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ABSTRACT 

 

XUAN GUAN 

 

MODELING HEART DISEASE OF PATIENTS WITH MUSCULAR 

DYSTROPHY USING INDUCED PLURIPOTENT STEM CELLS  

 

Dissertation under the direction of  

Martin K. Childers, DO, PhD 

Professor of Rehabilitation Medicine, Institute for Stem Cells and Regenerative Medicine  

University of Washington 

 

Dystrophin deficient cardiomyopathy is a hereditary disorder resulting from 

dystrophin gene mutation. All patients inevitably develop cardiomyopathy and 30%-50% 

of them succumb to congestive heart failure. The mechanism of dystrophic 

cardiomyopathy is still elusive, partly due to the scarce human material to study this 

disease. Therefore, we propose to create dystrophin deficient cardiomyopathy in vitro 

using DMD patient cardiomyocytes derived from induced pluripotent stem cells (iPSC). 

By converting adult somatic cells to iPSCs and further differentiate into cardiac lineage, a 

vast number of cardiomyocytes can be manufactured to explore disease etiology and 

conduct drug screening.  

 Chapter II describes the lentiviral mediated reprogramming of normal and DMD 

human urine stem cells, which manifested considerably faster kinetics. Both normal and 
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DMD iPSCs give rise to functional cardiomyocytes. DMD cardiomyocytes retain the 

genetic mutation and are dystrophin negative. Physiological assays revealed patient 

cardiomyocytes exhibit several disease-associated phenotypes including decreased 

membrane barrier function, abnormal mitochondria and calcium mishandling.  

The application of iPSCs is hindered by contamination of undesired cell types. 

Chapter III presents a novel methodology to enrich cardiomyocytes from heterogeneous 

iPSCs derivatives by exploiting the natural tissue tropism of adeno-associated virus 

(AAV). AAV1 was identified to be the optimal serotype to transduce iPSC-derived 

cardiomyocytes. AAV1 mediated delivery of G418 selection marker coupled with 2-

week drug selection yielded more than 2-fold cardiac enrichment.  

In order to causally relate abnormal cellular phenotypes to the absence of 

dystrophin, chapter IV describes the derivation of an isogenic dystrophin knockout iPSC 

line (c.263delG). Mutant cardiomyocytes reproduced some abnormal phenotypes seen in 

patient’s cells, including the decreased membrane barrier function, which was further 

adapted to high throughput (HTS) compatible format for the purpose of drug discovery. 

A phenotypic screening against a 2000-compound library revealed 39 “hits” protecting 

cells from hypotonic injury.  

In summary, the work in this thesis demonstrates that iPSC derived 

cardiomyocytes faithfully recapitulated aspects of dystrophin-deficient cardiomyopathy, 

exhibiting the utility of these cells as unique reagents to explore disease etiology and 

screen therapeutic compounds.  

 

!
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Mutations of the dystrophin gene cause dystrophinopathy, a hereditary disorder 

with variable allelic clinical presentations including Duchenne muscular dystrophy 

(DMD), Becker muscular dystrophy (BMD) and X-linked dilated cardiomyopathy 

(XLDC). Though the disease is well known for the skeletal muscle involvement, most 

patients develop cardiomyopathy and eventually succumb to congestive heart failure. 

With ventilatory support preventing respiratory-related mortality, the greater cardiac 

workload associated with longer life expectancy is believed to increase the incidence of 

heart failure. Currently there are no effective therapies to halt the heart function decline. 

Thus it is urgent to devise new strategies to prevent, halt or reverse the cardiomyopathy. 

To address this unmet medical need, we modeled dystrophin-deficient cardiomyopathy 

using cellular reprogramming technology, which involves converting adult somatic cells 

into pluripotent stem cells, termed induced pluripotent stem cells (iPSCs). Upon further 

induction, iPSCs can give rise to vast number of heart cells, that can be used to study 

disease etiology and screen therapeutic compounds. 

 

1  Dystrophin deficient cardiomyopathy  

1.1  Background  

Dystrophinopathy refers to a group of genetic disorders, encompassing DMD, its 

milder variant BMD, and XLDC1. Though varied in clinical presentation, these diseases 

share common gene defects in dystrophin resulting in varying levels of dystrophin 

deficiency. Cardiac symptoms are invariably associated with all dystrophinopathy 

patients. Rare mutations cause localized dystrophin protein defects restricted to the heart, 

making it the only affected organ in XLDC. More commonly, mutations cause 
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devastating skeletal muscle weakness for muscular dystrophy patients that overshadows 

underlying cardiac abnormality. 98% of DMD patients develop cardiac abnormalities, 

while congestive heart failure (CHF) and sudden cardiac death account for 10%-20% of 

the mortality in DMD patients. In contrast to their relatively mild skeletal muscle 

involvement, many BMD patients develop evident cardiac symptoms likely due to the 

cardiac workload imposed by the longer life span and vigorous physical activities. 

Cardiac complications are estimated to account for up to 50% of the mortality in patients 

with DMD1. The mortality associated with cardiac failure is expected to rise even further, 

due to improved respiratory management that decreases fatal respiratory failure and 

extends the patients’ lifespan.  

Other reports have highlighted the linkage of dystrophin with several forms of 

acquired cardiomyopathy2-4, suggesting that dystrophin protein remodeling may represent 

a common pathway underlying contractile dysfunction in failing hearts5. Thus, restoring 

normal function of dystrophin-associated glycoprotein complex (DGC) could serve as a 

potential therapeutic target for heart failure patients.  

 

1.1.1  Dystrophin gene and the mutations 

The gene encoding dystrophin locates to the X chromosome, spanning 79 exons 

and covering 2.4 Mbp6. While the shortest isoform DP71 is ubiquitously expressed in 

multiple tissues, the full-length transcript variant Dp427m is mainly expressed in muscle 

tissues, including the heart7. By forming the dystrophin-associated glycoprotein complex 

on sarcolemma, dystrophin mainly functions as a hub to connect intracellular actin 

filament with extracellular matrix (ECM), providing mechanical support to reinforce the 
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sarcolemma. On the other hand, dystrophin also serves as a scaffold protein to organize 

molecules in proper position, such as membrane receptors and signaling proteins like 

neuronal Nitric Oxide Synthase (nNOS)8. Hence dystrophin plays a critical role in both 

mechanical membrane support and in proper function of certain intracellular signaling 

pathways. 

Numerous genetic mutations have been identified across the whole length of the 

dystrophin gene, but mainly enriched within two “hotspots”. The most common region, 

3’ end hotspot lies within exon 45-55 with genomic breakpoints at intron 44, while the 5’ 

end hotspot covers exons 2-19 with breakpoints in intron 2 and 77. Exon deletions and 

duplications are the most common forms of mutations. The severity of symptoms heavily 

depends on the maintenance of the open reading frame, rather than the size of mutated 

genomic regions. The frame shift hypothesis suggests that mutations maintaining the 

original open reading frame lead to the production of a truncated but partially functional 

protein, which usually leads to a milder clinical presentation in BMD. On the other hand, 

mutations shifting the reading frame completely cease protein production7 with 

prominent disease manifestations. 

 

1.1.2  Clinical symptoms and management   

Cardiomyopathy in dystrophic patients is largely under-diagnosed and poorly 

managed9, partly due to the fact that symptoms dynamically progress over time. To 

monitor disease progression, electrocardiogram, ultrasonography and magnetic resonance 

imaging (MRI) can be used to determine the appropriate time and course of intervention. 

Cardiac manifestations associated with dystrophin deficiency include rhythmic 
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disturbance, organ structural alteration and hemodynamic abnormalities. A typical 

disease course includes three distinct but continuous stages10. The pre-clinical stage 

usually presents with an abnormal electrocardiogram, demonstrating a variety of findings 

such as sinus tachycardia, premature contractions, and conduction delays1, 11. As the 

disease progresses, imaging exams identify evidence of cardiac hypertrophy such as 

increase of ventricular septal thickness and left ventricular free wall/septum ratio in the 

hypertrophic stage. In the advanced dilated cardiomyopathy stage, echocardiogram 

usually reveals ventricular dilation coupled with hemodynamic disturbances that 

eventually progresses to congestive heart failure.  

Available therapies are limited and mainly palliative. Conventional anti-heart 

failure regimens, including ACE inhibitors (ACEI), Angiotensin II Receptor Blockers 

(ARBs), beta-adrenergic receptor blockers and aldosterone antagonists are typically 

prescribed in an attempt to delay heart function deterioration12-14. Corticosteroids also 

demonstrated benefits in several reports, though most of these studies are retrospective 

observations with limited sample size. More recently a cohort of 86 patients was 

retrospectively analyzed and the investigators concluded on top of ACEI therapy, the use 

of steroids was associated with a 76% decrease of mortality, largely driven by the 

reduction of heart failure-associated death. However, the corticosteroid-treated group 

received ACEI treatment 3 years earlier, which may be the alternative explanation for the 

observed effect15.  Other therapeutic modalities, such as pacemaker16-18, ventricular assist 

device (VAD)19-22 and cardiac resynchronization therapy (CRT)23-25 may be beneficial in 

decreasing fatal arrhythmias and temporarily boost heart function.  

The majority of patients still face inevitable cardiac failure. This cruel reality 



! 6 

makes it imperative to develop new therapies. However, this attempt is largely hindered 

by the lack of reliable disease models. Existing animal models such as the mdx mouse fail 

to precisely reproduce human pathophysiology. For example, pharmacotherapy proven 

effective in mdx mice failed to demonstrate the equivalent efficacy in DMD patients, and 

even worsened heart performance26. On the other hand, utilization of primary human 

cardiomyocytes is limited by risky isolation procedures and poor proliferation capacity of 

cells captured from human biopsy. Therefore, a disease model system that closely mimics 

human symptoms and is capable of predicting in vivo efficacy is invaluable.  

 

1.2       Pathogenesis  

A plethora of evidence suggests that the outer cell membrane of the skeletal or 

cardiac muscle cell, the sarcolemma, is abnormally susceptible to mechanical stress in the 

face of dystrophin deficiency. This “vulnerable membrane” is characterized by the 

decrease of membrane stability when subjected to mechanical stretch during contraction, 

predisposing muscle cells to rupture. On the other hand, a spectrum of abnormal 

phenotypes across multiple physiological domains have also been linked to the absence 

of dystrophin, including but not limited to disturbance of calcium homeostasis, 

mitochondria dysfunction and aberrant nNOS-cGMP signaling (Figure 1). The 

pleiotropic effects of dystrophin deficiency is likely due to the multifaceted function of 

dystrophin, and to some degree complicates the clear delineation of the pathogenic 

process. Consequently, it is still elusive how dystrophin deficiency leads to abnormal 

phenotypes. Earlier work suggests that those aforementioned phenotypes are not merely 

concomitants of dystrophin deficiency, but actively contributing to disease progression. 
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Corrections of these abnormalities, such as amplifying cGMP signaling or correcting 

calcium mishandling, are accompanied by ameliorated tissue pathology and improved 

muscle function. Because successful in vitro disease modeling is determined by faithful 

reproduction of in vivo disease characteristics, confirming the presence of certain disease 

features in dystrophin deficient cardiac cells renders credibility to further exploration.  

 

Figure 1: Mechanistic scheme of the dystrophin deficient cardiomyopathy.  

The absence of dystrophin causes membrane instability, triggering the abnormal calcium 

influx through various calcium channels. Improper accumulation of extracellular calcium 

together with hypersensitive Ryanodine receptor, lead to calcium mishandling. Coupled 

with dysregulated nNOS-cGMP pathway and heightened oxidative stress, the disease 

network triggers cell death through calcium dependent protein degradation and 

mitochondria mediated apoptosis.  
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1.2.1  Impairment of membrane barrier function  

Dystrophin is a cell membrane anchoring protein. Based on its sarcolemma 

localization, it has been postulated that the absence of dystrophin causes membrane 

barrier dysfunction. This idea is supported by the findings of “leaky sarcolemma”. For 

instance, measuring serum levels of intracellular proteins, such as creatine kinase (CK), 

has been widely employed to assess the degree of muscle damage in muscular dystrophy. 

Experimentally introduced membrane impermeable substances such as albumin27-31 and 

evans blue dye were found to accumulate within damaged dystrophin-deficient 

myofibers. Although these early studies confirmed the presence of an altered membrane 

barrier function, they failed to precisely define the biophysical nature of the membrane 

lesion. Normally, skeletal and cardiac muscle endures mechanical strain during 

contraction. In dystrophin-deficient DMD muscle, discontinuation of the normal 

sarcolemmal structure in non-necrotic muscle fibers was observed by transmission 

electron microscopy. This observation, coupled with pathological intracellular changes 

and hyper-contracture of surrounding myofibers, leads to the speculation that physical 

breakage of the membrane, or “micro-ruptures”, induced by mechanical strain during 

muscle contraction is the underlying membrane defect in dystrophin-deficiency32. This 

notion is further supported by the observation that a synthetic polymer, poloxamer 188, 

sealed membrane ruptures and reversed the dystrophic phenotype33, 34. In contrast to this 

prevailing view, Allen et al. argued that in dystrophin-deficient muscle, the slow kinetics 

of trans-sarcolemma calcium ingress following injury could not be explained by the 

abrupt physical breakage. Instead, the investigators proposed that pathological activation 

of pre-existing membrane channels are responsible for heightened membrane 
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permeability35. Various calcium permeable channels have been scrutinized for this 

purpose and will be discussed in the following section.  

 

1.2.2  Dysregulated Calcium handling 

Calcium is a critical ion with diverse biological functions in both physiological 

and pathological processes of muscle. As a result, muscle has evolved highly regulated 

machinery to keep calcium flow in check. Thus, malfunction of critical proteins in this 

system may jeopardize the delicate balance with a detrimental effect. Increase of 

intracellular calcium concentration triggers muscle contraction and attenuates cellular 

compliance36. Excessive activation of calcium signaling networks could lead to cell 

death11, partly through the mitochondrial death pathway5, 37.  It is also worth noting that 

skeletal muscle differs from cardiac muscle in calcium handling processes. Opening of 

the membrane-bound L-type calcium channel in skeletal myocytes physically interact and 

activates the ryanodine receptor (RyR), the gatekeeper of sarcolemma reticulum (SR) 

calcium storage. While in cardiomyocytes it is the local elevation of sub-sarcolemma 

calcium concentration, following calcium influx through the dihydropyridine receptor 

(DHPR) that activates the SR RyR. This difference in calcium handling could potentially 

contribute to different pathophysiology and account for organ specific presentations such 

as heart rhythm disturbances.  

 

1.2.2.1 [Ca2+]i handling in dystrophin deficient cardiomyocytes 

Aged mdx cardiomyocytes demonstrate elevated resting  [Ca2+]i
38 and attenuated 

SR calcium storage39 (Figure 2), that are not present in young mdx mice. When young 
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mdx cells were stressed by mechanical stretch, they responded with profound calcium 

oscillation that largely surpassed WT controls33, 39, 40 (Figure 2).  Both adult and young 

mdx cardiomyocytes demonstrated prolonged calcium reuptake38, 41, 42. On the other hand, 

overexpression of sarco/endoplasmic reticulum Ca2+-ATPase 2 (SERCA2), the pump 

responsible for sequestering calcium in SR during repolarization, normalizes intracellular 

calcium load and corrected the abnormal EKG43.  

 

Figure 2: Schematic illustration of the calcium mishandling on cellular level 

 

1.2.2.2 Extracellular calcium entry 

It is generally accepted that abnormal extracellular calcium entry through 

disrupted membrane triggers downstream disease signaling. In support of this idea, 

removal of extracellular calcium completely abrogates pathological [Ca2+]i 

accumulation40. However, the biophysical identity of the entry route is still obscure. 

Though membrane tears resulting from mechanical injury has long been suspected to be 

the culprit, recently Whitehead et al. argued that the delayed [Ca2+]i up-rise following 
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mechanical stretch contradicts membrane micro-rupture to be the leading path of calcium 

entry44. Alternatively, they suggested a group of calcium permeable cation channels. The 

so-called “stretch activated channels (SACs)” were first described by Franco and 

Lansman to be abnormally active in mdx mice myotubes45. Squire et al. later confirmed 

that the occurrence and opening probability of this channel was greater in mdx 

myofibres46. Blocking this channel by gadolinium, streptomycin and GsMT-4 

significantly ameliorated intracellular calcium overload induced by mechanical stretch38, 

47, 48. Unfortunately, though the functionality of SACs has been confirmed by 

electrophysiological examinations, little is known about its protein identity. Some studies 

have suggested the involvement of transient receptor potential channel (TRPC). For 

example, a recent study revealed in mdx heart a 2-fold increase of TRPC vanilloid 

channels type 2 (TRPV2) expression, and the protein mislocalized from cytoplasm to 

sarcolemma. Knocking down TRPV2 by siRNA or antibody blocking TRPV2 channel 

abrogated mechanically induced intracellular calcium accumulation49.   

Other membrane localized Ca2+ channels have also been investigated in the 

context of dystrophin deficiency. The sarcolemma L-type calcium channel, DHPR, is the 

main calcium channel that triggers excitation-contraction coupling, directly interacts with 

dystrophin in the t-tubule system50, 51. DHPR channel inactivation was delayed in 

cardiomyocytes from neonatal50 and adult mdx mice52, 53. Moreover, in mdx 

cardiomyocytes, the L-type calcium channel mediates an enhanced calcium influx that 

contributes to prolonged action potential duration53. These findings inspired studies to 

test the effect of calcium inhibitors in DMD patients. However, neither animal 

experiments nor clinical trails have demonstrated significant benefit54, 55. 
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1.2.2.3 Intracellular calcium release through hyperactive RyR.  

Trans-sarcolemmal calcium influx is augmented in DMD cardiomyocytes. 

However, this change alone is insufficient to account for the cyclic abnormal calcium 

oscillations observed in DMD cardiomyocytes, as shown in figure 236, 40. The self-

sustaining nature of the calcium oscillation suggests the involvement of intracellular 

calcium storage of the SR. Several groups have reported the function of RyR, the 

molecule gating SR calcium release, is altered in DMD cardiomyocytes36, 56. A “leaky” 

RyR loses control over intracellular SR calcium release, contributing to calcium 

dysregulation. Ullrich et al. reported the sensitivity of RyR was greater in mdx 

cardiomyocytes, responding to low concentration of extracellular calcium that could not 

activate wild-type RyR37. Prosser et al. further demonstrated that sensitized RyR 

responds to stimuli by a profound SR calcium liberation, which potentially accounts for 

DMD cardiac rhythm disturbances36.  

 

1.3  Excessive ROS production  

Cumulative evidence suggests a key role of elevated oxidative stress in the 

degeneration of dystrophin-deficient skeletal muscle44, 57, 58. Exposing mdx 

cardiomyocytes to hypo-osmotic or stretch stress triggers higher-than-normal reactive 

oxygen species (ROS) production36, 40, likely through up-regulating key enzymes in ROS 

production such as NADPH oxidase 2 (NOX2)36, NOX4 and Lysyl oxidase (LOX)59. 

Antagonizing ROS by supplementing the ROS scavenger, N-acetylcysteine (NAC), 

attenuates calcium-handling abnormalities, preserves heart function, and mitigates 

inflammation and fibrosis60.  
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The role of oxidative stress and its downstream molecular consequences has been 

well documented in other forms of cardiomyopathy61. Though direct evidence is lacking, 

it is reasonable to argue that similar pathways may also be activated in dystrophin 

deficient cardiomyocytes. Excessive oxidation of functional proteins inflicts cell damage 

and deteriorates heart function. Those susceptible targets include membrane channels, 

contractile proteins62, signaling proteins63 and EC coupling components64. For example, 

Prosser et al. revealed that the ROS generated via NOX2 oxidizes RyR, resulting in 

dysregulated SR calcium release36.  

 

1.4  Mitochondria dysfunction  

Functional imaging studies through positron emission tomography (PET) 

identified regional abnormalities in the DMD heart, characterized by energy substrate 

shift from fatty acid to glucose65-67. Lately, alteration of metabolic substrate was 

experimentally confirmed in young mdx heart prior to overt cardiomyopathy, coupled 

with increased oxygen consumption, glycolysis and ATP production rate68. The same 

group also discovered the mitochondria permeability transition pore (mPTP), an 

important mediator of mitochondrial apoptosis pathway, is more susceptible to open 

when challenged by stressors5, suggesting that mitochondria are actively involved in 

disease progression and may represent an intervention target.  

 

1.5  Abnormal nNOS-cGMP signaling  

In skeletal muscle, the neuronal nitric oxide synthase (nNOS) is anchored to the c-

terminus of dystrophin to control nitric oxide (NO) production. While active NO 



! 14 

modulates target proteins by binding to thiol residues via s-nitrosylation, NO can also 

function through activating soluble guanylyl cyclase (sGC) to produce cGMP as the 

secondary messenger. In DMD patients, the absence of dystrophin causes nNOS 

mislocalization, which greatly dampens NOS function by up to 80%. The benefits of 

nNOS overexpression in skeletal muscle include anti-inflammation, anti-fibrosis and 

additional protection of myofibers against mechanical stress69. nNOS-mediated NO 

production also exerts a protective effect in the heart8. Differing from its sarcolemmal 

localization in skeletal myofibers, nNOS mainly associates with SR70 and mitochondria71 

in the heart, without direct interaction with dystrophin. Surprisingly, Bia et al. discovered 

in dystrophin/utrophin double knockout mice an 80% decrease of cardiac nNOS activity. 

Encouraged by their previous success in skeletal muscle69, overexpressing nNOS in mdx 

heart demonstrated salutary effect to decrease inflammation and fibrosis72. Another group 

over-expressed sGC or administered the PDE5 inhibitor sildenafil with the goal to 

activate the sGC pathway. Remarkably, both these strategies improved mitochondrial 

function, attenuated stress-induced mPTP opening, and exerted sarcolemma protection 

against workload-induced damage73, 74. Sildenafil has also been shown to be capable to 

revert cardiomyopathy in aged mdx mice, boosting depressed cardiac function to 

comparable levels of age-matched controls75. Taken together, evidence suggests that 

cGMP-mediated effects account for benefits associated with modulating the nNOS 

pathway. Commercially available PDE5 inhibitors may hold promise in treating heart 

disease in DMD.  
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2  Regenerative cellular technologies  

Advances in genetics, epigenetics and stem cell biology have empowered 

scientists with new tools to control cell fate. A variety of human tissues, including 

cardiomyocytes, neurons, hepatocytes, and endothelial cells can now be produced from 

stem cells in large quantities. This new technology paves the way for a myriad of 

downstream applications, such as studying disease mechanisms, screening therapeutic 

compounds and enabling cellular replacement therapy.  

 

Figure 3: Cell fate controlling 

Strategies of ex vivo manipulating cellular identities, including guided differentiation 

following developmental cues, reprogramming of pluripotentcy by forced overexpression 

of reprogramming factors, and inter-lineages conversion.  
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2.1  The germination of nuclear reprogramming 

Mammalian development is accompanied by diversification of progeny cell 

identity, realized by a gradual loss of cell plasticity. It was once believed that 

development is an irreversible process. Uni-directionality was ensured by a gradual loss 

of genetic material76. Consequently, cell fate was considered to be static and inter-lineage 

switch of cellular identity is impossible. In the middle 20th century, this dogma of a “one-

way street” was challenged. John Gurdon discovered that differentiated tadpole muscle 

and intestinal nuclei could generate mature fertile adults after being transplanted into 

enucleated Xenopus eggs. This discovery unequivocally proved that the genome is 

relatively stable across the lifespan of individual organisms. The development process is 

not coupled with attrition of genetic material. When provided with the correct cue, an 

adult nucleus is capable to initiate and maintain normal development in a similar fashion 

as zygotes77. Miller and Ruddle had also shown that differentiated thymus cells could be 

reset to a primitive stage equivalent to pluripotent embryonic stem cells by fusing with 

embryonic carcinoma cells78.  These findings broadened the “one-way street” to “two-

way traffic” but were still constrained within a longitudinal developmental path.  Later, 

Helen Blau utilized a similar cell fusion technique, termed heterokaryon, to successfully 

convert human non-muscle cell nuclei to acquire a skeletal muscle gene expression 

profile. This was the first demonstration of an inter-lineage switch79. Together these 

findings revealed the surprising plasticity of nuclei and foreshadowed an era of nuclear 

reprogramming, to manipulate cellular fate by altering gene expression.  
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2.2  Nuclear reprogramming 2.0  

2.2.1  Induced pluripotency  

A lesson learned from the somatic nuclear transfer and heterokaryon experiments 

is that certain molecules within the recipient’s cytoplasm redirect a terminally 

differentiated cell type to acquire a different identity. Consequently, identifying these 

limited molecules and overexpressing them in donor cells might simplify this process. 

The cosmologically vast number of molecules contained in the cytoplasm made this a 

formidable task. After decades of exploration, a breakthrough occurred in 2006. 

Yamanaka and Takahashi identified ectopic expression of four transcription factors, Oct-

4, Sox-2, c-myc and Klf480, converted both mouse80 and human81 fibroblasts to 

pluripotent stem cells. Another report around the same time demonstrated that nanog and 

Lin28 could replace c-myc and Klf482. Converted somatic cells, termed, induced 

pluripotent stem cells (iPSCs), possess indefinite self-renewal capacity, and the potential 

to generate virtually any cell types within the body. To date, although small differences 

have been reported between iPSC and hESC83-87, these two behave largely the same. Not 

only do iPSC and ES cells share similar morphology and gene expression profiles, more 

importantly, iPSC cells acquire bona fide pluripotency, forming teratoma after engrafting 

into immune compromised animals. Mouse iPSCs could even pass the most stringent 

tetraploid complementation assay to generate progenies solely composed of cells 

differentiated from iPSCs88.   

Recent technique evolution has overcome some major hurdles for clinical 

translation of iPSC technology. The poor reprogramming efficiency and slow kinetics 

were once the bottleneck of iPSC derivation, have been overcome by optimizing the 
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reprogramming factor combination and starting cell population89-91. Lately, a remarkable 

100% efficiency was achieved by simultaneously knocking down the MDB3 gene92 

together with reprogramming factor delivery. On the other hand, the concern of 

insertional mutagenesis, elicited by random viral integration, is addressed by “footprint 

free” reprogramming technology. Non-integration delivery vectors, such as Sendai virus, 

episome or mRNA, can achieve efficient reprogramming without genome perturbation.  

 

2.2.2  Inter-lineage cell fate conversion  

Derivation of iPSCs by transient, ectopic expression of transgenes demarcates the 

new era of nuclear reprogramming. Compared to previous SCNT experiments, the major 

improvement of this new version of nuclear reprogramming is that cell fate conversion is 

achieved through manipulating a small set of pre-defined factors. This breakthrough 

considerably lowered the technical barrier and encouraged further exploration. Following 

experiments demonstrated that other cell fates could also be re-routed via ectopic 

expression of a handful transgenes (Table 1). Inter-lineage cell fate conversion bypasses 

the pluripotent stem cell stage. This process, termed “trans-differentiation”, usually start 

with donor cells that are developmentally related to the target cells, though trans-

germlayer conversions have also been documented. The majority of these trans-

differentiating factors are chromatin modifiers, transcriptional factors and miRNAs 

critical to normal development of certain lineages. Surprisingly only a handful of factors 

are required to achieve these transformations, which may emphasize that cell identities 

are maintained through certain “master regulators”, such as MyoD for skeletal muscle93. 

Several studies have demonstrated that similar cell fate conversion could be achieved in 
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vivo, such as cardiomyocytes94, pancreatic beta cells95, 96 and neurons97, 98, showcasing 

the versatility of this technology. 

Table 1: Summary of human cell inter-lineage conversions.  
Donor cells Target cells Reprogramming Factors 
Fibroblasts Melanocyte Mitf, Sox10 and Pax399 
Pancreatic 
exocrine cells 

Pancreatic beta cells Activated MAPK and STAT3100 

Fibroblasts Hematopoietic progenitor with 
macrophage potential 

Sox2101 

Fibroblasts Multipotent neural crest 
progenitor 

Sox10, Wnt activation102 

Endothelial 
cells 

Haematopoietic progenitors Fosb, Gfi1, Runx1 and Spi1 with 
vascular niche monolayers103 

Fibroblasts Hepatocytes FoxA3, Hnf1a, and Hnf4a104 
Fibroblasts Hepatocytes Hnf1a, Hnf4a, Hnf6, Atf5, Prox1, 

and CEBPA105 
Fibroblasts Retinal pigment epithelium like 

cells 
cMyc, Mitf, Otx2, Rax, and Crx106 

Fetal lung 
fibroblasts 

Cholinergic neurons Neurogenin2 supplemented with 
forskolin and dorsomorphin 107 

Cardiac 
fibroblasts 

Cardiomyocytes Gata4, Mef2c and Tbx5 Mesp1 
and Myocd108 

Proximal 
tubule cells 

Nephron progenitors Six1, Six2, Osr1, Eya1 HoxA11 
and Snai2109 

Fibroblasts Cardiomyocytes GATA4, Hand2, Tbx5, 
Myocardin, miR1 and miR133110 

Fibroblasts Cardiomyocytes Ets2 and Mesp1111 
Fibroblasts Multi-potent neural stem cells Sox2112 
Fibroblasts Dopaminergic neurons Mash1, Ngn2, Sox2, Nurr1, and 

Pitx3113 
Fibroblasts Motor neurons Brn2, Ascl1, Myt1l, Lhx3, HB9, 

Isl1, Ngn2114 
Fibroblasts Neurons Brn2, Myt1l, miR124115 
Fibroblasts Neurons Ascl1, Myt1ll, NeuroD2, miR9/9*, 

miR124116 
 

 

2.3  Guided differentiation  

An alternative strategy to achieve in vitro cell fate control is to guide pluripotent 

stem cells to differentiate into desired cell types. Insights gained from embryonic 
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development have enabled scientists to harness the physiological cues to hijack the 

intrinsic developmental program. The key is to recapitulate those early events governing 

lineage commitment and germ layers specification by temporally modulating critical 

signaling pathways117. A broad spectrum of cell types including cardiomyocytes, 

hepatocytes, pancreatic beta cells, endothelium and dopaminergic neurons have been 

generated in this fashion. The advantages of this method are two fold. First, large 

quantity, highly purified target cells can be manufactured through an optimized induction 

protocol. For example, cardiomyocyte production can be over 90% in purity with 3 

output cardiomyocytes for every input stem cell. This scale is compatible with industrial 

setting to produce clinically relevant cell number, usually in the billions118. Secondly, 

starting from pluripotent stem cells offers a unique opportunity for genetic engineering to 

generate homogenous cell line with desired traits. The following section will focus on 

cardiac induction.  

It was noticed that beating cardiomyocytes could be generated from embryoid 

bodies (EB), stem cell aggregates mimicking early developing embryo structure. The 

efficiency of spontaneous cardiogenesis is low (less than 10%) with large batch-to-batch 

variations119, 120. Not until insights gained from development were applied, have 

investigators started to consistently generate adequate cardiomyocytes. In the embryo, 

cardiac progenitors are derived from brachyury T and Emos- positive mesoderm cells, 

which further give rise to KDR and PDGFRα positive cardiac mesoderm and gradually 

turn on the cardiac master regulator MESP1. Further specification of cardiac mesoderm 

generates cardiac progenitors, characterized by the expression of a panel of cardiac 

specific transcriptional factors such as Nkx2.5, GATA4, Tbx5 and Isl1. Temporally and 
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spatially orchestrated Nodal, BMP4 and Wnt3 signaling ensure this organized sequential 

progression. Artificially supplementing these ligands in culture medium, mimicking the 

physiological strength and timing, can also differentiate pluripotent stem cells into 

cardiomyocytes. With some technical variation, this scheme consistently generates 

cardiomyocytes in around 2 weeks, with an efficiency ranging from 30% to 90%121. It is 

important to note that the Wnt signaling has a unique bi-phasic role in cardiac 

development. Lately the Palecek group had shown that by fine-tuning Wnt pathway alone 

by two molecules, GSK-3β inhibitor CHIRO-99021 and Wnt inhibitor IWP-4 or IWR-2, 

cardiomyocytes can be generated from multiple cell lines with an efficiency over 90%122.  

Various strategies have demonstrated that in vitro cardiac induction follows the 

same gene expression pattern that would occur during embryonic development. 

Downregulation of pluripotent genes is accompanied by upregulation of mesoderm 

markers Brachyury T and MESP1, which peak around day 2. Cardiac progenitor markers 

KDR, ISL1 and PDGFR-α peak at day 5, followed by a steady increase of mature 

myocyte markers such as Nkx2.5, myosin heavy chain (MHC) and troponin123-126. 

Differentiated cells manifest sarcomere striation, typical action potentials and associated 

ion channels127, potent gap junctions for synchronized contraction, as well as positive 

humeral regulation response following isoproterenol stimulation119, 128, 129. Klug et al. 

demonstrated that stem cell-derived cardiomyocytes express dystrophin 130. While this 

evidence suggests these are bona fide cardiomyocytes, stem cell derived cardiomyocytes 

largely mimic a developmentally immature cardiac phenotype. Transcriptional profiling 

suggested that the cardiac gene expression pattern was similar to 20-gestational-week 

fetal cardiomyocytes131.  Electrophysiological assays indicated that stem cell derived 
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cardiomyocytes possess fetal-type ion channels123, leading to a fetal-like negative force 

frequency relationship, blunted post-rest potentiation132, higher resting potential and slow 

action potential upstroke131, 133. Ultrastructure analysis revealed that the characteristic 

components, such as contraction machinery, sarcomeric reticulum, transverse tubules (t-

tubule) and mitochondria, were all present, but their abundance, distribution and 

organization failed to reach the level of adult cardiomyocytes134.  

 

3 Dystrophin deficient cardiomyocytes generated via cellular reprogramming 

are a novel biological reagent for the study of DMD cardiomyopathy  

Cellular reprogramming provides a unique approach to capture and immortalize 

any desired genotype. The rationale behind iPS-based disease modeling is the 

differentiation of stem cells into the specific cell type(s) most likely to be altered by the 

mutation, thereby recapitulating the disease in a dish. Since the in vitro differentiation of 

iPS cells likely passes through the same developmental stages as would occur in the 

embryo and fetus, this technology may allow us to capture the disease phenotype at the 

stage when the initial defect arises. The list of iPSC-based disease models is steadily 

growing. Impressively, different diseased cells manifest phenotypes analogous to 

symptoms in patients in culture dishes. A partial list includes models for amyotrophic 

lateral sclerosis, spinal muscular atrophy, familial dysautonomia135, Rett syndrome136, 

schizophrenia137, Parkinson disease138-141, Timothy syndrome142, and long QT 

syndrome143. The explosion of the iPSC application is largely due to the fact that cellular 

reprogramming is a powerful tool that strongly resonates in the era of personalized 

medicine, which enables identifying and optimizing solutions for specific mutations. 

DMD cardiomyopathy is well suited to iPSC based “disease-in-a-dish” platform. First, 
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there is currently no effective treatment for DMD cardiomyopathy. Secondly, the 

molecular mechanism of the cardiomyopathy is not well understood. Though the disease 

root cause is clear, a variety of subdomains, such as membrane stability, calcium 

handling and mitochondria abnormalities have been suggested in the pathogenic process. 

The complexity of the underlying pathogenic network makes identifying therapeutic 

targets a daunting task. Thirdly, the most widely used DMD animal model, the mdx 

mouse, does not accurately reproduce the cardiac pathology observed in human 

patients144. Thus it is imperative to study this disease in a human context to render 

clinical relevance. Furthermore, the risk associated with cardiac biopsy makes acquiring 

samples from DMD patients nearly impossible. These limiting factors impose significant 

constraints in developing therapies for human patients. As a result, human 

cardiomyocytes differentiated from patient iPSCs represent an attractive option to 

overcome these limitations. 

It is technically favorable to model Duchenne cardiomyopathy using the iPSC 

approach mainly because DMD is a classic mendelian monogenic disease with complete 

penetrance in male patients. A large body of literature suggests that the disease phenotype 

is cell-autonomous, indicating that disease traits can be readily observed independent of 

the diseased body environment. Compared to polygenic genetic disorder or complex 

disorders involving strong environmental attributes, the technical complexity associated 

with modeling dystrophin deficient cardiomyopathy ex vivo is considerably lower. 

Moreover, the existence of a highly efficient cardiac induction regimen bolsters this 

strategy by lowing the technical hurdle122, 145. 
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3.1 Personalized diagnosis: Exploring disease etiology  

Presently, disease diagnosis has evolved from clinical and functional, to 

molecular diagnosis using biomarkers146, 147 and genome sequencing148, 149. However, 

genotype-phenotype relationships are not always strongly correlated and sometimes it is 

difficult to elucidate a causal relationship. Towards this end, iPSC technology represents 

a unique opportunity to converge information from multiple levels and directly link them 

to a change in cellular function. For example, in iPSC-differentiated disease target cells, 

the mutated gene can be sequenced, biochemical reactions can be measured, and 

abnormal metabolites can be quantified. Readouts from these measurements can be 

further linked to cellular responses in a quantifiable fashion. In addition, cell culture 

systems allow intricate experimental interventions at virtually any level, from genetic to 

environmental, greatly aiding in determining the disease root cause. Lastly, because 

clinically relevant cells are differentiated stepwise from stem cells in a fashion that 

recapitulates the embryonic development, disease initiation and early progression, hard to 

assess by other modalities, can now be closely monitored. It is possible to exploit these 

models to uncover early disease markers before overt symptoms, increasing the 

opportunity for early intervention or even prevention. For instance, Kim et al. identified 

in patient iPSC derived cardiomyocytes an abnormal peroxisome proliferator-activated 

receptor gamma (PPAR-γ) activation that underlies the pathogenesis of arrhythmogenic 

right ventricular dysplasia (ARVC), a previously unrecognized mechanism150. iPSC 

based platforms also simplifies the diagnosis procedure since tests only need to be 

conducted on single diseased lineage in isolation, removed from potential secondary 

effects of residing within a sick animal.  
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3.2  Personalized therapy: in search for the ideal treatment  

Because of its individualized nature, iPSC technology can also serve as an 

invaluable tool to identify new therapies. First, it can be employed as a platform to 

predict the potency and toxicity of existing therapies151, 152. It is not uncommon that a 

spectrum of drugs are available for a single disease, yet not every drug is equally 

effective for all patients. The potency and toxicity, which largely depend on individual’s 

unique genetic background, are hard to predict based on existing modalities. On the other 

hand, iPSC cells have the potential to be the stage for such forecasts, since the patients’ 

own cells are tested. Such tests are not necessarily limited to chemical compounds. As a 

cellular assay, other therapeutics, such as gene therapy vectors, can also be assayed as a 

quality control measure to predict its clinical efficacy. For those disorders without 

effective treatment, like DMD cardiomyopathy, de novo screening against an extensive 

compound library can potentially identify new treatments with no risk to the patient153.  

The differentiated cells themselves can also serve as therapeutics. One route to 

cure a genetic disorder may involve replacing the diseased cells with genetically 

corrected counterparts. The emergence of novel genetic engineering tools, such as 

CRISPR and TALEN enzymes, has greatly improved the feasibility of complex genome 

modification of human stem cells141, 154-157. Barrier of immunogenicity could be 

overcome by autologous transplantation of the progeny differentiated from iPSC. This 

strategy has been applied to improve skeletal muscle function in dystrophin deficient mdx 

mice158. In terms of the heart, though previously it has been shown that genetic heart 

disease benefited from embryonic stem cell transplantation159, the delivery method still 

imposes the biggest challenge for inherited disorders including DMD. 
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Abstract 

The ability to extract somatic cells from a patient and reprogram them to pluripotency 

opens up new possibilities for personalized medicine.  Induced pluripotent stem cells 

(iPSCs) have been employed to generate beating cardiomyocytes from a patient’s skin or 

blood cells.  Here, iPSC methods were used to generate cardiomyocytes starting from the 

urine of a patient with Duchenne muscular dystrophy (DMD).  Urine was chosen as a 

starting material because it contains adult stem cells called urine-derived stem cells 

(USCs).  USCs express the canonical reprogramming factors c-myc and klf4, and possess 

high telomerase activity. Pluripotency of urine-derived iPSC clones was confirmed by 

immunocytochemistry, RT-PCR and teratoma formation. Urine-derived iPSC clones 

generated from healthy volunteers and a DMD patient were differentiated into beating 

cardiomyocytes using a series of small molecules in monolayer culture.  Results indicate 

that cardiomyocytes retain the DMD patient’s dystrophin mutation. Physiological assays 

suggest that dystrophin-deficient cardiomyocytes possess phenotypic differences from 

normal cardiomyocytes. These results demonstrate the feasibility of generating 

cardiomyocytes from a urine sample and that urine-derived cardiomyocytes retain 

characteristic features that might be further exploited for mechanistic studies and drug 

discovery.      
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2.1  Introduction 

Mutations in the dystrophin gene cause Duchenne Muscular Dystrophy (DMD), 

an X-chromosome inherited disorder affecting 1:3500 male births. Considering the vast 

number of dystrophin gene mutations identified and the variability in disease phenotype 

in patients makes this a disease amendable to the benefits of personalized medicine. We 

propose that induced pluripotent stem cells (iPSCs) will provide a platform for 

personalized medicine in DMD. 

 The reprogramming of somatic cells into induced pluripotent stem cells (iPSCs) 

can provide a limitless source of cells that can be terminally differentiated into a variety 

of cell types and faithfully retain the donor’s genotype as well as phenotypic traits.  These 

features make iPSCs a highly desirable basic research tool for the purpose of disease 

modeling, screening for therapeutic compounds and providing seed cells for autologous 

cell replacement therapy. However, iPSC derivation is still an expensive and time-

consuming process (usually months) with relatively low efficiency, in most cases less 

than 1% of the starting cell number. An ideal cell source for cellular reprogramming 

would be collected non-invasively, expanded easily in culture, and reprogrammed both 

rapidly and efficiently. 

 Previously, Zhou T et al. reported that human urine could be a novel source for 

iPSCs derivation1. Here we show that iPSCs can be generated from progenitor cells 

present in human urine and be differentiated into cardiomyocytes in monolayer culture. 

In our hands, USCs exhibited faster reprogramming kinetics with higher efficiency than 

human dermal fibroblasts or adult adipose derived mesenchymal stem cells (MSCs). 

USC-derived iPSCs (USC-iPSCs) expressed multiple pluripotent markers and formed 
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teratomas upon engraftment into immune-compromised mice, indicating they are bona-

fide pluripotent stem cells.  In vitro, USC-iPSCs derived from either healthy volunteers or 

from a patient harboring a dystrophin mutation efficiently differentiated into 

cardiomyocytes. Only cardiomyocytes derived from healthy volunteers stained positive 

for dystrophin, whereas the cardiomyocytes derived from a patient with a dystrophin 

deletion were dystrophin negative. Physiological assays including Ca++ handling, 

oxidative stress, and oxygen consumption and hypotonic stress all support the feasibility 

that drug-discovery assays can be developed using urine-derived cardiomyocytes as a 

biological reagent.  
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2.2  Materials and methods 

2.2.1  Human subjects 

Participants gave informed consent as required by the Institutional Review Board 

(IRB).  Healthy males (N=3) and one patient with Duchenne muscular dystrophy (DMD) 

harboring a large dystrophin deletion provided ~100 cc of a “clean catch” urine sample.   

 

2.2.2  Urine cell culture 

Urine cells were isolated and expanded from urine specimens as described2. In 

brief, cell pellets were collected from whole urine samples (15 - 400ml) via 

centrifugation, washed in PBS, and plated as single cell suspensions in 10 cm tissue 

culture dishes with a cocktail of keratinocyte serum-free medium (KSFM; Invitrogen, 

Carlsbad, CA) and DMEM/10%FBS (USC medium). 

 

2.2.3  Telomerase activity (TA) assay 

 2 x 105 cells were assayed for telomerase activity using Telo TAAGG ELISA kit 

(Roche Applied Sciences, Upper Bavaria, Germany), according to the manufacturer’s 

instructions.  HEK-293 cell lysates were used as positive controls and heat-inactivated 

(85°C for 10 minutes) HEK-293 cell lysates served as the negative control.  Samples 

were considered to be positive for telomerase activity when the difference in absorbance 

was at least twice that of the negative control. 
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2.2.4  Reprogramming vector 

A polycistronic lentiviral vector encoding human Oct-3/4, Sox2, Klf4 and c-Myc 

(OSKM)3 was used to transduce the urine-derived cells.  The fluorescent reporter d-

tomato gene was linked by an IRES element in the construct to serve as a real-time 

readout of viral transgene expression.  To generate high titer viral supernatants suitable 

for urine cell transduction, HEK 293T cells were transfected with the OKSM plasmid, 

psPAX2 (Addgene #12260) and pMD2.G (Addgene #12259) using the FuGENE HD 

Transfection Reagent (Roche, Mannheim, Germany) according to the manufacturer’s 

instructions. After transfection, medium was changed daily. Supernatants from day 2 and 

3 were pooled together and concentrated in a 100 kD Amicon Ultra Centrifugal Filter 

tube (100 kD, Millipore, Billerica, MA) and frozen at -80°C until future use.  

 

2.2.5  Cellular reprogramming 

Urine-derived cells were seeded onto Matrigel (BD, San Jose, California) coated 

12 well plates at 50,000 cells/well and allowed to attach overnight (day 0).  On day two, 

cells were transduced with high-titer OSKM viral supernatants in the presence of 8 µg/ml 

polybrene for three hours.  Viral supernatants were replaced with fresh USC medium and 

after three days, replaced with mTeSR1 medium (StemCell Technology, Vancouver, BC) 

and changed daily.  As iPSC-like colonies appeared over time, they were picked using 

glass Pasteur pipettes under a stereo dissection microscope (Leica M205C, Buffalo 

Grove, IL) and transferred to new Matrigel-coated plates for further expansion.  
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2.2.6  Flow cytometry  

Three days after viral transduction, d-tomato fluorescence expression was assayed 

to assess transduction efficiency.  Briefly, cells were detached by TrypLE (Invitrogen, 

Grand Island, NY) and washed three times in PBS. The fluorescence expression was 

detected using a FACSCalibur flow cytometer (BD, San Jose, CA) and that data was 

analyzed using FlowJo vX software (Tree Star, Ashland, OR).  

 

2.2.7  Immunohistochemistry and alkaline phosphatase (AP) staining  

iPSCs were stained with live staining antibody Tra-1-81 (Stemgent, Cambridge, 

MA) and SSEA4 (BD, San Jose, CA) for 90 minutes at 37°C.  Cells were imaged in 

mTeSR1 medium after being washed 3 times with DMEM/F124. For fluorescence 

immunocytochemistry of iPSCs and cardiomyocytes, cells were passaged onto glass 

coverslips coated with Matrigel.  After being fixed with 4% paraformaldehyde and 

permeabilized by 0.2% Triton X-100, cells were incubated with the following primary 

antibodies at 4°C overnight: Sox2 (R&D systems, Minneapolis, MN), SSEA4, Oct4, Tra-

1-81 and Tra-1-60 (all from Stemgent, Cambridge, MA), cardiac myosin heavy chain 

(abcam, Cambridge, MA), sarcomeric α-actinin (thermo scientific, Rockford, IL) 

connexin43 (Cell Signaling, Danvers, MA) and Cav1.35. For dystrophin staining, 

differentiated cardiomyocytes were plated onto glass coverslips coated with Matrigel. 

After being fixed with acetone for 10 minutes, cardiomyocytes were incubated with 

dystrophin antibody (Leica Microsystems Inc., Buffalo Grove, IL). Fluorochrome 

conjugated secondary antibodies were added the second day for 1 hour at room 

temperature.  After counterstaining nuclei with DAPI, coverslips were mounted with 
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Prolong Gold antifade reagent (Invitrogen, Grand Island, NY). Confocal images were 

acquired using a Nikon A1R confocal microscope. For alkaline phosphate (AP) staining, 

iPSCs were fixed with ice cold ethanol. Color was developed by incubating with AP 

staining solution (400 ul Naphthol AS-MX Phosphate Alkaline Solution, 2.4 mg Fast Red 

TR in 9.6 ml Water) for 1 hour in the dark. All images were analyzed with ImageJ 

(version 1.47n, National Institutes of Health) with standard plugin. 

 

2.2.8  Teratoma assay of iPSCs 

All animal procedures were approved by the University’s Institution Animal Care 

and Use Committee.  Eight to twelve week-old female NOD/SCID mice were purchased 

from Jackson Laboratory (Bar Harbor, Maine).  Kidney capsule injections were 

performed as described6.  To summarize, 1x106 cells were injected under the kidney 

capsule via a catheter connected to a Hamilton syringe.  Tumors were excised after 8-12 

weeks and fixed with 4% paraformaldehyde in PBS and embedded in paraffin.  Sample 

blocks were sectioned at 5 µm and Hematoxylin & Eosin (H&E) staining was performed 

on tumor sections.  

 

2.2.9  Cardiomyocyte differentiation   

Urine-derived iPSCs were differentiated to cardiomyocytes following an 

established protocol with modifications7.  Briefly, iPSC colonies were detached by 10 

minute incubation with Versene (Life technologies, Carlsbad, CA), triturated to a single-

cell suspension and seeded onto Matrigel-coated plastic dishes at a density of 250,000 

cells/cm2 in mTeSR1 medium and cultured for 4 more days. Differentiation was then 
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initiated by switching the medium to RPMI-1640 medium supplemented with 2% insulin 

reduced B27 (Life Technologies) and fresh L-glutamine.  

 

2.2.10  RT-PCR   

Total RNA was extracted from undifferentiated iPSC clones and their 

corresponding cardiomyocytes using a Qiagen RNeasy kit.  1 µg of total RNA was 

reverse transcribed to cDNA using an RT2 First Strand Synthesis Kit (SA Biosciences, 

Valencia, CA), following the manufacturer’s instructions.  cDNAs were amplified to the 

level of detection using RT2 SYBR Green Master Mixes (SA Biosciences, Valencia, CA) 

and individual iPSC (Cat # IPSH-001) or cardiac (Cat # IPSH-102) markers were assayed 

using prefabricated arrays (SA Biosciences, Valencia, CA).  All RT-PCR data was 

collected on a 7300 Real Time PCR system (Applied Biosystems, Carlsbad, CA). 

 

2.2.11  Western Blot 

Dystrophin proteins were visualized by western blot analysis using method as 

previously described 8. 15µg of cell lysates were loaded in designated lanes. DYS2 

monoclonal antibody (1:50 Novocastra) was used as the primary antibody, horse-radish 

peroxidase conjugated anti mouse antibody (1:1000, Cell Signaling) was used as the 

secondary antibody. A mouse monoclonal antibody to GAPDH (Millipore) was used as 

protein loading control. Western blots were developed using ECL Plus Western Blotting 

Detection System (GE Healthcare).   
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2.2.12  Electrophysiological recording of beating cardiomyocytes 

Clusters of beating iPS-CM were dissociated into single cells using Accutase 

(Sigma-Aldrich, St. Louis, MO) per manufacturer instructions and plated on Matrigel-

coated coverslips (BD, San Jose, CA).  Action potentials (AP) were recorded using an 

Axopatch 200B amplifier in current-clamp mode. The amplifier was under the control of 

pClamp 10.2 software (Axon instrument, USA). APs were recorded while iPS-CM were 

superfused with a solution containing (in mM): 140 NaCl, 5 KCl, 1 MgCl2, 2 CaCl2, 10 

HEPES, 10 Glucose, 1 Na-Pyruvate, adjusted to pH 7.4 with NaOH. The patch pipettes 

were filled with a solution containing (in mM): 5 NaCl, 140 KCl, 7 MgATP, 15 HEPES, 

adjusted to pH 7.2 with KOH. Pipette resistances ranged from 3 to 6 MΩ.  

 

2.2.13  Confocal imaging of calcium flux 

To monitor [Ca2+]i, iPS-CMs were loaded for 30 min with 5 mM of the 

acetoxymethyl ester form of the Ca2+ indicator Fluo-4 (Fluo4-AM, Invitrogen; Kd = 345 

nM). Cells were superperfused with a Tyrode’s solution. APs were evoked via field 

stimulation at a frequency of 1 Hz using an Ion-Optix Myopacer (IonOptix Corp) 

delivering 4-ms square voltage pulses with an amplitude of 20 V via two platinum wires 

placed on each side of the perfusion chamber base (0.5 cm separation). AP-evoked 

[Ca2+]i transients were imaged using a Nikon (Eclipse TE2000-S) Swept Field confocal 

system equipped with a Plan Apo 60x 1.45 N.A. oil immersion objective, controlled with 

Elements software. Fluo-4 was excited with a 488 nm laser. Images were analyzed using 

Image J. 
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2.2.14  Oxygen Consumption Rate (OCR)  

Cardiomyocytes differentiated from normal and DMD iPSC were seeded at 3x104 

cells/well into 0.1% gelatin pre-coated SeaHorse™ plates in cardiomyocyte media (RPMI 

supplemented with B27 with insulin and antibiotics). Culture media was switched to base 

media (unbuffered DMEM, Sigma D5030) supplemented with sodium pyruvate (Gibco, 

1mM) and with 25 mM glucose 1 hour before the assay and for the duration of the 

measurement. Selective inhibitors were injected during the measurements to achieve final 

concentrations of 4-(trifluoromethoxy) phenylhydrazone (FCCP, 1 µM), oligomycin (2.5 

µM), antimycin (2.5 µM) and rotenone (2.5 µM). Mitochondrial stress protocol starts 

with the measurement of baseline oxygen consumption rate (OCR) following by 

measurement of OCR changes in response to injection of oligomycin, FCCP and finally 

antimycin and rotenone. The OCR values were further normalized to the number of cells 

present in each well, quantified by the Hoechst staining (HO33342; Sigma-Aldrich) as 

measured using fluorescence at 355 nm excitation and 460 nm emission.  

 

2.2.15  Mitochondrial Permeability Transition Pore (mPTP) opening time  

Cardiomyocytes derived from normal (n=6) and DMD iPSCs (n=6) were loaded 

with tetramethylrhodamine ethyl ester (TMRE), a fluorescent indicator that accumulates 

in the mitochondria proportionally to the ΔΨm, and exposed to controlled and narrowly-

focused laser-induced oxidative stress until mPTP opening occurs9. To ensure equal 

delivery of oxidative stress among experimental groups, laser excitation settings remain 

consistent within the experimental groups. Mitochondrial PTP opening was detected by a 

decrease in TMRE fluorescence which indicates loss of ΔΨm. Arbitrary mPTP opening 
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time was determined as the time of the loss of average TMRE fluorescence intensity by 

one half between initial and residual fluorescence after mPTP opening.  

 

2.2.16  Cardiomyocyte hypotonic stress assay 

Hypotonic solutions were made by diluting DPBS solution to ½ (145 mOsm) and 

¼ (73 mOsm) osmolarity with water10. Normal and DMD iPS-CM were incubated in 

hypotonic solutions (145 mOsm or 73 mOsm) for 30 minutes at room temperature. Then 

osmolarity was adjusted back to normal by adding equal volume of 435 mOsm or 507 

mOsm hypertonic solutions, for 5 minutes. The supernatants were collected and analyzed 

for human cardiac troponin I (cTnI) and creatine kinase-MB (CK-MB), using Meso Scale 

Discovery (MSD) 96 well custom human cardiac I assay (MSD, Maryland) following the 

manufacturer’s instructions. The plate was imaged by SECTOR Imager 2400 (MSD, 

Maryland).  

 

2.2.17  Statistics 

Data are expressed as mean ± SD unless stated otherwise. For the transduction 

efficiency study, mesenchymal cell lines (n=4) and USC lines (n=7) were aggregated 

separately for a Mann-Whitney U test by using GraphPad Prism 5 (GraphPad Software, 

Inc., La Jolla, CA). Hypotonic stress assay was analyzed using Two-Way ANOVA. A p 

value less than 0.05 was considered significant.  
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2.3  Results 

2.3.1  Isolated urine cells express c-Myc and Klf4 in addition to high telomerase 

activity 

  USCs isolated from urine samples provided by healthy volunteers (n=3) and a 

DMD patient all displayed a mesenchymal stem cell phenotype, including spindle-shaped 

morphology (Fig 1A) and expression of cell surface markers CD44, CD73, CD90, 

CD105 and CD146.  In addition, USCs did not express the hematopoietic stem cell 

markers CD25, CD31, CD34 and CD45 (Fig 2A).  Prior to iPSC reprogramming, four 

different USC clones were assayed for endogenous expression of four classical 

reprogramming factors c-Myc, Klf4, Oct4 and Sox2.  Quantitative RT-PCR analysis 

revealed that USCs expressed high levels of c-Myc and Klf4 relative to human ES cells 

(normalized as a control), IMR90 (fetal human lung cells) and NCCIT (mixed germ cell 

tumor) while expression of Oct4 and Sox2 were negligible compared to hESC and 

NCCIT (Fig 1B).  A high telomerase activity clone and a low telomerase activity clone 

were examined using RT-PCR from two different patients (labeled “A” and “K”). Young 

adult donors (20-40 years old) produced a greater proportion of telomerase high USC 

clones (75% TA high vs 25% TA low; n=10 clones/group) than donors older than 50 

years (50% TA high and 50% low; n=10 clones/group)11.  In addition, USCs express the 

kidney glomerular podocyte markers podocin and synaptopodin (unpublished data) 

suggesting a mesodermal origin of the isolated cells, consistent with their MSC-like 

morphology and marker profile.  Examination of USCs isolated from the DMD patient 

demonstrated a dystrophin deletion of exon 50 (complete male DMD evaluation, test 181, 
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Athena Diagnostics) resulting in a frameshift mutation that halts production of normal 

dystrophin protein (Fig 2B).  

 

2.3.2  Urine cells from healthy volunteers and a DMD patient reprogram to bona 

fide iPSCs  

The iPSC colonies derived from USCs displayed typical pluripotent stem cell 

morphology (Fig 1A). Cells appeared tightly packed within colonies, while individual 

cells displayed prominent nucleoli with an elevated nuclei/cytoplasm ratio.  Individual 

colonies (each representing a unique clone) were manually picked and subcultured for 2 

years without notable senescence or deterioration. Quantitative RT-PCR confirmed that 

iPSCs generated from urine cells expressed a panel of pluripotency-related genes 

comparable to those expressed by hESC H9 (Fig 1C). Immunofluorescent staining of 

iPSCs demonstrated characteristic localization of several key pluripotent markers, 

including Oct4, Sox2, SSEA4, Tra-1-60 and Tra-1-81 (Fig 1D).  To verify in vivo 

pluripotency, four different clones of USC-iPSCs were implanted under the kidney 

capsule of NOD/SCID mice (N=4/iPSC clone), three derived from the urine of healthy 

donors and one from a DMD patient.  All iPSC clones formed multi-differentiated 

teratomas in at least 3 of the 4 mice injected.  Teratomas showed tissue structures 

indicative of all three germ layers (ectoderm, endoderm, and mesoderm) and comparable 

to teratomas formed from the hESC H9, thus confirming that USC-iPSCs were truly 

pluripotent (Fig 2C).   
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2.3.3  Urine-derived cells reprogram to iPSCs more rapidly than fibroblasts or 

MSCs 

During early experiments, it was noticed that USCs formed iPSC colonies faster 

than fibroblasts that were also being reprogrammed in parallel. To test the hypothesis that 

USCs reprogram faster than commonly used starting cell lines, the efficiency and kinetics 

of reprogramming were compared between USCs and mesenchymal cell lines, including 

a human foreskin fibroblast line (BJ), a human fetal lung fibroblast line (IMR90), an 

adipose derived MSC line (MSC-A1), and a human skin fibroblast line (Coriell GM 

04422).  The efficiency of transduction was based on the initial percentage of transduced 

cells which was achieved using a multiplicity of infection (MOI) of 5.  Figure 1E shows 

that 80% of the USC clones (n=7) were successfully transduced as indicated by the 

expression of a red fluorescence reporter. In contrast, at the same MOI, only 50% of 

mesenchymal cell lines (n=4) were transduced (Fig 1E).  

To evaluate the speed of reprogramming, morphological changes, expression of 

pluripotency cell surface markers and alkaline phosphatase staining were assessed.  As 

early as 3 days after viral transduction, USC cell lines demonstrated morphological 

changes indicative of reprogramming (reduced cell size, increased nuclear/cytoplasmic 

ratio with prominent nucleoli) while MSCs did not .  By day 7, only the USC cell lines 

developed individual colonies with defined borders and expressed SSEA4 and Tra-1-81, 

two surface glycoproteins that characterize the somatic to pluripotency transition (Fig 

1F). Expression of SSEA4 and Tra-1-81 was accompanied by silencing of viral 

transgenes, manifested by the gradual decrease of d-tomato red fluorescence (Fig 1F).  

MSC lines did eventually go through similar morphological changes and expression of 
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pluripotency markers, but at later time points compared to USC lines. USC- derived iPSC 

colonies were mature enough to be manually picked between days 10-14, whereas MSC-

derived iPSC colonies required 28 days (Fig 1G). Together, these data indicate that, 

compared to the mesenchymal lines tested, USCs are more receptive to lentiviral 

transduction and reprogram more rapidly than MSCs. 
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Figure 1: Characterization of Urine-derived stem cells (USCs)  

(A) A representative phase-contrast microscopic image of cells isolated from the urine 

(top) and the morphology of its derivative iPSC colony after reprogramming (bottom); 

(B) Quantitative RT-PCR of USC clones assayed for expression of the reprogramming 
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factors Oct4, Sox2, Klf4 and c-Myc.  Expression of Klf4 and c-Myc are shown relative to 

expression of the same genes in the human embryonic stem (hES) cell line, H7 (marked 

at 1, y-axis) while Oct4 and Sox2 expression is shown relative to IMR90 fibroblasts (also 

arbitrarily standardized to 1); 

(C) To evaluate pluripotency, quantitative RT-PCR for several genes highly expressed in 

human embryonic stem cells was compared between several iPSC clones (n=4) derived 

from both healthy donor and DMD patient USC clones and compared to hESC H9.  All 

data were shown relative to the expression of DMD USC (set at 1, y-axis). Relative 

values (2ΔΔCt) were normalized against the housekeeping gene GAPDH and plotted for 

the genes DNMT 3B, DPPA4, GDF3, LEFTY1, NANOG, PODXL, POU5F1 and 

ZFP42.;  

(D) Representative iPSC colonies derived from normal human urine cells and probed 

with antibodies highly expressed on human embryonic stem cells (Tra-1-60, SSEA4, 

Sox2, Tra-1-81 and Oct4). Scale bar, 200 µm;  

(E) Flow cytometric analysis of viral transduction efficiency compared between 

fibroblasts and cells isolated from urine (USC) three days after the initiation of 

reprogramming.  The asterisk denotes a p-value of 0.0061 (Mann-Whitney U test);  

(F) Early up-regulation of pluripotent surface markers SSEA4 and Tra-1-81 at day 7, 

accompanied by the down-regulation of viral transgenes, indicated by red fluorescence; 

(G) Overall kinetics of lentiviral-mediated reprogramming for USCs and MSCs.  Both 

USCs and MSCs were kept in original medium for 3 days post viral transduction. hESC 

medium mTeSR was added on the fourth day. Colonies were picked at indicated time. 
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Figure 2: USC surface antigen profile, patient dystrophin mutation and teratoma 

assay 

(A) USC surface antigens measured by flow cytometry;  
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(B) Diagram of the dystrophin mutation found in USCs isolated from a patient with 

Duchenne muscular dystrophy (DMD). The deletion of exon 50 results in an out-of-frame 

mutation and eliminates expression of normal dystrophin protein.  

(C) H&E staining of representative teratomas arising after kidney capsule engraftment of 

urine-derived iPSC clones and hESC H9 control cells.  Scale bar, 100 µm.   
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2.3.4   Telomerase activity is associated with improved reprogramming efficiency  

USC clones were generated by limiting dilution and assayed for TA activity 

individually. A pair of USC clones derived from three different donors (USC-A, USC-B 

and USC-K) were tested (Fig 3A).  Each donor produced both telomerase high and low 

clones that were subsequently tested to determine whether telomerase activity is 

positively correlated with reprogramming kinetics.  50,000 cells of each USC clone were 

infected with same amount of the reprogramming lentivirus (MOI 5). Even though iPSC 

colonies start to appear around day 12, the reprogramming process was evaluated over 17 

days to maximize the colony yield for all clones. The reprogramming kinetics were 

comparable as all clones gave rise to alkaline phosphatase and SSEA4 positive, 

transgene-silenced colonies at day 17 (Fig 3B and D). However, TA exhibited a positive 

correlation with reprogramming efficiency (Fig 3C).  Though low TA clones universally 

manifested a higher viral transduction rate at day 3, they generated fewer colonies at day 

17 (with calculated efficiency of 0.002% to 0.007% compared to 0.1% to 0.5% for high 

TA clones) (Table 1).   

Table 1: Summary of transduction and reprogramming efficiency of USC  

 Input 
Cells 

Viral 
Transduction 

Efficiency 

Colony 
Number 

iPS Generation Efficiency( Input Cells*Viral 
transduction efficiency/ Colony #) 

USC-A 
High 

50000 80.4% 222 0.5522% 

USC-A 
Low 

50000 87.3% 3 0.0069% 

USC-B 
High 

50000 70.5% 192 0.5447% 

USC-B  
low 

50000 83.2% 1 0.0024% 

USC-K 
High 

50000 82.1% 5 0.0122% 

USC-K  
low 

50000 94.2% 1 0.0021% 
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Figure 3: Association between telomerase activity and USC reprogramming 

efficiency. 

(A) Relative telomerase activity (TA) of various USCs clones relative to TS8, the internal 

positive control from the TRAP assay kit. Telomerase high and telomerase low clones 

were derived from three independent donors (A, B and K); (B) Alkaline phosphatase 

(AP) staining of reprogrammed USC clones from (A) at day 17. Higher telomerase 
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expression was associated with marked increase in reprogramming efficiency, indicated 

by the number of AP positive colonies;  

(C) Quantitation of photographs shown in panel B;  

(D) Mature day 17 iPSC colonies resulting from both high telomerase and low telomerase 

UC clones. Reprogrammed colonies express only SSEA4 (uniform green staining), while 

the surrounding non-reprogrammed single cells still express the transgene (red 

fluorescence). 
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2.3.5  Urine cells reprogram into functional cardiomyocytes 

The overall goal of this work was to determine if cardiomyocytes derived from 

reprogrammed urine cells donated by a patient with a single-gene disease, can 

recapitulate aspects of the disease phenotype.  Therefore, urine-derived iPSC clones were 

generated from a DMD patient with a dystrophin mutation, and subsequently 

differentiated into beating cardiomyocytes via in vitro monolayer culture.  Sporadic 

contracting cardiomyocytes were observed 8-20 days after initiating differentiation. The 

beating loci expanded over several days and synchronized to form a beating cell sheet 

(Supplemental online video 1 &2).  Immunostaining confirmed that beating cells were 

positive for cardiac markers sarcomeric α-actinin, cardiac α and β myosin heavy chain 

(MHC), as well as membrane localized connexin43 (Fig 4A). Both normal and DMD 

cardiomyocytes were assessed by quantitative RT-PCR and demonstrated upregulation of 

a series of cardiac genes (Fig 4B). To investigate functionality, differentiated 

cardiomyocytes were subjected to patch clamp recording. These cells exhibited 

spontaneous action potentials (AP). Based on the amplitude, depolarization speed (dV/dt) 

and 50% AP duration (APD50) differentiated cardiomyocytes were further characterized 

as nodal (33%), ventricular (59%) and atrial (9%) subtypes (Fig 4C).   
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Figure 4:  Cardiac induction from urine-derived iPSCs and characterization 

(A) Immunofluorescent staining of differentiated cardiomyocytes. Both normal and DMD 

cardiomyocytes stained positive for cardiac sarcomeric α-actinin, cardiac Myosin Heavy 

Chain (MHC), and membrane localized connexin 43; (B) Quantitative RT-PCR of 

cardiomyocytes differentiated from both DMD and normal USC-iPSCs. Data shown in 
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relative to the expression of parental iPSCs. Relative values were normalized against the 

housekeeping gene GAPDH and plotted for the genes ACTN2, CKM, DES, GATA4, 

HAND2, KCNQ1, MB, MYH7, MYL2, MYL3, MYL7, NKX2-5, NPPA, PLN, RYR2, 

SLC8A1, TNNI3, TNNT2. (C) Action Potential (AP) recordings of normal iPS derived 

cardiomyocytes. Representative traces of the spontaneous firing of ventricular-like and 

nodal-like cells and the evoked AP of a quiescent atrial-like cell. Percentage distribution 

of ventricular, atrial, and nodal phenotypes (n=30). Bar plots summarize the 

characteristics of the AP for the three phenotypes (Mean ± SEM).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



! 70 

2.3.6  Cardiomyocytes derived from the urine of a DMD patient were dystrophin 

negative   

 Normal and dystrophin-deficient DMD cardiomyocytes were probed with 

antibodies against dystrophin and cardiac-specific markers Nkx2.5 and α-actinin. In 

cardiomyocytes derived from hES H9 and normal USC iPSC, dystrophin expression was 

localized to the plasma membrane. In contrast, no dystrophin expression was detected in 

DMD iPSC cardiomyocytes by either immunohistochemistry (Fig 5A) or by immunoblot, 

e.g., full-length 426kDa dystrophin band not detected (Fig 5B). These findings support 

that DMD cardiomyocytes maintained their dystrophin-deficient phenotype.  

Figure 5: Immunohistochemical staining 

of cardiomyocytes derived from the 

urine of a DMD patient and a normal 

volunteer  

(A) Cardiomyocytes derived from normal 

and DMD USC-iPSCs were probed with 

antibodies against dystrophin, together with 

cardiac specific protein Nkx2-5 or 

sarcomeric α-actinin. Dystrophin staining 

is only demonstrated in normal 

cardiomyocytes, but not in cardiomyocytes 

derived from the DMD patient; (B) 

Western blot for full length dystrophin 

detected in the lysates from normal iPS-

derived cardiomyocytes (lane 2) and 

human heart tissue (lane 3) but absent in 

the lysate from DMD cardiomyocytes (lane 

1). Molecular weight markers (in kDa) are 

shown on the left.   

!
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2.3.7  Physiological consequences of dystrophin deficiency in cardiomyocytes  

Several domains of cardiac function in DMD and normal iPS-derived 

cardiomyocytes are demonstrated in Figure 7, including calcium handling, mitochondrial 

permeability pore (mPTP) opening, cellular metabolism and susceptibility to mechanical 

stress. Significant (p<0.05) differences between DMD and normal cells were detected in 

calcium handling: The duration of recovery (T50) of DMD calcium transient (Fig 6A) was 

prolonged compared to the normal control (629.7 ± 20 ms vs 311.8 ± 3 ms, respectively). 

Mitochondrial permeability pore opening (Fig 6B) occurred earlier in DMD compared to 

normal controls (62 ± 14 msec vs. 163 ± 13 sec). No differences between the groups were 

detected in cellular metabolism (Fig 6C). In the hypotonic stress experiment (Fig 6D), 

DMD cardiomyocytes responded with an increase of the cardiac injury marker CK-MB 

and cTnI, with both markers inversely correlated with osmolarity. In DMD cells, both 

cardiac injury markers were significantly (p<0.05) higher than normal cardiomyocytes 

(145 mOsm: CK-MB = 69.6 ± 8.6 µg/ml; cTnI = 1.64 ± 0.3 µg/ml; 73 mOsm: CK-MB = 

127.2 ± 11 µg/ml. cTnI = 6.09 ± 0.4 µg/ml and 145 mOsm: CK-MB = 5.8 ± 0.1 µg/ml. 

cTnI = 0.  73 mOsm: CK-MB = 4.3 ± 0.02 µg/ml, cTnI = 0, respectively). 
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Figure 6: Potential physiological readouts for high throughput screening in iPS derived 

cardiomyocytes 

(A) Single cell tracing of evoked Ca2+ transients from a normal and a dystrophin-

deficient iPS-derived cardiomyocyte (Normal and DMD iPS-CM) loaded with a Ca2+ 

indicator. Individual cells were paced at 1 Hz and a confocal microscope recorded the 

resulting Ca2+ signal. Typical tracing of normal and DMD iPSC-CM Ca2+ transients are 

displayed on the left. Bar plots summarize the duration of the recovery of the calcium 

transient (T50) (Normal iPSC-CM, n = 3; DMD iPSC-CM, n = 3).  

(B) Individual cardiomyocytes derived from normal and DMD iPS were loaded with an 

inner mitochondria membrane potential (ΔΨm) dye Tetramethylrhodamine ethyl ester 

(TMRE). Oxidative stress, induced by controled laser exposure, causes mitochondria 

permeability transition pore (mPTP) opening which leads to a decrease in TMRE 

fluorescence, indicating the loss of ΔΨm.  A representative readout of the TMRE 

fluorescence decay is shown between a normal and DMD iPS-CM (open and closed 

circles, respectively). The mean calculated mPTP opening time, determined as the half 

decay time of the average initial TMRE fluorescence intensity, is presented by bar graph 

for (n=6) experiments.  

(C) Oxygen consumption rate (OCR) of normal and DMD iPS-CMs (n=6 plates of cells) 

measured using the Seahorse™ XF96 Extracellular Flux analyzer. Selective inhibitors 

were injected during the measurements as indicated. OCR was measured at baseline and 

following injection of various inhibitors, and values were normalized to the number of 

cells present in each well.  
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(D) Cardiac damage following hypotonic stress. Normal and DMD iPS-CM were 

incubated in hypotonic solutions as indicated for 30 minutes. The supernatants were 

analyzed for human cardiac troponin I (cTnI) and creatine kinase-MB (CK-MB). DMD 

cells released show markedly elevated levels of both injury markers whereas only 

negligible amounts were detected from normal CMs.  

(E) Physiological assays described above (A-D) could be adapted to a high throughput 

format to serve as initial readouts or as confirmation of “hits” for drug discovery. 

Legend: Bar plots: Mean ± SD. ***P<0.001; **0.001 < P < 0.01; *0.01 < P < 0.05. 

Oligo = oligomycine; FCCP = 4-(trifluoromethoxy) phenylhydrazone; Anti/Rot = 

antimycin and rotenone; Osm = osmolar 
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2.4  Discussion 

The isolation of a highly proliferative cell population from human urine samples 

was described previously by our group12 as well as others13, 14.  Early-passage USC 

cultures contain highly motile cells with the distinctive mesenchymal morphology and an 

MSC-like cell surface marker profile. In this study, USCs derived from the urine of 

healthy volunteers and a DMD patient were successfully reprogrammed to bona fide 

iPSCs using a conventional Yamanaka-factor, lentiviral-mediated delivery method.  More 

importantly, the whole reprogramming process only took approximately three weeks 

from urine sample collection to iPSC colonies, comparable to the iPSC reprogramming 

kinetics reported for human hepatocytes15.    

 The endogenous expression of the reprogramming factors c-Myc and Klf4 and 

high telomerase activity in USCs led to the hypothesis that USCs may be more easily 

reprogrammed compared to skin fibroblasts, the more typical starting material for iPSC 

generation. To test this idea, the reprogramming kinetics among several mesenchymal 

cell lines, including fibroblasts were compared to the kinetics observed for USCs. In all 

of the mesenchymal lines tested, reprogramming required at least 4 weeks, in contrast to 

only 2 weeks for USCs. Although USCs intrinsically express c-Myc and Klf4, this is not 

likely to be the sole reason for the observed fast kinetics. The fibroblast IMR90 has also 

been shown to express comparable levels of these two genes as USCs, but reprograms 

with slower kinetics.  Previous reports indicated that these two reprogramming factors 

could be detected in several in vitro culture-adapted cell types, such as human 

keratinocytes16 and fibroblasts17.  Another possible contributing factor to the overall 

success of this approach was that USCs were particularly receptive to lentiviral 



! 76 

transduction. However, this was not likely to contribute to rapid iPSC conversion.  A 

wide range of lentiviral MOIs on these were tested on the mesenchymal cells with little 

variance in reprogramming kinetics (data not shown). 

            Although the addition of hTERT (increasing telomerase activity) to the 

conventional four reprogramming factors can facilitate the dedifferentiation of otherwise 

refractory human cells,18  the high TA clones in the present study failed to display faster 

reprogramming kinetics compared to low TA clones derived from the same donors. 

Moreover, various clones from different donors all gave rise to iPSC colonies at a 

comparable rate, suggesting that the fast reprogramming kinetics of USCs is independent 

of telomerase activity, as well as to the donor’s genetic background.  Nevertheless, high 

TA clones did manifest a 5- to 192-fold increase of reprogramming efficiency, 

determined by the number of alkaline phosphatase-positive colonies. Together, these 

observations suggest that the effect of high telomerase activity primarily functions to 

improve reprogramming efficiency, rather than accelerating the reprogramming kinetics. 

The mechanism behind the fast reprogramming kinetics of USC-iPSCs remains unclear 

and large-scale transcriptome and epigenetic studies may be necessary to elucidate the 

underlying mechanism.   

          iPSC technology permits the preservation of the individual’s unique genotype in 

reprogrammed pluripotent stem cells, which can be further differentiated into various 

specialized somatic cells. Our findings are in keeping with a recent report19 where iPSCs 

derived from DMD patients harboring various dystrophin mutations maintained these 

unique mutations following cardiomyocyte differentiation. Due to the cardiomyopathy 

that develops in patients with DMD, we chose to differentiate USC-iPSCs into 
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cardiomyocytes.  Exon analysis of urine cell genomic DNA confirmed the exon 50 

deletion in the dystrophin gene. Since this is an out-of-frame mutation, the cells should 

not be able to translate the dystrophin protein. Immunofluorescence for dystrophin 

revealed that DMD cardiomyocytes did not express the protein thus maintaining the 

disease-causing condition in the terminally differentiated cells suitable for study.  

 The majority of DMD patients develop cardiac abnormalities, with congestive 

heart failure (CHF) and sudden cardiac death directly account for 10-20% of the 

mortality in these young patients. Cardiac manifestations include rhythmic disturbance, 

heart structural alteration and hemodynamics abnormalities. Although the pathogenesis of 

dystrophin deficient cardiomyopathy is still not fully understood, evidence supports that 

disruption of the dystroglycan complex predisposes dystrophin-deficient cardiomyocytes 

to load-induced sarcolemma damage. The subsequent cascade of abnormal signaling 

events eventually lead to cell death, triggering inflammation further exacerbating tissue 

pathology. Several pathways have been suggested in the disease process, but none of 

them have been confirmed in human DMD cardiomyocytes. The lack of information can 

largely be explained by the risk associated with a patient heart biopsy, as well as the fact 

that cardiac cells derived from patients cannot be well maintained and expanded in 

culture. iPSCs from DMD patients can be a source of cardiac tissue in which to base 

experiments. 

          In the present study, we explored four cellular physiological domains using 

established assays (Fig 6) to assess potential phenotype abnormalities associated with 

dystrophin deficiency. While our preliminary data must be interpreted cautiously until 

additional biological replicates with isogenic controls are completed, the strong signal 
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obtained from the “stress assay” (Fig 6D) supports the idea that dystrophin deficiency 

renders the cardiomyocyte abnormally vulnerable to mechanical stress. This idea is 

supported by a line of evidence in dystrophin-deficient skeletal muscle20-25 and to a lesser 

extent in cardiac muscle26, 27. While the concept of increased susceptibility to stress might 

be considered a foregone conclusion, to our knowledge, stress assays conducted in iPS-

derived DMD cardiomyocytes have not yet been reported. Moreover, questions remain 

about the underlying pathophysiology of cardiomyopathy in DMD patients28. Evidence in 

mice29 suggests that cardiac dysfunction results from the heart developing in the face of 

progressively fatal respiratory muscle failure. In other words, heart failure in DMD 

patients develops secondary to respiratory failure and not as a direct consequence of 

dystrophin deficiency. However, this concept has been debated in the literature30 and 

until now, this hypothesis has never been directly tested. Invention of iPS technology 

allows us to conduct physiological tests in patient-derived heart cells developed 

completely outside of the body. Our initial readouts from iPS-derived cardiomyocytes 

support the idea that dystrophin deficiency directly results in an increased susceptibility 

to mechanical damage and liberation of cardiac-specific injury markers. These markers, 

CK-MB and cTnI are widely used by clinicians for the detection of myocardial damage in 

the face of a suspected heart attack31, 32. DMD patients, in particular, are abnormally 

vulnerable to cardiac injury as demonstrated by elevated cTnI and CK-MB levels33, 34. 

Furthermore, several observations have been made that these cardiac markers are 

powerful predictors of cardiac events in patients with heart failure and in the general 

population35. Cardiac injury markers are also used to assess the efficacy of 

cardioprotective treatments in general36.  Thus, the iPS-derived cardiomyocytes generated 
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from patient urine samples provide a novel biological resource for personalized medicine. 

This new resource might further be exploited using one or more of the assays reported 

here to discover new compounds or test existing drugs that can protect dystrophin-

deficient heart cells from stress-induced damage. Compounds identified in this way have 

a higher likelihood of working in the patient since they were tested in the patient’s own 

cells.       
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2.5        Conclusions 

We have shown the feasibility of rapid iPSC generation from human urine 

samples that can subsequently differentiate into beating cardiomyocytes.  The cells found 

in human urine manifest unique features for iPSC generation, including ease of collection, 

intrinsic expression of reprogramming factors c-myc and Klf4, and high telomerase 

activity. Our findings also support the idea that cardiomyocytes derived from the urine of 

a dystrophin-mutant DMD patient maintain the dystrophin-deficient phenotype and 

display unique features which might be further exploited in mechanistic studies or in drug 

discovery assays. 
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Abstract 

Cardiomyocytes derived from human induced pluripotent stem cells (iPSC) show great 

promise as autologous donor cells to treat heart disease. A major technical obstacle to this 

approach is that available induction methods often produce heterogeneous cell population 

with low percentage of cardiomyocytes. Here we describe a cardiac enrichment approach 

using non-integrating adeno-associated virus (AAV). We first examined several AAV 

serotypes for their ability to selectively transduce iPSC-derived cardiomyocytes. Result 

showed that AAV1 demonstrated the highest in vitro transduction efficiency among 

seven widely used serotypes. Next differentiated iPSC derivatives were transduced with 

drug-selectable AAV1 expressing neomycin resistance gene. Selection with G418 

enriched the cardiac cell fraction from 27% to 57% in two weeks. Compared to other 

enrichment strategies such as integrative genetic selection, mitochondria labeling or 

surface marker cell sorting, this simple AAV method described herein bypasses antibody 

or dye labeling. These findings provide proof-of-concept for large-scale cardiomyocyte 

enrichment by exploiting AAV’s intrinsic tissue tropism. 
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3.1  Introduction 

A variety of gene delivery methods, such as liposomes, lentiviruses and 

adenoviruses have been evaluated in cardiomyocytes differentiated from stem cells.  

Adeno-associated viral (AAV) vectors have an established track record of efficient and 

safe transgene delivery. A recent report documented in total 92 registered clinical trials 

with AAV worldwide 1 and the number continues to increase.  Several unique properties 

distinguish AAV from other vectors for targeted gene delivery, including serotype-

specific tropisms toward certain tissues and sustained epi-chromosomal expression with 

attenuated oncogenic risk2, 3. A comprehensive in vitro survey of AAV transduction 

efficiency on various mammalian cell types has been conducted4. Though previous study 

has proven the feasibility of AAV to transduce stem cell differentiated cardiomyocytes on 

a small scale5, a extensive optimization of AAV on stem cell-derived cardiomyocytes has 

not been reported.  Here we compared the transduction efficiency of seven commonly 

used AAV serotypes in low-purity iPSC differentiated cardiomyocytes, all tested 

serotypes demonstrated preferential cardiomyocytes transduction in comparison to non-

cardiomyocytes, with AAV1 showing the highest cardiac transduction efficiency. This 

unique tropism was subsequently utilized to improve cardiomyocyte purity, by delivering 

a neomycin resistance gene to facilitate simple G418 selection. This study demonstrated 

that viral intrinsic tissue tropism could be exploited to enrich certain stem cell derivatives 

to benefit downstream applications.  
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3.2  Material and methods: 

3.2.1  iPSC maintenance and cardiac induction 

The iPSC line, designated UC3-4, was used for this study. The derivation and 

maintenance of iPSCs was described previously6. Briefly, undifferentiated iPSCs were 

maintained under feeder-free condition with daily change of mTeSR-1 medium 

(Catalogue number: 05850 Stemcell technologies, Vancouver, BC, Canada), following 

the manufacturer’s instructions. Every 4-5 days cells were passaged by incubating with 

Versene solution (Cat No. 15040-066 Life technologies, Grand Island, NY) for 7 minutes 

at room temperature and split at the ratio of 1:3 ~ 1:5. The cardiac induction method was 

described previously with modification7. Briefly, after incubating with Versene Solution, 

iPSCs were plated on matrigel (Cat. No 354277, Corning, Tewksbury MA) coated tissue 

culture treated 24 well plates at the density of 250,000cells/cm2, followed by daily 

mTeSR-1 medium changes. Three days post seeding, cells were treated with 10µM of 

CHIR99021 (Cat No. S2924, Selleckchem, Houston, TX) in differentiation medium, 

consisting of RPMI1640 medium (Cat No: 21870-084), 2% of B27 minus insulin 

supplement (Cat No: A1895601), 1% L-Glutamine (Cat No: 21051024) and 1% of 

Penicillin/streptomycin (Cat No: 15140). All cell culture reagents are from Life 

technologies, Grand Island, NY. Differentiation medium was refreshed at 24 hours. 3 

days post CHIR99021 treatment, differentiation medium was refreshed with the addition 

of 5µM of IWP-4 (Cat No: 04-0036, Stemcells, Cambridge MA). 2 days post IWP4 

treatment, medium was switched to cardiac maintenance medium consisting of 

RPMI1640, B27 culture supplement (Cat. No: 17504, life technologies, Grand Island, 
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NY), 1% L-glutamine and 1% Penicillin/streptomycin. Maintenance medium was 

replaced every 48 hours.  

 

3.2.2  AAV vector production  

 HEK293 cells (ATCC CRL-1573) were seeded in CellStack Cells 5 (CS5) 

chambers with vent caps (Cat No: CLS3330, Sigma-Aldrich, St-Louis MO) cultured with 

DMEM (Cat No. 11965, Life technologies, Grand Island, NY) supplemented with 10% 

fetal bovine serum (Cat No: 16000, Life technologies, Grand Island, NY) and 1% 

Penicillin/Streptomycin. At approximately 80% confluency, cells were co-transfected 

with the vector plasmid and helper plasmid (containing helper genes from adenovirus and 

the rep cap genes according to the capsid serotype) using the CaPO4 precipitate 

technique8. The culture medium was removed from the CS5 and exchanged with the 

transfection medium; cells were subsequently incubated 6 to 15 hours at 37 ±1°C and 5 

±1% CO2. The transfection medium was removed from the CS5 and replaced by fresh 

exchange medium (DMEM, 1% Pen/Strep) prior to a 3 day incubation at 37 ± 1°C and 5 

± 1% CO2. The cells of the CS5 transfected were then harvested. Depending on serotype, 

the supernatant was precipitated at 5 ± 3°C overnight with PEG and centrifuged. The 

supernatant was discarded and the PEG-pellet was resuspended in Tris-buffered saline 

before benzonase digestion. AAV particles were extracted from the cell pellet with 

Hank’s balanced salt solution after benzonase digestion.  

 The viral suspension was centrifuged and the vector-containing supernatant was 

loaded on a step density CsCl gradient and centrifuged at 28,000 rpm for 24 hours at 

15°C. The full particle band was collected and centrifuged at 38,000 rpm for 48 hours. 
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The enriched-full particle band was collected. The viral suspension was then subjected to 

4 successive rounds of dialysis in a Slide-a Lyzer cassette against phosphatase buffered 

saline. The purified vector was collected, sampled for viral genome (vg) titer and purity 

assay, and stored at <-70°C in polypropylene low-binding cryovials. 

 

3.2.3  Cell transduction 

For AAV transduction, cardiac differentiated iPSC cultures, a heterogeneous 

population containing 20%-40% of cardiomyocytes were dissociated by 0.25% trypsin-

EDTA (Cat No. 15040-066 Life technologies, Grand Island, NY) and replated in 24-well-

plate in maintenance medium with AAV at designated MOIs. The next day, 250ul fresh 

medium was added to each wells. Medium was changed every 48 hours. 

To determine the optimal MOI for serotype comparison, a preliminary dose escalation 

experiment was conducted with AAV6 and 8, MOI ranging from 10, 100, 1000 and 

10000vg/cell (figure S1). MOI at 1000 yielded a robust GFP transgene expression 6 days 

post initial transduction, and the difference of mean fluorescence intensity (ΔMFI) 

between GFP+/cTnT+ population and GFP-/cTnT- population was within 3 logs (16,425 

unit and 6,201 unit, AAV6 and 8 respectively).  While GFP transgene signal at MOI 

10000 was too strong and saturated the detection range (ΔMFI 83,380 and 22,852 unites, 

AAV6 and 8 respectively). Based on this result, MOI of 1000vg/cell was chosen for 

serotype comparison experiment (Figure S1). 
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3.2.4  Immunofluorescent cell staining 

Cells transduced with AAV GFP were seeded onto matrigel-coated coverslips for 

imaging. Attached cells were fixed with 4% paraformaldehyde and permeablized with 

0.1% Triton-X (Cat No: X100, Sigma-Aldrich, St. Louis MO) in Phosphatase Buffered 

Saline (PBS).  After blocking with DAKO serum-free protein block at room temperature 

for 2 hours, samples were probed with primary antibodies against alpha-sarcomeric 

actinin (Cat No: PA5-17308, Thermo scientific, Rockford, IL) at 4°C overnight. The 

second day samples were developed with TxRed conjugated anti mouse IgG for 

visualization. All images were captured with Nikon A1 confocal microscope (Nikon 

Instrument Inc., Melville, NY) and processed with Nikon Elements analysis software 

(advanced research, Version 3.2 64bit, Nikon Instrument Inc., Melville, NY).  

 

3.2.5  Flowcytometry analysis 

Cells were dissociated with 0.25% Trypsin-EDTA, fixed with 4% 

paraformaldehyde and permeabilized with 0.1% Triton-X in PBS with 5% BSA. Cardiac 

troponin T antibody (Thermo Scientific, Rockland IL) was pre-labeled with Zenon Alexa 

Fluor 647 mouse IgG labeling reagent (Life technologies, Grand Island, NY) following 

the manufacturer’s instructions. The pre-labeled cardiac troponin antibody was used to 

probe the cells. After PBS wash, labeled cells were analyzed by FACS CantoII cell 

analyzer (BD Bioscience, San Jose, CA) equipped with BD FACSDiva software. All data 

were processed by FlowJo (V10, Flowjo LLC, Ashland OR).  
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3.2.6  Statistics 

Data were analyzed with Graph Pad Prism (Version 6, Graphpad Software, La 

Jolla, CA). AAV serotype comparison was analyzed by one-way ANOVA with 

Bonferroni’s post hoc analysis (significantly different at P <0.05). Cardiomyocyte 

enrichment data was analyzed by unpaired t-test (two tailed, significantly different at 

P<0.05). 
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3.3  Results:  

3.3.1  Cardiomyocyte induction of human iPS cells 

Human iPS cell line UC3-46 were differentiated into cardiac lineage as described 

previously7. Spontaneously contracting cell clusters could be observed between day 10 to 

14, and the beating area gradually increased over time. However, the efficiency of cardiac 

induction varied among different experiments, ranging from 20% to 80% as indicated by 

cardiac troponin T (cTnT) flowcytometry analysis (Figure S1) 

 

Supplemental figure 1: Flowcytometry analysis of cardiac induction efficiency of 

two independent experiments 
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3.3.2  Various AAV serotypes demonstrate robust cardiac tropism in vitro  

AAV’s cardiac tropism is well documented in vivo9 but not in vitro. Here, the 

heterogeneous population differentiated from iPSCs provided an opportunity to assay 

AAV’s tissue tropism for cardiomyocytes versus non-cardiomyocytes. 14-21 days post 

cardiac induction, the mixed iPS cell derivatives were replated in multi-well plates to 

ensure uniform cellular composition for downstream comparison. Initially 

cardiomyocytes constitute approximately 20% of total population (Figure 1B). In order to 

determine the optimal experimental condition, a panel of AAV serotypes expressing GFP 

driven by CMV promoter (Figure 1A) was added at various multiplicity of infection 

(MOI). Transduction efficiency, evident by GFP expression, was separately calculated 

within cardiac (cTnT+) and non-cardiac (cTnT-) populations (Figure 1B and 1C). Though 

higher MOIs resulted in increased transduction efficiency in both populations, AAV 

preferentially transduces cardiomyocytes, as evident by the higher percentage of GFP 

positive cardiomyocytes in all tested conditions (Figure 1D). The best separation between 

cardiac and non-cardiac populations was with AAV1 at MOI of 1000 vg/cell, which 

labeled 79.2% of cardiomyocytes and only 14.6% of non-cardiomyocytes (Figure 1D), 

recapitulating the cardiac tropism reported in vivo. Live cell imaging also confirmed that 

GFP expression was localized to spontaneously contracting myocyte foci (see 

supplemental video).   
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Figure 1: Cardiac tropism of multiple AAV serotypes; 

(A) Structure of the AAV vector expressing GFP;  

(B) Representative flow-cytometric analysis of cardiac differentiated iPSC cultures 

transduced with AAV serotype 1. Cardiomyocytes were identified by expression of cTnT 

and transduction efficiency was evaluated by GFP expression;  

(C) GFP positive cells were quantitatively assessed within cardiac (cTnT+) and non-

cardiac (cTnT-) populations;  

(D) AAV transduction screening of cardiac differentiated iPSC cultures with 7 AAV 

serotypes (1, 2, 5, 6, 8, 9 and 10) across 3 different MOIs (100, 1000 and 10,000vg/cell). 

GFP% cells were calculated based on the formula in 1B (n =1 for each condition). GFP, 

green fluorescent protein, iPSC, induced pluripotent stem cells; cTnT, cardiac troponin T; 

MOI, multiplicity of infection; CMV, cytomegalovirus; SV40, Simian Virus 40;  
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3.3.3  AAV1 demonstrates the highest transduction efficiency among a panel of 

AAV serotypes 

To closely monitor in vitro transduction efficiency and provide statistical power, 

the AAV transduction experiment was repeated, with MOI of 1000 in triplicates instead 

of the entire range. The result confirmed AAV1 as the best serotype in transducing 

cardiomyocytes with an efficiency of 77.5% ± 1%, followed by AAV2 and AAV6 with 

efficiencies of 52.9% ± 1% and 45.8% ± 3% respectively. AAV8 and AAV10 were the 

least efficient, with an efficiency of 5.82% ± 0.6% and 2.46% ± 0.2% (Figure 2).  

 

Figure 2: Systematic evaluation of AAV transduction efficiency  

Flowcytometry analysis of AAV serotype transduction efficiency on cardiac 

differentiated iPSC cultures at MOI of 1000, scored by the percentage of GFP-positive 

cardiomyocytes against total cardiomyocytes, based on formula in figure 1B. (n = 3 for 

each serotypes, **** p<0.0001) GFP, green fluorescent protein. 
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3.3.4  Harnessing the cardiac tropism of AAV1 for targeted gene delivery 

The fact that AAV preferentially transduces cardiomyocytes prompted us to 

hypothesize that the intrinsic tissue tropism of AAV could be exploited to enrich 

cardiomyocytes by specifically delivering a genetic selection marker. To test this 

hypothesis, a plasmid (pTR-UF-11) containing GFP and Neomycin resistance genes was 

packaged into the most efficient AAV1 (Figure 3A). A dose escalation experiment using 

AAV1-pTR-UF-11 confirmed that a MOI at 1000 vg/cell was optimal to separate the 

cardiac and non-cardiac populations, transducing 63.6% of cardiomyocytes and 22.7% of 

non-cardiac cells (Figure 3B). Therefore, 1,000 vg/cell AAV1-pTR-UF-11 was delivered 

to a heterogeneous population differentiated from iPSCs. After stabilizing transgene 

expression for 6 days, transduced cells were exposed to 250 µg/ml G418 (Figure 3A). For 

an experiment with 26% cardiomyocytes, 2-fold enrichment was achieved (Figure 4A; 

from 26.7% to 57.2%) after 2-week drug selection. Immunocytochemistry confirmed the 

enrichment, using co-localization of GFP expression and a-actinin staining (Figure 4B).      
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Figure 3: Harnessing AAV’s tissue tropism for cardiac enrichment  

(A) Schematic representation of the experimental design. AAV1 vector packaged pTR-

UF11 was employed to transduce cardiac differentiated iPSC cultures. After G418 

selection, the remaining cells were subjected to FACS analysis.  

(B) Cardiac differentiated iPSC cultures transduced with various amount of AAV1- pTR-

UF11 vector were scored by cTnT and GFP by FACS. CMV, cytomegalovirus; HSV-tk, 

Herpes simplex virus-thymidine kinase; NeoR, Neomycin-resistance gene. FACS, 

Fluorescence-activated cell sorting 
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Figure 4: Evaluating AAV cardiac enrichment by neomycin-resistant AAV  

(A) FACS analysis of AAV1- pTR-UF11 transduced iPSC derivatives with and without 

G418 selection. Cells were probed for cardiac specific cTnT. (n=3 for each conditions * p 

= 0.0007).  

(B) Immunofluorescent staining of AAV1- pTR-UF11 transduced iPSCs derivatives with 

and without G418 selection. Cells were probed for cardiac specific α-actinin. cTnT, 

cardiac troponin T;  
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3.4  Discussion 

Intracoronary administration of AAV1 carrying the sarcoplasmic reticulum Ca2+-

ATPase (SERCA2a) was the first clinical study using AAV for cardiovascular diseases10. 

Our data suggest that multiple AAV serotypes can efficiently transduce iPSC-derived 

cardiomyocytes in vitro, with AAV1, AAV2 and AAV6 showing good cardiomyocyte 

affinity. Though evidence collected in vitro cannot predict viral in vivo performance, it 

has been documented that both AAV1 and AAV6 are preferred strains for clinical and 

several pre-clinical large animal studies (see review11). 

Cell transplantation has emerged as a promising treatment for a wide range of 

heart diseases, including bradycardia, ischemic heart disease and dilated 

cardiomyopathy12-15. Although cell transplantation alone has demonstrated encouraging 

clinical efficacy, genetic modification of donor cells may provide extra benefit. For 

example, genetic modification of cells for autologous transplantation confers long-term 

pacemaker function16, boosts the secretion of paracrine factors17 and augments post 

transplantation cell engraftment and survival18.  In contrast to beneficial effects, 

transplanted cells could potentially inflict fatal adverse effects such as ventricular 

tachycardia13.  In that case, genetic modification in the form of a “suicide gene” might be 

employed as a safeguard to eliminate deleterious outcomes19. The current study 

demonstrated AAV is an effective gene delivery vehicle to target cardiomyocytes 

differentiated from human pluripotent stem cells. Together with its extraordinary safety 

profile and the ability to support long-term transgene expression, these evidence justify 

AAV to be considered as the preferred gene delivery modality for ex vivo gene therapy, 

to modify donor cardiomyocytes. 
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In addition to its pleiotropic tissue substrates, different serotype variants 

demonstrated preference towards certain tissues9. This feature has been utilized in vivo 

for tissue-specific gene delivery to minimize off-target effects. AAV’s serotype is largely 

determined by the variation of viral capsid proteins, which dictates the required cell 

surface receptors for AAV’s attachment and internalization9.  For example, the primary 

receptor for AAV2 is heparin sulfate proteoglycans, while AAV1, 5 and 6 are recognized 

by N-linked or O-linked sialic acids20. Widely shared cell surface receptors probably lack 

the tissue specificity required to account for the observed tissue tropism. It has been 

proposed that steps after viral internalization may be more important determinant of 

cellular permissiveness to AAV. The fact that all serotype variants demonstrate 

preference for post-mitotic cells may be explained by these cells’ attenuated DNA 

damage response --a critical step to eliminate foreign genetic material such as AAV21.  In 

our experiments, AAV’s cardiac tissue tropism was reproduced with all tested serotypes, 

reflected by the preferential transduction of cardiomyocytes in comparison to non-

cardiomyocytes (e.g. smooth muscle and endothelial cells derived from a common 

cardiac precursor22) that retain mitotic activity. Thus, the observed cardiac tropism is 

consistent with previous report on neonatal rat cardiomyocytes21, and may be adequately 

explained by the difference in mitotic capacity between cardiomyocytes and non-

cardiomyocytes at this developmental stage (6-8 weeks).   

Insights gained from developmental biology have greatly improved the cardiac 

induction efficiency7, 23, but the consistent generation of high purity cardiomyocytes from 

human pluripotent stem cells in large quantity still presents a major hurdle for various 

applications. Several enrichment methods have been described to selectively purify 
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cardiomyocytes based on genetic selection 24, cell surface marker or mitochondria 

labeling 25, metabolic selection26 or 3D cell culture27. The observed intrinsic cardiac 

tropism of AAV prompted us to exploit this property, as a proof of concept, for cardiac 

cell enrichment. A neomycin resistance gene was administered via the most efficient 

AAV serotype AAV1 to facilitate G418 selection. Two-week G418 selection achieved 2-

fold enrichment in one experiment, in which cardiomyocytes initially constitute 27% of 

total population. Compared to genetic selection24, mitochondria labeling25 or surface 

marker based cell sorting28-30, methods described here have several advantages. First, 

though incidences of human genome integration have been reported31-34, rAAVs poses a 

lower risk for insertional tumorgenesis35 compared to other vehicles such as lentivirus, 

Secondly, in contrast to surface marker sorting and intracellular dye staining, no antibody 

and dye labeling is involved and the output is not constrained by flow cytometry. As a 

result, large-scale cardiomyocyte enrichment might be achieved in a cost-effective and 

timely manner. It is conceivable that the selection efficiency could be further optimized 

by combining cardiac specific promoter into the current strategy, as suggested by a recent 

study utilizing AAV9 combined with cTnT promoter to precisely target Cre recombinase 

to cardiomyocytes following systemic delivery36.  
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Abstract  

Heart involvement is common in patients with Duchenne muscular dystrophy (DMD) and 

cardiac death account for half of the mortality. Patient specific induced pluripotent stem 

cells (iPSCs) provide a unique tool to study this hereditary cardiomyopathy and conduct 

personalized drug screening. One limitation has been the inability to perform experiments 

under genetically defined conditions to avoid the influence of genetic background 

variations. By applying CRISPR-Cas9 mediated genome editing, the dystrophin locus 

was point-mutated to give rise to a set of isogenic disease and control human iPSCs that 

differs exclusively at one base pair. These unique cellular reagents enable phenotype 

comparison of membrane barrier function, calcium handling and mitochondria. Based on 

these results, a phenotypic screening was conducted against a 2000 compound set, 

yielding 39 hits with membrane protection. These findings demonstrate the importance of 

isogenic control as well as the suitability of these cardiomyocytes for medium to high-

throughput screening for congenital cardiomyopathy. 
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4.1  Introduction 

Mutation of dystrophin gene is the molecular basis of Duchenne muscular 

dystrophy (DMD) and its milder variant Becker’s muscular dystrophy (BMD), one of the 

most common fatal genetic disorders affecting 1/3500 boys. It is increasingly appreciated 

that the cardiac abnormalities is invariantly associated with these patients and half of 

them eventually succumbed to cardiac failure.  

Previous studies with animal models have uncovered several cellular events 

associated with the absence of dystrophin. The decrease of membrane barrier function is 

believed to be the primary defect as the result of disintegrated dystroglycan complex. 

Abnormal membrane function impairs calcium handling and mitochondria function, 

opening mitochondria permeability transition pore (mPTP) to initiate apoptosis. 

Unfortunately, animal disease models, especially mdx mouse, considerably differ from 

human patients in both physiology and pathogenesis. Thus for certain applications such 

as drug discovery, cell-based studies on human tissue could potentially provide a better 

translational context. 

The advent of human induced pluripotent stem cell (iPSC) technology provides an 

opportunity to study early cellular events on patient’s own cells. Recently DMD iPSCs 

with various dystrophin mutations have been created1-3. Data shown cardiomyocytes 

derived from these iPSCs reproduced several key features of the disease, including 

elevated resting intracellular calcium level, mitochondria abnormality and activated 

apoptotic pathway2. These encouraging results highlight the feasibility of using iPSCs to 

model dystrophin deficient cardiomyopathy. However, the lack of genetically matched 

control in these studies makes it difficult to attribute the observed phenotypic difference 
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solely to the disease-causing mutation, as differences in genetic background can modify 

delicate cellular phenotypes4.  

The technology advancement in genome editing has tremendously simplified 

eukaryotic genome modification. Consequently, isogenic iPSC pairs that only differs in 

disease-causing mutations 5-12, including dystrophin 1, have been created by targeting 

genome with zinc finger nuclease, CRISPR-Cas9 enzyme or TALEN nuclease. These 

isogenic pairs are regarded as the gold standard to study the effect of certain genetic 

variant, minimizing the impact of underlying genetic background noise.  

Our group has lately created DMD and normal iPSC lines from human urine, and 

identified some phenotypes presumably associated with the absence of dystrophin3. The 

current study reports the derivation of a knockout iPSC line by obliterating dystrophin 

locus by CRISPR-Cas9 enzyme. Based on this isogenic control, we re-evaluated 

previously identified phenotypes, including membrane abnormality, calcium handling 

and mitochondria permeability transition pore (mPTP) opening, confirming decrease of 

membrane barrier function to be the most robust disease feature. Furthermore, the 

membrane fragility assay was miniaturized to high throughput compatible format for a 

semi-automated phenotypic screening, demonstrating the utility of this personalized 

platform for drug screening.  
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4.2  Materials and methods:  

4.2.1  iPSC maintenance and cardiac differentiation 

Normal, patient (Δexon 50) and engineered dystrophin mutant (c.263delG) iPSCs 

were used for this study. The derivation and maintenance of iPSC was described 

previously3. Briefly, undifferentiated iPSCs were maintained in feeder-free condition 

with daily change of mTeSR-1 medium (Stemcell technologies, Vancouver, BC, Canada) 

following the manufacturer’s instructions. Every 4-5 days cells were passaged by 

incubating with Versene solution (Life technologies, Grand Island, NY) for 7 minutes at 

room temperature and split at the ratio of 1:3 - 1:5. The cardiac induction method was 

described previously with modification13. Briefly, after incubating with Versene Solution, 

iPSC were plated in matrigel (Corning, Tewksbury MA) coated 24 well plates at the 

density of 250,000cells/cm2. Three days post seeding, cells were treated with 10µM of 

CHIRO 99021 (Selleckchem, Houston, TX) for 24 hours in differentiation medium 

consisting of RPMI1640 medium, 2% of B27 minus insulin supplement, 1% L-Glutamine 

and 1% of Penicillin/streptomycin. All cell culture reagents are from Life technologies. 

Three days post CHIRO 99021 treatment, differentiation medium was refreshed with 5 

µM of IWP-4 (Stemcells, Cambridge MA). Two days post IWP4 treatment, medium was 

switched to cardiac maintenance medium consisting of RPMI1640 with B27 culture 

supplement (life technologies, Grand Island, NY). Maintenance medium was replaced 

every other day.  

  

4.2.2  Construction of and Cas9/gRNA Expressing Vectors  

Guide sequences targeting the 3’-end of the first muscle exon of human 
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dystrophin were designed using the online CRISPR design tool (http://crispr.mit.edu/) 

supported by the Zhang lab in MIT 14. Four guide sequences with highest score were 

selected.  

Guide 1: TTGTGACAAGCTCACTAATTAGG;  

Guide 2: AAGTTTGAAGAACTTTTACCAGG;  

Guide 3: AGGCAGCGATAAAAAAAACCTGG;  

Guide 4: GCTTTGGTGGGAAGAAGTAGAGG.  

Forward and reverse single strand oligo deoxynucleotides (ssODN) were 

synthesized with BbsI enzyme sites added at both ends (Eurofins Genomics, Huntsville 

AL). The forward and reverse oligos were annealed, phosphorylated and cloned into 

plasmid hSpCas9 (BB)-2A-Puro (px459, addgene # 48139) according to methods 

described previously15. Ligation products were treated with PlasmidSafe ATP-dependent 

DNase (Epicentre, Chicago, IL) before transforming into One Shot Stbl3 chemically 

competent E. coli (Life Technologies). Integration of the plasmid was confirmed by 

Sanger’s sequencing (Genewiz, Seattle WA) using U6 primer.  

Functional validations of the guide sequence were carried out by transfecting 

HEK293 cells with the aforementioned plasmids. Briefly, 293T cells plated in 24-well-

plate at 130,000 cells/well in DMEM high glucose medium (Life technologies, CA) with 

10% Fetal Bovine Serum. 800ng plasmids DNA was diluted with optiMEM (Life 

technologies, CA) and transfected into 293T cells with Lipofectamine 2000 (Life 

technologies, CA). Puromycin at 1.25µg/ml was added to the medium starting 1 day post 

transfection and genomic DNA was harvested 3 days post transduction by DNAeasy 

blood and tissue kit (Qiagen, Valencia CA) according to the manufacturer’s instruction. 
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The DNA dystrophin locus was PCR amplified by Phusion® High-Fidelity hot start II 

DNA Polymerase (Thermo, Waltham MA) using primer set DMD-F: 5’-

TGTAAAACGACGGCCAGTGGCCTCTACAGAATCCTGGC-3’ and DMD-R: 5’-

CAGGAAACAGCTATGACAGGCCTCCATGTAGTTCCTA-3’. The PCR products 

from individual reactions were purified by QiaQuick PCR purification kit. Surveyor 

assays were performed according to the manufacturer’s instruction and SURVEYOR 

nuclease digestion products were electrophoresed on a 4–20% gradient polyacrylamide 

TBE gel, stained with SYBR Gold dye diluted 1:10,000 in TBE buffer, and visualized in 

ChemiDoc imaging system (Bio-rad, Hercules CA).  

 

4.2.3  Genome targeting and cell cloning 

hSpCas9 (BB)-2A-Puro incorporated guide sequence 4 was chosen to transfect 

normal male iPSC to generate dystrophin knockout cell line. After being dissociated with 

Versene reagents (Life technologies), 3 million of UC3-4 iPSCs were transfected using 

the Neon transfection system (Life technologies, CA) following the manufacturer’s 

instruction. Cells were gently plated into 500ul of mTeSR1 medium (Stemcell 

technologies) with 10µg/ml of ROCK inhibitor Y-26732 (Selleckchem) in a well of 24-

well-plate. Medium was refreshed everyday and 0.8µg/ml puromycin selection was 

started 2 days post transduction for 48 hours. Surviving colonies were manually picked 

and passaged into matrigel coated 96-well-plate for further expansion. Genomic DNA of 

individual colonies was extracted for PCR amplification of the targeted dystrophin 

region. Mutation of dystrophin locus was confirmed by sequencing as described in the 

previous section.  
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4.2.4  Realtime quantitative polymerase chain reaction (qPCR) 

TaqMan quantitative PCR was carried out using PCR probe sets (Applied 

biosystems) amplifying different isoforms of the DMD. Total cellular mRNA was 

extracted from differentiated cardiomyocytes using RNAesy mini kit (Qiagen, Valencia 

CA). cDNA was reverse-transcribed from 500ng total RNA with 200 units of Superscirpt 

II reverse transcriptase (life technologies, CA) with 1ul of Oligo(dT)12-15 at 500ug/ml, 

according to the manufacturer’s instructions. cDNA was diluted 5 times with DI water. 

4ul of diluted cDNA was included in a 20ul volume reaction with 1ul of 20x TaqMan 

Gene expression Assay, 10ul of 2x TaqMan Gene Expression Master Mix in 96-well 

format. The PCR reaction was carried out with 7900HT Fast Real-Time PCR System 

(Life technologies, CA). All data was analyzed using SDS v2.3 (Life technologies, CA). 

Relative quantitation of target gene expression was normalized against house keeping 

gene GAPDH, and compared with normal cardiomyocytes.  

 

4.2.5  Immunostaining  

Cardiomyocytes were plated onto Matrigel coated coverslips. Attached cells were 

fixed with 4% paraformaldehyde for 10 minutes and permeablized with 0.1% Triton-X in 

PBS for 5 minutes. After blocking with DAKO serum free protein block, samples were 

probed with primary antibody against dystrophin (abcam, Cambridge MA) and 

sarcomeric α-actinin (1:200, life technologies) overnight at 4°C. The next day samples 

were probed with FITC-anti rabbit IgG and TxRed anti mouse IgG (both at 1:200, vector 

lab). Nuclei was counter stained with DAPI and mounted onto glass slides with antifade 

gold mounting medium (Life technologies). All images were captured with Nikon A1 
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confocal microscope (Nikon Instrument Inc., Melville, NY) and processed with imaging 

analyze software Nikon Elements advanced research analysis (Version 3.2 64bit, Nikon 

Instrument Inc., Melville, NY).  

 

4.2.6  Western blot 

Western blot was conducted according to the method described previously with 

modification3. Briefly, differentiated cardiomyocytes were lysed by RIPA buffer 

(Thermo) with Pierce Protein inhibitor (Life technologies, CA) and protein 

concentrations were determined by Bio-rad DC protein assayed reagents (Bio-rad,). 10 µg 

of cell lysates was loaded for electrophoresis. DYS1, DYS2 and DYS3 monoclonal 

antibody (1:100, 1:50 and 1:50 Leica) was used as the primary antibodies to probe 

dystrophin. A mouse monoclonal antibody to cardiac myosin heavy chain (ab15, 1:1000, 

abcam) was used as protein loading control. Alexa Fluor 488 goat anti mouse IgG1 and 

Alexa Flour 549 Goat anti mouse IgG2a (Life technologies, 1:1000) were used as 

secondary antibodies for multiplexing. Blots were imaged by ChemiDoc MP imaging 

system (Bio-Rad, Hercules CA). 

 

4.2.7  Mitochondrial Permeability Transition Pore (mPTP) opening time  

Cardiomyocytes were loaded with tetramethylrhodamine ethyl ester (TMRE), a 

fluorescent indicator that accumulates in the mitochondria proportionally to the ΔΨm, 

and exposed to controlled and narrowly-focused laser-induced oxidative stress until 

mPTP opening occurs16. To ensure equal delivery of oxidative stress among experimental 

groups, laser excitation settings remain consistent within the experimental groups. 
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Mitochondrial PTP opening was detected by a decrease in TMRE fluorescence which 

indicates loss of ΔΨm. Arbitrary mPTP opening time was determined as the time of the 

loss of average TMRE fluorescence intensity by one half between initial and residual 

fluorescence after mPTP opening.  

 

4.2.8  Hypotonic stress experiment ELISA  

Differentiated cardiomyocytes were seeded into 96-well plate at 50,000cells/well 

for 7 days. Hypotonic solutions with various osmolarities were reconstituted by mixing 

DPBS with distilled water (Life technologies, CA). Cardiomyocytes were treated with 

hypotonic solutions for 30 minutes at room temperature. Supernatants were collected to 

assay CKMB concentration by ELISA (Meso-scale discovery). All data were normalized 

against total cellular CKMB, determined by directly lysing control wells without stress.  

 

4.2.9  Hypotonic stress experiment and FM1-43 live imaging 

Differentiated cardiomyocytes were seeded into Nunc 8-well chambered 

coverglass (thermo, Waltham MA) at 100k/well for attachment. FM1-43 (Life 

technologies, CA) was diluted in DPBS and distilled water at 2.5µM. Cardiomyocytes 

were incubated with 150ul of DPBS with FM1-43 for 5 minutes at room temperature to 

stain membrane. Timelapse image sequences were collected with Nikon A1 confocal 

microscope (Nikon Instrument Inc., Melville, NY) at the frequency of 1 frame/5 seconds 

for 20 minutes. 600ul of distilled water containing 2.5µM FM1-43 were injected into the 

well after 60 seconds to adjust the final osmolarity to 20% of normal osmolarity.  

All image sequences were analyzed with ImageJ17 and interpreted in a blinded 
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fashion. Background was calculated as the average of the first 13 images within every 

sequence, corresponding to the baseline fluorescence signal before stress in isotonic 

solution, and was subsequently subtracted for further processing. Membrane damaged 

cells were recognized with intracellular FM1-43 accumulation. Number of total cell and 

membrane-damaged cell were separately counted at both 65s and 1200s using the Cell 

Counter plugin of ImageJ.  Percentage of membrane damaged cells were calculated as 

(Number of FM1-43 positive1200s – Number of FM1-43 Positive65s)/Total cell number.  

The fluorescence intensity of image sequence was extracted with Time Analyzer 

plugin and filtered by a Gaussian 3D filter of size 4.0 in all directions. Filtered data was 

analyzed in Excel and plotted by Graphpad Prism 6 (Graphpad software, San Diego CA).  

 

4.2.10  High throughput screening 

14 days post differentiation, cardiomyocytes were dissociated into single cell 

suspension by incubate in 5 minutes with TrypLE (Life technologies) and plated at 10000 

cells/well on opaque-bottom 384-well plates (Nunc) precoated with 1 mg/mL Matrigel 

(Corning) for one hour at 37°C. To allow cardiomyocytes to mature, cells were cultured 

on the 384 well plates for 16 days, with media being exchanged every 72 hours. After 15 

days compounds dissolved in DMSO were distributed to the plates using the CyBi Well 

Vario 384/25 liquid handler (Cybio, Germany) to achieve a concentration of 10-8, 10-

7, 10-6, 10-5M in duplicate. After 18 hours of incubation, medium was aspirated and pure 

water was injected to reach the 12.5% normal osmolarity using BioTek EL406 Washer 

Dispenser (BioTek, Winooski, VT). After 30 minutes incubation supernatants were 

removed and plates were assayed by adding CellTiter Glo (Promega) according to the 
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manufacturer’s instruction. After 5 minutes the luminescence was measured using 

EnVision multilable reader (PerkinElmer). All data were processed and visualized by 

Tibco Spotfire (Tibco Spotfire, Boston, MA). Percentage viability was calculated by 

comparing signal from each well to the average of control wells treated with DMSO 

alone (32 control wells/plate). Taking into consideration of Z score ranking (>3), standard 

deviation of replicates and escalating dose-ranging response, 39 hits were identified from 

2000 input compounds (~2% hit rate) (Table 1).  
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4.3  Results: 

4.3.1  A human iPSC line harboring a single base pair deletion (c.263delG) results 

in premature termination of dystrophin translation 

To create an isogenic dystrophin-null iPSC line, the dystrophin locus of a normal 

male iPSC line3 was targeted by CRISPR-Cas9 enzyme around the N-terminus coding 

region within exon 1 of Dp427m (Figure 1A), the predominant dystrophin isoform of 

heart muscle. The targeting efficiency of guide RNA (gRNA) sequences was tested in 

HEK293T cells. Surveyor assay confirmed all sequences precisely targeted the expected 

genomic region and the guide yielding the highest cutting efficiency (44.3%, gRNA 4) 

was chosen for dystrophin locus modification. Subsequently, gRNA 4 was cloned into the 

wild-type CRISPR-Cas9 plasmid hSpCas9 (BB)-2A-Puro (px459) to create a double 

strand break in normal iPSCs. Those iPSC clones that survived puromycin selection were 

expanded and sequenced to identify 2 out of 20 clones containing insertion/deletions 

(indels) at the targeted region. One clone revealed a deletion of guanine 263 (c.263delG) 

(Figure 1B), which shifts the reading frame to prematurely terminate dystrophin 

translation. The dystrophin-mutant line, c.263delG, maintains normal stem cell 

morphology and expresses pluripotency-related markers, including Oct4, SSEA4, Tra-1-

60 and Sox2 (Figure 1C) and retains a normal karyotype (Figure 1D).  
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Figure 1: Creation of a dystrophin mutant human iPSC line with an isogenic 

background. 

(A) CRISPR-Cas9 enzyme was used to target the dystrophin exon 1 in a normal iPSC line 

to create an isogenic dystrophin-modified line. (B) Sangers sequencing trace illustrates 

the location around the modified region in both normal and modified iPSC lines. The 

translated dystrophin N-terminus protein is shown at the top. (C) Immunocytochemistry 

staining of Oct4, SSEA4, Sox2 and Tra-1-60, in typical colonies of c.263delG, indicates 

the dystrophin-mutant line, c.263delG, expresses pluripotent markers after genome 

editing. (D) G-banding karyogram of the dystrophin-mutant iPSC line indicates a normal 

human karyotype. 

Dp427m'Promoter'

Dp427m'Exon'1'

5’3AAAATGCTTTGGTGGGAAGAAGTAGAGGACTGTTGTAAGTA33’'
gRNA'sequence'

PAM'sequence'A"
Met' Leu' Trp' Trp' Glu' Glu' Val'

Normal'

Modified'

N N N NN NN C N N N N N N NN N N N T G A C T C A C T C A G T G T T G G G A T

1 10 20 30 40

T C A C T C A C T T T C C C C C T A C A G G A C TG C A G A T C T G G G A G G C A A T T A C C

50 60 70 80

C T T C G G A G A A A A A C G A A T A G G A A A A A C T G A A G T G T T A C T T T T T T T

90 100 110 120 130

T A A A G C T G C T G A A G T T T G T T G G T T T C T C A T T G T T T T T A A G C C T A C T

130 140 150 160 170

T G G A G C A A T A A A G T T T G A A G A A C T T T T A C C A G G T T T T T T T T A T C G

180 190 200 210

G C T G C C T T G A T A T A C A C T T T T C A A A A T G C T T T G G T G G G A A G A A G T A

220 230 240 250 260

20141015_1-031424_DMD_SeqF.ab1  (750 bases)

Printed from SnapGene® Viewer:  Dec 21, 2014  8:29 PM Page 1

T A G A G G A C T G T T G T A A G T A C A A A G T A A C T A A A A A T A T A T T T T A C T G

270 280 290 300

G T G G C A T A A C G T T T A G T T T G T G A C A A G C T C A C T A A T T A G G T A G A T T

310 320 330 340 350

T G A T T T T A A A T T A T C A C A G T A G T T T G C A A A G A A G C A T A A A T G T T A T

360 370 380 390

T A T A T A C T G C A T A T A T A T A T G T A T T T A T T C A G G A A T A T A T A T T T T T

400 410 420 430 440

T T C A T T G G G A A A A C T T T T C A A C A G A A A T G G A G T G T A A A A G T T T T T C

450 460 470 480

C T T T G C G A T A G A A C T A A A C A C A T G A T T T C T T G A T T A A C A A A C C A C T

490 500 510 520 530

20141015_1-031424_DMD_SeqF.ab1  (750 bases)

Printed from SnapGene® Viewer:  Dec 21, 2014  8:29 PM Page 2

N N N N NN NN C N N N N N N N N T T G A C T C A C T C N G T G T T G G G AT C

1 10 20 30

C A C T C A C T T T C C C C C T A C A G G A C T C A G A T C T G G G A G G C A A T T A C C T

40 50 60 70 80

T T C G G A G A A A A A C G A A T A G G A A A A A C T G A A G T G T T A C T T T T T T T A A A

90 100 110 120 130

A G C T G C T G A A G T T T G T T G G T T T C T C A T T G T T T T T A A G C C T A C T G G A

140 150 160 170

A G C A A T A A A G T T T G A A G A A C T T T T A C C A G G T T T T T T T T A T C G C T G C C

180 190 200 210 220

C T T G A T A T A C A C T T T T C A A A A T G C T T T G G T G G G A A G A A T A G A G G A C

230 240 250 260

20141015_6-031424_DMD_SeqF.ab1  (1097 bases)

Printed from SnapGene® Viewer:  Dec 21, 2014  8:32 PM Page 1

Glu'

B"

Dystrophin''
locus'

C" D"

17 )8116

2019
;

11Y121 22

46,XY
Patient name: ENGINEERED 1015.6

3

11 12

elk
/ •

13 14 15

Case name: UW-0469-UE
Date: 4/20/2015

UW-469 9

ikt

Oct4 SSEA4 Nuclei Tra1-60 Sox2 Nuclei 

263'



!

! 122 

4.3.2  Cardiomyocytes derived from c.263delG mutant human iPSCs fail to express 

dystrophin  

To measure dystrophin expression at the mRNA level, differentiated human 

cardiomyocytes from normal, DMD patient, and CRSPR-Cas9-engineered iPSC lines 

were evaluated by RT-PCR. Three pairs of PCR probes were employed to detect mRNA 

transcripts at different regions across the cDNA sequence (Figure 2A): Probe 1 

specifically detects Dp427m, the predominant isoform of the heart, Probe 2 targets the 

central rod domain, shared by isoform Dp427 and Dp270, Probe 3 recognizes the C 

terminus shared by all isoforms Dp427, Dp270 and Dp71. While the DMD patient 

cardiomyocytes (Δexon 50) demonstrated overall transcripts reduction, mutant 

(c.263delG) cardiomyocytes exhibited a different expression profile. Compared to normal 

cardiomyocytes, probe 1 failed to detect any mRNA transcript while probe 2 and 3 

detected comparable or even higher transcript levels (Figure 2C). The presence of 

dystrophin protein was further assayed by immunostaining and immunoblots. 

Immunostaining revealed that α-actinin-positive normal cardiomyocytes stained positive 

for dystrophin, while mutant cardiomyocytes c. 263delG were negative (Figure 2D). The 

absence of dystrophin protein was further corroborated by western blot, three antibodies 

against different epitopes failed to detect the 427kd dystrophin protein in mutant 

cardiomyocytes. These results indicate a dystrophin-null cardiac phenotype was created 

by CRSPR-Cas9 methodology. 



!

! 123 

 

Figure 2: PCR, immunoblot and immunocytochemical staining in cardiomyocytes 

differentiated from human iPSC line c.263delG fail to detect dystrophin.  

(A) Schematic representation of the relative positions of PCR probes and antibodies 

epitopes in the dystrophin gene and mRNA; (B) Quantitative RT-PCR demonstrating 

normal control, a DMD patient (Δexon 50) and a CRISPR modified (c. 263delG) human 

cardiomyocytes, assayed with various dystrophin probes. Data indicates the complete 

absence of dystrophin transcript detected by probe 1 (Black bar). All values are 

normalized against housekeeping gene, GAPDH, and compared to a normal control; (C) 

Immunoblot against dystrophin using various anti-dystrophin antibodies (Dys1, Dys2 and 

Dys3) fail to detect dystrophin in both patient and CRISPR-modified lines (Δexon 50 and 

c.263delG respectively). cMHC included as loading control. (D) Micrographs indicate 

the presence of dystrophin only in normal cardiomyocytes, but not in mutant cells.  
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4.3.3  Dystrophin-null cardiomyocytes display abnormal calcium handling  

To determine whether dystrophin deficiency directly results in abnormal calcium 

handling in human cardiomyocytes, calcium transients were measured and compared 

between normal and the isogenic c. 263delG cardiomyocytes. External 1Hz pacing failed 

to drive several mutant cardiomyocytes while normal control cells all responded to the 

stimulation (Figure 3A). The mutant demonstrated a faster time to Peak (Tpeak). 

Temporal parameters T50 and T75 were significantly higher in mutant cells than in normal 

control (T50: 0.31±0.05s vs. 0.46±0.25s; T75: 0.48±0.04s vs. 0.65±0.26s. normal and c. 

263delG respectively), while T90 and full width at half maximum (FWHM) were not 

significantly different (T90: 0.62±0.14s vs. 0.8±0.28s; FWHM: 0.54±0.07s vs. 0.65±0.32s. 

normal and c. 263delG respectively) (Figure 3B).  
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Figure 3: Analysis of calcium transients in human iPSC derived cardiomyocytes.  

 (A) Representative tracing of 1Hz field-stimulated intracellular calcium transients in both 

normal and mutant cardiomyocytes (c.263delG); (B) Summary of Time to Peak (Tpeak), 

T50, T75, T90 and FWHM measurements of normal (n=8) and c. 263delG mutant 

cardiomyocytes (n=9), demonstrates calcium handling differences between the isogenic 

pair. This finding suggests that dystrophin-null cardiomyocytes manifested shorter time 

to peak but prolonged calcium reuptake.  
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4.3.4  Dystrophin deficiency does not alter opening kinetics of the mPTP  

To test the idea that dystrophin deficiency leads to accelerated mPTP opening, 

opening kinetics of the MPT pore was measured in dystrophin-null (c.263delG) and 

dystrophin-replete (normal) cardiomyocytes. cNCX-GFP labeled cardiomyocytes were 

pre-loaded with mitochondria dye TMRM (Figure 4A). Results indicate comparable 

mPTP opening time between normal and c.263delG cardiomyocytes (T50: 102.9 ± 35.5s 

vs. 117.3 ± 37.8, normal and c.263delG respectively)(Figure 4B). 

 

Figure 4: Analysis of mPTP opening kinetics of cardiomyocytes 

(A) cNCX-GFP labeled cardiomyocytes stained with mitochondria dye TMRM; (B) The 

mPTP opening time, determined as the average time of 50% TMRE fluorescence drop in 

relative to normal control (n = 15 for normal, n = 22 for c.263delG). 
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4.3.5  Dystrophin deficiency renders human cardiomyocytes abnormally 

vulnerable to osmotic stress  

To directly test the idea that the loss of dystrophin renders human cardiomyctyes 

abnormally vulnerable to mechanical stress, cultured cells were subjected to an 

established test of osmotic fragility. Human cardiomyocytes were challenged by 

hypotonic saline incubation to stretch the membrane. Liberation of intracellular CK-MB 

(creatine kinase-MB), a commonly used cardiac injury marker, was measured in the post-

stretched supernatants. Both normal and DMD cardiomyocytes released CK-MB. 

However, DMD patient cardiomyocytes (Δexon50) released significantly higher CK-MB 

at 25% and 12.5% of normal osmolality (25% osmolarity: 3.4±0.4% vs. 25.5±2.4%, 12.5% 

osmolarity: 19.6 ±10% vs. 78.4±11.6%, normal vs. Δexon50) (Figure 5A). Similar to 

DMD patient cardiomyocytes, engineered mutant c.263delG cardiomyocytes revealed a 

similar CK-MB release profile (25% osmolarity: 11.3±1.8% vs. 25±3.8%; 12.5% 

osmolarity: 24.2±1.1% vs. 83.4±8.5%, normal vs. c.263delG) (Figure 5B). Taken 

together, these data confirm that dystrophin deficiency directly results in increased cell 

damage in human cardiomyocytes. To further examine the dynamic alteration of 

membrane barrier function, cardiomyocytes were subjected to time-lapse examination in 

the presence of a lipophilic fluorescent indicator, FM1-43, in hypotonic solution. FM1-43 

can only gain access to the cytoplasm through sarcolemma micro-ruptures. As a result, 

intracellular accumulation of FM1-43 is a good indicator of the breach of membrane 

integrity18. To gain a finer temporal resolution, fluorescence intensity of the whole image 

was assessed as a surrogate indicator of the loss of membrane integrity. On the basis of 

fluorescence output, c.263delG mutant cardiomyocytes demonstrated an initial faster dye 
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accumulation from 80s to 110s (initial 30s of hypotonic stress)(Figure 5C & 5D). After 

20-minute 20% hypotonic stress, c.263delG mutant cells demonstrated higher percentage 

of cells with intracellular dye accumulation than isogenic normal controls (65.8±3.8% vs. 

40.8±5.7%, p = 0.014) (Figure 5E). These results indicate that dystrophin deficient cells 

demonstrated early-phase membrane integrity compromise after exposure to stress.  
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Figure 5: Decrease of membrane barrier function is causally related to the absence 

of dystrophin  

(A, B) Cardiomyocytes CK-MB release is elicited by hypotonic solutions, 12.5%, 25%, 

50% and 100% of normal. (Values are normalized against total CK-MB content in cell 

lysate). (A) normal cardiomyocytes and DMD patient cardiomyocytes (Δexon 50). (B) 

normal and engineered cardiomyocyte line(c.263delG). (C) FM1-43 fluorescence 

intensity in 20% hypotonic solution, normalized by the final image. Region with dashed 

box is highlighted in (D). (D) The rate of fluorescence increase (dF/dT) from 70s to 140s, 

indicating mutant cardiomyocytes accumulate FM1-43 dye faster from 80s to 110s. (E) 

Percentage of membrane damaged cells, identified by intracellular retention of FM1-43, 

after 20 minutes of hypotonic stress, indicating hypotonic stress causes greater damage in 

mutant cardiomyocytes.  
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4.3.6  Translation of a hypotonic stress assay into a high throughput compatible 

format for drug discovery 

To test the idea that hypotonic stress diminishes intracellular ATP (a widely used 

assay of cell viability in high throughput screens) preliminary experiments were 

conducted to compare effects of hypotonic stress on CKMB release and ATP content. 

Following 30 minutes of hypotonic stress, dystrophin deficient cells demonstrate smaller 

ATP content compared to isogenic normal controls under all tested conditions (Figure 

6D). Moreover, an inverse correlation exists between CKMB release and ATP content in 

both the engineered mutant c.263delG (Figure 6A, r=-0.9) and normal (Figure 6B, r=-0.8) 

cardiomyocytes. These data indicate that a widely used cell viability assay measuring 

intracellular ATP could be a useful readout to search for agents that enhance survival of 

dystrophin deficient cells. 

After optimizing the phenotype assay, a medium throughput, semi-automated 

screen was conducted (Figure 7A) with a small library consisting of 2000 diverse 

molecules with annotated mechanisms of action. Overall, the Z prime of the assay is 0.71. 

The 8,000 data points were plotted against the percentage of cell viability (Figure 7B) 

and were re-ranked based on the Z score (Figure 8). Taking into consideration of Z score 

ranking (>3), standard deviation of replicates and escalating dose-ranging response, 39 

hits were identified from 2000 input compounds (~2% hit rate) (Table 1).  
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Figure 6: High throughput adaptation of the membrane fragility assay  

(A, B) Correlation of normalized cell viability and normalized CK-MB release of mutant 

cardiomyocytes (c. 263delG) (r=-0.9)(B) and normal cardiomyocytes (r=- 0.8) (A), 

demonstrating an inverse correlation between CK-MB release and cell viability. (C) 

Robotic automation of the high throughput assay. (D) Intracellular ATP content of 

cardiomyocytes in 384 wells treated with hypotonic solutions with various osmolarity, 

indicating hypotonic stress inflicted greater decrease of cell viability to patient and 

mutant cardiomyocytes. All data were normalized against cells in isotonic solution.   
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Figure 7: Molecule screening for compounds that protect membrane barrier 

function 

(A) Schematic illustration of the screening workflow; (B) Results from the primary screen 

(2,000 compounds at 4 concentrations total 8,000 data points) was plotted as the 

percentage of overall average intracellular ATP.  
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Figure 8: Representative hit compounds 

All data points are re-ranked based on the Z score. Representative compounds are shown 

with dose-response curve and molecular structure. 
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Table 1: Primary screening hits 

Compound Average of 
% Viability Z score Mechanism of action 

ACEPROMAZINE 
MALEATE 239.1±38.37 6.57 Sedative 

ACYCLOVIR 258.33±14.16 7.44 Antiviral 
AKLOMIDE 276.60±12.37 8.26 Antiprotozoal, Coccidiostat 
ALTRETAMINE 188.22±2.87 4.27 Antineoplastic 
AMINOHIPPURIC ACID 207.49±7.09 5.14 Renal function diagnosis 

AMIODARONE 
HYDROCHLORIDE 168.14±8.45 3.37 

Adrenergic agonist, 
coronary vasodilator, Ca 
channel blocker 

ANTIMYCIN A  180.04±1.89 3.90 
Antifungal, antiviral, 
interferes in cytochrome 
oxidation 

ASCORBIC ACID 181.48±23.68 3.97 Antiscorbutic, antiviral 
ATENOLOL 171.27±1.77 3.51 Beta adrenergic blocker 
BENZALKONIUM 
CHLORIDE 194.64±23.10 4.56 Anti-infective (topical) 

BEPRIDIL 
HYDROCHLORIDE 178.65±3.48 3.84 Antiarrhythmic 

BIOTIN 315.95±51.89 10.04 Vitamin B complex 
CANTHARIDIN 239.59±14.65 6.59 Blister agent (terpenoid) 
CEFDINIR 185.70±45.76 4.16 Antibacterial 
CHLORCYCLIZINE 
HYDROCHLORIDE 238.84±35.23 6.56 H1-antihistamine 

CINCHOPHEN 168.44±44.63 3.38 Analgesic, antipyretic, 
antiinflammatory 

CLOPIDOGREL SULFATE 194.84±50.3 4.57 Platelet aggregation 
inhibitor 

CORTISONE ACETATE 205.92±12.32 5.07 Glucocorticoid  
COTININE 188.79±56.0 4.30 Antidepressant 
CROTAMITON 178.25±27.22 3.82 Antipruritic, Scabicide 
DACARBAZINE 177.63±45.35 3.79 Antineoplastic 
DOXORUBICIN 207.98±34.29 5.16 Antineoplastic 
ESTROPIPATE 208.65±30.77 5.19 Estrogen 
GITOXIGENIN DIACETATE 177.20±1.17 3.77 Cardiac glycoside 

HALOPERIDOL 197.30±19.03 4.68 Antidyskinetic, 
antipsychotic 

HYDROXYUREA 187.65±49.61 4.25 
Antineoplastic, inhibits 
ribonucleoside diphosphate 
reductase 

MEBHYDROLIN 
NAPHTHALENESULFONAT
E 

172.81±39.86 3.58 H1 antihistamine 
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NAPROXOL 168.76±2.61 3.39 Antinflammatory, analgesic, 
antipyretic 

NICOTINYL ALCOHOL 
TARTRATE 262.12±57.89 7.61 Vasodilator 

NIMODIPINE 292.38±56.17 8.97 Calcium channel blocker, 
vasodilator 

NITRENDIPINE 275.48±52.16 8.21 Calcium channel blocker, 
vasodilator 

OXYPHENBUTAZONE 176.96±42.53 3.76 Anti-inflammatory 

PODOFILOX 168.46±28.98 3.38 

Antineoplastic, inhibits 
microtubule assembly, and 
human DNA topoisomerase 
II; antimitotic agent 
 

PROGLUMIDE 175.69±50.35 3.71 Anticholinergic 
PUROMYCIN 
HYDROCHLORIDE 187.84±39.68 4.25 Antineoplastic, 

antiprotozoal 

RETINYL PALMITATE 236.79±46.63 6.46 Provitamin, 
antixerophthalamic 

SELAMECTIN 172.91±25.29 3.58 Antiparasitic, antimite 
SULFADOXINE 195.32±23.52 4.59 Antibacterial 

TERFENADINE 211.28±22.46 5.31 H1 antihistamine, 
nonsedating,  

TILORONE 172.53±15.79 3.56 Antiviral 
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4.4  Discussion 

The phenotype-based, high throughput screening is a powerful tool to interrogate 

biological systems in an unbiased fashion without pre-defined molecular target. In 

cardiovascular biology, this method has been utilized to dissect disease etiology, 

investigate agents’ cardiac toxicity and select compounds with desired functions. The 

advent of induced pluripotent stem cells further broadens the application of this 

methodology, by providing individualized human cell substrate. Though previous studies 

have demonstrated the feasibility of pluripotent stem cells based phenotypic screening, 

these reports were largely confined to toxicology evaluation19-21 or screen for active 

compounds to promote cardiac differentiation22-24. To our knowledge, our study is the 

first human iPSC based, high throughput phenotypic screening particularly oriented to 

identify therapeutic compounds for a congenital cardiomyopathy. 

Different from the traditional target-centric assay, phenotypic screening utilizes 

phenotypes as its readout. Thus, selecting the “correct” phenotype largely determines the 

downstream screening. An ideal readout phenotype sufficiently mirrors clinical 

presentations and recapitulates nodal points of pathogenic process, so that reversal of this 

abnormal trait could reliably predict in vivo efficacy. Previously we have characterized 

DMD patient cardiomyocytes and reported pateint’s cells differ from normal counterparts 

in several aspects, including decrease of membrane barrier function, slower calcium re-

uptake and susceptibility to mPTP opening3. However, it was difficult to definitively 

attribute these abnormal traits to the absence of dystrophin, due to the fact that 

phenotypic noise caused by the variable genetic backgrounds of unrelated iPSC lines 

could potentially impact cellular features25. Thus, it is imperative to re-evaluate these 
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phenotypes on the basis of isogenic cell lines that only differ in dystrophin locus. In the 

current study, a dystrophin knockout iPSC line c.263delG was created by introducing a 

framshift mutation to the dystrophin locus of a male iPSC line. Cardiomyocytes 

differentiated from this mutant line are dystrophin negative.  

To characterize mutant cardiomyocytes, we employed all three physiological 

assays described in the previously study3. Results demonstrated that c.263delG 

cardiomyocytes mirrored certain aspects of DMD patient cells, manifesting prolonged 

calcium re-uptake and impaired membrane barrier function in the face of hypotonic 

stress. On the other hand, the mPTP opening kinetics of the engineered mutant cells is 

comparable to the normal control, which is different from our previous observation. This 

finding underscores the necessity of isogenic control to dissect the effect of certain 

mutations. However, it would be hasty to conclude that increased susceptibility of mPTP 

opening is not a disease feature relates to dystrophin deficiency. The inconsistent 

response between patient cells and engineered mutant might be explained by the fact that 

engineered dystrophin mutation (c.263delG) is different from the mutation harbored in 

the patient (exon 50 deletion). Certain cellular phenotype may be mutation specific, 

analogous to the varying disease severity of different mutations26. Also, disease 

symptoms could be modified by other genetic make-ups, termed disease modifiers27, 28. 

An alternative explanation is that the normal iPSC line, from which the mutant is derived, 

may contain genetic modifiers impeding disease manifestation. In this case, correcting 

the dystrophin mutation in patient iPSC will be indispensible to definitively conclude the 

relevance of increased susceptibility of mPTP opening.  
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The decrease of membrane barrier function appears to be the most robust 

phenotype of dystrophin deficient cardiomyocytes. Thus we determined to adapt this 

assay into a high throughput format. An ideal cellular assay for phenotypic drug 

discovery requires a quantifiable readout with large dynamic range, as well as a 

straightforward procedure permitting robotic automation. Though ELISA measurement 

of CK-MB release robustly distinguishing diseased cells from normal, it is less amenable 

to screening because of its narrow dynamic range and labor-intensive assay procedure. 

Thus we tested the utility of cell viability as assay readout. Result demonstrated that 

hypotonicity induced CK-MB release is inversely correlated with intracellular ATP 

content, suggesting the severity of membrane damage is directly associated with cell 

viability. Using cell viability as the readout, robotic hypotonic stress assay in 384 well 

clearly differentiated normal control and dystrophin deficient cells.  

The primary screening with a library consisting of 2000 compounds identified 39 

(2%) hits with varied mechanism of action, such as nonsteroidal anti-inflammatory 

(NSAID), calcium channel blockers, antineoplastic agents and anti-histamine, etc. 

Caution needs to be taken to interpret the data before obtaining confirmatory result with 

finer dose titration, but it is interesting to note that some hits are targeting critical disease 

pathophysiological processes. For example, the permeablizing detergent digitonin 

manifested a dose-responsive toxicity with the lowest Z score, possibly through 

aggravating the membrane injury. Moreover, two calcium channel blockers, which 

potentially counteract the pathogenic intracellular calcium overload, are within the top 

candidate compounds. Caffeine, a calcium-mimetic chemical known for promoting SR 

calcium release, demonstrates the opposite effect. Structure-activity relationship is also 
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evident. 3-nitrophenyl containing drugs nimodipine, nitrendipine and nicardipine all 

manifested a salutary effect. While within the same class of dihydropyridine calcium 

channel blocker, 2-nitrophenyl containing nifedipine, nisoldipine and 2-chlorophynyl 

amlodipine failed to reveal a similar effect (Figure 8). 
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5.1 Overviews of findings 

This thesis describes the artificial creation of a hereditary monogenic disease, 

dystrophin deficient cardiomyopathy, outside of human body using the iPSC technology. 

Our central hypothesis posits that dystrophin mutation in cardiomyocytes results directly 

in an abnormal cardiac phenotype – even without the systemic environment of the 

diseased animal.  

Specifically, Chapter I provides a general introduction of dystrophin deficient 

cardiomyopathy, nuclear reprogramming technology and downstream applications, 

together with the rationale to choose cellular reprogramming to model this disease.  

Chapter II demonstrated that the patient’s genetic mutation is faithfully retained 

after reprogramming. Differentiated cardiomyocytes mirror the molecular root cause of 

the disease and present physiological abnormalities analogous to patient’s clinical 

symptoms. In addition, experiments show that urine stem cells could function as a novel 

donor cell for iPSC derivation and possess fast reprogramming kinetics. The effect of 

telomerase activity in facilitating reprogramming has long been recognized, but it is 

unclear on which domain dose telomerase exert its function. Findings in isogenic 

background indicate that heightened telomerase activity is associated with greater 

reprogramming efficiency without altering the overall kinetics.  

The application of iPSC disease modeling is largely hindered by a sub-optimal 

differentiation scheme, leading to the presence of undesired cell types compromising the 

purity of cardiomyocytes. In chapter III a novel strategy was described to overcome this 

hurdle by exploiting the intrinsic tissue tropism of AAV. AAV-mediated delivery of a 
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drug selection marker to low-purity cardiomyocytes coupled with G418 selection 

efficiently enriched cardiomyocytes by more than 2 folds.  

Individuals with the same disease–causing mutation demonstrate phenotype 

variability. In other words, the disease trait is not solely determined by the principal 

mutation, but also influenced by confounding genetic makeups1, 2. Thus it is critical to 

incorporate isogenic controls to clearly delineate the effect of disease-causing mutations.  

Chapter IV documented the derivation of an isogenic iPSC line, in which the dystrophin 

locus was ablated by genome-editing CRISPR-Cas9 enzyme. The only difference 

between this isogenic pair is deletion of a guanine at the 263rd position of dystrophin 

cDNA (c.263delG), which shifts the reading frame and ceases the expression of 

dystrophin isoform Dp427. c.263delG Mutant cardiomyocytes demonstrate disease-

associated phenotypes, including weakened membrane barrier function and abnormal 

calcium handling. Translating the hypotonic membrane stress assay to high throughput 

phenotypic drug screening result in 39 compounds with membrane protective effect. 

 

5.2 Implication of the current research and prospects 

iPSC based disease modeling is a rapidly evolving field with ramifications in both 

basic science and clinical medicine. Still in its early stage, the progress of the field is 

heavily driven by technology advancement, encompassing stem cell biology, genome 

science and gene therapy. Consequently, significant amount of effort has been devoted to 

tool building and workflow optimization. Along with scientific insights, a portion of the 

thesis is dedicated to record the platform construction and technical improvements 

achieved during this course.  
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The following section will extend beyond those matters that have already been 

covered in each chapter, to review previous findings of relevance and then relate 

conclusions back to the current knowledge, suggest novel applications, propose 

alternative hypotheses as well as offer reasoned advice on the design of future studies.  

 

5.2.1 Practical consideration for reprogramming donor cell selection  

Since the first report in 20063, tremendous progress has been made in 

reprogramming methodology with three focuses. Firstly, it has been demonstrated that a 

vast number of cell types, such as neural stem cells, hepatocytes, mature lymphocytes, 

muscle progenitors and even postnatal cardiomyocytes4, are all amenable to nuclear 

reprogramming. This finding contradicts the theory that iPSC can only be derived from a 

small number of “elite” cells, suggesting that nuclei of adult cells, irrespective of its 

identity and developmental status, retain the plasticity to be reverted to naïve stage. 

Secondly, the pool of reprogramming factors keeps expanding. For example, miRNA 

alone is sufficient to elicit reprogramming5. Thirdly, evolution of transgene delivery has 

brought about non-integrating reprogramming methods to minimize the possibility of 

insertional mutagenesis, paving the way for clinical translation.  

Among various reprogramming donor cells, USCs possess several unique 

advantages in that (1) the non-invasive sample collection procedure increases patient’s 

compliance for donor cell collection; (2) the ease of cell culture maintenance; (3) fast 

reprogramming kinetics. All these features distinguish USCs as a cost-efficient option for 

rapid iPSC derivation. Although lentivirus was chosen as the reprogramming vehicle in 
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the current study, it is advisable to incorporate non-integrating vectors, such as Sendai 

virus, to reprogram USCs in the future to minimize undesired genome insertion.  

 

5.2.2 Mechanistic consideration of cellular reprogramming 

Chapter II presents an intriguing observation that USCs possess a superior 

reprogramming kinetics, giving rise to iPSC colonies within 14 days. Mechanistic 

exploration of this phenomenon was not particularly insightful, neither endogenous 

expression of c-myc and klf4 expression, nor elevated telomerase activity accounts for 

the observed fast kinetics. To further elucidate the mechanism will be worthwhile, since 

the fast kinetics may represent an uncharted path to the still-elusive molecular basis of 

nuclear reprogramming.  

Nuclear reprogramming involves a global shift of the epigenetic landscape and a 

universal change of the cellular transcriptional profile. This radical nuclear remodeling 

together with the low incidence of reprogramming event, usually around 1 in 1,000 to 

10,000 cells, poses a daunting task to clearly dissect the molecular drivers. The current 

consensus of reprogramming mechanisms are (1) Reprogramming is a multi-step process 

with distinct waves of gene activation. It is speculated that the first phase is stochastic in 

nature with varying latency. While the second phase, demarcated by the revitalization of 

endogenous Sox2 locus, involves a more organized hierarchical chain of events that 

eventually leads to the establishment of pluripotent identity, characterized by the 

stabilization of endogenous pluripotent gene circuitry and epigenetic landscape; (2) 

Epigenetic modifiers play a critical role throughout these two phases by remodeling the 

compact chromatin to accessible euchromatin structure. Modulating chromatin modifier 
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substantially alters the reprogramming kinetics6. 

Reprogramming kinetics, or reprogramming latency, is defined here as the time 

required for certain donor cells to acquire stable iPSC identity. Recently, several studies 

have touched on potential mechanisms of cellular “brakes” of the relatively slow 

reprogramming kinetics. Hanna et al. discovered reprogramming latency is determined 

primarily by two checkpoints. The first is proliferation rate, suggested by the reduced 

latency following p53 knockdown or Lin28 supplementation. The second mechanism is 

cell-division-rate-independent and could be elicited by adding Nanog to the Oct4, Sox2, 

Klf4 and c-myc reprogramming combo7. Another study from the same group 

demonstrated that, on the basis of defective chromatin modifier Mbd3/NuRD 

(nucleosome remodeling and deacetylation), OKSM transgene converted 95% cells 

within 8 days in a synchronized fashion. Associated with the inactivation of Mbd3/NuRD 

complex is a hyperactive transcription of its targets genes, featured by the “open” 

epigenetic signature involving increase of active histone marker H3K27ac and 

H3K4me3, decrease of repressive H3K27me3 and elevated Oct4 binding8. This study 

echoes the previous study by Buganim et al.6, confirming the deterministic role of 

epigenetic alteration in controlling reprogramming latency. On the other hand, different 

cell types possess distinct epigenetic landscapes. Thus the unanswered question is 

whether the donor cell epigenetic background affects reprogramming kinetics and if it 

does, to what extent? Accumulating evidence, including chapter II, suggests that different 

cell types described above manifest varying reprogramming latency9.  

Based on evidence described above, experiments can be designed to 

mechanistically explain the faster reprogramming kinetics of USCs. First of all, it is 
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necessary to closely monitor the proliferation rate of donor cells to correlate doubling 

time with reprogramming kinetics. Moreover, because of the pivotal role of chromatin 

structure, it would be imperative to interrogate the epigenetic landscape of different tissue 

origins, including USCs, to identify the epigenetic traits associated with iPSC 

predisposition. Current study underway is aiming at epigenetic characterization of human 

USCs, together with other slow reprogramming donor cells such as fibroblasts and 

hematopoietic cells. Admittedly, this may not be the ideal experiment since samples were 

extracted from different individuals. Isogenic inbred mice may represent a better platform 

with significantly diminished genetic heterogeneity to answer this question.  

 

5.2.3 Dystrophin-deficient cardiomyopathy in-a-dish 

iPSC-based disease modeling rests upon the fact that disease genotypes remain 

after reprogramming and differentiation, and manifest in disease relevant cells as 

abnormal phenotypes. The overall goal of this thesis is to examine the cellular 

phenotypes, and to correlate findings with dystrophin expression. Reproduction of 

established disease features is an indispensible step to prove that cardiomyocytes growing 

in petri dish is functional approximation of real patients.  

In our hands, differentiated cardiomyocytes were assessed for well-established 

DMD features. Molecularly, the absence of dystrophin protein was confirmed by 

immunostaining and western blot. Previous studies have identified in dystrophin deficient 

animals an array of pathophysiological findings. Experiments described here focused on 

several major points within the pathogenesis network, including decrease of membrane 

barrier function, calcium-mishandling, tendency of mPTP pore opening and 
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bioenergetics. Among them, the membrane abnormality is suspected to be the direct 

consequence of a defective dystroglycan complex, predisposing DMD cells to 

mechanically induced rupture. One way to assess the membrane barrier function is to 

measure intracellular content liberated in the face of hypotonic stress, in which an 

increase of intracellular hydrostatic pressure passively stretches the cell membrane. 

Hypotonic fragility assay is a well-established method for clinical diagnosis of hereditary 

spherocytosis, in which an inherent membrane defect elicits excessive hemoglobin 

release in hypotonic saline10. A similar strategy was used to assess the mechanical 

property of the cardiac sarcolemma, by acutely incubating normal and DMD cells in 

hypotonic solutions. Dystrophin deficient cardiomyocytes demonstrated an altered 

release profile of cardiac injury marker creatine kinase-MB (CK-MB). This result is in 

line with the previous conclusion based on animal models11, supporting the idea that 

dystrophin deficient cardiomyocytes are more vulnerable to mechanical damage. Calcium 

mishandling is another feature of DMD. Compared to normal controls, DMD cells 

demonstrated prolonged calcium re-uptake, consistent with previous reports at the organ 

level12-14. Mitochondria dysfunction was recently recognized as an important mediator of 

disease progression. Two prominent features, a lowered opening threshold for 

mitochondrial permeability transition pore (mPTP) and attenuated bioenergetics, have 

been described in the dystrophin deficient mice. In agreement with the previous mouse 

study15, dystrophin deficient cardiomyoyctes manifested a 50% accelerated mPTP 

opening.  

Experiments with the isogenic control c.263delG reproduced the decrease of 

membrane barrier function as well as the prolonged calcium re-uptake, but failed to 
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demonstrate accelerated mPTP opening upon stress.  

These discoveries confirmed that dystrophin deficient cardiomyocytes inherit the 

genetic defects and faithfully retain, at least to certain extent, disease phenotypes, 

suggesting successful modeling this disease outside of human body. To advance this 

specific line of study, sample size needs to be increased to include more iPSC lines with 

different mutations. It is also important to conduct gain-of-function experiment by 

correcting dystrophin defect in patient cells. As discussed in Chapter IV, this strategy will 

definitively conclude the relevance of increased susceptibility of mPTP opening. Also, it 

would be advisable to seek the molecular mechanisms underlying these abnormal 

phenotypes, which represent potential therapeutic targets.  

 

5.2.4 Intrinsic tissue tropism of AAV vectors 

AAV viral vector is a highly regarded gene delivery vehicle, mainly because of its 

superior safety profile and efficient transduction of diverse tissues, especially those 

impermissive to other modalities. The serotype specific tissue tropism is a unique feature 

of AAV and makes it a versatile tool for tissue specific gene delivery. Chapter III 

documented the preferred transduction of cardiomyocytes over non-myocytes in a cell 

culture system, likely an analogue of in vivo tissue tropism.  

Determinants of AAV’s selective tissue transduction remain largely unknown. An 

early study19 argues that successful transduction is governed by several steps, such as 

surface receptors mediating attachment, viral particle internalization and intracellular 

viral processing. While chapter III argues that attenuated DNA damage response in post-

mitotic cardiomyocytes likely dictates the enhanced transduction20, a recent study from 
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Asokan group21 emphasized the importance of cell surface receptors. Cell surface 

molecules such as sialic acid in the central nervous system, are also key factors to 

successful AAV transduction. Enzyme modifying cell surface glycan or altering viral 

capsid protein composition, shifts the cellular substrate of viral transduction from 

ependymal cells to neural progenitors22. Expanding upon this study, it would be 

interesting to identify cardiomyocyte’s surface receptors responsible for AAV’s selective 

cardiac tropism. This knowledge could potentially facilitate rational design of AAV 

capsid to further promote or avoid cardiac retention of AAV vectors following systemic 

delivery. 

There are currently limited reports of AAV transduction of stem cell derived 

cardiomyocytes. The proof-of-concept study reported here can potentially inspire several 

practical applications. First of all, stem cells derived cardiomyocytes could be exploited 

as the test bed for toxicity and potency of viral vectors of cardiac gene therapy. In 

addition to transgene abundance evaluation, physiological assessment can be directly 

measured to validate the functionality of the transgene product. Secondly, AAV can serve 

as an efficient gene delivery vehicle for cardiac ex vivo gene therapy, referring to the 

transplantation of autologous cells after in vitro genetic modification. This unique hybrid 

therapy is among the earliest gene therapy practice for hereditary disorders such as 

familial hypercholesterolemia and X-linked severe combined immunodeficiency23-25. The 

advent of iPSCs provides a novel source of autologous cells and expands the therapeutic 

indication of ex vivo gene therapy. For example, Darabi et al. has demonstrated that 

transplanting genetically rescued human iPSC derived muscle precursors benefits mdx 

mice26. With the technical improvement of cardiomyocytes transplantation, AAV 
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modified cardiomyocytes may constitute a therapeutics option for many cardiac disorders 

in the foreseeable future.  

 

5.2.5 Phenotype-centric screening  

On the basis of the unique cellular reagent and disease phenotypes, the long-term 

goal of the current project is to devise a personalized drug-screening assay for dystrophin 

deficient cardiomyopathy. The unique advantages of this method are several folds. First, 

it is a rendition of “precision medicine”. Since the patient’s own cells are utilized to 

screen for therapeutics, the “hits” from a screen have higher probability to be clinically 

effective. Secondly, iPSC-based screen is a phenotype-based assay, opposing to the 

traditional target-centric model of drug development centered on a pre-determined 

molecular target. The output of phenotype-based screening is measured as the alteration 

of cellular or organismal morphology, behavior or physiology, without confining targets 

within a particular domain. Since intact biological systems are directly assayed, 

phenotype-based assays presumably provide better physiological relevance. This is in 

stark contrast to the target-oriented screening, in which a large portion of “hits” failed to 

demonstrate therapeutic effect, accounting for the high attrition rate during late-stage 

drug development. This is a common problem shared by many pharmaceutical companies 

and threats their profitability. To cope with this reality, the field is gradually shifting 

paradigm to devote more resources to phenotypic screening. Between 1999 and 2008, for 

the first time phenotype-based approaches outstripped target-based approaches in 

discovering first-in-class small molecules27.  
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As discussed in the introduction, iPSCs represents a unique platform on which the 

phenotype, the physiological function of disease-relevant cells, can be utilized as the 

primary screening readout. Hits obtained in this fashion have a better chance to 

demonstrate potency in vivo, thus bringing down the cost of late-stage leads attrition. 

This method is gaining momentum. The Rubin group conducted a 5000 compound screen 

on motor neurons differentiated from amyotrophic lateral sclerosis (ALS) iPSCs and 

identified the small molecule kenpaullone to promote neuron survival28. Drawnel et al. 

utilized cardiomyocytes derived from diabetic patients and identified several lead 

compounds to prevent diabetic phenotypes29.  

Chapter IV documented our attempt to adapt one specific disease phenotype, the 

hypotonicity inflicted membrane fragility, into high throughput screen compatible 384-

well format. In our assay, the decrease of membrane barrier function is a robust assay that 

has been reproduced on different patients’ cardiomyocytes. Its causal relationship with 

the dystrophin deficiency was further confirmed using the isogenic control pair. Initially 

ELISA detection of cardiac injury marker CKMB was proposed as the primary readout 

but later cell viability assay, measured as intracellular ATP content, outperformed CKMB 

ELISA as a better assay for high throughput screening. With a tight correlation between 

CKMB release and cell viability assay, the latter requires a significantly shorter assay 

time, larger dynamic range and better cost-effectiveness.  

 

5.2.6 Compound library selection 

Though a phenotype-based assay is advantageous in reducing the late-stage 

attrition rate, the most challenging step, however, occurs after the initial screening. 
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Without full grasp of the underlying mechanism, phenotype screen resembles a black box 

that poses difficulty for follow-up study to identify the molecular target of hit compounds. 

Chemical proteomic assays are frequently resorted for target validation, in which active 

ligands are tethered to solid matrix to capture its interacting proteins from cell lysate, 

followed by mass spectrometry to identity captured molecules. The drawback of this 

method, however, is its sub-optimal sensitivity and the fact that pull-downs may not be 

real targets but merely passive adaptor proteins.  

Large diversified libraries contain millions of compounds covering a large 

chemical space, but the tradeoff is that molecular targets for individual compound are 

largely unknown, which significantly complicates follow-up experiments.  Alternatively, 

Mercola et al. has suggested that well-curated libraries with known targets are 

advantageous to be the primary libraries for phenotype-based screening. Established 

libraries of kinase inhibitors, known drugs, siRNA or microRNA fall into this category. 

These libraries are potent tools for molecular dissection of disease mechanisms and are 

efficient in unraveling novel disease mechanisms that could potentially lead to 

therapeutic targets, facilitating the phenotype-to-target transition30.      

Currently our established assay is screened against a 2000 compounds 

SPECTRUM collection, composed of 60% drug components, 25% natural products and 

15% of other bioactive components. This medium scale library should represent a 

tangible goal for us before transitioning into primary drug screening with diversified 

library consisted of millions of compounds.  
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