

 

 

 

 

 

Figure 16. Schematic representation of pGEMT vector.  Source: Promega. 

The ligation product was used to transform DH5α chemically competent E. coli cells (Invitrogen) 

using the heat-shock method. Briefly, 50 μL of DH5α chemically competent cells were incubated 

with 2 μL of ligation product for 20 min on ice, followed by a heat shock treatment at 42 ºC for 45 

sec and incubation on ice for 2 min. After adding 300 μL of Super Optimal broth with Catabolites 

repression (SOC) medium (Invitrogen), transformed DH5α were grown at 37 ºC for 2 h with orbital 

shaking for 220 rpm. Next, transformed bacteria were plated onto Luria-Bertani (LB) agar 

(Pronadisa) plates supplemented with 100 µg/mL ampicillin (Sigma-Aldrich), and 100 µL of 100 

mM Isopropil ß-D-1-tiogalactopiranósido (IPTG) and 20 μL of 50 mg/mL X-Galactosidase (X-Gal) 
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spread over the surface and absorbed prior to use, and incubated at 37 ºC O/N. Various discrete 

white colonies were picked up and grown in 3 mL of LB broth (Pronadisa) supplemented with 100 

µg/mL ampicillin at 37 ºC O/N and 220 rpm. Plasmid DNA was purified in 50 μL of distilled water 

using NucleoSpin Plasmid kit.  To verify that the construct was correct, 5 µL of purified DNA were 

digested with NheI and NotI restriction enzymes (New England Biolabs, NEB) in NEB Buffer 2.1 

at 37 ºC for 4 h.  The digestion products were run in a 1% agarose gel. Those colonies containing 

the expected bands (3 kb from pGEMT vector and 1.66 kb from LHA-2A-GFP) were sequenced 

using SP6 and T7 oligos. One colony containing the correct DNA sequence was grown in 500 mL 

of LB broth at 37 ºC O/N at 220 rpm in order to amplify the LHA-2A-GFP DNA. To extract the 

DNA, maxipreps were performed using Plasmid DNA purification NucleoBond Xtra Maxi kit 

(Macherey-Nagel). 

6.1.2 LoxP-PGK-Puro-LoxP amplification by PCR 

The PGK-Puro cassette floxed by LoxP sites was PCR amplified (PCR4, Table 13) using Kapa Taq 

polymerase from pGEMT.mAgxt.int1.LHA-CoE2EII-puroTK-RHA vector kindly provided by Dr. 

Juan Roberto Rodríguez-Madoz. The following conditions were applied: first stage at 94°C for 5 

min, second stage consisting in 35 cycles of 94 °C for 30 sec, 60 °C for 30 sec and 72 °C 3 min, and 

a third stage at 72 °C for 7 min. The PCR product was run in 1% agarose gel, purified with 

NucleoSpin Gel and PCR Clean-up and eluted in 30 µL of distilled water.  

 

PCR4: product size 2.6 kb. 

PCR reagents Volume (µL) 

2x buffer Kapa 5,5 

PGK-Puro _F 10 µM 0.5 

PGK-Puro _R 10 µM 0.5 

pGEMT.mAgxt.int1.LHA-CoE2EII-puroTK-RHA 20 ng 

5 M Betaine 1 

H2O Up to 10 µL 

 

Table 13. PCR4 reaction mix to amplify PGK-Puro sequence 

6.1.3 NKX2.5-RHA amplification by PCR and cloning in pGEMT vector 

The RHA is complementary to a DNA sequence located downstream the STOP codon of NKX2.5 

gene. This sequence was amplified by conventional PCR from HFF1 fibroblasts derived gDNA 

(PCR5, Table 14) with the following conditions: first stage at 94 °C for 5 min, second stage 

consisting in 35 cycles of 94 °C for 30 sec, 60 °C for 30 sec and 72 °C 1 min. The PCR product was 

run in 1% agarose gel, purified with NucleoSpin Gel and PCR Clean-up, and eluted in 30 µL of 

distilled water. 
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PCR5: product size 602 bp 

 

PCR reagents Volume (µL) 

2x buffer Kapa 5,5 

NKX2.5-RHA _F 10 µM 0.5 

NKX2.5-RHA _R 10 µM 0.5 

gDNA HFF1 50 ng 

5 M Betaine 1 

H2O Up to 10 µL 

 

Table 14. PCR5 reaction mix to amplify RHA of NKX2.5 

 

The purified PCR product was ligated into pGEMT vector system using T4 DNA ligase and 

incubating for 2 h at RT. The ligation product was transformed in DH5α cells by the heat-shock 

method as previously described. After 16-18 h white discrete colonies were picked and grown in 3 

mL of LB Broth (Pronadisa) supplemented with 100 µg/mL ampicillin (Sigma-Aldrich) for 24 h at 

37 ºC at 220 rpm.  

 

The following day, plasmid DNA was purified in 50 μL of distilled water using NucleoSpin 

Plasmid kit.  To corroborate the construct was correct a double digestion was performed with NdeI 

and NsiI restriction enzymes (NEB) in NEB Buffer 3.1 at 37 ºC for 4 h. The digestion products 

were run in a 1% agarose gel. Those colonies containing the expected bands (3 kb from pGEMT 

vector and 0.6 kb from RHA) were sequenced using SP6 and T7 oligos by Sanger method.  One 

colony containing correct DNA sequence was grown in 500 mL of LB broth at 37 ºC O/N at 220 

rpm in order to amplify RHA DNA. To extract the DNA, maxipreps were performed using Plasmid 

DNA purification NucleoBond Xtra Maxi kit. 

6.1.4 pGEMT-NKX2.5-LHA-2A-GFP-LoxP-PGK-Puro-LoxP-RHA donor DNA 

generation  

The pGEMT-LHA-2A-GFP vector and LoxP-PGK-Puro-LoxP PCR product were double-digested 

with NotI and NdeI in NEB buffer 3.1 at 37 ºC for 4 h, which linearized the vector. The digested 

pGEMT-LHA-2A-GFP vector was then dephosphorylated using Shrimp Alkaline Phosphatase 

(SAP, USB Affymetrix), and the digestion products were run in a 1% agarose gel and purified using 

NucleoSpin Gel and PCR Clean-up, eluting the DNA in 30 μL distilled water. Ligation of pGEMT-

hNKX2.5LHA vector and LoxP-PGK-Puro-LoxP insert (in 1:5 and 1: 2.5 ratios) was performed 

using the Quick Ligation Kit (NEB) for 1 h at RT.  DH5α cells were transformed with 2 µL of 

ligation products using the heat-shock method as explained above. After 16-18 h, white discrete 

white colonies were picked and grown in 3 mL of LB Broth supplemented with 100 µg/mL 

ampicillin at 37 ºC O/N at 220 rpm. The following day, plasmid DNA was purified in 50 μL of 

distilled water using NucleoSpin Plasmid kit.  To verify that the construct was correct a double 

digestion with NotI and NdeI in NEB Buffer 3.1 at 37 ºC was carried out. The digestion products 

were run in a 1% agarose gel and one colony containing the expected bands (4.66 kb from pGEMT-



Materials and Methods 

62 

 

LHA-2A-GFP and 2.66 kb from LoxP-PGK-Puro-LoxP) were grown and pGEMT-NKX2.5-LHA-

2A-GFP-LoxP-PGK-Puro-LoxP DNA was extracted as previously described. 

 

Next, pGEMT-NKX2.5-LHA-2A-GFP-LoxP-PGK-Puro-LoxP and pGEMT-NKX2.5-RHA vectors 

were separately digested with NdeI and NsiI restriction enzymes in NEB Buffer 3.1 at 37 ºC for 4 h.  

The linearized pGEMT-NKX2.5-LHA-2A-GFP-LoxP-PGK-Puro-LoxP was dephosphorylated at 

5’-terminal using Shrimp Alkaline Phosphatase.  Digested and dephosphorylated pGEMT-NKX2.5-

LHA-2A-GFP-LoxP-PGK-Puro-LoxP and digested pGEMT-NKX2.5-RHA were run in a 1% 

agarose gel, purified and eluted in 30 µL of distilled H2O. pGEMT-NKX2.5-LHA-2A-GFP-LoxP-

PGK-Puro-LoxP vector and NKX2.5-RHA insert were ligated using 1:5 or 1:2.5 ratios with the 

Quick Ligation Kit (NEB) for 1 h at RT. DH5α competent cells were transformed with 2 µL of 

ligation products by the heat-shock method.  One colony containing the expected bands (3 kb from 

pGEMT vector and approximately 5 kb from LHA-2A-GFP-LoxP-PGK-Puro-LoxP-RHA donor 

DNA) was further grown in 500 mL of LB broth at 37 ºC O/N with orbital shaking at 220 rpm. 

White colonies were picked and checked as described above and pGEMT-NKX2.5-LHA-2A-GFP-

LoxP-PGK-Puro-LoxP-RHA purified using Plasmid DNA purification NucleoBond Xtra Maxi kit. 

 

Molecular biology materials frequently used are listed in Table 15: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 15. Molecular biology materials 

 

 

 

 

Component Brand 

Maxwell 16 LEV SimplyRNA Cell kit Promega 

PrimeScript RT reagent kit Takara 

PowerUp SYBR Green Master Mix Applied Biosystems 

Kapa Taq polymerase Kapa Biosystems 

Shrimp Alkaline Phosphatase (SAP) USB Affymetrix 

T4 DNA ligase Kit Promega 

Quick Ligation Kit New England Biolabs 

NucleoSpin® Tissue kit Macherey-Nagel 

NucleoSpin® Gel and PCR clean-up Macherey-Nagel 

NucleoSpin® Plasmid kit Macherey-Nagel 

Plasmid DNA purification NucleoBond Xtra Maxi kit Macherey-Nagel 

LB Agar Pronadisa 

LB Broth Pronadisa 

DH5α chemically competent E. coli cells Invitrogen 

SOC medium Invitrogen 
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6.2    sgRNA design and selection 

The single guide RNA (sgRNA) is formed by two parts: CRISPR RNA (crRNA), in the case of S. 

Pyogenes a 20-nucleotide sequence complementary to target DNA, and a trans-activating crRNA 

(tracrRNA), which is constant and function as binding scaffold for the Cas9 nuclease. 

6.2.1 sgRNA design and cloning in pX458 vector 

The pSpCas9(BB)-2A-GFP (pX458) vector (Addgene # 48138) is a plasmid that contains S. 

Pyogenes Cas9 sequence with a 2A-GFP sequence and has a cloning site for sgRNA.  

Three different sgRNA were designed and generated using two oligonucleotides (forward and 

reverse) that are listed in Table 16. The forward and reverse DNA strands were complementary 

each other and resulted in 2 overhangs (5’CACC as one, 5’AAAC the other), to permit its ligation 

in the vector. Next, both oligonucleotides were annealed and phosphorylated using T4 

Polynucleotide Kinase (New England Biolabs) in T4 ligation buffer and the mix was incubated for 

30 min at 37 ºC, followed by 5 min at 95 ºC to inactivate the kinase, and finally the temperature was 

ramped down to 25 ºC at 5 ºC per minute. pX458 vector was digested with BbsI restriction enzyme 

in NEB Buffer 2.1 at 37 ºC O/N. The digestion product was run in 1% agarose gel and purified 

using NucleoSpin Gel and PCR Clean-up. 

Annealed oligonucleotides were ligated with the digested pX458 vector using T4 DNA ligase 

(Promega) and incubated O/N at RT. DH5α cells were transformed with the ligation products by 

heat-shock method and plated in LB Agar plates supplemented with ampicillin at 37 ºC O/N. 

Discrete colonies were picked and grown for 24 h at 37 ºC with orbital shaking at 220 rpm. The 

plasmid DNA was purified using NucleoSpin Plasmid kit. Maxipreps of plasmid DNA were 

performed using Plasmid DNA purification NucleoBond Xtra Maxi kit. 

 

Name Forward  Reverse  

sgRNA1 caccGCATGGTATCCGAGCCTGG

T 

aaacACCAGGCTCGGATACCATG

c 

sgRNA2 caccgTGGTAGGGAAGGGACCCG

CG 

aaacCGCGGGTCCCTTCCCTACC

Ac 

sgRNA3 caccgTATCCGAGCCTGGTAGGG

AA 

aaacTTCCCTACCAGGCTCGGAT

Ac 

 

Table 16. Oligonucleotides for crRNA generation. 

6.2.2 pX458 vector transduction and sgRNA selection based on cleavage efficiency  

pX458 vectors containing sgRNAs were individually transduced into HFF1 human foreskin 

fibroblasts using Amaxa Nucleofector (Lonza) Kit R. Briefly, cells were harvested using TrypLE 

for 10 min at 37 ºC and one million cells were resuspended in 100 µL of Nucleofector® Solution. 

Then, 2 µg of pX458 plasmid DNA were added to 100 µL of cell suspension. The mix was 

transferred into a cuvette and inserted in Nucleofector® I Device with the appropriate 
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Nucleofector® Program (X-005, 3 pulses) and nucleofection was accomplished. Immediately, 500 

µL of fibroblast medium were added to the cuvette and gently transferred to a gelatin-coated 6-well 

plate with fibroblast medium (Table 1). 

Transduction efficiency was determined by transitory GFP expression of transduced cells. To this 

end, 24 h post-nucleofection, cells were detached and analyzed by flow cytometry as explained in 

Section 3 of Materials and Methods. 

In order to evaluate the cleavage efficiency, cells were harvested 72 h after nucleofection and 

gDNA was extracted using NucleoSpin® Tissue kit. A PCR was carried out in order to amplify the 

DNA sequence containing the cleavage site. The PCR product was run in 1% agarose gel and 

purified using NucleoSpin Gel and PCR Clean-up. Once purified, the PCR product was sequenced 

by Sanger method using a designed primer located 200 nucleotides downstream from the expected 

cleavage  site to further analyze with TIDE algorithm (https://tide.nki.nl/). Primers used are listed in 

table 17. 

TIDE is a web tool used to evaluate targeted mutations induced by CRISPR-Cas9. As a non-

mutated control sequence, the PCR product of non-nucleofected cells was used. Sequences from 

control and nucleofected cells together with crRNA were introduced in TIDE algorithm and the 

frequency of insertions and deletions (indels) in the pool of transfected cells was calculated. 

 

Name Forward  Reverse  

CRISPR-Cas9 Cleavage 

site (Conventional PCR) 

aattgctagcAGCTGTGCGCGCTGCAGA

AG 

CTCATTGCACGCTGCATAAT 

SeqTIDE NKX2.5 

(Sequencing) 

 CTCATTGCACGCTGCATAAT 

 

Table 17. Primers for cleavage efficiency analysis 

 

7. Production of lentivirus containing human TERT and 

transduction of BJ fibroblasts 

For the production of lentivirus containing the human telomerase reverse transcriptase (TERT) 

gene, five million 293T cells (CRL-3216™, ATCC) were plated on a 15-cm2 plate two days before 

transfection. Cells were transfected with a 9 µg pLOX-TERT-iresTK vector 344 together with 6 µg 

psPAX2 and 3 µg pMD2.G lentiviral packaging and envelope plasmids, respectively, using 

Lipofectamine 2000 Transfection Reagent (ThermoFisher scientific) following the manufacturer’s 

indications. All three plasmids were gifts from Didier Trono. pLOX-TERT-iresTK (Addgene 

plasmid #12245; http://n2t.net/addgene:12245; RRID:Addgene_12245); psPAX2 (Addgene plasmid 

#12260; http://n2t.net/addgene:12260; RRID:Addgene_12260); pMD2.G (Addgene plasmid # 

12259 ; http://n2t.net/addgene:12259 ; RRID:Addgene_12259). 

Virus containing supernatant was collected three days after transfection, centrifuged at 2,000 g for 

10 min and filtered through a 0.45 µm PVDF Membrane Filter Unit (Millipore). Viral particles 

https://tide.nki.nl/


Materials and Methods 

65 

 

were concentrated using Amicon Ultra Centrifugal Filter Units (Millipore). BJ fibroblasts were 

plated on a 6-well plate one day prior to infection at a 75,000 cells/well density. BJ fibroblasts were 

infected with 100 µL of concentrated lentivirus containing pLOX-TERT-iresTK and 8 µg/mL 

polybrene. Next day, the medium was replaced with fresh fibroblast medium (Table 1). Three 

weeks post-infection, infected BJ fibroblasts were collected for RNA extraction and TERT 

expression was examined by qRT-PCR as described in Section 2. 

 

8. Cell transduction with ribonucleoprotein complex and donor 

template 

8.1   Ribonucleoprotein complex assembly and donor DNA linearization 

Ribonucleoprotein (RNP) complex consists of Cas9 nuclease protein bound to a sgRNA, formed by 

tracrRNA and crRNA. 

First, tracrRNA and crRNA (IDT) were assembled in a 1:1 molar ratio. Synthetic tracr/crRNA was 

prepared at a concentration of 4 µg/µL in PBS (Gibco) and the mix was incubated for 10 min at 60 

ºC and slow cooled to RT in the bench. Synthetic tracr/crRNA can be stored at -20 ºC until use. 

Next, Cas9 nuclease protein (IDT) was assembled with synthetic tracr/crRNA using 1.5 µg of Cas9 

nuclease per 1 µg of synthetic tracr/crRNA. The mix was incubated at RT for 15 min. 

In order to improve recombination efficiency, the donor DNA was linearized and isolated from 

pGEMT vector. Thus, 5 µg of pGEMT NKX2.5-LHA-2A-GFP-LoxP-PGK-Puro-LoxP-RHA vector 

were digested with NheI and NsiI restriction enzymes in NEB Buffer 2.1 for 4 h at 37 ºC. The 

digested product was run in a 1% agarose gel and purified using NucleoSpin Gel and PCR Clean-

up, and finally eluted in 20 µL of distilled water. 

8.2   Nucleofection 

RNP complex and donor DNA transduction into BJ human fibroblast cell line (ATCC) and hiPSC 

line CBiPS1sv-4F-5 was performed using NeonTM Tranfection System Kit (ThermoFisher 

Scientific). 

8.2.1 Nucleofection of human fibroblasts 

Fibroblasts were harvested using TrypLE Express reagent (Gibco) for 10 min at 37 ºC. Cells were 

centrifuged and counted, and then were resuspended in Resuspension Buffer R at a concentration of 

107 cells/mL. 0,55 µL (approximately 2.5 µg) of RNP complex and 1 µL (approximately 0.25 µg) 

of donor DNA previously prepared (Section 8.1) were transferred into a sterile 1.5 mL 

microcentrifuge tube. Next, 10 µL of cell suspension (100,000 cells) were added to the RNP 

complex and donor DNA containing tube and were gently mixed. Pulse conditions indicated by the 

manufacturer for this type of cells were set into Neon® Device (1400 V, 20 ms, 2 pulses). 

Nucleofection was carried out as described in manufacturer’s instructions. Once the nucleofection 
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was completed, transfected cells were transferred into gelatin-coated 6-well plate containing 

fibroblast medium (without antibiotics for the first 72 h post-nucleofection) and incubated at 37 ºC 

and 5% CO2 with 95% humidity. 

8.2.2 Nucleofection of human iPSC 

CBiPS5 hiPSC were detached from the dishes using TrypLE Express reagent (Gibco) for 7 min at 

37 ºC. Cells were centrifuged and counted, and they were resuspended in Resuspension Buffer R at 

a concentration of 107 cells/mL. 0,55 µL (approximately 2.5 µg) of RNP complex and 1 µL 

(approximately 0.25 µg) of donor DNA previously prepared (Section 8.1) were transferred into a 

sterile 1.5 mL microcentrifuge tube, and 10 µL of cell suspension (100,000 cells) were added to the 

tube containing RNP complex and donor DNA and gently mixed. Appropriate pulse conditions for 

hiPSC nucleofection were set into Neon® Device (1100 V, 30 ms, 1 pulse). Nucleofection was 

accomplished following manufacturer’s instructions. After nucleofection, transfected cells were 

transferred onto Matrigel-coated culture dish with mTeSR medium (without antibiotics for the first 

72 hours) and incubated at 37 ºC and 5% CO2 with 95% humidity. 

9. Clonal expansion and knock-in corroboration 

9.1    Clonal expansión of CBiPS5 NKX2.5GFP 

In order to select KI-containing cells, the pool of transfected CBiPS5 cells was treated with 1 

μg/mL Puro for 72 h and resistant cells were clonally expanded. To this end, hiPSC were plated at 

very low density (8,300 cells/well) on Matrigel coated 6-well plate and cultured in mTeSR medium 

(STEMCELL Technologies) supplemented with 5 μM ROCK inhibitor. After 5-6 days, small-

medium-sized colonies were manually picked using an optical microscope placed into the culture 

hood, first detaching the borders and then sucking it up with a p200 micropipette. Individual 

colonies were transferred to a 1.5 mL microcentrifuge tube containing 100 µL of fibroblast medium 

(Table 1) and mechanically dissociated into small cell aggregates. After centrifugation at 600 g for 

5 min, colonies were plated onto Matrigel-coated 12-well plate and cultured in mTeSR medium 

supplemented with 10% CloneR™ supplement (STEMCELL Technologies) for the first 3 days. The 

medium was changed every 2-3 days. Once cells reached approximately 80% confluence or the 

colonies were large, cells were passaged onto a Matrigel-coated 6-well plate and were expanded for 

maintenance, freezing and characterization. 

9.2    Clonal expansion of human fibroblasts NKX2.5GFP  

Five days after nucleofection, the pool of transfected fibroblasts was treated with 1 μg/mL Puro for 

72 h. Resistant cells were clonally expanded by plating at a very low density (900 cells/cm2) onto 

gelatin-coated 10-cm2 plates. Individual colonies were selected using optical microscope and picked 

using glass cylinders (Sigma-Aldrich) and incubating with TrypLE reagent for 7 min at 37 ºC. 

Detached colonies were transferred into a gelatin-coated 96-well plate and cultured in Fibroblast 

medium (Table 1) until they reached confluence. Finally, they were expanded for maintenance, 

freezing and characterization. 
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9.3   Knock-in corroboration by PCR and Sanger sequencing  

The expanded CBiPS5 clones and human fibroblast clones were harvested to verify that the donor 

DNA was inserted into the correct locus. gDNA was isolated from cells using NucleoSpin® Tissue 

kit. On-target PCR was performed in gDNA of different clones using designed primers (Table 18) 

and using the following conditions: first stage at 94 °C for 5 min, second stage consisting in 35 

cycles of 94 °C for 30 sec, 60 °C for 30 sec and 72 °C 1 min, and a third stage at 72 °C for 7 min.  

The PCR products were run in 1% agarose gel and amplicons with the expected band size (888 bp) 

were purified with NucleoSpin Gel and PCR Clean-up. Finally, PCR products were sequenced by 

Sanger method with designed primers (Table 18) in Genomics Unit of Cima. 

To determine whether the insertion was bi or monoallelic, PCR amplification was performed with 

designed primers (Table 18) using the following conditions: first stage at 94 °C for 5 min, second 

stage consisting in 35 cycles of 94 °C for 30 sec, 60 °C for 30 sec and 72 °C 6 min, and a third stage 

at 72 °C for 7 min. Finally, PCR product was run in a 1% agarose gel (Biallelic insertion: 5.5 kb 

amplicon; Monoallelic insertion: 1.6 kb amplicon).  

 

Name Forward  Reverse  

KI on-target 

(Conventional PCR) 

GTCAAGCCGCTCTTACCAAG GAACTTCAGGGTCAGCTTGC 

KI on-target (Sequencing) CTCATTGCACGCTGCATAAT  

Monoallelic insertion 

(Conventional PCR) 

GTCAAGCCGCTCTTACCAAG ATCTGAGGAGCCTGAGAACG 

 

Table 18. Primers for KI verification. 

 

10. Characterization of CBiPS5 NKX2.5GFP 

10.1   Time course experiments 

First, CBiPS5 NKX2.5GFP clones were expanded and cardiac differentiation experiments were 

carried out as explained in section 1.1.2 to determine which clone manifested best cardiac 

differentiation efficiency, assessed by beating and by GFP expression analyses by in vivo 

fluorescence microscope (Cell observer Z1, Zeiss) at the end of the differentiation assay. Using 

these criteria, CBiPS5 NKX2.5GFP clone 31 was selected and completely characterized. GFP 

expression at diverse time points of cardiac differentiation (days -4, 5, 6, 7, 8, 9, 10, 11 and 12) was 

assessed collecting cells at the indicated days using three different techniques: flow cytometry (as 

described in Section 3), in vivo fluorescence microscopy, and qRT-PCR (as detailed in Section 2). 

GFP and NKX2.5 primers are listed in Table 4. 
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10.2   Differentiation potential of CBiPS5 NKX2.5GFP cells 

CBiPS5 NKX2.5GFP were differentiated towards cardiac lineage and NKX2.5-GFP+ and NKX2.5-

GFP- cell fractions were sorted using FACSAria II instrument at day 11 of differentiation (see 

section 3). Approximately 300,000 sorted cells from both cell populations were plated in a 12-well 

plate coated with Matrigel diluted 1:100 and cultured with RPMI-B27 medium, which was replaced 

every three days until day 30. The remaining cells from cell sorting at day 11 from both GFP+ and 

GFP- fractions were stored -80 ºC for RNA extraction. Part of these plated cells were treated with 

lactate as described in section 1.1.2 for CM enrichment. At day 30 of differentiation, cell 

derivatives from NKX2.5-GFP+ and NKX2.5-GFP- cell fractions, treated or not with lactate, were 

harvested using TrypLE and stored at -80 ºC. RNA was purified from samples collected at days 11 

and 30 and then qRT-PCR were performed, as indicated in section 2, to analyzed gene expression of 

main cardiac lineages (CM, endothelial, smooth muscle, fibroblast markers) using the primers listed 

in Table 4. 

10.3   NKX2.5 and GFP proteins colocalization in NKX2.5-GFP+ cells 

NKX2.5-GFP+ and NKX2.5-GFP- sorted cells at day 11 of cardiac differentiation (section 1.1.2) 

were plated at a density of 50,000 cells per well in a 24 well-plate with microscope cover glasses 

(Paul Marienfeld GmbH & Co. KG) coated with Matrigel diluted 1:100 and cultured with RPMI B27 

medium. The day after plating, cells were fixed and immunostaining was performed as described in 

section 4. Primary antibodies for NKX2.5, GFP and Alexa-594 and Alexa-488 secondary antibodies 

were used (Table 7). 

10.4   Analyses of cTnT expression in NKX2.5-GFP+ and NKX2.5-GFP- by 

flow cytometry 

CBiPS5 NKX2.5GFP cells were differentiated towards cardiac lineage and NKX2.5-GFP+ and 

NKX2.5-GFP- cell fractions were sorted using FACSAria II instrument at day 11 of differentiation 

(see section 3). Approximately 200,000 of sorted cells from both cell populations were isolated. The 

expression of cTnT cardiomyocyte marker was analyzed by flow cytometry as indicated in Section 

3. The percentage of cTnT+ cells was analyzed with the FlowJo v10 (Tree Star Inc.) software 

package.  

10.5   Analyses of NKX2.5 and GFP proteins expression in differentiated 

CBiPS5 NKX2.5GFP by western blot 

CBiPS5 NKX2.5GFP and parental non-modified CBiPS5 cells were differentiated into cardiac 

lineage, and at day 20 of differentiation, after two rounds of metabolic selection as described in 

Section 1.1.2, cardiomyocytes were detached with TrypLE dissociation reagent and collected for 

protein extraction. Then, cells were lysed, and protein concentration was quantified. Protein 

samples were resolved in 10% SDS-PAGE gel for NKX2.5 detection and 12% SDS-PAGE gel for 

GFP detection. Next, proteins were transferred to nitrocellulose membranes and incubated O/N at 4 

ºC with primary antibodies that recognize NKX2.5 and GFP proteins. Then, the membranes were 
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incubated with secondary antibodies for 1 hour at RT. Finally, membranes were visualized by 

chemiluminescence and bands density were calculated using ImageJ. Detailed western blot 

procedure is well explained in section 5 and the antibodies used are listed in Table 8. 

10.6   Microscopic optical mapping of electrophysiological activity  

Electrophysiological analyses were performed in collaboration with the group of Dr. Francisco 

Fernández-Avilés, at Hospital General Universitario Gregorio Marañón (Madrid, Spain).  

Briefly, NKX2.5-GFP+ cells were sorted at day 11 of differentiation, plated and maintained until 

day 30. Electrical activity of was measured by intracellular Ca2+ propagation transient imaging in 

NKX2.5-GFP+ derived cells treated with lactate for metabolic selection of CM. Stimulation-induced 

concentration of intracellular Ca2+ changes was measured in cells using the Ca2+-sensitive 

fluorescent ratiometric dye Fura-2 acetoxymethyl ester (Fura-2 AM, TEFLabs, Austin, TX) such 

that when Ca2+ is bound it emits at 340 nm, whereas when it is unbound it emits at 380 nm. 

Fluorescence was recorded with an EMCCD camera (Evolve-128: 128x128 imaging pixels, 24x24-

μm pixels, 16 bits; Photometrics, Tucson, AZ, USA), with a custom multiband-emission filter 

(ET585/50-800/200 M; Chroma Technology) placed in front of a high-speed camera lens (DO-

2595; Navitar Inc., Rochester, USA). This camera records images from 340 and 380 nm filters and 

combines the readouts of both filters to create a 340/380 ratio, which correlates with the amount of 

intracellular calcium. Acquired signals were processed and quantified as described in previous 

publications 345 using a MATLAB software-based interface. 

10.7   Patch clamp assay 

Whole cell patch-clamp recordings were performed in collaboration with the group of Dr. Óscar 

Casis, at Universidad del País Vasco UPV/EHU (Vitoria, Spain). 

 

Patch-clamp assays were conducted in NKX2.5-GFP+-CM at days 30-35 of differentiation. CM 

were treated with TrypLE express reagent (Gibco), and single cells were seeded and sedimented on 

a 0.3 mL perfusion camera (Warner Instruments) mounted on an inverted microscope (DMIL, 

Leica) for patch-clamp recordings. These recordings were made using an Axon Axopatch 200B 

Patch-Clamp amplifier (Molecular Devices). Glass pipettes were prepared using thin-wall 

borosilicate glass (Sutter Instrument) with a micropipette puller (PP-830, Narishige) and had a tip 

resistance of 1-3 MΩ when filled with a pipette solution containing (in mM): K-Aspartate 80, KCl 

50, NaCl 5, KH2PO4 10, MgSO4 1, Na2-ATP 3, HEPES 5, and EGTA 10; pH was adjusted to 7.2 

with KOH. Action potentials (APs) were recorded from CM superfused with Tyrode solution at RT. 

The Tyrode solution containing (in mM): NaCl 130, KCl 4, CaCl2 1.8, MgCl2 1, HEPES 10, and 

glucose 11; pH was adjusted to 7.4 with NaOH. Data were digitized with an AC/DC converter 

Digidata 1440A (Molecular Devices) at 1.0 kHz and acquired using the Clampex program of the 

pClamp 10.2 software (Molecular Devices). Data were analyzed using the Clamfit program of the 

pClamp 10.2 software (Molecular Devices). Cardiomyocyte subtypes were classified using a ratio 

of (APD10-20/APD60-70). An AP with a ratio < 1.5 was classified as the atrial-like subtype, 

whereas a value of > 1.5 was categorized as the ventricular-like cardiomyocyte (modified from Ma 

et al.346). 
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11. Small molecule screening 

11.1   Compound selection 

The small molecule code, commercial name (if available), source and target relative information is 

given in the following Table 19: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 19. Summary of the small molecules included in the screening targeting WNT signaling pathway (in red), 

epigenetic regulators (in blue) and other known pathways described in the literature (in green).  
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In collaboration with Dr. Julen Oyarzabal (Columbus Venture Partners), we selected 25 small 

molecules:  

1) 8 commercially available small molecules acting on different proteins at four different 

levels of the canonical WNT pathway: 1) activators of Frizzled receptors (FZD) [CM-1892; 

CM-1893]; 2) inhibitors of FZD receptor antagonists [CM-871; CM-1894; CM-1901]; 3) 

activators of β-catenin [CM-1897, CM-1898]; and 4) inhibitors of the multiprotein 

destruction complex of β-catenin [CM-1896]. 

2) 17 small molecules synthesized at the Molecular Therapy Program (CIMA, Pamplona) that 

target different epigenetic regulators such as histone acetyltransferases (HAT), histone 

deacetylases (HDAC), histone methyltransferase (G9a), DNA methyltransferase (DNMT) 

and phosphodiesterases (PDE).  

Moreover, already known small molecules showing a positive effect on CP proliferation were 

included such as CHIR99021 256,269,271, BIO 166, A83-01 269,271, dorsomorphin 269, hLIF 166 and 

ascorbic acid (AA) 256,269. 

11.2   Dose response assay 

In order to determine the toxicity of the small molecules, dose-response assays were performed in 

CBiPS5 cells at day 4 of cardiac differentiation (Section 1.1.2). At this day, cells were detached 

using TrypLE express reagent, centrifuged and counted. Next, 50,000 cells per well were plated in a 

96-well plate previously coated with Matrigel 1:100 and were cultured in RPMI B27 minus insulin 

medium.  

Serial dilutions of the small molecules were previously prepared and 2 µL of each dilution were 

added to individual wells, in triplicates for each concentration. A broad range of concentrations was 

tested for each molecule (10 µM, 5 µM, 2,5 µM, 1 µM, 500 nM, 250 nM, 100 nM and 10 nM). As 

the compounds were diluted in DMSO, additional cells were used as control and received 2 μL of 

DMSO per well. Plates were incubated at 37 ºC and 5% CO2 with 95% humidity for 3 days.  

Cell proliferation was assessed by the MTS assay, based on the reduction of the MTS tetrazolium 

compound by NAD(P)H-dependent dehydrogenase enzymes of viable cells generating a colored 

formazan dye soluble in cell culture media. The formazan dye is quantified by measuring the 

absorbance at 490 nm and at 650 nm (reference). The MTS assay was performed using CellTiter 

96® AQueous One Solution Cell Proliferation Assay (Promega) following manufacturer’s 

instructions and was analyzed in a SpetroStar Nano microplate reader (BMG Labtech). 

 

11.3   Small molecule screening in NKX2.5-GFP+ cells 

Based on dose response assay results, we selected two different concentrations of each compound to 

be tested in NKX2.5-GFP+ cells. To this end, CBiPS5 NKX2.5GFP hiPSC were differentiated into 

cardiac lineage, and at day 11 of cardiac differentiation (Section 1.1.2), NKX2.5GFP+ cells were 

sorted as described in Section 3. After sorting, 25,000 NKX2.5GFP+ cells/well were seeded into a 96-
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well plate previously coated with Matrigel 1:100, cultured with RPMI B27 supplemented with 5 

µM ROCK inhibitor and incubated for 24 h at 37 ºC and 5% CO2. Next day, the medium was 

replaced by fresh RPMI B27 and small molecules were added to each well and were incubated for 

72 h 37 ºC and 5% CO2. Cell proliferation was analyzed by MTS assay using CellTiter 96® 

AQueous One Solution Cell Proliferation Assay (Promega) following manufacturer’s instructions 

and was analyzed using SpetroStar Nano microplate reader (BMG Labtech). 

 

12. CBiPS5 NKX2.5GFP-derived cardiac fibroblasts 

characterization 

Human cFib derived from CBiPS5 NKX2.5GFP cells (NKX2.5GFP-cFib) were differentiated and 

expanded as described in section 1.1.3. All fibroblast samples used in the experiments presented 

here are from passages 1 to 8.  

12.1   Corroboration of knock-in presence in NKX2.5GFP cardiac fibroblasts by 

PCR   

In order to verify whether the NKX2.5 edited allele is present in NKX2.5GFP-cFib, gDNA was 

isolated using NucleoSpin® Tissue kit. On-target PCR was performed using specific primers (Table 

18) and the following PCR conditions: first stage at 94 °C for 5 min, second stage consisting in 35 

cycles of 94 °C for 30 sec, 60 °C for 30 sec and 72 °C 1 min, and a third stage at 72 °C for 7 min. 

Finally, PCR products were run in 1% agarose gel. 

12.2   Fibroblast-related protein expression in NKX2.5GFP cardiac fibroblasts  

Collagen type I and Fibronectin, fibroblast-related markers, were analyzed by immunofluorescence. 

Briefly, NKX2.5GFP-cFib at passage 5 were dissociated with TrypLE express reagent and plated in 

24 well-plate containing microscope cover glasses (Paul Marienfeld GmbH & Co. KG) coated with 

0.1% gelatin at a density of 50,000 cells/cm2. cFib were cultured with FibroGRO medium 

(Millipore) for 3 days and then fixed with 4% PFA. Immunofluorescence was carried out as 

described in section 4. Primary antibodies for Fibronectin and Collagen I, and Alexa-555 secondary 

antibodies were used (Table 7). 

12.3   SSEA-4 pluripotency marker expression analysis in NKX2.5GFP cardiac 

fibroblasts   

The expression of SSEA-4, a pluripotent stem cell marker, was analyzed in NKX2.5GFP-cFib cell 

cultures at passage 4 by flow cytometry as indicated in Section 3. Parental non-differentiated 

CBiPS5 NKX2.5GFP cells were used as positive control. The percentage of SSEA-4+ cells was 

analyzed with the FlowJo v10 (Tree Star Inc.) software package.  
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12.4   Gene expression analyses in NKX2.5GFP cardiac fibroblasts  

To carry out this study NKX2.5GFP-cFib at passages 1, 2 and 3 were used, together with other 

fibroblast cell lines of different origin (HDF-α dermal fibroblasts, HFF-1 human foreskin fetal 

fibroblasts, and patient cFib), parental non-differentiated CBiPS5 NKX2.5GFP cells and CM derived 

from CBiPS5 NKX2.5GFP (CBiPS5 NKX2.5GFP-derived CM). The different cells were collected for 

RNA extraction and qRT-PCR analyses performed as described in section 2.  

Diverse cell lineages specific-markers were analyzed including pluripotency- (POU5F1 and 

NANOG), CM- (PLN and MYH6) and fibroblast-related markers (THY1, POSTN, VIM and 

TCF21). The sequences of the primers used in the qRT-PCR are listed in Table 4. 

12.5    NKX2.5GFP cardiac fibroblasts induction assays 

Profibrotic response induction studies were performed in collaboration with Dr. Arantxa González 

Miqueo (Cardiovascular Diseases Program, FIMA, Pamplona). 

In these assays, cFib derived from three different patients were included (Patient 1 cFib, Patient 2 

cFib, Patient 3 cFib) as reference. These cells were maintained as detailed in section 1.2 and used in 

passages 3 to 5. In the case of NKX2.5GFP-cFib, biological triplicates of the induction assay were 

performed.  

Fibroblasts were harvested and plated at a density of 50,000 cells/cm2 on 6-well plates in their 

corresponding culture medium. When fibroblasts reached 70% confluence, the cells were serum-

deprived for 8 h and bFGF concentration reduced from 10 ng/mL to 0.5 ng/mL, and then, some 

wells were treated with 10 ng/mL of TGF-β (R&D systems). Non-treated wells were used as 

control. After 24 h or 48 h, cFib profibrotic markers expression was analyzed, by qRT-PCR 

(COL1A, LOX, FN1, SMA), or immunofluorescence (αSMA) analyses (Table 7), respectively, as 

described in Section 2 and Section 4. Primers used for qRT-PCR are listed in Table 4 and Table 6. 

 

13. Direct reprogramming 

We used NKX2.5GFP-cFib to investigate if the overexpression of specific TFs could directly 

reprogram these cells into human CP.  

13.1   Selection of transcription factors, cloning into retroviral vectors and 

retroviral production 

TFs for direct reprogramming were previously selected by Dr. Xonia Carvajal-Vergara, and Dr. 

Elizabeth Guruceaga (Bioinformatics service, CIMA, Pamplona), using literature- and predictive 

bioinformatics-based approaches. 

In brief, MESP1 68,347, ISL1 120,159, TBX1 348,349, GATA4 125,350, SMARCD3 351 and MEF2C 125,128 

were selected as candidate TFs according to their known fundamental role in the biology of CP. 

Promoter sequences of these known TFs were retrieved from Biomart database 352 assuming the 
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most 5´upstream position of their annotated transcripts to be the transcription starting site. 

MotifScanner 353 was run with the extracted promoter sequences and the publicly available 

information about known TF binding sites distributed by Jaspar 354 and Transfac 6.0 355 databases. 

Those TFs showing putative regulatory function over at least three of literature-based TFs were 

chosen: AP2a, SPI-B, SP1, MZF1-4, PAX3 and CHOP-C/EBP (also known as DDIT3 or 

GADD153). Thus, using literature and bioinformatics tools-based approaches 12 TF candidates 

were selected (Figure 17).  

 

 

 

 

 

 

 

 

 

Figure 17. Schematic representation of the selected TFs using literature (in orange) and bioinformatics (in blue) tools-

based approaches 

 

ETS2 and TBX5 factors were also included since it was later shown that the expression of ETS2 

together with MESP1, which was included in the initial candidate selection,  was sufficient to 

directly reprogram human fibroblasts into CP 252; and on the other hand, TBX5 was included in the 

reprogramming cocktail used by Lalit et al., who were able to reprogram mouse fibroblasts into 

proliferative CP 166. 

The cDNAs of the selected TFs were obtained from commercially available clones (Origene, Open 

Biosytems or Lifesciences), or by RT-PCR, using samples from differentiated human PSC towards 

cardiac lineage, and were cloned into pMXs retroviral vector by Dr. Xonia Carvajal-Vergara. The 

sequences were verified by Sanger sequencing.  

Finally, retroviruses encoding the selected 14 TFs were produced, concentrated, and tittered at Viral 

Vector Production Platform at Inbiomed (San Sebastian). 

13.2   Infection of CBiPS5 NKX2.5GFP cardiac fibroblasts with retrovirus 

encoding selected transcription factors 

Two days before infection, 50,000 NKX2.5GFP-cFib per well of a 12-well plate (approximately 

13,000 cells/cm2) were plated in FibroGRO medium (Millipore). The wells were precoated with 

Matrigel 1:100. After 48 h, cells were infected with retroviral concentrates encoding the 14 
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candidate reprogramming factors. Cells were cultured with retroviral particles in 500 µL of 

Fibroblast medium (Table 1) with reduced FBS (2%) (Gibco) supplemented with 6 µg/mL of 

Polybrene and incubated for 24 h at 37 ºC 5% CO2. One day after infection, viral particles were 

removed, and medium was replaced with complete fibroblast medium (Table 1). 

13.3   Gene expression analysis of transcription factors in NKX2.5GFP cardiac 

fibroblasts after infection with reprogramming factors 

Three days after infection with reprogramming factors, infected non-infected fibroblasts were 

harvested. RNA was isolated and cDNA was obtained through RT-PCR as described in section 2.1 

and 2.2, respectively. Gene expression analysis of the reprogramming factors was performed by 

qRT-PCR using designed primers (Table 5) as explained in section 2.3.  

 

14. Statistical analyses  

Statistical analyses were performed using the GraphPad Prism software. In the case of NKX2.5GFP+ 

cell gene expression analyses, data of technical triplicates (median presented) of two independent 

biological replicates (Exp1 and Exp2) are shown. Statistical comparison between GFP- and GFP+ 

groups was performed using via Nested-t tests.  In the case of fibroblast profibrotic response 

induction assays, data are presented as mean ± SD of technical triplicates in the case of three 

patient-derived samples and mean ± SD of three biological replicates in the case of NKX2.5GFP+-

cFib. Statistical comparison between treated and non-treated samples was carried out via 2WAY 

ANOVA test. A p< 0.001 and p< 0.01 is defined as very significant, p<0.05 as significant, and 

p>0.05 as non-significant (ns). 
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1. Generation of NKX2.5GFP reporter human iPSC line using 

CRISPR-Cas9 system 

Reporter iPSC have an enormous value in the study of cardiac development, which is recapitulated 

during the cardiac differentiation of iPSC. Fluorescent reporter iPSC lines enable tracing and 

isolating cell populations that arise during cardiac differentiation, such as CP, which allows its 

investigation and other applications such as drug screening or disease modelling.  

We have generated a novel NKX2.5GFP knock-in hiPSC reporter cell line: CBiPS5 NKX2.5GFP. The 

homeobox-containing TF NKX2.5, becomes expressed upon the cardiac crescent formation in the 

early first heart field and second heart field 108,356, and it is present in late multipotent CP and CM 
165,323. In our reporter system, GFP is concomitantly expressed with NKX2.5 and regulated under 

the control of the endogenous NKX2.5 promoter. The bicistronic expression of both NKX2.5 and 

GFP proteins is achieved by the presence of a 2A linker sequence between both genes, which 

allows for the generation of separated proteins after their synthesis. The strategy that we used to 

create this CP reporter line can faithfully recapitulate the biological expression of NKX2.5 gen and 

does not perturb the reading frame, avoiding loss-of-function which could affect the biology of CP 

or CM.  

1.1   GFP knock-in strategy 

First, we generated a donor DNA template composed of a LHA followed by a 2A-GFP-SV40pA 

sequence, in frame with the NKX2.5 gene, PGK-Puro selection cassette flanked by LoxP sites and 

RHA. A diagram of the KI strategy is represented in Figure 18.  

 

 

 

 

 

 

 

 

 

 

 

Figure 18.  Diagram of the strategy used for the generation of GFP KI at NKX2.5 locus. 
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The LHA was homologous to a region of exon 2 of NKX2.5 gene upstream of the cleavage site 

without STOP codon and the RHA was homologous to the untranslated region of NKX2.5 in exon 2 

located downstream of the cleavage site. In this way, NKX2.5-2A-GFP expression will be regulated 

by NKX2.5 endogenous promoter activity and Puro treatment will enable the selection of cells 

containing the donor DNA template.  

We used CRISPR-Cas9 system in order to mediate homology-directed DNA repair by directed DSB 

of DNA in NKX2.5 gene, close to the STOP codon.  

1.2   Selection of sgRNA2 based on the cleavage efficiency  

We designed and tested three different sgRNAs with a PAM sequence close to the STOP codon of 

NKX2.5, and these were cloned individually in pX458 vector (Figure 19). This vector contains 

Cas9 sequence from S. pyogenes fused to 2A-EGFP sequence and includes a cloning site for 

sgRNA.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Human foreskin fibroblasts were nucleofected with the vectors encoding each of the three designed 

sgRNAs and 24 hours post-nucleofection flow cytometry analyses were performed in order to 

assess the percentage of cells transduced with the vector, which expressed EGFP. The transduction 

efficiency was similar among the different sgRNAs, ranging from 20% to 28% of EGFP+ cells. 

a 

b 
Figure 19.  sgRNAs design and cloning in 

pX458 vector. a) Fragment of the Exon 2 

sequence of NKX2.5, were the end of the 

coding sequence (CDS) and STOP codon is 

shown. The three custom-designed sgRNAs 

with a PAM sequence (NGG, where N is 

any nucleotide) close to the STOP codon are 

represented. b) Schematic representation of 

pX458 vector (image source: 

www.genscritp.com). 
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Three days post- nucleofection, cells were harvested for gDNA extraction, PCR amplification and 

Sanger sequencing in order to analyze the cleavage efficiency of each sgRNA. Then, we introduced 

sequences in TIDE web tool that uses an algorithm to determine the frequency of insertions and 

deletions (indels) and the percentage of aberrant sequences present in test sample (nucleofected 

cells with each sgRNA) compared to a control sample (non-modified cells). The most efficient 

sgRNA was sgRNA2 with 49% of cleavage efficiency, therefore it was selected for further 

experiments (Figure 20). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 20. Cleavage efficiency analysis of three different sgRNAs in nucleofected HFF-1 fibroblasts. Dot plot 

diagram showing the percentage of GFP+ cells in non-nucleofected and nucleofected human fibroblasts one day after 

transduction (left panels); chromatogram obtained by Sanger sequencing of the DNA region close to the expected 

cleavage site where sgRNA sequence location (black bar) and double peaks corresponding to wild-type and aberrant 

sequence can be observed (middle panels); and  TIDE analysis of DNA sequences obtained from cells nucleofected with 

each sgRNA where the percentage of cleavage efficiency of each sgRNA relative to the percentage of transduced cells is 

shown (left panels). 
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1.3    Seven clones of transduced human iPSC presented one NKX2.5 edited 

allele 

Once we selected the optimal sgRNA, we nucleofected the CBiPS5 hiPSC line with the RNP-

sgRNA2 complex and the donor DNA, and then treated cells with Puro for 3 days. We observed a 

specific band of the KI sequence, checked by PCR using gDNA extracted from Puro resistant 

transduced cells.  

In order to obtain homogenous CBiPS5 NKX2.5GFP cells, we established clones from the pool of 

transduced and Puro resistant hiPSC. To this end, we plated cells at a very low density and picked 

emerging colonies. In total, 72 clones were picked, expanded and analyzed by conventional PCR. 

The expected KI band of 0.9 kb was observed in 7 (#5, #9, #23, #29, #58, #41 and #31) out of the 

72 analyzed clones, which indicated the presence of edited NKX2.5 locus in approximately 10% of 

the clones (Figure 21). Furthermore, the correct NKX2.5-2A-GFP sequence in these clones was 

verified by the Sanger sequencing method. 

 

 

 

 

 

 

 

 

 

 

Figure 21. KI at NKX2.5 locus verification in nucleofected hiPSC clones. Seven clones derived from the pool of 

nucleofected hiPSC contained the expected band size after PCR amplification of gDNA with primers directed to 

sequences located in the endogenous NKX2.5 gene and the exogenous donor DNA (represented with arrows in the top 

scheme and listed in Table 18).  

 

Moreover, in order to evaluate whether the donor DNA insertion was bi- or monoallelic, we 

performed a second PCR and we could observe a band of 1.6 kb that corresponds to the non-edited 

allele in these 7 clones indicating that the insertion of donor DNA was monoallelic (Figure 22). 
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Figure 22. Monoallelic insertion of donor DNA in NKX2.5 gene in the 7 CBiPS5 NKX2.5GFP clones. PCR 

amplification of gDNA with primers directed to sequences of the NKX2.5 endogenous gene located at 5´and 3´of the 

expected donor DNA insertion site (represented with arrows in the top scheme and listed in Table 18). 

 

2. Characterization of CBiPS5 NKX2.5GFP 

2.1   CBiPS5 NKX2.5GFP cells express GFP protein from day 8-9 of cardiac 

differentiation onwards 

In order to test if the reporter system worked correctly in CBiPS5 NKX2.5GFP clones, we carried out 

cardiac differentiation assays. The protocol we used to induce cardiac differentiation of CBiPS5 

NKX2.5GFP cells is based on the modulation of WNT signaling pathway, and it has demonstrated a 

high differentiation efficiency in many different PSC lines 224, represented in Figure 23 and detailed 

in Methods section 1.1.2.  

 

 

 

 

Figure 23. Schematic representation of the protocol used to induce CBiPS5 NKX2.5GFP to cardiac lineages. 

 

We first analyzed GFP expression by in vivo fluorescence microscopy and found it was absent in 

the pluripotency stage. However, it became visible in CBiPS5 NKX2.5GFP cells from days 8-9 of 

cardiac differentiation onwards (data not shown).  
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We repeatedly detected GFP expression from day 8 to 9 of differentiation onwards in multiple 

experiments, using flow cytometry or fluorescence microscopy, meaning that the timing of GFP 

expression in the different cardiac differentiation assays remained constant; however, the 

percentage of GFP+ cells at a given time of differentiation was variable, ranging from 19% to 63% 

at day 11 of differentiation (experiment shown in Figure 24). Presumably, this is due to the great 

variability that it is known to exist in the cardiac differentiation efficiency from one experiment to 

another. In fact, we observed a correlation between the percentage of GFP expression and beating at 

late stages of cardiac differentiation in diverse assays.  

According to fluorescence intensity and qualitative differentiation efficiency, mainly assessed by 

beating areas in cell cultures, we selected clone 31 to perform an exhaustive characterization. The 

results shown from now on correspond to this clone. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 24. GFP protein expression analysis in CBiPS5 NKX2.5GFP cells. a) Dot plot diagrams showing the percentage 

of GFP+ cells in undifferentiated and differentiated cells at day 11 of cardiac differentiation. b) Brightfield and GFP 

images of CBiPS5 NKX2.5GFP obtained under in vivo fluorescence microscope at day 17 of cardiac differentiation.  
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2.2    NKX2.5 and GFP expression: time-course experiments 

We carried out time-course experiments in order to monitor GFP expression along cardiac 

differentiation of CBiPS5 NKX2.5GFP cells, analyzed by flow cytometry and quantitative PCR. We 

observed that the GFP expression began approximately at day 8 of differentiation by flow 

cytometry, and the percentage of GFP+ cells gradually increased from this day onwards (Figure 

25a). The transcriptional expression of GFP was detected at day 7 of cardiac differentiation (Figure 

25b), one day earlier than the protein. Importantly, we noticed that the expression kinetics of GFP 

mirrored the expression of NKX2.5.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 25. Time-course experiments of GFP and NKX2.5 in CBiPS5 NKX2.5GFP along cardiac differentiation. a) 

Dot plot diagrams of GFP+ cells obtained by flow cytometry at days -4, 7, 8, 9, 10 and 11 of cardiac differentiation in the 

CBiPS5 NKX2.5GFP and the CBiPS5 parental line. b) Gene expression of GFP and NKX2.5 at days -4, 5, 7, 9, 11 and 20 

of cardiac differentiation in the CBiPS5 NKX2.5GFP (white bars) and the parental CBiPS5 cell line (black bars). Mean ± 

SD of three technical replicates is represented. 
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2.3    NKX2.5 protein level and NKX2.5 target genes expression are not 

altered in CBiPS5 NKX2.5GFP cells 

In order to test whether NKX2.5 protein and function was not disrupted in CBiPS5 NKX2.5GFP after 

genome editing, we performed a western blot assay using protein samples extracted from the 

CBiPS5 NKX2.5GFP and the parental hiPSC line at day 20 of cardiac differentiation after selection 

of CM by lactate treatment. We observed that the NKX2.5 protein level in CBiPS5 NKX2.5GFP cells 

was similar to that of unmodified CBiPS5 cells, and, as expected, the GFP protein was only 

expressed in CBiPS5 NKX2.5GFP cells (Figure 26a). Additionally, to assess if protein functionality 

was also maintained, we analyzed gene expression of several NKX2.5 target genes found in CM 

derived from human PSC 357: RSPO3, EDG7, TGFR3 and CEND1. The expression of these genes 

was equivalent between edited and parental hiPSC, confirming the preservation of NKX2.5 

transcriptional regulatory function (Figure 26b). 

  

 

  

 

 

 

 

 

 

Figure 26. Western blot analysis of NKX2.5 protein and gene expression analysis of NKX2.5 target genes in 

CBiPS5 NKX2.5GFP. a) Western blot of GFP and NKX2.5 proteins in CM derived from CBiPS5 NKX2.5GFP and parental 

hiPSC line at day 20 of cardiac differentiation (left panel). NKX2.5 protein level of both cell lines normalized to Tubulin 

is represented (right panel). b) Gene expression analysis of NKX2.5 target genes (RSPO3, EDG7, TGFR3, CEND1) in 

CM derived from CBiPS5 NKX2.5GFP (white bars) and parental hiPSC line (black bars) at day 20 of cardiac 

differentiation. Mean ± SD of three technical replicates is represented. 

 

2.4    Characterization of NKX2.5-GFP+ and NKX2.5-GFP- populations 

derivatives 

In order to corroborate that NKX2.5-GFP+ cells differentiated into the expected CM subtypes 

[mostly ventricular, atrial but not nodal-like 272,324], we investigated the expression of cell lineage 

specific markers in GFP+ and GFP- cell populations derivatives of CBiPS5 NKX2.5GFP cells. To this 

end, we sorted by FACS these cell populations at day 11 of cardiac differentiation. A small fraction 

of sorted cells was separated for RNA extraction and the rest of the cells was replated and 

maintained until day 30 of cardiac differentiation. Using these cells, besides analyzing expression of 
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lineage specific markers at day 11 and day 30 of differentiation as mentioned, we carried out the 

following experiments: 1) immunostaining of GFP and NKX2.5 in GFP+ sorted cells to check if 

both proteins were co-expressed; 2) flow cytometry analysis of cTnT in sorted GFP+ and GFP- cells 

at day 11 of differentiation to know the percentage of CM in both cell populations; and finally and 

importantly, 3) electrophysiology of CM derived from GFP+ cell population (at day 30-35 of 

differentiation) to determine in which CM subtype were differentiated GFP+ cells and calculate the 

percentage of the distinct CM subpopulations (Figure 27). 

 

 

 

Figure 27. Representation of characterization experiments performed with NKX2.5-GFP+ and NKX2.5-GFP- cells sorted 

at day 11 of cardiac differentiation. 

 

2.4.1 NKX2.5-GFP+ cells expressed atrial and ventricular cardiomyocyte-specific genes, 

while NKX2.5-GFP- cells expressed nodal cardiomyocyte-, epicardial-, fibroblast- and 

smooth muscle-specific genes 

 

It is known that NKX2.5+ cardiovascular progenitors differentiate into atrial and, predominantly 

ventricular, but not nodal-like CM 272,324. To reveal the differentiation potential of NKX2.5-GFP+ 

cells, CBiPS5 NKX2.5GFP cells were induced into cardiac lineages and the expression of cell 

lineage-specific markers was investigated in GFP+ and GFP- cell derivatives. To this end, these cell 

populations were sorted by FACS at day 11 of cardiac differentiation, replated and maintained until 
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day 30-35 (Figure 28a). As expected, the NKX2.5 and GFP genes were highly expressed in the 

GFP+ cell population, both on day 11 (Figure 28b) and day 30 (Figure 28c) of differentiation, 

reaffirming the reliability of the reporter. On day 11, MYH6 and PLN pan CM markers were 

robustly expressed in NKX2.5-GFP+ cells and differentiated progeny derivatives when compared to 

GFP- cell populations. In contrast, TBX18 and WT1 epicardial markers were increased in GFP- 

cells and their derivatives (Figure 28b-c). At day 30 of differentiation, we observed that ventricular 

cardiomyocyte (IRX4, MYL2), atrial CM (MYL7 and NPPA) and endothelial (PECAM1 and 

CDH5) specific markers were upregulated in GFP+ cell derivatives whereas nodal-like CM (TBX3, 

SHOX2), epicardial (WT1, TBX18), smooth muscle (ACTA2, SM22α) and fibroblast (TCF21, 

VIM) specific genes were overexpressed in GFP- cell derivatives (Figure 28c-d). These results 

were in agreement with previously reported observations 272,324.  
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Figure 28. Gene expression analysis of NKX2.5-GFP+ and NKX2.5-GFP- populations at days 11 and 30 of cardiac 

differentiation.  a) Dot plot diagram of GFP+ cells obtained by flow cytometry analysis of pre-sorted CBiPS5 NKX2.5GFP 

cells at day 11 of cardiac differentiation b) Gene expression analysis of specific cardiac lineage markers in NKX2.5-GFP+ 

(green circles) and NKX2.5-GFP- cell populations (black circles) sorted at day 11 of cardiac differentiation. c) NKX2.5 

and GFP gene expression analysis in NKX2.5-GFP+ and NKX2.5-GFP- derived cell progeny at day 30 of cardiac 

differentiation. Mean of three technical replicates in two biological replicates (Exp1 and Exp2) are represented; the p 

value is annotated in each graph, GFP- group vs GFP+ group using Nested-t test. d) Gene expression analyses of nodal-

like CM markers SHOX2 and TBX3 in NKX2.5-GFP+ (green bars) and NKX2.5-GFP- (black bars) derived CM selected 

with lactate (from Exp1) at day 30 of cardiac differentiation. Mean ± SD represented of three technical replicates is 

shown. 
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2.4.2 NKX2.5-GFP+ cells co-express NKX2.5 and GFP proteins 

We performed an immunostaining to detect NKX2.5 and GFP proteins in sorted NKX2.5-GFP+ 

cells at day 11 of differentiation and we observed that GFP expressing cells also expressed NKX2.5 

(Figure 29), which confirms the reliability of NKX2.5GFP reporter. NKX2.5-GFP- cells were used as 

negative control. 

 

 

 

Figure 29. Double immunofluorescence of NKX2.5 and GFP proteins in NKX2.5-GFP+ and NKX2.5-GFP- cells. 

NKX2.5 (in red) and GFP (in green) co-expression analyses by immunocytochemistry in NKX2.5-GFP+ cells derived 

from CBiPS5 NKX2.5GFP cells sorted at day 11 of cardiac differentiation (right panels). NKX2.5-GFP- cells were used as 

negative controls (left panels). Nuclei: DAPI. Scale bars, 100 µm. 

 

2.4.3 A low percentage of NKX2.5-GFP+ cells expresses cTnT  

We tested if the cTnT CM marker was already expressed in GFP+ and GFP- cells sorted at day 11 of 

differentiation by flow cytometry analysis. We observed that approximately 10% of GFP+ cells 

expressed cTnT, while less than 1% of cells expressed cTnT in GFP- fraction. This result suggested 

that only a small fraction of GFP+ cells were already committed into CM at day 11 of differentiation 

(Figure 30). It is important to mention that this result is obtained from a single differentiation 

experiment and the percentage of cTnT expressing cells in GFP+ fraction may vary between 

different experiments. 
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Figure 30.  Dot plot diagrams showing the percentage of cTnT+ cells in NKX2.5-GFP+ and NKX2.5-GFP- fractions 

at day 11 of cardiac differentiation. 

 

2.4.4 NKX2.5-GFP+ cells derivatives showed electrophysiological features of ventricular 

and atrial but not nodal-like cardiomyocytes 

We were interested in studying the electrophysiological properties of GFP+ cells-derived CM. To 

this end, we maintained in culture NKX2.5-GFP+ sorted cells at day 11 until day 30 and treated 

them with lactate in order to metabolically select CM. Then, we carried out electrophysiological 

studies using two different techniques: microscopy optical mapping and patch-clamp.  

 

- Microscopic optical mapping 

Microscopic optical mapping analyses were performed in collaboration with the group of Dr. 

Francisco Fernández-Avilés, at Hospital General Universitario Gregorio Marañón (Madrid, Spain).  

We analyzed the functionality of CM derived from NKX2.5-GFP+ cells at day 30 of cardiac 

differentiation using optical mapping that measures electrical activity by intracellular Ca2+ 

propagation imaging. To this end, cells were stained in Tyrode solution with Fura-2 AM and 

activation frequency was recorded with a camera. 

We analyzed three wells that showed spontaneous beating. Samples showed infusion of the die and 

propagation of the electrical impulse was observed. However, the conduction velocity could not be 

measured due to lack of coordination during propagation attributed to different activation times of 

nearby clusters. Calcium activity was mapped exciting the cells with UV light and using a camera 

to record activation frequency. Overall, mean activation frequency of the three wells registered was 

approximately 1.63 ± 0.65 Hz (Figure 31). 
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Figure 31. Optical mapping of NKX2.5GFP+ cells-derived CM. a) Activation frequency map for well #3 is shown. Basal 

recordings acquired from 10 to 30 frames per second in a field of view of 2.5 mm. b) Activation frequency registrations 

(Hz) obtained by optical mapping of three different wells.  

 

- Patch-clamp assay 

We carried out patch-clamp assays in single GFP+ cells-derived CM from day 30 to 35 of 

differentiation in order to identify CM phenotypes in collaboration with the group of Dr. Óscar 

Casis, at Universidad del País Vasco UPV/EHU (Vitoria, Spain). 

. 

Patch-clamp technique permits voltage changes registration in individual CM, by fixation of 

electrical current generated in cell membrane. Resting potential, action potential amplitude and 

durations at 10, 20, 60, 70 and 90% of repolarization were measured.  The main difference between 

atrial and ventricular CM is the absence or presence, respectively, of plateau phase in the action 

potential. CM subtypes were determined attending to APD10-20/APD60-70 ratio. An AP with a 

ratio < 1.5 was classified as atrial-like subtype, whereas a value of > 1.5 was categorized as 

ventricular-like CM 346. Thus, we determined that 65% of registered cells were ventricular CM and 

35% were atrial CM, which represents a 2:1 ratio of ventricular versus atrial CM (Figure 32). We 

were not able to detect nodal CM, as expected based on previously reported data 272,324 . 

 

 

 

 

 

 

a b 

Figure 32. Patch-clamp recordings 

in GFP+ cells-derived CM. Atrial 

and ventricular-like action potentials 

and percentages of each CM subtype 

are represented. 
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3. Cardiac progenitor expansion and maintenance: small 

molecule screening 

The WNT canonical pathway has a crucial role in heart development and most efficient cardiac 

differentiation protocols for hiPSC are based on its regulation. In addition, during cardiogenesis, CP 

of the SHF proliferate before becoming differentiated in a structure called pharyngeal mesoderm 

through signals that activate the canonical WNT signaling pathway 96,145,146. Interestingly, the 

common strategy used in the few available studies that report human CP expansion is the use of 

molecular compounds that activate the canonical WNT pathway 52,269,271,358. However, most of these 

protocols have been focused on the expansion of very early CP, so concerns such as the presence of 

PSC and CP with the potential to differentiate not only into cardiac but also into other mesodermal 

lineages such as hematopoietic or skeletal muscle lineages. Another worrying issue is that the 

reproducibility of these protocols in different laboratories has not yet been demonstrated.  

For this reason, we decided to carry out a small molecule screening with compounds that regulate 

the WNT canonical pathway using NKX2.5-GFP+ cells derived from CBiPS5 NKX2.5GFP cells.  

3.1   Selection of compounds and dose-response assays 

The majority of the heretofore reported studies have been focused on the inhibition of the canonical 

WNT pathway at the same regulation level, β-catenin multiproteic destruction complex, specifically 

inhibitors of GSK3β, mainly CHIR99021 256,269,271 or BIO 166. The main difference of our approach 

with previous studies is that we have considered targets of WNT signaling acting at four different 

levels of its regulation 147: 1) activators of Frizzled receptors (FZD) [CM-1892; CM-1893]; 2) 

inhibitors of FZD receptor antagonists [CM-871; CM-1894; CM-1901]; 3) activators of β-catenin 

[CM-1897, CM-1898]; and 4) inhibitors of the multiprotein destruction complex of β-catenin [CM-

1896]. 

Moreover, since epigenetic modifiers can control cell fate and are implicated in cellular 

reprogramming, proliferation and differentiation processes 359, we decided to add to the screening 

diverse epigenetic modulators synthesized in Molecular Therapy Program at CIMA acting on 

different HDACs, HATs, HMTs, DNMTs or PDEs. 

We included in this screening a total of 25 compounds (described in Methods section 11.1 and 

represented in Figure 33): 8 WNT signaling regulators and 17 epigenetic modulators. Also WNT 

signaling regulators CHIR99021 and BIO were included as controls. In addition, we considered 4 

previously described inductors of CP proliferation such as A83-01 269,271, dorsomorphin 269, hLIF 166 

and ascorbic acid (AA) 256,269. 
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Figure 33. Schematic representation of WNT pathway and the small molecules included in the screening. WNT 

signaling pathway regulators (in red) acting at 4 different levels and epigenetic modulators (in blue) are represented.  

 

 

We performed dose-response assays with all the selected compounds using 8 different 

concentrations: 10 µM, 5 µM, 2,5 µM, 1 µM, 500 nM, 250 nM, 100 nM and 10 nM.  

By the time that we carried out these assays, the CBiPS5 NKX2.5GFP cell line was being generated 

and characterized. Thus, in order to determine which doses of each compound were toxic and 

optimal, we used CBiPS5 hiPSC at day 4 of cardiac differentiation, which is the time when CP are 

reported to emerge using this protocol 224. These cells were treated for 72 hours with individual 

WNT (Figure 34) or epigenetic modulators (Figure 35) at the indicated doses, and cell 

proliferation was measured using MTS assays.  
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Figure 34. Dose-response curves of small molecules targeting WNT signaling pathway. MTS uptake for each 

compound at the indicated concentrations (solid lines) and DMSO control (dashed lines) are represented.  
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Figure 35. Dose-response curves of epigenetic modulators. MTS uptake for each compound at the indicated 

concentrations (solid lines) and DMSO control (dashed lines) are represented.  
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From among all the concentrations tested, we selected two doses: 1) the highest concentration in 

which we observed cell proliferative effect or, if proliferation was not induced, non-toxic 

concentration, and 2) lowest concentration in which we observed cell proliferative effect or, if 

proliferation was not induced, tenfold dilution of the first concentration. The two selected doses of 

each compound are indicated in the following Table 20: 

 

Small molecule Dose 1 (µM) Dose 2 (µM) 

CM-1892 2.5 0.25 

CM-1893 5 0.5 

CM-871 2.5 0.25 

CM-1894 2.5 0.25 

CM-1901 10 1 

CM-1897 5 0.5 

CM-1898 10 0.5 

CM-1896 2.5 0.5 

CM-1895 (CHIR99021) 2.5 0.5 

CM-24 0.1 0.01 

CM-437 0.25 0.01 

CM-900 0.01 0.001 

CM-1758 0.01 0.001 

CM-414 0.01 0.001 

CM-675 0.01 0.001 

CM-536 0.01 0.001 

CM-305 0.1 0.01 

CM-933 0.1 0.01 

CM-695 0.5 0.01 

CM-272 0.1 0.01 

CM-1163 0.1 0.01 

CM-444 0.1 0.01 

CM-447 1 0.25 

CM-1899 0.01 0.001 

CM-1567 0.01 0.001 

 

Table 20. Selected concentrations of each small molecule are summarized. 

 

 

 

In the case of the 4 known inductors of CP proliferation we selected previously reported doses: 2.5 

µM BIO, 0.5 µM and 2 µM A83-01, 2 µM dorsomorphin, 103 U/mL hLIF and 50 µg/mL AA. 
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3.2   Nine small molecules induced proliferation of NKX2.5-GFP+cells  

In order to know if any of these compounds promote proliferation of NKX2.5-GFP+ cells, CBiPS5 

NKX2.5GFP cell line was differentiated towards cardiac lineage and NKX2.5-GFP+ cells were 

isolated by FACS at day 11 of cardiac differentiation and plated in 96-well plates in cardiac 

differentiation medium. Next day, small molecules at two selected concentrations were added in 

triplicates. Cell proliferation was assessed using the MTS assay three days after the addition of the 

compounds and we analyzed which compounds induced a significant increase in proliferation. The 

compounds A83-01, hLIF and AA significantly increased NKX2.5-GFP+ cells proliferation, in 

concordance with previous studies (Figure 36a). Interestingly, we found that 9 compounds included 

in our screening induced a significant NKX2.5-GFP+ cell proliferative effect, 4 WNT pathway 

regulators (Figure 36a) and 5 epigenetic modulators (Figure 36b): 1) CM-1893; CM-1896; CM-

1897; CM-1901; y 2) CM-305; CM-536; CM-933; CM-1163; CM-1567. Interestingly, the 4 WNT 

pathway regulators that increased cell proliferation targeted each of the regulation levels of this 

signaling pathway.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 36. Cell proliferation analyses in NKX2.5GFP+ cells treated with individual small molecules targeting a) WNT 

signaling or b) epigenetic modifiers at the 2 selected doses. 
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4. Generation of NKX2.5GFP reporter human fibroblasts  

Proliferative iCP have been established by direct reprogramming methods of mouse fibroblasts 

derived from Nkx2.5-EYFP reporter mice 166. However, this is yet to be achieved in human cells. 

To accomplish this goal, it is critical to have a faithful reporter system to track reprogrammed 

human iCP. Thus, we were interested in generating human CP-specific reporter fibroblasts. For this 

purpose, we tried two different approaches: 1) generation of GFP KI at NKX2.5 gene in human 

fibroblasts using CRISPR-Cas9 system, and 2) directed differentiation of CBiPS5 NKX2.5GFP cells 

into fibroblasts.  

4.1    Generation of NKX2.5GFP reporter human fibroblast using CRISPR-

Cas9 system 

We first tried to generate GFP KI at NKX2.5 locus in BJ neonatal foreskin human fibroblasts, 

following the same strategy as that used for hiPSC. We chose BJ fibroblasts since these fibroblasts, 

unlike adult fibroblasts, can support long-term cell culture, which is critical to generate and 

establish a reporter cell line.  

We nucleofected human fibroblasts with the RNP-sgRNA2 complex and the donor DNA (Section 

8.2.1 of Methods). Transduced fibroblasts were treated with Puro and then plated at clonal dilution. 

Individual colonies were picked and expanded but in few passages became senescent and could not 

be analyzed.  

We next tried to immortalize BJ fibroblasts by overexpression of hTERT using lentiviral infection 

with pLOX-TERT-iresTK vector in collaboration with Dr. Jose Carlos Segovia group, that have 

experience in direct reprogramming of fibroblasts into hepatocytes. We corroborate that BJ 

fibroblasts overexpressed hTERT by qRT-PCR analysis (Figure 37). Using this strategy, after 

nucleofection of BJ-hTERT fibroblasts, 32 out of 45 clones proliferate enough to perform KI 

analysis. We examined individual clones by PCR of gDNA and observed the presence of a band of 

0.9 kb in two of the clones, suggesting the presence of the NKX2.5 edited allele (Figure 38). 

However, we did not use these clones to continue with direct reprogramming experiments because 

we observed again that the proliferation of these fibroblasts was progressively reduced. 

 

 

 

 

 

 

 

Figure 37. Human TERT expression analyses by qRT-PCR in infected BJ fibroblasts. Mean ± SD of three technical 

replicates is represented. 
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Figure 38. KI at the NKX2.5 locus verification in nucleofected BJ-TERT fibroblast clones. Two clones derived from 

the pool of nucleofected fibroblasts contained the expected band size after PCR amplification of gDNA with primers 

directed to sequences located in the endogenous NKX2.5 gene and the exogenous donor DNA (represented with arrows in 

the top diagram). *Non-specific band. 

 

4.2    Generation of NKX2.5GFP cardiac fibroblasts by directed differentiation 

of CBiPS5 NKX2.5GFP cells 

Our next approach was the obtention of human NKX2.5GFP fibroblasts through directed 

differentiation of CBiPS5 NKX2.5GFP cells. To this end, we followed a well-described protocol 

reported by the group of Dr. Kamp for the generation of human cardiac fibroblasts (cFib) derived 

from CP analogous to SHF 324, using high dose of GSK3β inhibitor (CHIR99021) to activate the 

canonical WNT pathway and form cardiac mesoderm, followed by the stimulation with a high 

concentration of bFGF to induce cFib (Figure 39). Then, NKX2.5GFP-cFib were maintained in 

FibroGRO medium, expanded and frozen for characterization, and later use for direct 

reprogramming experiments.  

 

 

 

 

 

Figure 39. Diagram of the fibroblast differentiation protocol for the generation of NKX2.5GFP-cFib derived from the 

CBiPS5 NKX2.5GFP cell line. 
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5. Characterization of NKX2.5GFP cardiac fibroblasts 

We carried out an exhaustive characterization of NKX2.5GFP-cFib to verify that these cells 

expressed fibroblast-specific markers and were functional.  

5.1    NKX2.5GFP cardiac fibroblasts contained edited NKX2.5 gene 

In order to corroborate the presence of the NKX2.5 edited allele in NKX2.5GFP-cFib we extracted 

gDNA from these cells and carried out an on-target PCR observing the presence of a 0.9 kb band, 

which indicated the KI presence (Figure 40).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 40. KI at the NKX2.5 locus verification in NKX2.5GFP cFib. NKX2.5GFP cFib contained the expected band size 

after PCR amplification of gDNA with primers directed to sequences located in the endogenous NKX2.5 gene and the 

exogenous donor DNA (represented with arrows in the top diagram).  

 

5.2    NKX2.5GFP cardiac fibroblasts expressed fibroblast-specific markers 

 

NKX2.5GFP-cFib derived from CBiPS5 NKX2.5GFP displayed fibroblast-like morphology and did 

not present basal GFP expression as analyzed by optical and in vivo fluorescence microscopy, 

respectively (Figure 41). 
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Figure 41. Optical and fluorescence microscopy images of NKX2.5GFP-cFib. Brightfield and GFP images of CBiPS5 

NKX2.5GFP-cFib obtained by in vivo fluorescence microscopy. Scale bars, 200µm. 

 

We analyzed the expression of fibroblast-specific proteins using immunostaining analysis. We 

observed that NKX2.5GFP-cFib expressed fibronectin and collagen type I fibroblast markers (Figure 

42). In addition, gene expression analysis was performed in NKX2.5GFP-cFib at the first 3 passages 

and the expression of fibroblast-specific genes such as VIM, POSTN, TCF21 and THY1 was 

observed. In this analysis we also included fibroblast lines derived from diverse sources (patient-

derived cFib, HFF-1 human foreskin fibroblast cell line and HDF-α human dermal fibroblast cell 

line) as controls (Figure 43). 

 

 

 

 

 

 

 

 

 

Figure 42. Expression of fibroblast-specific proteins in NKX2.5GFP-cFib.  Immunofluorescence analysis of fibronectin 

(in white) and collagen type I (in white) in NKX2.5GFP-cFib. Nuclei: DAPI. Scale bars, 100µm. 
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Figure 43. Gene expression of fibroblast-specific markers in NKX2.5GFP-cFib. Gene expression analysis of fibroblast-

specific markers (VIM, POSTN, TCF21 and THY1) in NKX2.5GFP-cFib at passages 1, 2 and 3 and in patient-derived 

cFib, HFF-1 and HDF-α fibroblast cell lines. Mean ± SD of three technical replicates is represented. 

 

5.3    NKX2.5GFP cardiac fibroblasts did not express pluripotency or 

cardiomyocyte markers 

We evaluated the expression of SSEA4, a human pluripotency marker, by flow cytometry analysis 

and concluded that it was not expressed in NKX2.5GFP-cFib when compared to the parental CBiPS5 

NKX2.5GFP cell line (Figure 44a). Besides, the expression of POU5F1 and NANOG pluripotent- 

and PLN and MYH6 CM-specific genes was markedly downregulated in NKX2.5GFP-cFib in 

comparison with CBiPS5 NKX2.5GFP or CBiPS5 NKX2.5GFP-derived CM, respectively. In contrast, 

the expression of fibroblast specific genes (THY1, POSTN, VIM, TCF21) was upregulated in 

NKX2.5GFP-cFib (Figure 44b). 
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Figure 44. Analysis of the expression of pluripotency, CM- and fibroblast-specific markers in NKX2.5GFP-cFib. a) 

Dot plot diagrams of SSEA4+ cells obtained by flow cytometry in CBiPS5 NKX2.5GFP and NKX2.5GFP-cFib. b) Gene 

expression analysis of pluripotency (POU5F1 and NANOG), CM (PLN and MYH6) and fibroblast (THY1, POSTN, VIM 

and TCF21) specific genes in NKX2.5GFP-cFib, CBiPS5 NKX2.5GFP and CBiPS5 NKX2.5GFP-derived CM (NKX2.5GFP-

CM). Mean ± SD of three technical replicates is represented. 

 

5.4   Profibrotic response was induced in NKX2.5GFP cardiac fibroblasts by 

TGF-β 

Finally, we performed a functional assay in order to evaluate the profibrotic response induction of 

NKX2.5GFP-cFib in collaboration with Dr. Arantxa González Miqueo (Cardiovascular Diseases 

b 

a 
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program, FIMA). For this study, we included three patient-derived cardiac fibroblast cultures as 

controls. These cells and our NKX2.5GFP-cFib were serum-deprived O/N and stimulated with TGF-

β. Treated NKX2.5GFP-cFib acquired a well-spread morphology, clearly noticeable with αSMA 

immunostaining (Figure 45a). We also analyzed gene expression of several profibrotic markers, 

detecting a significant increase in the expression of COL1A, LOX and FN1 when NKX2.5GFP-cFib 

were treated with TGF-β (Figure 45b).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 45. Profibrotic response induction assay in NKX2.5GFP-cFib. a) Immunostaining analysis of αSMA (in white) 

in NKX2.5GFP-cFib non-treated and treated with 10 ng/mL TGF-β for 48 h. Nuclei: DAPI. Scale bars, 100µm. b) Gene 

expression analysis of fibroblast profibrotic markers (COL1A1, LOX, FN1, SMA) in NKX2.5GFP-cFib and cardiac 

fibroblasts derived from three different patients non-treated (white bars) and treated (black bars) with 10 ng/mL TGF-β for 

24h. Three biological replicates were included in NKX2.5GFP-cFib data, and three technical replicates in the case of 

patient-derived cFib.  Mean and S.D. of each data group are represented; non-treated vs treated p values are shown using 

2way ANOVA test.  

b 

a 



Results 

106 

 

6. Screening of reprogramming factors for direct 

reprogramming of NKX2.5GFP cardiac fibroblasts into 

cardiac progenitors 

Direct reprogramming is an interesting approach in order to obtain a desired cell type from 

differentiated cells, bypassing a pluripotent stage. As mentioned before, there are few studies that 

describe the generation of human CP through direct reprogramming 252,254 but well-established and 

reproducible protocols have not yet been described.   

With this aim, 14 TFs were selected as candidate reprogramming factors, based on literature 

(MESP1, ETS2, MEF2C, GATA4, SMARCD3, ISL1, TBX5 and TBX1C) and bioinformatics tools 

(MZF1, SP1, AP2, DDIT3, PAX4, and SPI-B). Coding DNA sequences of these factors were 

cloned in pMXs retroviral vectors by Dr. Xonia Carvajal-Vergara. Reprogramming factors were 

verified by Sanger sequencing and retroviruses encoding these factors were produced and tittered.  

We used NKX2.5GFP-cFib for direct reprogramming screening using these candidate 

reprogramming factors. 

Firstly, we infected NKX2.5GFP-cFib with all reprogramming factors at three different multiplicity 

of infection (MOI): 10, 2 and 0.4. In preliminary experiments we have not detected the reporter 

activation. We continue with these studies trying to optimize infection and culture conditions. We 

checked if reprogramming factors were correctly upregulated at day three post-infection when 

compared to non-infected CBiPS5 NKX2.5GFP-cFib (Figure 46). The expression of most 

reprogramming factors was increased after infection, some of them proportionally with the used 

MOI, and others was only clearly appreciated in the case of the highest MOI. Interestingly, we 

noticed that some TFs (ETS2, SMARCD3, SP1, AP2 and DDIT3) presented basal expression in 

non-infected NKX2.5GFP-cFib.  
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Figure 46. Gene expression analyses of reprogramming factors in NKX2.5GFP-cFib at 3 days post-infection. 

NKX2.5GFP-cFib were infected at the indicated MOIs and expression of the a) literature- and b) bioinformatics-based 

selected TFs was analyzed by qRT-PCR. Mean and S.D. of three technical replicates is represented. Mean ± SD of three 

technical replicates is represented. 
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Cardiac cell therapy is a promising therapeutic approach which aims to repair and regenerate the 

heart after AMI and also other cardiac diseases such as refractory angina and heart failure 360. 

Several cells of cardiac and non-cardiac origin have been used in cardiac cell therapy. However, 

clinical trials have shown modest benefits and any improvement was assumed to be produced by 

paracrine effects, more than by real regeneration 34,35. These approaches were unsuccessful 

principally due to the lack of cardiomyogenic potential of cells used and to their poor engraftment 

capacity.  

Cellular reprogramming has emerged as a great opportunity to obtain almost any cell type of the 

body, even cells present in the embryonic development but not in adult life such as multipotent CP 

formed in cardiogenic mesoderm, responsible of heart development, which give rise to the main 

cardiac lineages including CM, smooth muscle, endothelial cells, and fibroblasts. The main 

approaches to obtain cells through cellular reprogramming are 1) reprogramming into iPSC through 

OSKM factors overexpression 163 and further directed differentiation into the desired cell type, and 

2) direct reprogramming of a somatic cell into another specialized cell type, bypassing the 

pluripotent stage. 

Although PSC provide an unlimited source of cardiac cells, which is critical for cardiac cell 

therapy, and highly efficient differentiation protocols have been established to obtain them 224, still 

the risk of tumorigenesis limits their therapeutic applications. The direct reprogramming technology 

could circumvent this issue. Nevertheless, robust and efficient protocols for inducing cardiac cells 

in human, have not yet been described 267,361. 

Most direct cardiac reprogramming studies have focused mainly in the obtention of CM. However, 

CM are terminally differentiated cells and have limited proliferation capacity. In contrast, induced 

CP, analogous to those formed in cardiogenic mesoderm with self-renewal capacity and able to 

differentiate into main cardiac lineages, could be ideal cell candidates for cardiac regenerative 

therapy. 

Direct reprogramming protocols that successfully generated cardiac cells have been described 

principally in mouse cells and were conducted using cardiac-specific reporter fibroblasts, which 

greatly simplified the monitoring of reprogrammed cells 166,227,230. The lack of human cardiac 

reporter fibroblasts has hindered the screening of reprogramming factors and, probably, the 

development of robust human cardiac direct reprogramming protocols 234,246,249,250, and not until this 

method is well-established in vitro, will this strategy move forward and be translated into an in vivo 

approach and into the clinic.  

Taking all this into account, we considered it fundamental to develop a fluorescent NKX2.5 reporter 

human fibroblast cell line to make progress in this field. The homeobox-containing transcription 

factor Nkx2.5 becomes expressed upon the cardiac crescent formation in the early first heart field 

and second heart field 108,356, and it is also expressed in late multipotent CP and CM 165,323. 

 

There are different strategies that can be applied for the generation of reporter cell lines, being 

random and targeted integration the most used ones 273. In the random integration strategy, 

transgenic construct is transduced into cells using genome-integrating methods such as lentiviral or 

retroviral vectors, leading to the arbitrary transgene integration into genomic DNA. Although the 

design is much easier than in targeted methods and efficiency of the approach is higher, it involves 
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important disadvantages and enormous clonal variability, making it necessary a clonal expansion 

and testing to obtain homogenous cell culture 275. For this reason, targeted methods, in which the 

integration of the donor occurs in a specific site with the same chromosomic location and epigenetic 

conditions as the gene of interest, are preferable to reproduce faithfully the gene activity.  

 

Homologous recombination has been used for targeted integration of fluorescent reporters, allowing 

for the integration of donor DNA into the desired site through the design of homology arms 

complementary to a specific DNA region  273. However, the efficiency of the process is extremely 

low. The use of specific-site endonucleases which produce DSB, such as ZFN, TALEN and 

CRISPR-Cas9 system, has substantially improved the efficiency of the method which facilitates 

homologous recombination of the exogenous donor DNA 273.  

 

As CRISPR-Cas9 is the most efficient, simple and specific tool described for genome editing in 

eukaryotic cells, we used CRISPR-Cas9 directed homologous repair in order to generate our 

NKX2.5 reporter system.  

We designed a strategy to avoid endogenous NKX2.5 gene disruption, which could affect the 

biology of CP or CM.  

The first step for reporter development was the generation of a donor DNA and sgRNA testing and 

selection. We designed three sgRNAs to produce a cleavage close to NKX2.5 STOP codon. These 

sgRNAs were cloned into the pX458 vector and tested in HFF1 human fibroblasts and sgRNA2, 

with 49% of cleavage efficiency, was selected for further experiments. 

The donor DNA template contained two homology arms that harbored sequences upstream and 

downstream of cleavage site (without the STOP codon), and in between,  we introduced the GFP 

sequence preceded by a 2A linker sequence 284 in order to achieve bicistronic expression and 

translation of both fluorescent reporter gene and endogenous NKX2.5 gene. We decided to use 2A 

peptide which achieves a precise correlation between fluorescent reporter and endogenous gene 

expression 275, rather than IRES, the other most used linker sequence 362, that produces lower 

expression of the downstream than upstream gene, reducing the accuracy of the reporter system 
287,288. This 2A-GFP sequence was followed by a Puro selection cassette under the regulation of 

PGK ubiquitous to select cells that have integrated donor DNA. 

 

1. Generation and characterization of NKX2.5GFP hiPSC 

 

We were interested in designing a NKX2.5GFP hiPS cell line.  This reporter cell line was thought to 

be used for three purposes: 1) to perform molecular screening to promote human CP proliferation; 

2) to obtain NKX2.5GFP-cFib though directed differentiation of these hiPSC; and 3) to differentiate 

them into NKX2.5+ CP to use these cells as controls of induced CP in future characterization 

analyses.  
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The CBiPS5 hiPSC line was nucleofected with Cas9-sgRNA2 RNP and Puro resistant clones were 

picked and expanded.  Seven out of seventy-two clones presented the edited NKX2.5 locus in one 

allele, which comprises approximately 10% of the clones. The reason why the rest of clones are 

Puro resistant but did not contain the donor DNA sequence at the expected locus might be due to 

off-target integrations. The correct NKX2.5-2A-GFP sequence in these seven clones was verified 

by Sanger sequencing method and one clone was selected to perform an exhaustive 

characterization. 

We analyzed by fluorescence microscopy first, and then by flow cytometry and qRT-PCR, the 

expression of GFP. Fluorescence was detected along cardiac differentiation but not in pluripotency. 

Birket et al. used a NKX2-5eGFP/w hESC line using a protocol based on EBs and addition of factors 

and observed eGFP expression from day 6-7 onwards by flow cytometry 272. Zhang et al. used 

TBX5Clover2/NKX2-5TagRFP reporter hiPSC and were able to detect NKX2.5 expression by qRT-PCR 

and flow cytometry at day 7 of cardiac differentiation 324, using a monolayer-based protocol 

equivalent to the one used in our laboratory (described by Lian  et al. 224). In the same direction, in 

our reporter hiPSC, upon directed cardiac differentiation, GFP and NKX2.5 were concomitantly 

expressed at transcriptional level from day 7 onwards, although fluorescence was detected first at 

day 8 by flow cytometry in a small percentage of cells and was clearly visible at day 9-10 under 

fluorescence microscopy, in line with previous reports 272,324. Importantly, our results showed that 

our reporter system worked correctly since the expression kinetics of GFP reflected the expression 

of NKX2.5.  It is important to mention that the percentage of GFP+ cells measured by flow 

cytometry at day 11 of differentiation in diverse differentiation assays was variable, ranging from 

19% to 63%. This can be explained by the high variability that is known to exist in cardiac 

differentiation efficiency among experiments due to different cell confluence, pluripotency state or  

cell cycle phase of hiPSC by the time of CHIR99021 treatment or other possible factors 363. In fact, 

and as expected since NKX2.5 is expressed in late CP and CM, we observed a correlation between 

the percentage of GFP expressing cells and beating activity at late stages of cardiac differentiation. 

Moreover, we observed that NKX2.5 and GFP proteins were co-expressed in FACS-sorted GFP+ 

cells, proving the reliability of the reporter. 

One of the main risks of the targeted integration approach is the disruption of the endogenous 

NKX2.5 gene, which can lead to the impairment of cell function and differentiation 273. We 

determined by western blot that NKX2.5 protein level was not altered after gene editing in 

NKX2.5GFP-CM when compared with parental hiPSC-derived CM, and that the GFP protein was 

expressed specifically in NKX2.5GFP-CM. Moreover, we demonstrated that  NKX2.5 protein 

functionality was preserved by analyzing the gene expression of several of its target genes found in 

ESC-derived CM 357, being the expression equivalent between edited and non-edited CM. 

Our NKX2-5-GFP+ cells differentiated into the expected CM subtypes, being mostly ventricular-, 

atrial- but not nodal-like 272,324. In order to prove it, we performed two independent experiments 

using sorted GFP+ and GFP- cell populations at day 11 of cardiac differentiation, which were plated 

and maintained until day 30-35 in order to identify and characterize their cell derivatives by gene 

expression and electrophysiological studies. 
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We analyzed the expression of the specific-CM marker cTnT by flow cytometry in NKX2.5-GFP+ 

and NKX2.5-GFP- cells at day 11 of differentiation and we detected that approximately a 10% of 

NKX2.5-GFP+ cells expressed cTnT, while in NKX2.5-GFP- cells less than 1% of cells expressed 

this marker. This results suggested that only a small fraction of NKX2.5-GFP+ cells at day 11 are 

differentiated CM, while the rest of the cells are probably NKX2.5-GFP+ CP.  

We analyzed the expression of specific cardiac markers by qRT-PCR in GFP+ and GFP- cell 

populations at day 11 and in their cell derivatives at day 30 of differentiation. We observed that, at 

both days of differentiation, CM pan-markers MYH6 and PLN were upregulated in NKX2.5-GFP+ 

cell populations when compared to their GFP- cell homologues, whereas epicardial markers, such as 

TBX18 and WT1, were increased in GFP- cell populations. At day 30 of differentiation we 

determined that ventricular CM- (IRX4, MYL2), atrial CM- (MYL7, NPPA) and endothelial- 

(PECAM1 and CDH5) specific markers were upregulated in NKX2.5-GFP+ cell derivatives, while 

smooth muscle- (ACTA2, SM22α), epicardial- (TBX18 and WT1) and fibroblast- (TCF21, VIM) 

specific genes were overexpressed in GFP- cell derivatives, in consonance with formerly reported 

findings 272,324. Strikingly, although MYL7 atrial cardiomyocyte marker was significantly increased 

in NKX2.5-GFP+ cell derivatives, other atrial markers such as NR2F2 and KCN5 were decreased in 

this cell population. In addition, we detected an upregulation of nodal CM-specific markers (TBX3, 

SHOX2) in NKX2.5-GFP- after lactate selection of CM. 

Next, we characterized the electrophysiological properties of GFP+ cells-derived CM at day 30-35 

of differentiation. To this end, two different techniques were carried out: microscopy optical 

mapping and patch-clamp.  

The functionality of CM derived from NKX2.5-GFP+ cells was analyzed using optical mapping, 

which measures electrical activity by intracellular Ca2+ propagation imaging. Although CM showed 

spontaneous beating, Ca2+ propagation and qualitatively presented a morphology and overall 

duration within the range of mature CM, the lack of coordination during propagation caused by 

distinct activation times of nearby clusters impeded conduction velocity determination. The 

activation frequency of three wells was calculated, obtaining a mean of approximately 1.63 ± 0.65 

Hz. Spontaneous beating activity of CM is a characteristic feature of embryonic CM 364 that is not 

normally exhibited by mature atrial or ventricular CM.  

To thoroughly characterize the subtypes of CM towards which NKX2.5-GFP+ cells can be 

differentiated, we used the patch-clamp technique, which permits voltage changes registration in 

individual CM. This approach allowed us to determine that 65% of registered cells were 

ventricular- and 35% were atrial-like CM, which represents a 2:1 ratio of ventricular versus atrial 

CM. We were not able to detect nodal-like CM, as expected based on previously reported data 
272,324.  

In summary, the results of gene expression and electrophysiological analyses showed that early 

expressing GFP+ cells differentiated mostly towards ventricular-like CM and to a lesser extent into 

atrial-like CM. On the other hand, GFP- cell derivatives expressed other cell lineage specific 

markers for smooth muscle, fibroblast or epicardial cells, as well as for nodal-like CM, suggesting 

an enrichment in these cell types in line with what had been previously reported 272,324. 
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Here, we have generated a new NKX2.5GFP reporter hiPSC line in which GFP reporter expression 

faithfully recapitulates the endogenous NKX2.5 activity. This reporter hiPSC line has interesting 

applications, such as providing an interesting platform for screening of inducers of CP proliferation 

or cardiac differentiation. 

 

2. Screening and selection of small molecules that induce the proliferation of NKX2.5-

GFP+ cells 

 

As mentioned above, large number of cardiac cells are needed for cardiac cell therapy. Thus, 

another study we have focused on has been the expansion of NKX2.5+ cells.  

Research on CP is really challenging since these cells emerge in a specific temporal window along 

cardiac differentiation and transit rapidly into more differentiated cell stages, making it extremely 

difficult the isolation of these cells. The use of CP reporters can facilitate their investigation. 

However, reports demonstrating self-renewal of CP in vitro are scarce and long-term expansion of 

these cells has not been achieved. Nevertheless, it is well-known that the canonical WNT pathway 

plays a pivotal role in SHF progenitors proliferation 96,145,146. Several groups have focused on this 

route in order to induce the expansion of human and mouse PSC-derived CP 269,271 and of iCP 

obtained by direct reprogramming 166,256. It is important to notice that all these studies used 

inhibitors of GSK3β, mainly CHIR99021 256,269,271 or BIO 159,166.  

We have investigated the effect of 8 small molecules, commercially available or synthesized at 

Molecular Therapy Program at CIMA, on NKX2-5-GFP+ cells proliferation.  These compounds can 

activate the canonical WNT pathway acting at one of its four levels of regulation 147 including: 1) 

activators of Frizzled receptors (FZD) [CM-1892; CM-1893]; 2) inhibitors of FZD receptor 

antagonists [CM-871; CM-1894; CM-1901]; 3) activators of β-catenin [CM-1897; CM-1898]; and 

4) inhibitors of the multiprotein destruction complex of β-catenin [CM-1896]. 

Additionally, since epigenetic modifications can determine cell fate, which is involved in cellular 

reprogramming, proliferation and differentiation processes 359, we decided to include in the 

screening 17 epigenetic modulators synthesized in Molecular Therapy Program at CIMA, which 

regulate various HDAC, HAT, HMT, DNMT or PDE. 

Thus, we have performed a screening of 25 small molecules including canonical WNT pathway 

regulators and epigenetic modulators in order to establish culture conditions able to induce human 

CP expansion. Besides, other molecules described in literature as enhancers of CP proliferation, 

such as CHIR99021 (CM-1895 in our screening) 256,269,271, BIO 166, A83-01 269,271, dorsomorphin 269, 

hLIF 166 and ascorbic acid (AA) 256,269, were included in the screening. 

First, we performed a dose-response assay and selected two non-toxic concentrations of each 

compound. Then, we sorted NKX2.5-GFP+ cell population at day 11 of differentiation, in which CP 

and early CM could be present, and evaluated the effect of the compounds in this cell population. 

Control compounds A83-01, hLIF and AA significantly increased NKX2.5-GFP+ cells proliferation, 
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in consonance with previous studies 166,256,269,271. Remarkably, we observed that 9 compounds 

included in our screening induced significant NKX2.5-GFP+ cell proliferation, including 4 WNT 

pathway regulators (CM-1893; CM-1896; CM-1897; CM-1901) and 5 epigenetic modulators 

(CM-305; CM-536; CM-933; CM-1163; CM-1567). Interestingly, the 4 WNT pathway regulators 

that increased cell proliferation targeted each of the WNT signaling regulation levels.  

We are currently testing diverse combinations of WNT and epigenetic modulators, to analyze if 

these compounds can act synergistically to potentiate CP proliferation and if any of these can 

achieve long-term expansion of human CP 

 

3. Obtention and characterization of NKX2.5GFP cardiac fibroblasts 

 

Fibroblasts are the main starting cell type used in most direct reprogramming studies, including 

those to achieve iCM or iCP. Cardiac fibroblasts (cFib) of diverse developmental origin are known 

to be activated and recruited to the injured region after AMI 365,366,  and these cells have been 

targeted  and successfully reprogrammed into iCM in vivo 230,259.  

We tried to generate CP-specific reporter fibroblasts directly by nucleofection of BJ neonatal 

fibroblasts. We used Cas9-sgRNA2 RNP complex, which in contrast to pX458 vector, is already 

assembled and can promote the DNA cleavage immediately after transduction and therefore 

increase genome editing efficiency.  Nucleofected cells were treated with Puro in order to select 

only the cells that have integrated the transgene construct. However, Puro resistance does not 

indicate that the construct is correctly inserted at the NKX2.5 site. Therefore, it is crucial to 

generate clones in order to analyze which have the correct KI and obtain a homogeneous 

population. Although BJ fibroblasts, which have higher proliferative capacity than adult fibroblasts, 

were used, selected clones became senescent in the first passages and we were not able to establish 

cell lines and analyze if cells contained the KI. We tried to immortalize BJ fibroblasts by TERT 

overexpression, and although we were able to sufficiently expand the cells to analyze their genomic 

DNA and obtain two clones harboring the donor DNA sequence at NKX2.5 locus, the proliferation 

of fibroblasts slowed down throughout clonal expansion. Despite discarding this approach it would 

still be possible to transduce these clones with TERT again to try to increase their proliferative 

capacity. 

Alternatively, we differentiated NKX2.5GFP hiPSC into  cFib, using an efficient protocol described 

for the generation of SHF-derived cFib 343 that constitute a significant population of cFib in adult 

heart 366. Alternatively, other protocols to generate epicardium-derived cFib 367 could be used.  

Importantly, we observed that these NKX2.5GFP hiPSC-derived fibroblasts (NKX2.5GFP-cFib) 

expressed fibroblast-specific markers, including fibronectin and collagen type I extracellular matrix 

proteins. At the RNA level, other fibroblast related markers were expressed in our CP-specific 

reporter fibroblasts such as vimentin (VIM), periostin (POSTN), transcription factor 21 (TCF21) or 

CD90 (THY1). Remarkably, the expression level of these genes in our CP-specific reporter 
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fibroblasts were comparable to patient-derived cFib, except in the case of TCF21. This might be 

explained by the fact that patient samples contain fibroblasts derived from different embryonic 

origin such as epicardial-derived fibroblasts, in which TCF21 is highly expressed. On the other 

hand, pluripotency- and CM-related markers were abrogated in these fibroblasts. Importantly, these 

CP-specific reporter fibroblasts had the ability to transform into myofibroblasts in response to TGF-

β treatment. Under these conditions, cells acquired larger, well-spread morphology that was clearly 

appreciated with αSMA immunostaining. In addition, when our CP-specific reporter fibroblasts 

were treated with TGF-β diverse markers known to be overexpressed in activated fibroblasts, such 

as COL1A, LOX and FN1, were induced. Remarkably, although other human hiPSC-derived cFib 

have shown to present a more embryonic phenotype 343, the induction level of these markers in our 

NKX2.5GFP-cFib was similar to patient-derived cFib. 

This way, we have produced an unlimited source of functional and proliferative reporter cFib for 

direct reprogramming experiments and we have demonstrated that these cells present features 

comparable to patient-derived cFib, including their profibrotic response capacity. 

 

4. Screening of novel reprogramming factors for direct reprogramming of NKX2.5GFP 

cardiac fibroblasts into cardiac progenitors 

 

Direct reprogramming emerged as an interesting approach in order to obtain cardiac cells (CM or 

CP) from adult somatic cells, bypassing a pluripotent stage.  Several combinations of cardiac 

reprogramming factors have been used in order to convert mouse and human fibroblast into cardiac 

cells, being most of them based on the first described GMT (GATA4, MEF2C and TBX5) cocktail 
227,267. The lower reprogramming efficiency in human cells compared to mouse cells and the 

requirement of adding additional factors to GMT is evident 234,247,249,250 . Robust and reproducible 

protocols are still needed to be set up in vitro before this strategy can be translated into the clinic 
267,361.  

Direct cardiac reprogramming in vivo is considered a more feasible therapeutic approach than in 

vitro, as it has shown a higher reprogramming efficiency 230,259 and can circumvent one of the major 

problems of cell therapy, namely poor engraftment 267. Alternatively, as iCM present limited 

proliferation capacity, enhancement of reprogramming efficiency to obtain iCM would be critical to 

produce sufficient cells in vitro for transplantation. Another possibility would be the direct 

reprogramming of fibroblasts into expandable iCP. This only has been achieved in vitro using 

mouse fibroblasts 166,256 but not yet with human cells. Interestingly, CP are more malleable and 

adaptable to recipient than iCM, possess higher proliferative capacity and are able to differentiate 

into main myocardial cell lineages, not only CM but also vascular cell lineages. However, there are 

few studies that report direct reprogramming of human fibroblasts into iCP 267 and most of them are 

strikingly based on the GHMT cocktail, described previously to be useful for mouse iCM 230, but 

not for human iCM conversion 250.   
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We considered that novel transcription factors should be explored in order to make progress in the 

direct cardiac reprogramming field. Thus, in our study, the selection of reprogramming factors was 

not only based on bibliography as previous studies, but we also used bioinformatics-based 

approaches to include factors (MZF1, SP1, AP2, DDIT3, PAX4, and SPI-B) that predictively act 

upstream of several of the already known important cardiac transcription factors (MESP1, ETS2, 

MEF2C, GATA4, SMARCD3, ISL1, TBX5 and TBX1C).  

We used NKX2.5GFP-cFib as starting reprogramming cells. We infected these cells with all 

candidate reprogramming factors at three different multiplicity of infection (MOI). We analyzed 

GFP expression, regulated by NKX2.5 promoter activity in these fibroblasts, using fluorescence 

microscopy, flow cytometry and qRT-PCR at 7 and 21 days after infection and we did not observe 

reporter activation. We corroborated that reprogramming factors were upregulated at day three post-

infection when compared to non-infected CBiPS5 NKX2.5GFP-cFib, observing that the expression 

of most reprogramming factors was increased after infection. The expression level of several 

transgenes (MESP1, MEF2C, GATA4, ISL1, TBX5, TBX1C, PAX4 and SPI-B) increased 

according to the MOI used, but not in certain transgenes (ETS2, SMARCD3, MZF1, SP1, AP2 and 

DDIT3). Interestingly, in most of these last cases, except in the case of MZF1, we observed high 

basal expression of these candidate factors in non-infected NKX2.5GFP-cFib. So far, in current 

experiments we were not able to observe activation of GFP or an increase of NKX2.5 after infection 

of NKX2.5GFP-cFib with the candidate factors. We believe that adjusting culture conditions, such as 

supplementing the medium with additional growth factors as has been done in other studies, will 

produce successful results 252. We also consider including the HAND2 transcription factor in our 

screening since it has recently been shown to play a key role in the early stages of cardiac direct 

reprogramming 368,369 

 

4. Future directions 

An enormous research is still needed in order to improve cell therapy outcomes. Since cell 

engraftment is one of the major limitations, we and other groups have focused our endeavors on 

increasing cell engraftment in host cardiac tissue. Although these results have not been shown here, 

we have recently published a novel approach to substantially increase cell engraftment. This 

approach consists of the incapacitation of endogenous cells by using a catheter-based heart 

irradiation system to locally impact a delimited region of infarcted heart tissue in order to provide 

an advantage to exogenous cells. We demonstrated for the first time that preconditioning of 

infarcted heart tissue with local irradiation can improve cell engraftment  370.  

On the other hand, in vivo direct cardiac reprogramming, which has shown better results than in 

vitro 230,259 and also can avoid cell engraftment limitations 267, appears as an interesting alternative. 

Nevertheless, the development of robust protocols for cardiac direct reprogramming in human cells 

have not yet been achieved. We believe that our reporter human fibroblast cell line could be a 

highly valuable tool to facilitate screenings of reprogramming factors and, consequently, permit 

advances in cardiac direct reprogramming field. Alternatively, the established NKX2.5GFP hiPSC 

line represents a useful platform for screening of inducers of cardiac differentiation or CP 
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expansion. We anticipate that new small molecules described here as enhancers of CP proliferation 

in culture will permit the obtention of large number of cells necessary for its application in cell 

therapy. Ultimately, we aim to use selected small molecules in order to promote the proliferation of 

human iCP obtained through direct reprogramming.  
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1. A pGEMT-NKX2.5-LHA-2A-GFP-LoxP-PGK-Puro-LoxP-RHA donor DNA vector has 

been generated in order to develop reporter cell lines which permit to trace and isolate 

cardiac progenitors and cardiomyocytes. 

 

2. CRISPR-Cas9 system has been used in order to facilitate homologous recombination of 

donor DNA. Three different single guide RNAs directed next to NKX2.5 STOP codon have 

been designed and cloned. Single guide RNA2 (CATGGTATCCGAGCCTGGTA) 

demonstrated to be the most efficient in order to induce DNA cleavage.  

 

3. Human NKX2.5GFP reporter iPSC CBiPS5 NKX2.5GFP have been generated by 

CRISPR/Cas9-directed homologous repair. Seven knock-in containing clones of human 

iPSC have been established. 

 

4. GFP reporter faithfully recapitulates endogenous activation of NKX2.5 gene in human 

NKX2.5GFP reporter iPSC. GFP and NKX2.5 were concomitantly expressed from day 7 or 8 

of differentiation onwards at mRNA or protein level, respectively. Moreover, GFP and 

NKX2.5 proteins were coexpressed in NKX2.5-GFP+ sorted cells. In addition, the 

preservation of NKX2.5 protein level and transcriptional regulatory function was 

demonstrated in CBiPS5 NKX2.5GFP differentiated cells. 

  

5. Gene expression analyses showed that NKX2.5-GFP+ cells overexpressed pan-

cardiomyocyte marker genes, whereas epicardial marker genes were upregulated in 

NKX2.5-GFP- cells at day 11 of cardiac differentiation. At day 30, NKX2.5-GFP+ 

derivatives overexpressed pan, ventricular and atrial cardiomyocyte- and endothelial-

specific markers, while NKX2.5-GFP- derivatives overexpressed nodal cardiomyocyte-, 

fibroblast-, smooth muscle cell- and epicardial-specific markers. 

 

6. Electrophysiological analysis of NKX2.5-GFP+ derived cardiomyocytes demonstrated that 

these cells were functional and presented ventricular and atrial phenotypes. Microscopic 

optical mapping permitted calcium activity registration, revealing a mean activation 

frequency of approximately 1.63 ± 0.65 Hz. Patch-clamp analysis showed the presence of 

ventricular and atrial-like cardiomyocytes in a 2:1 ratio. As expected, nodal-like 

cardiomyocytes were not detected. 

 

7. Four small molecules that regulate WNT signaling pathway and five epigenetic modulators 

included in our screening significantly induced the proliferation of NKX2.5-GFP+ cells. 

Interestingly, WNT regulators that induced proliferation targeted each of the four different 

levels of regulation of this route.  

 



Conclusions 

 

124 

 

8. Immortalized human fibroblasts have been obtained through the overexpression of TERT 

and were transduced with RNP-sgRNA2 and donor DNA. Two knock-in containing clones 

have been generated. 

 

9. NKX2.5GFP reporter cardiac fibroblasts have been generated by the directed differentiation 

of CBiPS5 NKX2.5GFP cells. These NKX2.5GFP cardiac fibroblasts expressed fibroblast-

specific genes and proteins, being its expression comparable to patient-derived cardiac 

fibroblasts and other human fibroblast cell lines. Importantly NKX2.5GFP cardiac fibroblasts 

showed a profibrotic response induction similar to patient-derived cardiac fibroblasts after 

TGF-β treatment. 

 

10. Preliminary experiments of direct cardiac reprogramming have been conducted using 

NKX2.5GFP cardiac fibroblasts and the expression of 14 reprogramming factors after 

infection has been corroborated. 
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Linares, J., López-Muneta, L., Arellano-Viera, E., Ripalda-Cemboráin, P., Iglesias, 

E., Abizanda, G., Aranguren, X. L., Prósper, F., & Carvajal-Vergara, X. (2018). 

Generation of four Isl1 reporter iPSC lines from cardiac and tail-tip fibroblasts 

derived from Ai6IslCre mouse. Stem Cell Research, 33.  
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Generation of four Isl1 reporter iPSC lines from cardiac and tail-tip
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A B S T R A C T

Islet-1 (Isl1) is a transcription factor essential for life expressed in specific cells with different developmental origins. We have generated iPSC lines from fibroblasts of
the transgenic Ai6 x Isl1-Cre (Ai6IslCre) mouse. Here we describe the complete characterization of four iPSC lines: ATCi-Ai6IslCre10, ATCi-Ai6IslCre35, ATCi-
Ai6IslCre74 and ATCi-Ai6IslCre80.

Resource table.

Unique stem cell lines
identifier

ATCi-Ai6IslCre10
ATCi-Ai6IslCre35
ATCi-Ai6IslCre74
ATCi-Ai6IslCre80

Alternative names of
stem cell lines

N/A

Institution Foundation for Applied Medical Research
(FIMA), University of Navarra, IdiSNA

Contact information of
distributor

X. Carvajal-Vergara, xcarvajal@unav.es; F.
Prosper, fprosper@unav.es

Type of cell lines iPSC
Origin Ai6IslCre (Ai6 x Isl1-Cre) mouse
Cell Source cardiac and tail-tip fibroblasts
Clonality clonal
Method of

reprogramming
retrovirus

Multiline rationale isogenic clones
Gene modification NO
Type of modification N/A
Associated disease N/A

Gene/locus N/A
Method of

modification
N/A

Name of transgene or
resistance

N/A

Inducible/constitutive
system

N/A

Date archived/stock
date

March 2018

Cell line repository/
bank

N/A

Ethical approval N/A

1. Resource utility

ATCi-Ai6IslCre10, ATCi-Ai6IslCre35, ATCi-Ai6IslCre74 and ATCi-
Ai6IslCre80 provide novel tools to investigate Isl1+ cells and their cell
progeny.

2. Resource details

Islet-1 (Isl1) is a LIM homeodomain transcription factor that is ex-
pressed in cells such as neurons of the peripheral nervous system
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(Srinivas et al., 2001) and cardiac progenitors of the second heart field
during embryonic development (Cai et al., 2003), among others. Spe-
cifically, Isl1+ cardiac progenitors contribute most cells to the outflow
tract and right ventricle and the majority of cells to the atria. We have
generated induced pluripotent stem cells (iPSC) from transgenic
Ai6IslCre mouse [Ai6 (Madisen et al., 2009) x Isl1-Cre (Srinivas et al.,
2001)]. In this mouse CRE recombinase expression is regulated by the
activation of Isl1 promoter, and excision of the STOP codon (flanked by
LoxP sites) allows expression of ZsGreen, which constitute an Isl1+

lineage tracing model (Sup.Fig. 1A). Thus, tail-tip and cardiac fibro-
blasts obtained from mouse were transduced with pMXs-Oct4, pMXs-
Sox2, pMXs-Klf4 and pMXs-c-Myc (OSKM) retrovirus vectors. Mouse
ES-like colonies emerged 2–3weeks post-transduction and were clon-
ally expanded on irradiated mouse embryonic fibroblasts (ɣMEFs) with
LIF. Multiple iPSC clones were generated and here we show the com-
plete characterization of four established iPSC lines ATCi-Ai6IslCre10,
ATCi-Ai6IslCre35, ATCi-Ai6IslCre74 and ATCi-Ai6IslCre80, two cell
lines derived from cardiac and tail-tip fibroblasts, respectively. All the
iPSC lines formed compact and dome-shaped colonies and manifested a
high alkaline phosphatase (AP) activity (Fig. 1A). Nanog, one of the
main pluripotency-associated transcription factors, was detected in the
nucleus (Fig. 1B) and SSEA-1 pluripotency-related antigen was ex-
pressed in the surface of the iPSC (Fig. 1C). Endogenous pluripotency-
related markers such Oct4, Nanog, Sox2, and Zfp42 were expressed in
four iPSC lines (Fig. 1D). The genotyping analysis demonstrated that
ATCi-Ai6IslCre iPSC lines derived from the parental knock in (KI) mice
since iPSC contained the expected LoxP-STOP-LoxP-ZsGreen and CRE
insertions in ROSA26 and Isl1 genes, respectively (Fig. 1E), and showed
transgene silencing at passage 16 (Sup.Fig. 1B). ATCi-Ai6IslCre10,
ATCi-Ai6IslCre35, ATCi-Ai6IslCre74 and ATCi-Ai6IslCre80 were kar-
yotypically normal at passage 7 (90%, 95%, 90% and 90% of the cells,
respectively, in line with previously characterized mouse pluripotent
stem cells) (Gaztelumendi and Nogués, 2014) (Sup Fig. 1C) and were
mycoplasma free at passage 20 (Sup.Fig. 1D). These iPSC lines were
able to differentiate into the three germ layers both in vitro and in vivo
demonstrated by embryoid body (EB) and teratoma formation assays,
respectively. ZsGreen was detected by fluorescence microscopy from
day 7 of differentiation onwards (Fig. 1F), and both, Isl1 and ZsGreen,
increased progressively throughout the differentiation, analyzed by
qRT-PCR (Fig. 1F and 1G). The expression of Cxcl12/Mash1 (ecto-
derm), Acta2/Myh6 (mesoderm) and Hnf4a/Afp (endoderm) in EB at
day 14 of differentiation was confirmed by qRT-PCR (Fig. 1G). Histo-
logical analysis confirmed that teratomas formed from iPSC lines con-
tained tissues derived from the three germ layers (Fig. 1H) such as
neural rosettes (panels A, D, G), skin (panel J), muscle (panels B, H),
adipose tissue (panel H, arrow), cartilage (panel E) and bone (panel K),
and ciliated epithelium (panels C, F, I, L). (See Tables 1 and 2.)

3. Materials and methods

3.1. Isolation and culture of fibroblasts

All animal procedures were approved by the Ethics Committee of
the University of Navarra. Cardiac and tail-tip fibroblasts were isolated
from 6-week-old Ai6IslCre mouse as described in Linares et al., 2016.
Fibroblasts were expanded for three passages before infection.

3.2. Reprogramming and iPSC culture

Fibroblasts were infected with ecotropic MMLV retrovirus encoding
the mouse reprogramming factors Oct4, Sox2, Klf4 and c-Myc and iPSC
were established and cultured as described in Linares et al., 2016.
Mycoplasma negativity was confirmed with MycoAlert™ Mycoplasma
Detection Kit (Lonza).

3.3. Identity

The genomic DNA (gDNA) was isolated from iPSC with NucleoSpin®
Tissue (Macherey Nagel). For genotyping, 50 ng of gDNA was amplified
using Kapa Taq polymerase (Kapa Biosystems) using specific primers
listed in Table 3. Positive controls (gDNA from a tissue sample of het-
erozygous Isl1-Cre and homozygous Ai6 mice) and a negative control
(gDNA from a wild-type C57BL/6 mouse) were used. Amplicon sizes:
Isl1-Cre (340 bp); ROSA26 wt (297 bp); ROSA26 KI (199 bp).

3.4. Karyotyping

The iPSC were grown on a T25 flask pre-coated with 0.1% gelatin.
Chromosomal analysis was performed using the standard GTG-banding
method at the Cytogenetics Service (CNIO, Madrid).

3.5. Alkaline phosphatase, immunocytochemistry and flow cytometry

The iPSC were fixed with 4% paraformaldehyde (PFA, Sigma),
washed with PBS and stained with Alkaline Phosphatase (AP) Blue
Membrane Substrate Solution following the manufacturer's instructions
(Sigma). Nanog intracellular staining was performed as previously de-
tailed (Linares et al., 2016) and examined under fluorescence micro-
scope (Zeiss Axio Imager M1). To assess SSEA1 surface antigen ex-
pression, iPSC were blocked (10% FBS, 1% BSA in PBS) and incubated
with anti-SSEA1-APC antibody for flow cytometry analysis.

3.6. Teratoma formation assay

Two million iPSC suspended in 100 ul of 50% (v/v) Matrigel
(Corning) and 50% (v/v) PBS, were injected subcutaneously into the

Fig. 1. Characterization of ATCi-Ai6IslCre10, ATCi-Ai6IslCre35, ATCi-Ai6IslCre74 and ATCi-Ai6IslCre80 iPSC lines. a) Analysis of the AP activity. b) Nanog
immunostaining. Nuclei: Hoechst. c) Flow citometry analysis of SSEA-1 expressing cells. d) Endogenous gene expression analysis by qRT-PCR of pluripotency-related
markers (Oct3/4, Sox2, Nanog and Zfp42). e) Genotyping PCR of gDNA from ATCi-Ai6IslCre iPSC lines, tissue samples of heterozygous Isl1-Cre and homozygous Ai6
mice (positive controls), and of a wild-type C57BL/6 mouse (negative control). f) Fluorescence microscopic examination of undifferentiated iPSC and EB at day 7 and
14 of differentiation. g) Gene expression analysis by qRT-PCR of zsGreen, Islet1 and markers of ectoderm (Cxcl12 and Mash1), mesoderm (Acta2 and Myh6), and
endoderm (Hnf4a and Afp). h) H&E staining of teratomas derived from the four ATCi-Ai6IslCre iPSC lines. Images of representative tissues from the three germ layers
are shown.

Table 1
Summary of lines.

iPSC line names Abbreviation in figures Gender Age Ethnicity Genotype of locus Disease

ATCi-Ai6IslCre10 Isl1iPS10 Male 6 weeks-old N/A Isl1-Cre x ROSA26-loxP-STOP-loxP-ZsGreen N/A
ATCi-Ai6IslCre35 Isl1iPS35 Male 6 weeks-old N/A Isl1-Cre x ROSA26-loxP-STOP-loxP-ZsGreen N/A
ATCi-Ai6IslCre74 Isl1iPS74 Male 6 weeks-old N/A Isl1-Cre x ROSA26-loxP-STOP-loxP-ZsGreen N/A
ATCi-Ai6IslCre80 Isl1iPS80 Male 6 weeks-old N/A Isl1-Cre x ROSA26-loxP-STOP-loxP-ZsGreen N/A
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hind-leg of isoflurane-anesthetized Rag2−/−γc−/− mice. After 3 weeks,
nodules were surgically dissected from mice, fixed in formalin, dec-
alcified with 10% formic acid and paraffin-embedded. Tissue sections
were stained with hematoxylin and eosin (H&E). Histological evalua-
tion was performed using Aperio CS2 scanner.

3.7. EB differentiation assay

EB formation was performed as described in Linares et al., 2016.
Briefly, dissociated iPSC were suspended in iPSC medium without LIF
and plated onto AggreWell™400 plates (STEMCELL Technologies) at a
density of 500 starting cells per EB. After 24 h EB were collected and the

medium was switched to basic differentiation medium (DMEM 10%
FBS, ascorbic acid, transferrin) and cultured in petri dishes. RNA was
isolated from EB at day 7 and 14 of differentiation and undifferentiated
iPSC for qRT-PCR analyses.

3.8. Transgenes, pluripotency and differentiation markers gene expression

Silencing of the exogenous reprogramming factors and the expres-
sion of pluripotency- and differentiation-associated markers were
evaluated by quantitative reverse transcription PCR (qRT-PCR) as de-
tailed in Linares et al., 2016. Expression levels of non-infected fibro-
blasts, CCE mouse embryonic stem cells (ATCC, SCRC-1023™), and iPSC

Table 2
Characterization and validation.

Classification Test Result Data

Morphology AP Photography Normal Fig. 1A
Fig. 1H

Phenotype Immunocytochemistry Positive staining for Nanog Fig. 1B
Flow cytometry Expression of SSEA1 Fig. 1C
RT-qPCR Expression of endogenous pluripotency markers Oct3/4, Sox2, Nanog and Zfp42 Fig. 1D
Transgene silencing silenced Sup.Fig. 1B

Genotype Karyotype 40XY Resolution: 400 bps Sup. Fig. 1C
Identity PCR of the KI sequences Derivation of iPSC from Ai6IslCre mouse is confirmed Fig. 1E
Mutation analysis (IF APPLICABLE) Sequencing N/A N/A

Southern Blot OR WGS N/A N/A
Microbiology and virology Mycoplasma Mycoplasma testing by luminescence Negative Sup. Fig. 1D
Differentiation potential Embryoid body formation Expression of germ layer markers Fig. 1F, Fig. 1G

Ectoderm:Mash1, Cxcl12
Endoderm: Afp, Hnf4a
Mesoderm: Myh6, Acta2

Teratoma formation Proof of three germ layers formation Fig. 1H
Donor screening (OPTIONAL) HIV 1+2 Hepatitis B, Hepatitis C N/A N/A
Genotype additional info (OPTIONAL) Blood group genotyping N/A N/A

HLA tissue typing N/A N/A

Table 3
Reagents details.

Antibodies used for immunocytochemistry/flow-citometry

Antibody Dilution Company Cat # and RRID

Pluripotency Markers Rabbit anti-Nanog 1:100 AbCam Ab80892 AB_2150114
Mouse anti-SSEA1-APC 1:50 (75 ng) Miltenyi 130–118-543 AB_2733290
ISOTYPE control REA APC Miltenyi 130–104-614 AB_266169175 ng

Secondary antibodies Alexa Fluor 488 Goat anti-Rabbit IgG 1:500 Life Technologies R37116 AB_2556544

Primers

Target Forward/Reverse primer (5′-3′)

Retroviral plasmids (qPCR) Oct3/4 Plasmid TAGCCAGGTTCGAGAATCCA/GTGTGGTGGTACGGGAAATC
Sox2 plasmid GTGTGGTGGTACGGGAAATC/TTCAGCTCCGTCTCCATCAT
Klf4 Plasmid ACGCAGTGTCTTCTCCCTTC/GTGTGGTGGTACGGGAAATC
cMyc Plasmid CGCAGATGAAATAGGGCTGT/GTGTGGTGGTACGGGAAATC

Pluripotency markers (qPCR) Oct3/4 TAGGTGAGCCGTCTTTCCAC/GGTGAGAAGGCGAAGTCTGA
Sox2 AAGGGTTCTTGCTGGGTTTT/AGACCACGAAAACGGTCTTG
Nanog CGCCATCACACTGACATGAG/GAGGCAGGTCTTCAGAGGAA
Zfp42 CCCTCGACAGACTGACCCTAA/TCGGGGCTAATCTCACTTTCAT

Differentiation markers (qPCR) Mash1 ACTTGAACTCTATGGCGGGTT/CCAGTTGGTAAAGTCCAGCAG
Cxcl12 CTTCCTCCCAGAAGTCAGTCATCC/ACACAACACTGAACCCATCGCTG
Afp CTTCCCTCATCCTCCTGCTAC/ACAAACTGGGTAAAGGTGATGG
Hnf4a CCAAGAGGTCCATGGTGTTT/TGAGGCAGGCATATTCATTG
Acta2 GTCCCAGACATCAGGGAGTAA/TCGGATACTTCAGCGTCAGGA
Myh6 ATGTTAAGGCCAAGGTCGTG/CACCTGGTCCTCCTTTATGG
Isl1 TCATCCGAGTGTGGTTTCAA/CCATCATGTCTCTCCGGACT
ZsGreen TTCTACGGCGTGAACTTCCC/CTCACGTCGCCCTTCAAGAT

House-Keeping Genes (qPCR) Gapdh CCACTCACGGCAAATTCA/AGTAGACTCCACGACATACTC
Polr2a CAACCAAGCCATTGCCCATC/ACACCCAGCGTCACATTCTT

Identity (PCR) Isl1-Cre GCTGAAGGATGCCCAGAAGG/AACTTGCACCATGCCGCCCACG
ROSA26 wt AAGGGAGCTGCAGTGGAGTA/CCGAAAATCTGTGGGAAGTC
ROSA26 KI GGCATTAAAGCAGCGTATCC/AACCAGAAGTGGCACCTGAC
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was used as reference, respectively. The quantitative gene expression
data were normalized to expression levels of GAPDH and Polr2a
housekeeping genes (geometric mean) and error bars indicate± s.d. of
triplicates.
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Abstract: Direct cardiac reprogramming has emerged as a novel therapeutic approach to treat and
regenerate injured hearts through the direct conversion of fibroblasts into cardiac cells. Most studies
have focused on the reprogramming of fibroblasts into induced cardiomyocytes (iCMs). The first study
in which this technology was described, showed that at least a combination of three transcription
factors, GATA4, MEF2C and TBX5 (GMT cocktail), was required for the reprogramming into
iCMs in vitro using mouse cells. However, this was later demonstrated to be insufficient for the
reprogramming of human cells and additional factors were required. Thereafter, most studies
have focused on implementing reprogramming efficiency and obtaining fully reprogrammed and
functional iCMs, by the incorporation of other transcription factors, microRNAs or small molecules
to the original GMT cocktail. In this respect, great advances have been made in recent years.
However, there is still no consensus on which of these GMT-based varieties is best, and robust and
highly reproducible protocols are still urgently required, especially in the case of human cells. On the
other hand, apart from CMs, other cells such as endothelial and smooth muscle cells to form new
blood vessels will be fundamental for the correct reconstruction of damaged cardiac tissue. With this
aim, several studies have centered on the direct reprogramming of fibroblasts into induced cardiac
progenitor cells (iCPCs) able to give rise to all myocardial cell lineages. Especially interesting are
reports in which multipotent and highly expandable mouse iCPCs have been obtained, suggesting that
clinically relevant amounts of these cells could be created. However, as of yet, this has not been
achieved with human iCPCs, and exactly what stage of maturity is appropriate for a cell therapy
product remains an open question. Nonetheless, the major concern in regenerative medicine is the
poor retention, survival, and engraftment of transplanted cells in the cardiac tissue. To circumvent
this issue, several cell pre-conditioning approaches are currently being explored. As an alternative
to cell injection, in vivo reprogramming may face fewer barriers for its translation to the clinic.
This approach has achieved better results in terms of efficiency and iCMs maturity in mouse
models, indicating that the heart environment can favor this process. In this context, in recent
years some studies have focused on the development of safer delivery systems such as Sendai virus,
Adenovirus, chemical cocktails or nanoparticles. This article provides an in-depth review of the
in vitro and in vivo cardiac reprograming technology used in mouse and human cells to obtain iCMs
and iCPCs, and discusses what challenges still lie ahead and what hurdles are to be overcome before
results from this field can be transferred to the clinical settings.

Keywords: direct reprogramming 1; iCMs (induced cardiomyocytes) 2; iCPCs (induced cardiac
progenitor cells) 3; cardiovascular diseases 4; cardiovascular repair 5; cardiovascular regeneration 6
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1. Background

1.1. Cardiogenesis

The mammalian heart is the first organ formed in the developing embryo and is composed of four
chambers (right atrium, right ventricle, left atrium, and left ventricle) and three layers: the endocardium
(the innermost endothelial layer), the myocardium (the middle muscular layer), and the epicardium
(the outermost mesothelial layer). The function of the heart as a pump for blood is essential for
both the proper circulation of nutrients and oxygen and the removal of metabolic waste, and this
mechanical beating is coupled to electrical signals from the cardiac conduction system. A healthy
human heart pumps approximately 5 L of blood every minute, 7500 L per day. Therefore, the formation
of the complex structure of the heart, is orchestrated by the integration and contribution of different
progenitor populations from the cardiogenic mesoderm, pro-epicardium, and neural crest in response
to different spatio-temporal signals and a tight control of specific gene regulatory networks [1–3].
The complexity of heart morphogenesis is shown by the wide spectrum of congenital heart defects that
become life-threatening cardiac anomalies at birth or later during adult life.

Early during the first stages of cardiac development, cells from the lateral anterior splanchnic
mesoderm migrate to the cranio-lateral region of the embryo to form the anterior lateral plate,
a cardiogenic area where cardiac progenitor cells (CPCs) are formed. Different signals regulate the
commitment of these cardiogenic mesodermal precursors to two distinct CPCs called first heart field
(FHF) and second heart field (SHF). The CPCs in the FHF migrate medially from the cardiogenic area
and form the cardiac crescent from around murine embryonic day (E) 7.5, human E14, and start to be
specified and differentiate into cardiomyocytes (CMs) prior to CPCs in the SHF. These cells differ in
their molecular signature, location in the cardiac crescent and contribution to the developing heart
structures. FHF gives rise to the left ventricle, part of the interventricular septum, part of the atria
and a minor part of the right ventricle. SHF gives rise to a majority of cells of the right ventricle,
the inflow and outflow tracts, and part of the atria [3]. Interestingly, in the part of the SHF called the
anterior heart field (AHF), CPCs marked by the activation of Mef2c-AHF enhancer [4], reside within the
pharyngeal mesoderm during early cardiogenesis. At this stage and in this particular niche, these AHF
CPCs are mulitpotent and can proliferate through the expression of N-cadherin and interaction with
canonical Wnt signals [5] before they migrate and enter the developing primitive heart tube and
differentiate into the variety of cell lineages (including CMs, vascular endothelial cells, smooth muscle
cells, and fibroblasts) that form the outflow track and right ventricle [6–8]. One of the few gene markers
of FHF is Hcn4, which encodes hyperpolarization-activated cyclic nucleotide gated potassium-channel
4 [9]. In contrast, several specific markers of the SHF such as FGF10, FGF8, ISL1, TBX1, MEF2C-AHF,
and SIX2 have been found [6].

In terms of cellular composition, the major cell types that form the heart are CMs, cardiac fibroblasts,
vascular smooth muscle cells (localized fundamentally within the myocardium) and vascular endothelial
cells (found within the myocardium and endocardium) [10,11]. CMs, are specialized cells with
a complex filament structure responsible for control of the rhythmic beating of the heart. CMs are
mainly derived from FHF and SHF [1]. CMs present heterogeneity depending on the location,
morphology, and function, including atrial, ventricular, sinoatrial nodal, atrioventricular nodal,
His bundle, and Purkinje fibers [12,13]. The most common pan-markers used to detect CMs are myosin
heavy chain (MHC) and cardiac troponin (cTn). MHC forms part of type II myosin, one of the major
components of sarcomeres, whereas cTn proteins control the calcium mediated interaction between
actin and myosin. The expression of the different isoforms of these proteins (αMHC or βMHC; cTnT or
cTnI) depends on the developmental stage and heart compartment (atrial or ventricular) and can be
affected by physiological and pathologic conditions [14,15], although more specific markers can define
each CM subtype [12].

From a genetic point of view, there are specific genes expressed in early stages of cardiogenesis
that play a pivotal role in heart development [2,3,16,17]. Specifically:
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• MEF2. MEF2 is a MAD-box containing transcription factor with a key role in heart morphogenesis
and in the regulation of the CPC and CM gene program [4,18]. MEF2 is encoded by four genes,
Mef2a, -b, -c, and -d. Mef2b and Mef2c are the first MEF2 isoforms expressed in the cardiac
mesoderm at mouse E7.5, Mef2a and Mef2d are expressed in the linear heart tube between E8.0
and E8.5, and after E8.5, all four Mef2 genes are expressed throughout the developing heart [18].
Mef2c is required for activation of a subset of cardiac contractile protein genes, as well as for the
development of cardiac structures derived from SHF [4]. In mice homozygous for a null mutation
of Mef2c, the heart tube did not undergo looping morphogenesis, the future right ventricle did not
form, and a subset of cardiac muscle genes was not expressed [19].

• HAND2. Hand1 and Hand2 encode basic helix-loop-helix transcription factors and are expressed
in mesodermal and neural crest-derived structures of the developing heart. Hand2 is expressed
in the outflow track, the epicardium, valve progenitors, and predominantly in the myocardial
compartment of the right ventricle, while the related transcription factor Hand1 is predominantly
expressed in the left ventricle [20,21]. Deletion of Hand2 results in severe hypoplasia of the
right ventricle segment [22]. In fact, the absence of the right ventricular region of Mef2c mutant
correlated with downregulation of the HAND2 [19]. HAND2 interacts with non-coding regions
of many genes involved in cardiogenesis [21].

• GATA4. The Gata4 gene is expressed in CMs and their mesodermal precursors, as well as in the
endocardium and the epicardium. GATA4 regulates expression of myocardium-related genes and
is necessary for the proliferation of CMs, formation of the endocardial cushions, development of
the right ventricle and septation of the outflow tract [23]. GATA4 binds and promotes deposition
of H3K27ac, and subsequently, establish active chromatin regions, at multiple cardiac enhancers
to stimulate transcription [24].

• BAF60c. Smarcd3 gene, encodes BAF60c, a cardiac-enriched subunit of the SWI/SNF-like BAF
chromatin complex. BAF60c is expressed specifically in the heart and somites in the early
mouse embryo. Smarcd3 silencing in mouse embryos causes defects in heart morphogenesis
that reflect impaired expansion of the AHF, and results in abnormal cardiac and skeletal muscle
differentiation [25]. Baf60c regulates a gene expression program that regulates the main functional
properties of CMs, including genes encoding contractile proteins, modulators of sarcomere function,
and cardiac metabolic genes. Interestingly, many of the genes deregulated in Baf60c null embryos
are targets of the MYOCD, another important transcription factor in heart development [26],
which can functionally interact with BAF60c [27].

• TBX5. Tbx5 gene is a T-box transcription factor, expressed early in development throughout
the entire cardiac crescent. Lineage tracing of Tbx5 showed that this gene is expressed in the
myocardium of the left ventricle, but not the right ventricle or outflow track, besides a population
of the posterior SHF (contributing to the myocardium of the atria and the venous pole) [28].
TBX5 can have both positive and negative transcriptional activity depending on the transcription
factors with which it interacts [29]. Interestingly, in 2009 Takeuchi et al. demonstrated the
transdifferentiation of mouse mesoderm into beating CMs by the ectopic expression of GATA4,
BAF60c, and TBX5. The authors described that BAF60c enabled binding of GATA4 to cardiac
genes to initiate the cardiac expression program, whereas TBX5 repressed noncardiac mesodermal
genes and promoted differentiation into CMs [30].

• NKX2.5. Nkx2.5 gene is a homeobox transcription factor essential for early heart
formation. Nkx2.5 knockout mice die at E9.5-10.5 with severely underdeveloped heart [31].
NKX2.5 is expressed in the cardiac crescent stage and regulates CM differentiation [32].
Interestingly, NKX2.5 is expressed at lower levels in SHF progenitors than in FHF progenitors
and CMs, and its expression level, combined with other factors, may trigger different outcomes.
In SHF progenitors, NKX2.5 can promote proliferation and activate the expression of Fgf10 and
Mef2c-AHF enhancer, together with FOXH1, whereas in the FHF, NKX2.5 reduces Fgf10 and Isl1
expression and induces differentiation [33].
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• MESP1. Mesp1 is a basic helix-loop-helix transcription factor expressed in early mesoderm during
gastrulation by the T-box transcription factor EOMES in response to low doses of NODAL/SMAD2/3
signaling [34]. MESP1 expressing cells migrate out from the primitive streak and are incorporated
into the heart field to generate a single heart tube [35]. MESP1 acts as a master regulator of
multipotent CPCs specification. It activates many genes that form the core cardiac transcriptional
machinery and represses the expression of genes that control other early mesoderm and endoderm
cell fates [36].

As described further below, the aforementioned genes have been considered and used in direct
cardiac reprogramming strategies towards CM- and CPC-like states.

1.2. Regenerative Medicine to Treat Cardiac Diseases: Where Do We Stand?

During mammalian embryogenesis, CMs can proliferate to support heart growth, but CMs become
terminally differentiated shortly after birth and mostly lose the ability to proliferate. Despite the
long-standing concept that human heart CMs exit the cell cycle after birth and are unable to renew,
there is evidence that CMs can slowly self-renew although the data on CM turnover are controversial.
The integration of 14C from nuclear fallout into DNA allowed the age of CMs to be established, with the
finding that human CMs turnover gradually decreases throughout life to less than 1% per year in
adulthood [37]. On the other hand, some reports have supported the idea that CPCs may exist in
the adult mammalian heart. ISL1+ CPCs have been observed in the post-natal human myocardium,
but there is no evidence that they still exist in adult life [38]. Clusters of ISL1+ cells have been found in
the adult murine heart, but the authors concluded that ISL1 could be considered a novel marker of the
adult sinoatrial node, but these cells did not function as embryonic CPCs [39]. c-KIT expressing cells
have also been found in the adult human heart [40,41], but it was demonstrated that these cells do not
have a cardiac but hematopoietic origin [42], and the veracity of some published results regarding these
cells has recently been questioned [43]. Thus, although many adult CPCs have been described in the
literature [44], none of these have been demonstrated to be remnant and have the great cardiomyogenic
potential of embryonic cardiogenic mesodermal precursors.

In any case, the real evidence is that the mammalian heart lacks the ability to efficiently and
sufficiently replace the large loss of CMs following heart injury, in contrast to the observed heart
regeneration in organisms such as zebrafish and newts [45,46].

An estimated 17.9 million people died from cardiovascular diseases in 2016, representing 31%
of all global deaths. By 2030, 23.6 million people are estimated to die annually from cardiovascular
diseases. Heart attacks and strokes, which are mainly caused by a blockage of blood flow to the
heart or brain, represent 85% of these deaths (https://www.who.int/news-room/fact-sheets/detail/
cardiovascular-diseases-(cvds)).

Acute myocardial infarction (AMI) occurs when coronary blood flow is decreased, resulting in
acute reduction of the blood supply (ischemia) to a portion of the myocardium. Following an AMI,
the damage becomes irreversible, tissue necrosis is triggered, and up to 1 billion cardiac cells are
lost. Over time, AMI is followed by a remodeling process, and the damaged tissue is fundamentally
substituted by a fibrotic scar and is compensated through the hypertrophy of the remaining and
surrounding CMs [47]. Ventricular remodeling entails the thinning of the wall and dilation of the
ventricular cavity, leading to impaired cardiac function and finally to heart failure [48].

Treatment of AMI has focused on avoiding the progression of ischemic heart disease towards heart
failure. Cardioprotective therapies such as revascularization by thrombolysis, cardiac intervention
and bypass surgery have demonstrated to be useful by improving the blood supply and reversing
the adverse remodeling process. Pharmacological therapies have yielded promising outcomes by
decreasing heart failure-associated mortality. When the remodeling process is advanced and heart
failure becomes chronic, mechanical support therapies, such as left ventricular assist devices and cardiac
resynchronization therapy, show beneficial outcomes. However, current therapeutic approaches for
heart failure are palliative rather than curative, and heart transplantation remains the only curative

https://www.who.int/news-room/fact-sheets/detail/cardiovascular-diseases-(cvds)
https://www.who.int/news-room/fact-sheets/detail/cardiovascular-diseases-(cvds)
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solution. Furthermore, organ transplantation is only available for some of the most severe cases due
to the donor shortage, the complexity of the surgical procedure and immunocompatibility rejection
limitations. In this scenario, understanding cardiac development and regeneration mechanisms can
lead to progress in the knowledge of cardiac diseases and the establishment of new therapeutic
approaches classified as either cell-based or cell-free. Most studies have focused on the use of stem
cells to treat the damaged cardiac tissue.

In the majority of the clinical trials conducted in patients with AMI and chronic ischemic heart
failure during the last two decades, intracoronary delivery of bone marrow stem cells has been used,
including bone marrow-derived hematopoietic stem cells, endothelial progenitor cells or mesenchymal
stem cells. Other first-generation cell types included in clinical trials are skeletal myoblasts or
adipose tissue-derived stem cells. Unfortunately, although in most of these studies patient safety was
demonstrated, the results failed to meet the expectations of achieving substantial long-term functional
benefit [49–54]. Second-generation cell types include cells with higher cardiomyogenic potential such as
lineage-guided cardiopoietic cells, adult CPCs and pluripotent stem cells (PSC) derived cells [44,55–61].

1.3. The Current Progresses and Challenges to Cell Therapy For Heart Diseases

The lack of oxygen and nutrients caused after AMI leads to acidosis and alterations of ionic
homeostasis, generating disturbances in the mitochondrial electron transport chain, preventing the
complete reduction of oxygen and giving rise to reactive oxygen species (ROS), and reactive nitrogen
species (RNS) [62]. The accumulation of these free radicals generates oxidative stress, which causes
apoptosis and necrosis. Cell death, tissue stretching and pro-inflammatory cytokines induce local
inflammation orchestrated by bone marrow-derived cells [62]. Inflammation produces cardiac fibroblast
activation and mobilization to the injury site, where different components of the extracellular matrix
are secreted to repair the damage [63,64]. This stressful environment produced by inflammation and
persistent collagen secretion leads to scar formation, where low concentrations of oxygen and glucose are
available due to low vascularization, which generates an extremely adverse postinfarction environment.

Thus, although CMs and CPCs obtained through reprogramming methods could be potentially
considered ideal cell therapy products, the major problem of cardiac cell therapy still persists, namely,
the poor cell retention and low survival of the implanted cells. This is followed by death of most of the
remaining cells in the hours and days after transplant, regardless of the cell type used [49–54,65]. In fact,
any beneficial effect in the restoration of cardiac tissue is attributed to the release of beneficial paracrine
molecules by the implanted exogenous cells [55–59,66]. Strikingly, a high degree of cell engraftment
and functional recovery in infarcted hearts of non-human primates was recently demonstrated using
human PSC-derived CMs. Nonetheless, 750 million cells per subject were required [67].

Thus, the progress of regenerative medicine in the cardiac field will be conditioned by finding
new approaches able to retain the cells in the implanted region and increase their survival, and ideally,
their engraftment and regenerative potential. Here, recent studies into cell-preconditioning are
briefly described.

1.3.1. Cell Pre-Treatments

Subjecting the cells to stressful environmental factors is one of the possible strategies. In recent
years, various reports have shown that cultivating cells in hypoxia, heat shock, oxidative stress,
or glucose deprivation environments, can improve the survival of transplanted cells. Several studies
suggest that cultivating cells in hypoxic conditions leads to the better adaptability of transplanted cells
in the ischemic environment and improves cell engraftment, survival, and differentiation. Hu et al.
have demonstrated a 20-fold higher graft rate when bone marrow mesenchymal stem cells are cultured
under hypoxic conditions (0.87 ± 0.22% in hypoxia vs. 0.045 ± 0.010% in normoxia) [68]. In addition,
heat-shock pre-treatment of Sca-1 adult CPCs led to reduced apoptosis and fibrosis and improved
cardiac function [69]. On the other hand, the lack of nutrients necessary for transplanted cells to carry
out their bioenergetic functions, represents another barrier for recellularizing infarcted tissue. In 2017,
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Moya et al. induced a reduced metabolic activity or quiescence of mesenchymal stem cells by serum
deprivation for two days and demonstrated that pre-conditioned cells were able to survive when
cultured in intense anoxia and total glucose depletion. Such cells showed enhanced viability one week
after implantation in vivo [70].

Moreover, pharmacological agents, growth factors or cytokines have been used in combination
with cells to enhance cell therapeutic activity [71,72].

1.3.2. Genetically Modified Cells

A different approach for cell pre-conditioning is based on genetic modification. There are
several molecules that have been shown to play a cardioprotective role against hypoxia such as
HASF (Hypoxia and Akt induced Stem cell Factor) [73], hexokinase-2 [74], or sulfiredoxin-1 [75].
The overexpression of these molecules in cells for transplantation purposes could be considered
useful strategies that need to be explored. Furthermore, different investigations have shown that the
overexpression of different microRNAs (miRs) such as miR-133 [76,77], miR-144 [78], miR-24 [79],
miR-335 [80], miR-126 [81], or miR-377 [82] can play a cardioprotective role against AMI and/or
enhance angiogenesis. Genetic modification has also been used with the aim of trying to achieve
greater adhesion of the transplanted cells to the host tissue. Li et al. overexpressed integrin-β1
and achieved a greater survival rate of the transplanted cells one-week post-transplantation [83].
This is consistent with the observation that integrin-β3 is required for the attachment and retention of
transplanted cardiospheres [84]. Finally, Lou et al. very recently used genetically modified human
iPSCs with αMHC-CDH2 to overexpress CDH2, also known as N-cadherin, in iPSCs-derived CMs [85].
N-cadherin plays a fundamental role in cell-cell interaction within the myocardium [86] and can
stimulate anti-apoptotic pathways [87]. The authors observed a two–three fold greater engraftment
rate than with non-modified cells, and reduced infarct size one month after cell transplant [85].

1.3.3. Cells Encapsulated in Biomaterials

A different approach to cell pre-conditioning is the use of biomaterials. Biomaterials can enhance
cell survival, prevent anoikis, provide protection, and can even be functionalized to improve the
therapeutic potential of the transplanted cells.

Cardiac tissue engineering is a relatively new research field that emerged in response to some
of the above-mentioned pitfalls and hurdles encountered in regenerative medicine. Its main goal
is to mimic the structure and function of cardiac muscle. However, this becomes particularly
challenging when accurate information on the real cardiac architecture is still not clearly defined [88].
Nevertheless, cardiac tissue engineering can reflect more faithfully cardiac tissue than monolayer
cell cultures, allowing the creation of in vitro cardiac organoids which could be useful for disease
modeling and drug testing [89]. However, it is too early to evaluate the functional benefit of the
clinical application of these in vitro engineered cardiac tissues since very few studies are currently
being conducted, with only two using iPSC-derived cardiac cells [61,90]. One could venture to predict
that cardiac engineered tissues implanted pericardially could improve outcomes compared to previous
clinical trials where individual cells were injected and mostly lost, since these scaffolds can prolong
the survival and the paracrine action of transplanted cells. However, it becomes difficult to imagine
how these engineered cardiac tissues are going to be able to regenerate or functionally replace the
damaged tissue.

A different approach is the delivery of the cells encapsulated or embedded in injectable hydrogels.
Matrigel and other hydrogels have shown to improve cell survival and cell retention in cardiac
tissue [71,91]. Furthermore, different oxygen- or glucose-releasing scaffolds have been developed [92].
Interestingly, it was recently shown that a novel enzyme-controlled glucose starch hydrogel improved
the survival of MSC in vitro and in vivo for up to 14 days [93]. Some of these and other pre-conditioning
methods have recently been reviewed elsewhere (Lemcke et al. [72], Salazar-Noratto et al. [92],
Sart et al. [94], and Abdelwahid et al. [95]).
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2. Direct Reprogramming for Heart Regeneration

Cell reprogramming has emerged as an attractive approach to obtain de novo cardiac lineages
(including CMs and CPCs) for stem cell therapy, disease modeling, drug screening, and developmental
biology [96–98]. These cells have several advantages over first-generation cell types since CMs and
CPCs obtained through cell reprogramming could be expandable or scalable, immunocompatible and
integrate and synchronize with the rest of the host myocardium. These cardiac lineages can be obtained
from adult somatic cells through different cell reprogramming methods: (1) the establishment of
induced pluripotent stem cells (iPSCs) by the overexpression of Oct4, Sox2, Klf4, and cMyc (OSKM) [99]
and their subsequent differentiation towards cardiac lineages, or (2) the direct reprogramming into
specific cardiac lineages such as induced CMs (iCMs) or iCPCs (iCPCs), bypassing the pluripotent
stage, and therefore, avoiding the tumorigenic risk associated with PSCs. Interestingly, CPCs obtained
through reprogramming methods are analogous to embryonic cardiogenic mesoderm progenitors
(FHF or SHF), have similar gene and protein expression profiles and have the potential to differentiate
into the main cell lineages that form the myocardium [7,9,100–104].

In order to establish optimal cardiac reprogramming cocktails, most studies have been performed
in vitro from fibroblasts of different origin. However, as described below, there are some reports in
which the direct cardiac conversion has been achieved in vivo. One of the major advantages of using
an in vivo approach is that direct cardiac reprogramming targets endogenous cells of infarcted heart
tissue, thus circumventing the obstacles associated with cell therapy.

In this review, we will thoroughly describe the methods that have been used to obtain iCMs and
iCPCs, from the first discoveries until now, and we will discuss the current challenges and gaps that
direct cardiac reprogramming faces.

2.1. Direct Cardiac Reprogramming In Vitro

2.1.1. Direct Reprogramming into Mouse iCMs

• First Discovery: the GMT cocktail

The first described combination of factors for direct cardiac reprogramming of mouse fibroblasts
into iCMs was reported by Ieda et al. in 2010 [105]. They carried out a microarray and selected
14 transcription factors overexpressed in mouse embryonic CMs compared to embryonic cardiac
fibroblasts. After sequential experiments of single factor withdrawal, they determined that the
combination of three transcription factors, GATA4, MEF2C, and TBX5 (GMT), was sufficient and capable
of transdifferentiating mouse postnatal cardiac and tail-tip fibroblasts into iCMs using a retroviral
delivery system, without passing through a progenitor/stem cell stage. They used αMHC-GFP reporter
fibroblasts to detect mature CMs. Although they observed 17% of GFP+ cells, only 30% of these cells
coexpressed cTnT. Well-defined sarcomere protein organization and calcium oscillations were found
but beating was observed only in 0.01–0.1% of transduced cardiac fibroblasts, and no spontaneous
contractions were observed in iCMs derived from tail-tip fibroblasts [105]. Subsequent studies
concluded that GMT alone is insufficient to directly reprogram murine adult fibroblast into mature
CMs [106].

In order to increase the reprogramming efficiency into iCMs, most studies have focused on the
inclusion of additional transcription factors, miRs, small molecules, growth factors, or shRNAs to the
original GMT cocktail.

• Modifications to the GMT cocktail

Different strategies have been used to improve reprogramming efficiency:

Stoichiometric Optimization of GMT Factors

In 2015, Wang et al. generated polycistronic retroviral vectors with GMT factors, separated by
identical 2A sequences, and infected them in mouse neonatal cardiac fibroblasts. As splicing order is
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related to protein expression level, they tested all possible combinations of GMT factor orders and
determined that when MEF2C protein levels were higher than GATA4 and TBX5 levels, reprogramming
efficiency significantly improved. Moreover, MGT vector achieved a 10-fold increase in mature beating
iCMs loci formation compared to GMT in separate vectors, demonstrating the importance of GMT
factor stoichiometry in reprogramming efficiency and iCMs maturity [107].

Inclusion of Additional Transcription Factors: The Relevance of Hand2 Transcription Factor

After this first description of the GMT cocktail, many groups focused their endeavors on testing
new factors to improve cardiac reprogramming efficiency and iCMs maturity. Song et al. introduced
a fourth transcription factor, HAND2, to the GMT cocktail (GHMT) [108]. They transduced adult cardiac
and tail-tip fibroblasts derived from αMHC-GFP mice with GHMT factors using retroviral vectors
and obtained 9.2% and 6.8% of double positive αMHC+/TnT+ iCMs derived from tail-tip and cardiac
fibroblasts, respectively. Remarkably, spontaneously beating iCMs were found. These results showed
a higher reprogramming efficiency of GHMT combinations compared to GMT alone. The authors
reported that iCMs showed intense immunostaining of α-actinin and cTnT and well-organized
sarcomeres at day 30 and described three iCMs subtypes (atrial, ventricular, and pacemaker) according
to different spectra of cardiac reprogramming [108].

To improve the reprogramming efficiency of GHMT, Umei et al. generated a single-construct-based
polycistronic doxycycline (dox) inducible lentiviral vector which expressed both the reverse
tetracycline transactivator (rtTA) and the tetracycline response element (TRE) controlled GMT
(pDox-GMT), circumventing the limitations of using the conventional dox-inducible systems that require
co-transduction of two vectors, one encoding rtTA and another encoding the TRE-controlled transgene.
The authors described that infection of cells with pDox-GMT system increased cardiac reprogramming
efficiency by three-fold compared to co-transduction with pLVX-rtTA and pLVX-GMT encoding
lentiviral vectors. Expression of multiple cardiac genes, sarcomeric structures, and spontaneous
contractions were detected. The authors also reported that the reprogramming efficiency in cells
co-transduced with pDox-Hand2 and the polycistronic retroviral vector pMX-GMT was three-fold
higher than in cells transduced with pMX-GMT alone, and determined that Hand2 was required during
the first two weeks of cardiac reprogramming to inhibit cell cycle-promoting genes and enhanced
cardiac reprogramming [109].

To enhance transcriptional activity of GHMT, Hirai et al. fused each factor of GHMT to the MyoD
transactivation domain and overexpressed them in mouse embryonic and neonatal tail-tip fibroblasts
using retroviral vectors. They observed that the fusion of the MyoD transactivation domain to MEF2C
factor produced beating iCMs 15-fold more efficiently than fibroblasts transduced with wild-type
MEF2C [110].

Addis et al. included HAND2 and NKX2.5 factors in the GMT cocktail GHMT/NKX2.5 and
overexpressed them using dox-inducible lentiviral vectors in mouse embryonic fibroblasts and observed
that the efficiency of reprogramming improved up to 50-fold compared to GMT alone. They developed
a cTnT-GCaMP5 calcium indicator reporter to detect functional iCMs and observed that 1.6% of
transduced fibroblasts were cTnT-GCaMP5+ and expressed CM-specific genes. Calcium oscillations
and spontaneous beating persisted for weeks after the inactivation of factors [111].

Christoforou et al. described that the forced expression of GMT with MYOCD and SRF, or GMT with
MYOCD, SRF, MESP1, and the BAF chromatin remodeling protein subunit BAF60C, using dox-inducible
lentiviral vectors, increased the reprogramming efficiency of mouse embryonic fibroblasts into iCMs
compared to GMT alone. They observed sarcomeric protein expression and calcium transients, but no
action potentials or contractility were detected [112].

Recently, Zhang et al. described that ensuring the expression co-expression of four GHMT factors
in individual fibroblasts, markedly improved direct reprogramming efficiency. First, they infected
embryonic fibroblasts with retroviral bi- or tri-cistronic vectors encoding reprogramming factors tagged
with different fluorescent proteins (M-T-mCherry plus G-tagBFP or plus G-H-tagBFP). The authors
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reported that 70–80% of cells expressing GMT or GHMT factors were positive for Titin-eGFP,
the third myofilament of cardiac muscle, and α-actinin. However, GHMT expressing cells presented
a significantly greater number of spontaneous calcium oscillations and an eight-fold increase in the
number of spontaneously beating iCMs compared to GMT expressing cells, demonstrating that Hand2
is a key factor to obtain functional iCMs [113]. Shortly after, the same group demonstrated that
the control of stoichiometry of GHMT factors could improve the reprogramming of fibroblasts into
contractile iCMs. They generated four retroviral polycistronic vectors encoding GHMT, placing Hand2
in four different positions, and reported that vector with M-G-T-H order of splicing, which induced
lower Hand2 protein levels and higher Mef2c protein levels, enhanced direct reprogramming of mouse
embryonic fibroblasts into functional iCMs. The authors observed a four- to five-fold increase in
sarcomere organization in cells infected with MGTH vector compared to MGT or other constructs,
as well as a ~6-fold and ~2.5-fold increase in number of beating iCMs in comparison with MGT and
MGHT transduced cells, respectively [114].

Addition of miRs

Muraoka et al. demonstrated that the addition of miR-133 (GMT/miR-133) or MESP1 and MYOCD
(GMT/MESP1/MYOCD) encoded in lentiviral vectors, improved cardiac reprogramming efficiency of
mouse embryonic and adult fibroblasts into iCMs compared to GMT alone, by Snai1 inhibition and
suppression of fibroblast signatures. They observed a seven-fold increase of beating iCMs, and a shorter
reprogramming period was required compared to GMT alone [115].

Regulation of Signaling Pathways

Many approaches in direct reprogramming have focused on the regulation of signaling pathways
or genes that promote the inhibition of fibroblast signatures or enhance cardiac fate. The TGFβ
pathway is one of the main signaling pathways active in fibroblasts. Ifkovits et al. reported that the
addition of SB431542, a TGFβ inhibitor, to the GHMT/NKX2.5 cocktail produced a five-fold increase in
iCMs generation [116]. Regulation of other signaling pathways, such as WNT, Rho-associated kinase
(ROCK), JAK/STAT, NOTCH, and AKT in combination with transcription factors and miRs have also
shown to improve direct cardiac reprogramming efficiency [112,117–122]. Interestingly, Muraoka et al.
revealed that the use of diclofenac, a non-steroidal anti-inflammatory drug, in combination with GMT
or GHMT cocktails markedly improved cardiac reprogramming, by inhibiting of cyclooxygenase-2,
Prostaglandin E2/prostaglandin E receptor 4, cyclic AMP/protein kinase A, and interleukin 1β
signaling, and by avoiding inflammation and fibroblast gene program. A three- to four-fold increase in
cardiac reprogramming efficiency was detected and a marked enhancement in calcium transients and
spontaneous beating compared to GHMT. This effect was observed using postnatal and adult tail-tip
fibroblasts but not embryonic fibroblasts, demonstrating that the effect was specific for more mature
fibroblasts [123]. On the other hand, in most reprogramming methods, fetal serum has been added
to the reprogramming culture medium. However, it is known that serum is composed of chemically
undefined constituents and varies between batches so it could interfere and affect reprogramming
efficiency. To standardize culture conditions, Yamakawa et al. reported that the addition of FGF2,
FGF10, and VEGF (FFV) to a serum-free medium greatly improved direct cardiac reprogramming
efficiency. They used mouse embryonic and postnatal tail-tip fibroblasts and overexpressed GMT,
GHMT or GMT/MESP1/MYOCD factors, observing a 100-fold increase in beating iCMs compared to
serum-based medium, especially when FFV was added at a late stage of reprograming in combination
with Wnt inhibitor IWP4 [121].

Inhibition of Epigenetic Barriers

Epigenetic modulation has been studied to improve cardiac reprogramming efficiency through
inhibition of epigenetic barriers. Zhou et al. focused on the Bmi1 gene, which was reported to be
one of the main epigenetic barriers to cardiac reprogramming, and its inhibition led to an important
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increase in reprogramming efficiency of mouse fibroblasts into iCMs. To downregulate Bmi1 in
mouse fibroblasts, the authors transduced a pool of Bmi1 shRNAs, and then these fibroblasts were
transduced with different combinations of reprogramming factors (GMT, GHMT). This resulted in
a remarkable increase in the number of double positive αMHC+/cTnT+ and beating iCMs 4 weeks
after transduction. The authors concluded that depletion of Bmi1 could substitute GATA4 during iCM
reprogramming [124].

• Other cocktails different from GMT

MYOCD-MT combination. Protze et al. overexpressed MYOCD, instead of GATA4, together with
MEF2C and TBX5 factors in mouse embryonic and neonatal cardiac fibroblasts using a lentiviral delivery
system. They reported that the forced expression of these three factors induced the upregulation of
a wide range of cardiac genes. Although they obtained 12% of cTnT+ cells, of which only 2% were
double positive for cTnT and αMHC, and generated sodium and potassium currents and rare action
potentials, no spontaneous beating was observed [125].

miR combo. miRs have been used to enhance direct reprogramming alone or in combination
with transcription factors. Jayawardena et al. reported that a transient non-viral transfection system
of an miR combo including miR-1, miR-133, miR-208, and miR-499a, (cardiac- and muscle-specific
miRs), was able to reprogram αMHC-CFP reporter mice derived mouse cardiac fibroblasts into iCMs
in vitro and in vivo [117,126]. Moreover, the addition of JAK inhibitor I improved the efficiency of
reprogramming up to 10-fold, obtaining about 28% of CFP+ cells [117].

Chemical cocktail. Fu et al. achieved direct cardiac reprogramming of mouse fibroblasts into
iCMs using only chemical cocktails. They described a combination of 6 molecule cocktail called
CRFVPT (C, CHIR99021; R, RepSox; F, Forskolin; V, VPA; P, Parnate; T, TTNPB) able to reprogram
mouse embryonic and neonatal tail-tip fibroblasts into iCMs [127]. This cocktail, together with DZnep,
was firstly described to generate iPSC from mouse embryonic fibroblasts [128]. The authors described
that the CRFVPT cocktail converted mouse fibroblasts into iCMs passing through a cardiac precursor
stage. About 14.5% of cells were α-actinin+ and 9% of cells were αMHC+ on day 24 after induction.
Striations, calcium transients, action potential, and spontaneous beating in the generated iCMs were
detected [127].

2.1.2. Direct Reprogramming Into Human iCMs

The initial GMT reprograming cocktail used in mouse cells was demonstrated to be insufficient to
convert human fibroblasts into iCMs and the inclusion of additional factors was required.

• Modifications to the GMT cocktail

In 2013, Wada et al. revealed that the overexpression of GMT/MESP1/MYOCD in human cardiac
and dermal fibroblasts was able to generate iCMs [129]. The GMT/MESP1/MYOCD cocktail induced
the expression of a broad range of cardiac-specific proteins in human cardiac and dermal fibroblasts,
obtaining up to 5% of iCMs expressed α-actinin and cTnT. Calcium oscillations and action potentials
were detected in human iCMs. They also observed contractions of iCMs when they were co-cultured
with mouse CMs, but no spontaneous beating iCMs was observed when they were cultured alone [129].
Fu et al. described that the combination of GMT factors plus ESRGG, MESP1, MYOCD, and ZFPM2
using retroviral vectors was able to reprogram human fibroblasts into iCMs. They usedαMHC-mCherry
hESC-derived fibroblasts, as well as human dermal and cardiac fibroblasts. This combination of
factors induced the expression of αMHC (18,1%) and cTnT and the authors were able to observe
sarcomere formation, calcium transients, and action potentials. Again, no spontaneous beating was
observed [130].

Muraoka et al. described that a GMT, MYOCD, MESP1, and miR-133 combination was sufficient
to reprogram human cardiac fibroblasts into iCMs [115]. This cocktail induced the expression of cardiac
genes, achieving 23% to 27% of cTnT+ cells of the transfected fibroblasts. However, no spontaneous
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contractions were detected. Singh et al. used lentiviral vectors encoding GMT, HAND2, MYOCD,
or miR-590 and infected rat, porcine, and human cardiac fibroblasts. The addition of HAND2 plus
MYOCD, or miR-590 alone, to the GMT induced cTNT expression in approximately 5% of porcine and
human fibroblasts and increased the expression of cardiac genes. When porcine iCMs were cocultured
with mouse CMs, contractions were detected, but no contractile activity was observed in iCMs obtained
from human fibroblasts [131].

Christoforou et al. described that the overexpression of GMT factors plus MYOCD and
NKX2.5 using dox-inducible lentiviral vectors, in combination with miR-1 and miR-133 were able
to directly convert human dermal fibroblasts into iCMs. They determined that miRs delivery
followed by the induction with GMT/MYOCD/NKX2.5 for 2 weeks achieved 3.8 ± 0.8% of cTnT+ cells
compared to 0.21 ± 0.04% of cTnT+ cells in condition without miRs, and several cardiac-specific
genes were upregulated. Although authors detected calcium transients, they observed immature
cytoskeletal organization of both α-actinin and cTnT, and no contractile activity was detected.
Additionally, they reported that the addition of JAK1 and GSK3β inhibitors or addition of NRG1
significantly enhanced the efficiency of direct reprogramming [132].

• Other cocktails different from GMT

Several authors have added miRs to transcription factor cocktails to enhance the cardiac
reprogramming of human fibroblasts. Nam et al. described that a combination of GATA4, HAND2,
TBX5, and MYOCD transcription factors together with miR-1 and miR-133 was able to transdifferentiate
human neonatal foreskin fibroblasts and adult cardiac and dermal fibroblasts into iCMs using retroviral
vectors. They used the cTnT-GCaMP5 reporter. Although they observed that 35% of transfected
neonatal foreskin fibroblasts expressed cTnT and calcium transients were detected, scarce contractions
were observed in these iCMs. However, no beating cells were detected from transduced adult human
fibroblasts [133].

Cao et al. described nine compounds (CHIR99021, A83-01, BIX01294, AS8351, SC1, Y27632, OAC2,
SU16F, and JNJ10198409) that were able to convert human neonatal dermal fibroblasts into functional
αMHC-GFP+ iCMs. These iCMs could form beating clusters and expressed specific cardiac proteins.
Remarkably, although the reprogramming efficiency was low using this procedure, the iCMs obtained
were homogeneous and functional [134].

2.1.3. Direct Reprogramming Into iCPCs

As can be seen, many protocols have been described for the direct reprogramming of fibroblasts
into iCMs, even though most of these are based on the initial GMT cocktail. Nevertheless, iCMs have
several limitations in cardiac regeneration therapy. First, these cells have no or limited proliferative
capacity, which limits cell yield. Furthermore, the myocardium apart from CMs is made up of blood
vessels (vascular endothelial cells and smooth muscle cells) and fibroblasts, and therefore, other cell
components besides CMs will be required for an appropriate cardiac regeneration. Taking these
considerations into account, some groups have focused on obtaining iCPCs, since these cells retain
proliferative potential and are able to give rise to all myocardial cell lineages.

• First Discovery: the ETS2 and MESP1 combination

In 2012, Islas et al. selected ETS2 and MESP1 transcription factors, based on the knowledge that
homologous genes in ascidian Ciona (Ci-ets1/2 and Ci-mesp) were key regulators of cardiogenesis,
and observed that these factors were capable of transdifferentiating human dermal fibroblasts into
iCPCs in vitro [135]. They found that the overexpression of ETS2 alone induced cardiovascular gene
expression, such as KDR and PECAM1, but was insufficient to induce complete reprogramming.
Additionally, they demonstrated that forced coexpression of MESP1 and ETS2 with lentiviral vectors
or with purified proteins, and subsequent addition of Activin A and BMP2 was able to convert
human dermal fibroblasts into iCPCs, which were identified by an NKX2.5 lentiviral reporter system.
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Nonetheless, these progenitors were not well characterized and spontaneously differentiated into
immature CMs and the potential to differentiate into smooth muscle cells or endothelial cells was not
demonstrated [135].

• Modifications to the GMT cocktail

Pratico et al. generated cKit+ iCPCs by the electroporation of human adult dermal fibroblasts
with GHMT mRNAs. These iCPCs expressed NKX2.5 an ISL1 and differentiated into cTnT+ CMs with
a very low efficiency and were non-contractile [136].

In 2015, Li et al. transduced human dermal fibroblasts with GHMT proteins modified with
QQ-reagent, a non-viral delivery system, obtaining iCPCs [137]. They also added BMP4 and Activin A
for cardiac induction and bFGF to maintain the CPC stage and observed a downregulation of fibroblast
specific genes and an upregulation of CPC markers. Moreover, they demonstrated that iCPCs were
able to differentiate by WNT inhibition into three principal cardiac lineages: smooth muscle cells
(2–5%), endothelial cells (15–20%), and mainly CMs (>70%), which started beating after 20 days of
differentiation. Finally, they observed improvement in heart function and tissue remodeling when
iCPCs were injected in a rat model of AMI [137]. Recently, the same group directly reprogrammed
human foreskin fibroblasts into iCPCs using a death Cas9 (dCas9)-based transcription activation
system [138]. This novel system consisted of the fusion of a deactivated form of Cas9 (dCas9) with
transactivation domains of VP64 and p300, generating a precise synthetic transcription activator.
The authors infected dCas9 expressing fibroblasts with lentiviral vectors encoding specific sgRNAs
directed to the promoter regions of GHMT and highlighted that the transactivation of an additional
factor, MEIS1, could improve reprogramming efficiency. They observed an overexpression of EOMES
and MESP1 genes at an early reprogramming stage and CPC-related markers such as NKX2.5 and ISL1
at days 7–10 post-induction. They observed differentiation into three main cardiac lineages 4 weeks
post-induction. They detected expression of CM markers: cTNT (~6% with GHMT or 8.75% when
MEIS1 was also transactivated), expression of α-actinin, sarcomere striations, as well as smooth muscle
and endothelial marker expression. Unfortunately, the CMs obtained were not functional and no
beating was observed [138].

• Other cocktails different from GMT: expandable mouse iCPCs

There are only two groups that have achieved expandable multipotent iCPCs using mouse
cells [104,139].

In 2016, Lalit et al. successfully converted adult mouse fibroblasts into iCPCs using five factors,
including MESP1, TBX5, GATA4, and NKX2.5 transcription factors and BAF60c [104]. To detect
reprogrammed iCPCs and achieve a dox-inducible transgene expression, an Nkx2.5-EYFP cardiac
reporter mouse model was crossed with a transgenic mouse expressing the reverse tetracycline
transactivator. Then, based on their implication in early cardiac development, 22 factors were selected
and cloned individually in a lentiviral vector with the tetracycline response element. Although they
could observe EYFP+ cells after transduction with all the factors, the reprogramming medium
(fibroblast medium supplemented with dox) was insufficient for long-term maintenance of proliferative
EYFP+ cells. To achieve long termed maintenance, BIO, an activator of canonical WNT signaling
pathway, and LIF, an activator of JAK/STAT, was supplemented to the reprogramming medium,
which enabled iCPCs expansion and maintenance in the absence of dox for over 30 passages.
Next, they selected the minimal combination of factors able to reprogram fibroblasts into expandable
iCPCs: MESP1, TBX5, GATA4, NKX2.5, and BAF60C. They demonstrated that the iCPCs generated were
able to differentiate into three main cardiac lineages in vitro. These iCPCs principally differentiated
into CMs (80% to 90%), to a lesser extent into smooth muscle cells (5% to 10%) and scarcely generated
endothelial cells (1% to 5%). The iCPC-derived CMs did not beat spontaneously, and only when
cocultured with mouse PSC-derived CMs did 5% to 10% of the iCPC-derived CMs start beating.
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Nonetheless, the authors demonstrated the capacity of iCPCs to give rise to myocardial cell lineages
when injected into the cardiac crescent of mouse embryos and in adult mouse hearts after AMI [104].

Simultaneously, Zhang et al. described culture conditions able to highly expand iCPCs obtained
from mouse embryonic and tail-tip fibroblasts using the cell activation and signaling-directed (CASD)
conversion approach [139]. To capture and expand iCPCs, they tested modulators of different
signaling pathways, such as SMADS, FGF, VEGF, PDGF, WNT, and NOTCH. Finally, they described
BACS, a combination of molecules that contains BMP4, Activin A, CHIR99021 (GSK3β inhibitor),
and SU5402 (FGF, VEGF, and PDGF inhibitor), which repressed cardiovascular differentiation and
supported iCPCs self-renewal and expansion. iCPCs were purified using FLK1 and PDGFRα
surface markers. The authors demonstrated that FLK1+/PDGFRα+ cells expressed CPC-related
markers such as GATA4, MEF2C, ISL1, and NKX2.5, suggesting that these cells were committed to
a cardiovascular fate and reported that in BACS conditions they were expandable for more than
18 passages. Additionally, these iCPCs were able to differentiate into the main cardiac lineages
(CMs, smooth muscle and endothelial cells) in vitro using specific differentiation conditions. To obtain
CMs, they added the WNT inhibitor IWP2 and found that 35% of cells were cTnT+ and expressed
CM-specific markers. The number of spontaneously contracting cells gradually increased until day
10 of differentiation and iCMs expressed a well-organized sarcomeric structure, calcium transients,
and action potentials. They also reported that about 90% of iCPCs expressed CD31 and mature
endothelial cell features under endothelial cell differentiation conditions for 10 days, and more than 98%
of iCPCs expressed smooth muscle cell-specific markers after 10 days of smooth muscle differentiation.
When iCPCs were transplanted into mouse models of AMI, improved cardiac function and reduced
adverse remodeling was observed [139]. However, it needs to be mentioned that the CASD approach
generates a pluripotent intermediate state [140,141], and therefore, it cannot be considered a direct
reprogramming approach.

2.2. Direct Cardiac Reprogramming In Vivo

On the hypothesis that heart environment (extracellular matrix, growth factors, cytokines,
electromechanical stimulation, etc.) may favor direct cardiac reprogramming in vivo, several studies
have been carried out.

• The GMT cocktail

In 2012, Qian et al. revealed that the injection of a retrovirus (ReV) encoding individual GMT
factors in peri-infarcted area of mouse hearts was able to reprogram resident cardiac fibroblasts into
iCMs [142]. They used two independent fibroblast reporter mice (Periostin-Cre: R26R-LacZ and
Fsp1-Cre: R26R-LacZ) in order to verify that iCMs were derived from resident fibroblasts. In addition,
they used an αMHC transgenic mouse to demonstrate that iCMs were not formed by fusion of
endogenous CMs. To induce resident cardiac fibroblast proliferation and improve reprogramming
efficiency, they injected thymosin β4, a fibroblast-activating peptide, in combination with GMT factors.
They detected α-actinin expression in approximately 12% of transduced cells, and 50% of these had
mature CM features, according to structure, electrophysiology, and contractility. They also observed
an improvement in heart structure and function 8 to 12 weeks post injection [142].

Since the heterogenicity of factor delivery generated by using multiple viral vectors encoding
individual factors could consequently decrease reprogramming efficiency, several groups have focused
on the use of polycistronic vectors encoding different splicing orders of GMT factors. Inagawa et al.
showed that the injection of a 2A-polycistronic retroviral vector encoding TMG factors in infarcted mouse
hearts increased two-fold higher the number of mature iCMs compared to the three single vectors [143].
Ma et al. injected PT2A-polycistronic retroviral MGT vector into mouse infarcted hearts, which increased
the number of iCMs generated, but not their maturity. Moreover, they observed an improvement
in heart function and structure compared to single retroviral vectors [144]. Mathison et al. used
TE2A-policystronic lentiviral vectors encoding GTM factors and injected them in rat models of
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chronic MI. First, the authors injected adenoviral vectors encoding VEGF in rat hearts immediately
after infarction, to enhance vascularization, and GMT lentivirus (LeV) were injected after 3 weeks.
They observed an improvement in cardiac remodeling and function as well as a decrease in the number
of myofibroblasts compared to monocystronic vectors [145,146].

Mutagenesis is one of the major concerns regarding integrative viral vectors. Recently, some groups
have used non-integrative viral vectors, such as adenovirus (AV) or Sendai virus (SeV) vectors.
Mathison et al. demonstrated that AV and LeV induced equivalent expression levels of GMT factors
and had a similar transdifferentiation capacity of rat fibroblasts into iCMs in vitro [147]. When AV
encoding GMT factors were injected into the infarcted rat myocardium, an increase in cells expressing
βMHC and improved ejection fraction compared to empty AV was observed [147]. Miyamoto et al.
generated SeV polycistronic GMT vectors and injected them into mouse hearts after AMI, achieving
direct reprogramming of resident CFs into iCMs in vivo with a greater efficiency compared to retroviral
polycistronic vectors [148]. They used Tcf21iCre/R26-tdTomato mice and observed that 1.5% of Tomato+

cells were cTnT+, and 20% of these double positive cells presented cross striations 1 week after injection.
They also detected an improvement in cardiac function and a reduction in fibrosis [148].

Finally, Chang et al. reported that polyethylimine (PEI) conjugated cationic gold nanoparticles
(AuNPs) loaded with GMT operate as nanocarriers for cardiac direct reprogramming in vitro and
in vivo. Functional iCMs were obtained from mouse embryonic fibroblasts using AuNP/GMT/PEI
in vitro. Remarkably, AuNP/GMT/PEI nanocomplexes produced efficient in vivo conversion of resident
fibroblasts into iCMs when injected in mouse models of AMI, resulting in reduced infarct size and
fibrosis, and improved cardiac function. Importantly, they determined that this approach did not
generate DNA integrations and had low toxicity [149].

• Modifications to the GMT cocktail

In 2012, Song et al., concomitantly with Qian et al. [142], reported that the injection of GHMT
factors, encoded individually in retroviral vectors, could trigger the conversion of endogenous cardiac
fibroblasts into iCMs in mouse models of AMI [108]. They used both Fsp1-Cre/Rosa26-LacZ and
Tcf21iCre/R26-tdTomato mice to trace reprogrammed non-CMs cells and observed that about 6.5% of
CMs in the injured area displayed β-gal activity. These β-gal expressing cells also expressed cTnT and
showed striations 3 weeks after viral transduction. Moreover, they detected the presence of calcium
transients, action potentials, and contractility. More importantly, GHMT-infected hearts showed
a pronounced reduction of scar size and increased muscle tissue and improved heart function 12 weeks
post infarction [108].

• Other cocktails different from GMT

Jayawardena et al. reported that an miR combo (miR-1, miR-133, miR-208, and miR-499a) was
able to reprogram resident cardiac fibroblasts into CMs in vivo when injected in infarcted mouse hearts.
They used LeV to overexpress the miR combo and used Fsp1-Cre/tdTomato mice. They observed
that 12% of CMs of the peri-infarcted zone were tdTomato+/cTnT+ and organized sarcomeres,
action potentials, and contractility were detected. Additionally, improvement in several cardiac
function parameters was reported [117,126].

The combination of reprogramming factors with chemical inhibitors has also been tested in vivo to
enhance reprogramming efficiency and CM maturity. Mohamed et al. injected GMT factors, encoded in
retroviral vectors, in combination with repeated intraperitoneal administration of SB431542, a TGFβ
inhibitor, and XAV939, a WNT signaling inhibitor, in an AMI mouse model. ROSA-YFP/periostin-Cre
mice were used, and a five-fold increase in YFP+ iCMs was detected in mice treated with GMT plus
inhibitors compared to GMT treated mice and iCMs were more mature. Moreover, the addition of both
small molecules led to attenuated remodeling and improved cardiac function [122].

Huang et al., achieved direct conversion of mouse fibroblasts in vivo using only a chemical
cocktail. They added Rolipram to a previously described CRFVPT chemical cocktail [127] (CRFVPTM:
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C, CHIR99021; R, RepSox; F, Forskolin; V, VPA; P, Parnate; T, TTNPB; M, Rolipram) and this combination
was able to induce the generation of iCMs from cardiac fibroblasts in hearts of healthy adult mice.
CRFTM were administered orally and VP intraperitoneally [150]. They used Fsp1-Cre: R26RtdTomato

mice to evaluate the non-CM origin of iCMs. CM-like tdTomato+ cells expressed CM-specific markers,
including α-actinin, cTnI, GATA4, and MEF2C, and showed a well-formed sarcomeric structure and
action potentials. In infarcted hearts they observed that the CRFVPTM combination was also able
to reduce the formation of fibrosis. Intriguingly, this group described that fibroblasts from other
organs were not converted into iCMs, which indicates that this cocktail specifically reprograms cardiac
fibroblasts [150].

All the aforementioned reprogramming cocktails used for direct cardiac reprogramming are
summarized in Table 1.
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Table 1. Summary of reprogramming cocktails used for direct cardiac reprogramming. Abbreviations: iCMs: induced cardiomyocytes; CFs: cardiac fibroblasts;
TTFs: tail-tip fibroblasts; MEFs: mouse embryonic fibroblasts; hESC: human embryonic stem cell; HDFs: human dermal fibroblasts, HCFs: human cardiac fibroblasts;
HFFs: human foreskin fibroblasts; ND: not defined; AP: action potentials; CaT: calcium transients; SB: spontaneous beating; c-B: beating when co-cultured with
murine CMs; iCPCs: induced cardiac progenitors; Tri-lineage dif.: tri-lineage differentiation potential; ReV: retrovirus; SeV: Sendai virus vector; AV: adenovirus;
LeV: lentivirus; HF: heart function; CS: cardiac tissue structure.

Cell Origin Reprogramming Cocktails Efficiency Functionality References

Direct cardiac reprogramming into iCMs in vitro

GMT and modifications to GMT cocktail

Mouse

GATA4, MEF2C, TBX5 4-6% αMHC-GFP+/cTnT+ iCMs from CFs AP,CaT, SB [105]

MEF2C, GATA4, TBX5 ~10% αMHC-GFP+ and ~4.8% cTnT+ iCMs from CFs AP,CaT, SB [107]

GATA4, MEF2C, TBX5, HAND2 9.2% and 6.8% αMHC+/TnT+ iCMs from TTFs and CFs,
respectively CaT, SB [108]

GATA4, MEF2C, TBX5, HAND2 ~1.5% cTnT+ in pDox-GMT; 13% cTnT+ in
pMX–GMT/pDox–Hand2 iCMs, from MEFs CaT, SB [109]

GATA4, MEF2C, TBX5, HAND2 ~70–80% of cells expressing GMT(H) were Titin-eGFP+ or
α-actinin+ iCMs from MEFs CaT, SB [113]

MEF2C, GATA4, TBX5, HAND2 ~25% Titin-eGFP+/α-actinin+ iCMs from MEFs CaT, SB [114]

GATA4, MYOD-MEF2C, TBX5, HAND2 10-20% cTnT+ iCMs from embryonic head fibroblasts CaT, SB [110]

GATA4, MEF2C, TBX5, HAND2, NKX2.5 1.6% cTnT-GCaMP5+ iCMs from MEFs CaT, SB [111]

GATA4, MEF2C, TBX5, MYOCD, SRF, (MESP1, BAF60C) 2.4% αMHC-GFP+ iCMs from MEFs CaT, no SB [112]

GATA4, MEF2C, TBX5, (miR-133 or MESP1, MYOCD) 9.5% αMHC-GFP+/ cTnT+ and 19.9% α-actinin+ iCMs from
MEFs CaT, SB [115]

GATA4, MEF2C, TBX5, HAND2, NKX2.5, SB431542 17% cTnT-GCaMP5+ iCMs from MEFs; 9.27%
cTnT-GCaMP5+ iCMs from CFs CaT, SB [116]

GATA4, MEF2C, TBX5, HAND2, DAPT ~38% cTnT+ and ~35% α-actinin+ iCMs from MEFs CaT, SB [118]

GATA4, MEF2C, TBX5, HAND2, miR-1, miR-133, A83-01,
Y-27632 60% cTnT+ and 60% α-actinin+ iCMs from MEFs AP, CaT, SB [119]

GATA4, MEF2C, TBX5, HAND2, AKT1 23.3% αMHC-GFP+/cTnT+ iCMs from MEFs; 50% beating
iCMs from MEFs at Day 21 CaT, SB [120]

GATA4, MEF2C, TBX5, (HAND2 or MESP1, MYOCD), FGF2,
FGF10, VEGF ~13% αMHC-GFP+ and ~2% cTnT+ iCMs from MEFs CaT, SB [121]

GATA4, MEF2C, TBX5, SB431542, XAV939 ~30% αMHC-GFP+ iCMs from CFs AP,CaT, SB [122]

GATA4, MEF2C, TBX5, HAND2, Diclofenac ~5% cTnT+/ αMHC+ iCMs from postnatal TTFs CaT, SB [123]

GATA4, MEF2C, TBX5, (HAND2), Bmi1 shRNA 22% αMHC+/TnT+ iCMs from CFs CaT, SB [124]
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Table 1. Cont.

Cell Origin Reprogramming Cocktails Efficiency Functionality References

Human

GATA4, MEF2C, TBX5, MESP1, MYOCD 5.9% cTnT+ and 5.5% α-actinin+ iCMs from HCFs AP, CaT, c-B [129]

GATA4, MEF2C, TBX5, ESRGG, MESP1, MYOCD, ZFPM2 13% αMHC-mCherry+/cTnT+ iCMs from hESC-derived
fibroblasts AP, CaT, no SB [130]

GATA4, MEF2C, TBX5, MESP1, MYOCD, miR-133 27.8% cTnT+ and 8% α-actinin+ iCMs from HCFs CaT, no SB [115]

GATA4, MEF2C, TBX5, MYOCD, NKX2.5, mir-1, miR-133,
JAK1i, GSK3βi or NRG ~3.8% cTnT+ iCMs from HDFs CaT, no SB [132]

Human, rat,
porcine GATA4, MEF2C, TBX5, (HAND2, MYOCD or miR-590) ~40% αMHC-GFP+ and ~5-6% cTnT+ iCMs from adult HCFs No SB in human

iCMs [131]

Other cocktails different from GMT

Mouse

TBX5, MEF2C, MYOCD ~11% cTnT+ iCMs from CFs AP [125]

miR-1, miR-133, miR-208, miR-499a, JI1 ~28% αMHC-CFP+ iCMs from CFs AP, CaT, SB [117]

CHIR99021, RepSox, Forskolin, VPA, Parnate, TTNPB 14.5% α-actinin+ and 9% α-MHC+ iCMs from MEFs AP, CaT, SB [127]

Human
GATA4, HAND2, TBX5, MYOCD, miR-1, miR-133 ~35% cTnT+ and ~42% tropomyosin+ iCMs from HFFs CaT, SB [133]

CHIR99021, A83-01, BIX01294, AS8351, SC1, Y27632, OAC2,
SU16F, JNJ10198409 7% cTnT+ iCMs from HFFs AP, CaT, SB [134]

Direct reprogramming into iCPCs in vitro

Mouse

MESP1, TBX5, GATA4, NKX2.5, BAF60C, BIO, LIF > 90% Nkx2.5-YFP+, Gata4+ and Irx4+ iCPCs from adult CFs
Expandable;
Tri-lineage dif.;
In vivo in AMI

[104]

OCT4, SOX2, KLF4, C-MYC, BMP4, Activin A, CHIR99021,
SU5402 70% Flk1+/Pdgfrα+ iCPCs from MEFs

Expandable;
Tri-lineage dif.;
In vivo in AMI

[139]

Human

ETS2, MESP1, Activin A, BMP2 9.3% NKX2.5-tdTomato+ iCPCs from HDFs Not expandable;
Unipotent (CM) [135]

GATA4, MEF2C, TBX5, HAND2 4.9% c-Kit+ iCPCs from adult HDFs Not expandable;
Unipotent (CM) [136]

GATA4, MEF2C, TBX5, HAND2, BMP4, Activin A, bFGF 81% Flk1+ and 83% Isl1+ iCPCs from HDFs
Not expandable;
Tri-lineage dif.;
In vivo in AMI

[137]

GATA4, MEF2C, TBX5, HAND2 ~72% of GATA4+ cells were NKX2.5+; ~85% of HAND2+
cells were ISL1+, from HFFs

Not expandable;
Tri-lineage dif. [138]
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Table 1. Cont.

Cell Origin Reprogramming Cocktails Efficiency Functionality References
Direct reprogramming into iCMs in vivo

GMT cocktail

Mouse

GATA4, MEF2C, TBX5, (ReV vector), Thymosin β4
(intramyocardial)

Periostin-Cre: R26R-lacZ mice: 35% β-Gal+ and α-actinin+
iCMs

Improvement in HF
and CS [142]

TBX5, MEF2C, GATA4 (ReV vector) 1% α-actinin+ iCMs derived from GMT transduced cells Improvement in HF
and CS [143]

MEF2C, GATA4, TBX5 (ReV vector) Periostin-Cre: R26R-lacZ mice: ~80 β-Gal+/α-actinin+ iCMs
per section

Improvement in HF
and CS [144]

GATA4, MEF2C, TBX5 (SeV vector) TCF21iCre/R26-tdTomato mice: ∼1.5% tdTomato+/cTnT+
iCMs

Improvement in HF
and CS [148]

GATA4, MEF2C, TBX5 (Nanoparticles) In vitro: 22% αMHC-eGFP+ iCMs from MEFs; In vivo: ND Improvement in HF
and CS [149]

Rat
GATA4, MEF2C, TBX5 (AV vector) In vitro: ~6.5% cTnT+ iCMs from rat CFs; In vivo: ND Improvement in HF

and CS [147]

GATA4, TBX5, MEF2C (LeV vector), VEGF (AV vector) ND Improvement in HF
and CS [145,146]

Modifications to GMT cocktail

Mouse GATA4, MEF2C, TBX5, HAND2 (ReV vector) Fsp1-Cre x R26LacZ mice: ~6.5% β-Gal+ iCMs; TCF21-iCre x
R26tdTomato mice: ~2.4% tdTomato+ iCMs

Improvement in HF
and CS [108]

Other cocktails different from GMT

Mouse

miR-1, miR-133, miR-208, miR-499a (LeV vector) Fsp1-Cre: R26R-tdTomato mice: 12% tdTomato+/cTnT+ iCMs Improvement in HF
and CS [126]

GATA4, MEF2C, TBX5 (ReV vector) SB431542, XAV939
(intraperitoneal)

ROSA-YFP/Periostin-Cre mice: 150-200 YFP+/cTnT+ iCMs
per section

Improvement in HF
and CS [122]

CHIR99021, RepSox, Forskolin, TTNPB, Rolipram (oral) VPA,
Parnate (intraperitoneal) Fsp1-Cre: R26RtdTomato: 0.78% tdTomato+/α-actinin+ iCMs Improvement in HF

and CS [150]
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3. Future Directions and Challenges

The increasing knowledge about the gene regulatory networks and signaling pathways that
regulate cardiac development and the underlying mechanisms that control cell reprogramming, has led
to significant advances in the cardiac reprogramming field in recent years.

Direct cardiac reprogramming offers several advantages over PSCs, since it is a faster process,
avoids the pluripotency stage (and therefore tumorigenic risk), and offers the opportunity of direct
injection of defined factors to convert directly endogenous fibroblasts into cardiac lineages in the
native environment of injured cardiac tissue. In contrast, human CMs and CPCs obtained through the
directed differentiation of PSC are more homogenous and show improved functionality over iCMs and
iCPCs generated by direct reprogramming approaches. In addition, the current CM differentiation
protocols can reach 80–98% efficiency without selection and be effective in multiple PSC lines [151,152].
However, we need to remember that embryoid body-based protocols developed two decades ago
achieved a poor differentiation efficiency, as low as 8.1% [153], and that these successful and robust
differentiation protocols that are currently highly reproducible in many different laboratories all
over the world, were developed after many studies and optimizations of differentiation conditions.
This could also be the case of direct cardiac reprogramming technology, in that it is only a matter of
time and further investigation.

The enhancement of reprogramming efficiency is a main challenge in direct cardiac reprogramming.
In this respect, standardized criteria to measure reprogramming efficiency should be applied in this
field. First results demonstrated that establishing reprogramming efficiency cannot rely on the use
of reporters such as αMHC after the observations that only part of αMHC+ cells co-expressed other
cardiac-related structural proteins such as cTnT or showed contractility, indicating that not all cells
that activated the αMHC promoter were completely reprogrammed into iCMs [105].

Most of the direct cardiac reprogramming approaches described have been based on the original
GMT cocktail. The identification of additional transcription factors, miRs or small molecules,
has allowed reprogramming efficiency to be improved. Remarkably, the addition of Hand2 to
GMT cocktail, firstly described by Song et al. [108], demonstrated an increase in the expression
of cardiac proteins and more importantly the generation of spontaneously contracting iCMs,
in contrast to the original GMT cocktail [106]. Hand2 has been included in many of the in vitro
direct cardiac reprogramming approaches using mouse fibroblasts [108,110,111,116,118–121,124];
in addition, this factor has been used in a reprogramming cocktail for in vivo conversion [108].
Importantly, Hand2 has been incorporated in reprogramming cocktails to convert human fibroblasts
into iCMs [131,133] and for the generation of iCPCs [136–138]. Recent studies have demonstrated the
crucial effect of Hand2 on the functionality of iCMs [109,113] and the importance of the stoichiometric
optimization of the reprogramming factors [114].

Nonetheless, as can be noted from the studies presented here, there is still no consensus about
which of these GMT or GHMT varieties is best and sufficient for efficient cardiac reprogramming.
Epigenetics and signaling pathways activated in the starting fibroblast population, which are different
depending on the species and developmental origin, may be the major barriers to cardiac cell fate
conversion, together with the complex and unique filament structure that needs to be reconstructed
to achieve functional iCMs. In line with this, some studies have used the inhibition of the TGF-β
signaling pathway [116,122] or the knockdown of Bmi1 [124], both of which play a fundamental
role at the early stages of cardiac reprogramming, in order to increase reprogramming efficiency.
On the other hand, the lower cardiac reprogramming efficiency in human cells compared to mice
cells, and the requirement of additional factors, is a worrying issue. Therefore, more emphasis should
now be placed on the establishment of robust and well-defined protocols to create human iCMs and
iCPCs that could be highly reproducible in different laboratories worldwide. Once this protocol is
well-established, it should be tested in large animal models before being translated into the clinic.
To this end, it might be necessary to identify novel cocktails which may or may not be based on the
GMT cocktail. In this respect, in our laboratory, we are currently testing novel reprogramming factors
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selected using bioinformatics-based approaches in conjunction with GMT and other well-known
cardiac transcription factors for direct cardiac reprogramming (unpublished results).

The enhancement of reprogramming efficiency to obtain iCMs is critical to produce sufficient cells
in vitro for transplantation. To solve this issue, alternatively, direct reprogramming of fibroblasts into
expandable iCPCs can be induced in vitro [104]. These cells could be more malleable and adaptable
to the recipient than terminally differentiated iCMs. They retain their proliferative activity and
have the potential to differentiate into all the myocardial cell lineages. However, studies of direct
reprogramming of fibroblasts into iCPCs are scarce. In addition, it is surprising that in some reports
the GHMT cocktail, described previously to be useful for mouse iCMs [108] but not for human
iCMs conversion [133], has been used for human iCPCs reprogramming [137,138]. Despite these
inconsistencies, interestingly, some studies have demonstrated the long-term expansion of multipotent
mouse iCPCs in culture, and the spontaneous differentiation of these iCPCs into three cardiovascular
cell types when transplanted in vivo, indicating that injured heart tissue can still provide environmental
cues to direct the differentiation of iCPCs [104,139]. Obtaining expandable human iCPCs in culture has
still not been achieved. Nonetheless, the retention and integration of transplanted cells, and the correct
regeneration and reconstruction of the cardiac tissue by iCPCs or iCMCs, remain a major concern.
In this context, cell pre-conditioning with any of the strategies described herein or the development
of novel approaches to enhance their survival and therapeutic potential will be fundamental for the
progress of regenerative medicine in the cardiac field.

Against this background, in vivo reprogramming may face fewer hurdles for its translation to
the clinic than cell injection approaches. The heart microenvironment has been found to be more
favorable to cardiac reprogramming than the in vitro culture conditions in terms of efficiency and
maturation of mouse iCMs [108,142,144]. In this regard, although human cardiac reprogramming
has not demonstrated to be an efficient process in vitro, it may act better in vivo. On the other hand,
the direct reprogramming of fibroblasts into iCPCs in vivo remains to be explored and the potential of
this strategy for cardiac regeneration requires further evaluation. Despite encouraging results obtained
with iCMs, this approach taken in vivo still needs improvements in safety and routes of delivery.
AV [147] and SeV [148] mediated reprogramming are suitable alternatives. However, the major
handicap of these integration-free vectors is their small packaging capacity which precludes the
inclusion of all the required reprogramming factors, which is especially relevant in the case of
human cells, and consequently hinders effective delivery. Other safe alternatives would be the use of
engineered proteins and synthetic RNAs for in vivo reprogramming, but their short half-life reduces
their effectiveness. Alternatively, CRISPR activation system can induce endogenous gene expression
and avoid exogenous gene expression [138]. However, the efficient delivery of this system still relies
on the use of viral vectors since other alternative transfection methods used to transduce this system
(Cas9-gRNA ribonucleoproteins) in vitro such as nucleofection, are not suitable for application in vivo.
The use of chemical cocktails may be an ideal option for reprogramming in vivo [150], since small
molecules are cost-effective, have a long half-life, constitute an integration-free system, and are
non-immunogenic. Other safe and interesting system to deliver genes, proteins, and small molecules
could be the use of nanoparticles [149,154].

Finally, direct reprogramming can be used for other applications other than cardiac regeneration,
such as disease modeling or drug testing. Multiple diseases have been modeled in vitro using iPSCs,
including cardiac diseases [96–98]. Direct reprogramming could be considered an interesting approach
for modeling aging-related diseases, since it avoids rejuvenation and retains the hallmarks of cellular
aging, which on the contrary, might not be useful for recapitulating early development events, crucial for
the study of monogenic heart diseases. Although disease models of neurologic illnesses, many of which
are associated with age, have been reported [155], cardiac disease models using direct reprogramming
approaches have not yet been described.

In this review we describe the published strategies used for the direct reprogramming of fibroblasts
into iCMs and iCPCs, in mouse and human cells, and discuss the remaining challenges and hurdles



Int. J. Mol. Sci. 2020, 21, 7950 21 of 30

that need to be overcome before these technologies can be applied for the treatment of heart failure
(represented in Figure 1). Despite the current limitations, it is clear that direct cardiac reprogramming
holds great promise for regenerative therapy.

Figure 1. Schematic representation of different approaches used for in vitro and in vivo direct
cardiac reprogramming.
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Abbreviations

iCMs induced Cardiomyocytes
iCPCs induced Cardiac Progenitor Cells
iPSCs induced Pluripotent Stem Cells
AMI Acute Myocardial Infarction
MHC Myosin Heavy Chain
cTn cardiac Troponin
GMT GATA4, MEF2C, TBX5
GHMT GATA4, HAND2, MEF2C, TBX5
FHF First Heart Field
SHF Second Heart Field
AHF Anterior Heart Field
ReV retrovirus
LeV lentivirus
SeV Sendai virus
AV Adenovirus
miRs microRNAs
CFs cardiac fibroblasts
TTFs tail-tip fibroblasts
MEFs mouse embryonic fibroblasts
HDFs human dermal fibroblasts
HFFs human foreskin fibroblasts
hESC human embryonic stem cell
AP action potentials
CaT calcium transients
SB spontaneous beating
c-B beating when co-cultured with murine CMs
HF heart function
CS cardiac tissue structure
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Abstract: The success of cell therapy for the treatment of myocardial infarction depends on finding
novel approaches that can substantially implement the engraftment of the transplanted cells. In order
to enhance cell engraftment, most studies have focused on the pretreatment of transplantable cells.
Here we have considered an alternative approach that involves the preconditioning of infarcted heart
tissue to reduce endogenous cell activity and thus provide an advantage to our exogenous cells. This
treatment is routinely used in other tissues such as bone marrow and skeletal muscle to improve
cell engraftment, but it has never been taken in cardiac tissue. To avoid long-term cardiotoxicity
induced by full heart irradiation we developed a rat model of a catheter-based heart irradiation
system to locally impact a delimited region of the infarcted cardiac tissue. As proof of concept, we
transferred ZsGreen+ iPSCs in the infarcted heart, due to their ease of use and detection. We found
a very significant increase in cell engraftment in preirradiated rats. In this study, we demonstrate for
the first time that preconditioning the infarcted cardiac tissue with local irradiation can substantially
enhance cell engraftment.

Keywords: myocardial infarction; cell therapy; local irradiation; cell engraftment

1. Introduction

Cardiovascular diseases are the leading cause of mortality and morbidity world-
wide [1,2]. Acute myocardial infarction (AMI) occurs when coronary blood flow is de-
creased or obstructed. Cardiac ischemia causes the loss of millions of cardiac cells which is
compensated through hypertrophy and fibrosis leading to a non-functional scar [3]. Ulti-
mately, the heart is not able to pump sufficient blood to meet the body’s needs, and heart
failure ensues [4]. Pharmacological therapy has decreased heart failure-associated mortality
by limiting the adverse remodeling process; however, many severe cases still require heart
transplantation which is limited by a shortage of donors. In this scenario, cell therapy
emerged two decades ago as a promising treatment to regenerate and repair the damaged
heart. Since then, multiple cell types have been assayed pre-clinically and clinically, mostly
bone marrow stem cells, and more recently cells with greater cardiomyogenic potential
such as pluripotent stem cell-derived cells [5–7]. Unfortunately, cell therapy has shown
only modest long-term functional benefit [5–7]. The greatest and most widespread problem
is that the cells delivered are poorly retained in the transplanted area, with most remaining
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cells dying within hours or days of transplantation [8,9]. Furthermore, the few surviving
cells mainly have a paracrine effect. Thus, novel approaches or technologies aimed at
improving donor cell survival, engraftment and cardiac tissue de novo regeneration are
urgently needed. Recent research efforts have focused on preconditioning transplantable
cells to overcome this stressful environment where donor cells face the inflammatory and
fibrotic tissue with low available concentrations of oxygen and glucose that complicate
their survival [10,11]. However, it is still early to have a clear idea of the true extent and
impact of these new methods.

Alternatively, preconditioning the infarcted heart before cell transfer would also
improve retention and function of therapeutic cells. In line with this, pre-clinical studies in
mouse models demonstrate that local irradiation of a range of tissues such as bone marrow,
skin or skeletal muscle prior to cell transplantation potentiates cell engraftment [12–14].
However, there is no evidence of the use of local irradiation of cardiac tissue for this
purpose. Radiotherapy is routinely used to effectively treat different types of tumors based
on the DNA damage caused by ionizing irradiation in proliferating cells. Furthermore,
following new advances in radiotherapy, currently, it is possible to locally treat the affected
area more precisely. Brachytherapy is a very site-specific procedure in which the source
of radiation is placed inside the body to treat the target area as closely as possible, thus
avoiding any impact on neighboring tissues and organs [15].

We propose the use of brachytherapy to locally impact a delimited region of the
infarcted cardiac tissue, that will become fibrotic and non-functional. In this study, we have
developed a rat model of a catheter-based heart irradiation system and demonstrate that
local irradiation of infarcted cardiac tissue can increase cell engraftment.

2. Results

We used AHFiPS7, previously established and described by our group [16], as donor
transplantable cells, where CRE recombinase was nucleofected to express ZsGreen under
control of ubiquitous CAG promoter specifically inserted at the ROSA26 locus (Figure 1a,b
and Supplementary Materials Figure S1). Thus, we were able to readily obtain large
quantities of ZsGreen positive (ZsGreen+) donor cells and detect them in the recipient hearts
without immunostaining (Supplementary Materials Figure S2), which greatly facilitated
the quantification of engrafted cells.

The experimental procedure carried out in this study is depicted in Figure 1c. Specifi-
cally, AMI was induced in adult Sprague-Dawley rats by permanent ligation of the descend-
ing coronary artery as described previously [17]. In the same surgical procedure, a catheter
was placed adjacent to the left ventricle and fixed between the 3rd and 5th intercostal
spaces. The correct positioning of the catheter was verified by computed tomography and
the treatment plan was designed (Figure 1d,e and Supplementary Materials Figure S3).

One week after AMI, one million ZsGreen+-iPS7 cells were intramyocardially trans-
planted. The day before cell transplantation, four rats underwent high dose-rate brachyther-
apy (Figure 1f), receiving local irradiation in a delimited region proximal to the catheter
(area and dose depicted in Figure 1e and Supplementary Figure S3b). Four non-irradiated
rats were used as controls. All the animals were treated with immunosuppressants
(tacrolimus and anti-asialo-GM1) to prevent cell rejection mediated by T-lymphocytes
and natural killer cell activity. One control recipient (Rat#4) did not survive until the end
of the experiment, probably due to complications associated with AMI or immunosup-
pression. The remaining recipients were sacrificed one week after cell transplantation
and ZsGreen expressing areas were visualized under a fluorescent magnifying lamp in
the isolated hearts with these areas being more apparent and brighter in the irradiated
recipient-derived hearts (Figure 1g). Then, the hearts were cut just above the suture thread,
which marked the coronary ligation, and serially cryo-sectioned for histological analyses.
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(a) Graphical overview: ZsGreen+-iPS7 were derived from AHFiPS7 cells by nucleofection of pBS185
Cre plasmid. Scale bars, 100 µm. (b) Expression of ZsGreen in ZsGreen+-iPS7 cells under a fluo-
rescence microscope. Scale bars, 100 µm. (c) Graphical overview of the experimental procedure.
(d) Three-dimensional reconstruction of CT images in a rat in which the region to be treated is repre-
sented in red and the catheter in blue (upper panels). Dots inside the catheter represent positions
where the source can be placed. (e) Sagittal and transverse views of the CT scan in which dose
distribution is depicted by red and blue areas, receiving 20 and 10 Gy, respectively (bottom panels).
(f) Picture of three rats connected to the afterloader system (Elekta Flexitron) using the implanted
catheter through which the Ir-192 radioactive source is inserted into the animal. (g) ZsGreen ex-
pression in a heart from the non-irradiated and irradiated group under fluorescence magnifying
lamp upon exposure to blue light. White arrows point to the suture threads that were used for
the permanent ligation of the descending coronary artery to induce AMI. (h) ZsGreen and DAPI
fluorescence signals were scanned using an automated quantitative pathology imaging system and
representative sections of a heart from the non-irradiated and irradiated group are shown. Scale bars,
5 mm. (i) Quantification of ZsGreen+ areas from both the non-irradiated (n = 3) and irradiated (n = 4)
groups and the medians of each data group are represented (Shapiro-Wilk normality test p < 0.05).
Non-irradiated group vs. irradiated group p < 0.0001 using two-tailed, Mann-Whitney U test.

Major complications or adverse events caused by local irradiation were not observed
and cardiac tissue microstructure was preserved in irradiated rats at the time of cell
engraftment analyses (Supplementary Materials Figure S4). All sections were analyzed
under a fluorescence microscope to select those slides containing sections with ZsGreen+

area/s. Three consecutive slides per rat containing 9 heart sections, representative of
1.67 mm of heart length, were scanned using an automated quantitative pathology imaging
system, where the central slide included the largest number of sections with ZsGreen+

area/s (Supplementary Materials Figure S5 and Figure S6). Representative heart sections
from an irradiated and non-irradiated rat are shown in Figure 1h. Quantification of
total ZsGreen+ areas demonstrated that ZsGreen+-iPS7 engrafted cells were significantly
more abundant in the irradiated group compared to the control recipients (p < 0.0001;
median.irradiated group = 315,263 µm2 vs. median.control group = 12,093 µm2), (Figure 1i).
These data demonstrate that local preirradiation of infarcted cardiac tissue significantly
increases cell engraftment.

3. Discussion

By using local preirradiation, we achieved a 26-fold greater engraftment rate than in
the non-irradiated group. It is known that irradiation can enhance cell engraftment in other
tissues, by the incapacitation of endogenous cells that compete with exogenous cells for the
niche occupancy [12], in a dose- and frequency-dependent manner [12,14]. On the other
hand, AMI causes a continuous cardiac remodeling process and different cell populations,
including inflammatory cells or cardiac fibroblasts at different activation states, are present
or enriched on a given day after injury [18]. Thus, it is reasonable to think that precise local
irradiation at the site of the infarcted heart tissue may lead deleterious dividing cells to
accumulate DNA damage and die, thus facilitating donor cell engraftment. If this is the
situation, it would be interesting to explore in future studies whether irradiation, beyond
improving cell engraftment, may also impair the process of cardiac remodeling. We are
fully aware that these cells do not represent a good cell candidate to improve heart function.
However, the sole objective of this study was to demonstrate that pre-treatment of infarcted
cardiac tissue by local irradiation can increase cell engraftment, as others previously proved
the validity of this approach in skeletal muscle using different tumorigenic cells [19]. This is
the first demonstration that local preirradiation can significantly enhance cell engraftment
in cardiac tissue and offers a great opportunity to test different types of cells and improve
the effectiveness of cell therapy in the cardiovascular field.
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4. Materials and Methods
4.1. ZsGreen-iPS7 Cells Derivation and Culture Conditions

Mouse iPSCs were cultured in DMEM, 15% KnockOut serum replacement, 0.1 mM
2-mercaptoethanol, 2 mM GlutaMAX, 0.1 mM MEM-NEAA, 100 U/mL Pen–100 µg/mL
Strep (all from Gibco), and 103 U/mL LIF (Millipore) and seeded onto irradiated mouse
embryonic fibroblasts (ÈMEFs) on 0.1% gelatin-precoated plates. The media was changed
every other day.

AHFiPS7, previously established and described by our group [16], were nucleofected
with 6 µg of pBS185 CRE plasmid (Addgene #11916) using the Amaxa nucleofection kit
(VPH-5012) with one pulse of program A13 of Amaxa Nucleofector II to obtain ZsGreen
positive iPS7 (ZsGreen+-iPS7) cells. ZsGreen+ cells were sorted by FACSAria (Figure S1).

4.2. Experimental Animals

A total of 10 male Sprague-Dawley 11-week-old rats (Janvier Labs) were used in this
study. All rats underwent permanent occlusion of the left anterior descending coronary
artery, as previously described [17]. Briefly, rats were anesthetized with Isoflurane (IsoVet-B.
Braun), intubated and mechanically ventilated. Prior to surgery, animals received analgesic
therapy with Fentanyl (FENTANEST, Kern Pharma, S.L. 300 µg/kg intraperitoneally) and
1% lidocaine/0.25% bupivacaine (B. Braun, both 1 mg/kg subcutaneously) infiltrated
the skin and underlying connective tissue planes. The heart was accessed through a left
thoracotomy through the 4th intercostal space, and the left anterior descending coronary
artery was permanently occluded 2–3 mm distal to its origin. After stabilization of the
heart, the irradiation catheter was put in place. The distal end was fixed in the 3rd
intercostal space with 7/0 Prolene (Ethicon, Bridgewater, NJ, USA) and the proximal end
was exteriorized through the 5th intercostal space and was tunneled subcutaneously to
the lower abdomen, where it was fixed with the same suture material. After checking the
stability of the animal, the chest was then closed in layers, and the rats were allowed to
recover on a heating pad.

Eight out of ten rats survived the infarct surgery. One week after acute myocardial
infarction, rats underwent the same procedure with the same left lateral thoracotomy and
under the same anesthetic conditions. Rats were allocated to receive one million ZsGreen+-
iPS7 cells per animal. The cells were suspended in 9 µL of PBS, loaded in a Hamilton
syringe (701 N, 10 µL) and were delivered into the infarcted tissue by three proximal
injections of 3 µL each, two in the peri-infarct zone and one in the infarcted area. The
brachytherapy catheter was previously removed.

To prevent immune rejection, since ZsGreen+-iPS7 cells are of mouse origin, rats
were immunosuppressed by the administration of tacrolimus (Prograf, 1 mg/kg per day)
every 24 h until sacrifice, starting two days before cell transplantation, to suppress T
lymphocyte activity and anti-asialo-GM1 antiserum (Wako, following the manufacturer’s
recommendation) before cell transplantation and 4 days later to prevent natural killer
cell activity.

On the day of sacrifice, animals were anesthetized by intraperitoneal injection of
ketamine (Imalgene, 80 mg/kg) and dexmedetomidine (Orion Pharma (Espo, Finland),
150 µg/kg). Heparin (10 U/100 g) was used to prevent excessive coagulation during the
thoracotomy. Transcardial perfusion was performed with 50 mL of ice-cold PBS solution
and 50 mL of cold 4% paraformaldehyde (PFA) to wash the vascular system and fix the
heart using a flow pump set at a 5 mL/minute rate. Immediately after perfusion, the heart
was excised, analyzed under a fluorescence magnifying lamp, and further processed as
described below for histological analyses.

4.3. Tissue Processing and Staining

Hearts were cut right above the suture thread using an acrylic rat heart slicer matrix
(Zivic Instruments, Pittsburgh, PA, USA) and both portions were fixed in 4% PFA for 4 h,
washed three times in PBS for 15 min, and immersed into 15% sucrose/PBS for 30 min and



Int. J. Mol. Sci. 2021, 22, 9126 6 of 8

then into 30% of sucrose/PBS overnight at 4 ◦C. Finally, heart fragments were embedded
in O.C.T. compound (Tissue-Tek), frozen on dry ice and stored at −80 ◦C.

For histological analysis, hearts were serially cryosectioned in 10-µm transversal
sections that were collected within each 200 µm, as indicated in Figure S4a. Haematoxylin
and eosin (H&E) histological staining was performed by Morphology Core Facility at
CIMA. Detection of tissues containing cells of donor origin was based on the presence of
ZsGreen+ signals under an epifluorescence microscope (Zeiss Axiophot, Jena, Germany)
with no need for immunostaining. Selected slides were mounted in Faramount fluorescent
mounting medium containing 4,6-diamidino-2-phenylindole (DAPI; 100 ng/mL; Molecular
Probes, Eugene, OR, USA) to detect all nuclei.

ZsGreen fluorescence signal detection and appropriate tissue preservation were as-
sessed previously using mouse hearts (Figure S2). Briefly, ZsGreen+-iPS7 cells were im-
planted into healthy mouse hearts and immediately perfused and processed for histological
analyses as described above. Tissue cryosections were air-dried and then blocked in PBS
containing 10% goat serum, 1.5% BSA and 0.5% Triton X-100 (blocking solution) for 1 h
at room temperature. Immunolabeling was performed overnight at 4 ◦C with antibodies
against α-smooth muscle actin (α-SMA) [rabbit polyclonal antibody, Abcam ab5694] and
cardiac troponin T (cTnT) (mouse monoclonal antibody, Thermo Fisher Scientific MS-295-
P0, Waltham, MA, USA) diluted in blocking solution (1:200 and 1:100, respectively). Then,
tissue sections were washed in PBST (PBS containing 0.05% Tween 20) and incubated
with goat anti-rabbit AlexaFluor-647 (Invitrogen, A21244, Waltham, MA, USA) and goat
anti-mouse AlexaFluor-546 (Invitrogen, A11030) secondary antibodies, diluted 1:1000 in
PBS. All tissue sections were washed before being mounted in DAPI and analyzed under
an automated fluorescence microscope (Zeiss Axio Imager M1).

4.4. Brachytherapy in Rats

Rats were irradiated using brachytherapy. The radioactive source (Ir-192) was con-
nected to an afterloader system (Elekta Flexitron), which places the source in the right
position inside the rat for a short time. The correct positioning of the catheter implanted in
the rats with regard to the target region was verified using a computed tomography (CT)
scan (Siemens Sensation 16).

The scanning protocol is shown in Table 1:

Table 1. The scanning conditions used are detailed.

Parameters of the Scanning Protocol

Mode Axial
Pitch 0
KVp 80

mA 320
Rotation time (s) 1

mAs 320
FOV (cm) 20

Reconstruction diameter (cm) 20
Slice thickness (mm) 1

Convolution kernel H31s

The CT images (Figure S3) were used to design a treatment plan to give the desired
radiation dose to the target zone, minimizing dose application to non-target sites, by using
specically designed software (Oncentra v4.5.2). This program calculates the stop positions
and the time spent with the source to reach the required dose radiation distribution in the
target zone and the rest of the body. The plan was designed to give at least 8 Gy to the target
volume delimited in the CT. Once the treatment design was finished, all the necessary data
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were digitally transferred to the afterloader system. On the day of irradiation, the catheter
implanted in the rat was connected to this system and the treatment was begun.

4.5. Fluorescence Microscopy and ZsGreen Quantification

All slides were analyzed under fluorescence microscopy (Zeiss Axiophot epifluo-
rescence microscope) and those containing ZsGreen+ areas were selected. For quanti-
tative analyses, we selected the slide containing the section with the largest number of
ZsGreen+ area/s, and the following previous and subsequent slides. Thus, we analyzed
9 heart sections (3 sections/slide) in each recipient rat, which represents 1.67 mm of the
length of the heart (Figure S4a). ZsGreen and DAPI fluorescence signals were scanned in
an automated quantitative pathology imaging system (Vectra Polaris, Perkin Elmer) at the
same exposure time. Images were edited and quantification of ZsGreen+ area/s in each
tissue section was carried out by a researcher blind to sample origin by using the Fiji-Image
J software.

4.6. Statistical Analysis

ZsGreen+ areas from both groups, non-irradiated (26 values, 3 rats) and irradiated
(36 values, 4 rats), together with the median of each data group were calculated. Statistical
analyses were performed using GraphPad Prism software. The median of each data group
is shown since data did not show a normal distribution (Shapiro-Wilk normality test
p < 0.05). Statistical comparison between the two groups was performed using two-tailed,
Mann-Whitney U tests. The p-value (p < 0.0001) obtained was considered to indicate a very
significant difference between the two groups.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms22179126/s1.
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