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Abstract 

 Duchenne muscular dystrophy (DMD) is an X-linked genetic disorder caused by 

mutations in the DMD gene encoding dystrophin, a protein that plays an important role in 

maintaining the integrity of the muscle cell membrane. The lack of this protein leads thus to 

progressive muscle weakness; however, in the later stages of the disease it is also associated 

with respiratory failure and cardiomyopathy, which is the main cause of death in DMD 

patients. The mechanisms of its development have not been fully understood yet, therefore, 

the aim of this study was to investigate the molecular background of DMD-associated 

cardiomyopathy. 

 In this study, human induced pluripotent stem cells (hiPSC)-derived cardiomyocytes 

(hiPSC-CM) were utilized as a research model. For this purpose, blood samples were taken 

from two healthy (unaffected) donors and one patient with DMD, and the peripheral blood 

mononuclear cells were isolated and reprogrammed using Sendai vectors. Subsequently, 

three pairs of isogenic hiPSC lines were generated by introducing a mutation in the DMD gene 

(deletion of exon 50) in the control (unaffected) hiPSC obtained from two healthy donors and 

repair of the mutation in the DMD gene in the hiPSC obtained from the DMD patient using 

Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)/CRISPR-associated 

protein 9 (Cas9) (CRISPR/Cas9) gene editing system. All hiPSC lines were subjected to detailed 

characteristics confirming their pluripotency and optimization of cardiac differentiation 

conditions.  

 The first objective of the study was to perform the global transcriptomic and proteomic 

analysis of DMD hiPSC-CM in comparison to their control counterparts. These analyzes 

revealed several altered molecular pathways and processes within the cytoskeleton, cell 

membrane, and extracellular matrix, which is a direct effect of dystrophin deficiency. 

Interestingly, the results demonstrated changes in the gene expression and/or protein level 

of the factors involved in calcium metabolism, oxidative stress, and cardiac dysfunction. 

Moreover, a down-regulation of mitoNEET, the protein encoded by the CDGSH iron-sulfur 

domain-containing protein 1 (CISD1) gene, was observed. Due to the fact that the functions 

of this protein in DMD cardiomyocytes have never been described in the literature, therefore, 

it was subjected to more in-depth investigation. The protein is involved in regulation of iron 

homeostasis in cells; therefore, the levels of mitochondrial and cytosolic labile iron pool were 

measured, which revealed an increased labile iron concentration both in the mitochondria 
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and cytosol of dystrophin-deficient cardiomyocytes. Correspondingly, the decreased level of 

ferroportin and the increased level of ferritin in DMD hiPSC-CM are other characteristics of 

iron overload. One of the main consequences of iron overload is increased oxidative stress 

and excessive production of reactive oxygen species (ROS). In our studies, ROS production 

tends to increase in DMD hiPSC-CM and the cells have markedly elevated levels of Nrf-2 and 

NAD(P)H dehydrogenase [quinone] 1, proteins responsible for maintaining cellular redox 

balance. Interestingly, we demonstrated that the level of ROS production may be a direct 

effect of the iron content in the cells, as stimulation with an iron chelator, deferoxamine, 

tended to decrease the level of ROS, while stimulation with iron increased its level in DMD 

hiPSC-CM. The ultrastructure of dystrophic cardiomyocytes imaged using transmission 

electron microscopy (TEM) showed areas of degenerated mitochondria with damaged 

mitochondrial cristae structure. 

 In the next step, we investigated the functional effect of calcium metabolism 

disturbances in DMD hiPSC-CM by measuring calcium oscillations. Several pathological 

characteristics of these oscillations were described, such as the increased frequency of 

prolonged plateau occurrence, the reduced frequency of the oscillations, and the higher 

frequency of longer intervals between oscillations. Disturbances in calcium handling are also 

probably related to the observed increase in DMD hiPSC-CM stiffness. On the other hand, 

patch-clamp measurements of single DMD cardiomyocytes showed increased 

afterhyperpolarizations (AHP) values and decreased action potential duration at 20% 

repolarization in comparison to control cells.  

 The next objective of the study was to evaluate the role of utrophin in DMD-related 

cardiomyopathy. Utrophin is a protein that shares a high structural and functional similarity 

with dystrophin, and it was hypothesized that it can at least partially compensate for the lack 

of dystrophin. Many studies have been performed using the so-called microutrophin, the 

delivery of which to cells was associated with a therapeutic effect in mdx mice; however, its 

role in heart and cardiomyocytes has never been understood. In the present study, the effects 

of both utrophin knockout and utrophin expression activation in DMD hiPSC-CM were 

investigated. 

Cardiomyocytes obtained from hiPSC differentiation have the immature phenotype 

and, as shown in this study, still express utrophin. Thus, all in vitro studies performed on the 

DMD hiPSC-CM model may be thus distorted by the presence of utrophin. In this study, we 
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evaluated whether the lack of both dystrophin and utrophin worsens the phenotype of hiPSC-

CM in comparison to cells deficient in DMD only. Interestingly, we observed a significant 

deterioration in calcium handling, while there were no major signs of aggravation in action 

potential parameters and cell stiffness. This discrepancy may be explained by the location of 

utrophin in cardiomyocytes, which, apart from the sarcolemma, was also found in intercalated 

discs, as previously shown in murine heart. Thus, it may affect signal transmission, resulting in 

calcium handling abnormalities, but it does not affect the electrophysiological parameters of 

the cell itself.  

Our next purpose was to evaluate whether activation of utrophin expression in DMD 

hiPSC-CM can rescue their pathological phenotype. To activate utrophin expression, 

CRISPR/deadCas9 (dCas9)-mediated transcriptional activation system based on the 

catalytically inactive Cas9 and VP64 activation domain was applied using adeno-associated 

virus (AAV) vectors. DMD hiPSC-CM with activated utrophin expression were subjected to 

patch-clamp measurements which demonstrated restored AHP values (increased in DMD 

hiPSC-CM) at the level of control cells. 

In conclusion, hiPSC-CM provide a powerful methodology for studies of DMD-

associated cardiomyopathy. The global transcriptomic and proteomic analyzes of dystrophic 

cardiomyocytes revealed changes in several pathways important for proper heart function 

(calcium metabolism, oxidative stress). Obtained data highlighted also severe cytosolic and 

mitochondrial iron overload in DMD hiPSC-CM. This observation has never been described so 

far, while it may provide novel therapeutic possibilities related to iron chelators, for instance. 

The lack of utrophin in DMD hiPSC-CM aggravates the observed calcium handling pathology, 

while it does not influence the action potential of single cardiomyocytes, while activation of 

utrophin expression rescues the increase in AHP in DMD hiPSC-CM. 
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Streszczenie 

 Dystrofia mięśniowa Duchenne’a (DMD) jest chorobą genetyczną sprzężoną z 

chromosomem X spowodowaną mutacjami w genie kodującym dystrofinę, białko, które pełni 

ważną rolę w utrzymywaniu integralności błony komórkowej komórek mięśniowych. Brak 

tego białka prowadzi do postępującego osłabienia mięśni, natomiast w późniejszych etapach 

choroby jest także związany z niewydolnością oddechową i kardiomiopatią, która jest główną 

przyczyną śmierci chorych na DMD. Mechanizm jej rozwoju nie został jeszcze dokładnie 

poznany, a zatem celem tej pracy było zbadanie molekularnego podłoża kardiomiopatii u 

pacjentów z DMD. 

 W niniejszej pracy jako model badawczy wykorzystano kardiomiocyty uzyskane z 

ludzkich indukowanych pluripotencjalnych komórek macierzystych (hiPSC-CM). W tym celu 

pobrano próbki krwi od dwóch zdrowych dawców i jednego dawcy chorego na DMD, z których 

wyizolowano monojądrzaste komórki krwi obwodowej i poddano je reprogramowaniu z 

wykorzystaniem wektorów Sendai. Następnie, wyprowadzono trzy pary izogenicznych linii 

indukowanych pluripotencjalnych komórek macierzystych (hiPSC) poprzez wprowadzenie 

mutacji w genie DMD (delecji eksonu 50) w kontrolnych komórkach hiPSC uzyskanych od 

dwóch zdrowych dawców oraz naprawę mutacji w genie DMD w komórkach uzyskanych od 

dawcy chorującego na DMD poprzez zastosowanie systemu do edycji genów CRISPR/Cas9 

(ang. Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)/CRISPR-associated 

protein 9 (Cas9)). Wszystkie linie hiPSC poddano dokładnej charakterystyce potwierdzającej 

ich pluripotencję oraz optymalizacji warunków różnicowania do kardiomiocytów. 

 Pierwszym celem pracy było przeprowadzenie globalnych analiz transkryptomu i 

proteomu komórek DMD hiPSC-CM w porównaniu do ich kontrolnych odpowiedników. Te 

analizy ujawniły kilka zmienionych ścieżek molekularnych oraz procesów w obrębie 

cytoszkieletu, błony komórkowej i macierzy zewnątrzkomórkowej, co jest bezpośrednim 

efektem braku dystrofiny. Co ciekawe, wyniki te wykazały zmiany w ekspresji genów oraz/lub 

poziomu białka czynników zaangażowanych w metabolizm wapnia, stres oksydacyjny oraz 

dysfunkcję serca. Ponadto, zaobserwowano obniżony poziom białka mitoNEET, kodowanego 

przez gen CISD1. Ponieważ funkcje tego białka w kardiomiocytach dystroficznych nigdy nie 

zostały opisane w literaturze, to poddano je bardziej szczegółowemu zbadaniu. Białko to jest 

zaangażowane w regulację homeostazy żelaza w komórkach, w związku z czym sprawdzono 

poziom wolnego żelaza w cytoplazmie i mitochondriach kardiomiocytów pozbawionych 
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dystrofiny i wykazano, że poziom ten jest zwiększony zarówno w cytoplazmie jak i w 

mitochondriach tych komórek. Jednocześnie, obniżony poziom ferroportyny oraz zwiększony 

poziom ferrytyny w komórkach DMD hiPSC-CM są innymi cechami charakterystycznymi dla 

przeładowania żelaza. Jednym z głównych efektów przeładowania żelaza jest zwiększony 

poziom stresu oksydacyjnego oraz produkcji reaktywnych form tlenu (ROS). W naszych 

badaniach, produkcja ROS ma tendencję do wzrostu w komórkach DMD hiPSC-CM i komórki 

te wykazują znacząco zwiększony poziom Nrf-2 i oksydoreduktazy NAD(P)H chinonowej 1, 

białek odpowiedzialnych za utrzymanie odpowiedniego statusu oksydacyjno-

antyoksydacyjnego. Co ciekawe, wykazaliśmy, że poziom produkcji ROS może być 

bezpośrednim efektem zawartości żelaza w komórkach, ponieważ stymulacja komórek 

chelatorem żelaza - deferoksaminą, skutkowała tendencją do zmniejszenia poziomu produkcji 

ROS, podczas gdy stymulacja żelazem zwiększyła ich poziom w komórkach DMD hiPSC-CM. 

Analiza ultrastruktury dystroficznych kardiomiocytów z wykorzystaniem transmisyjnej 

mikroskopii elektronowej (ang. transmission electron miscroscopy - TEM) uwidoczniła obszary 

zdegenerowanych mitochondriów z uszkodzoną strukturą grzebieni mitochondrialnych. 

 W następnym etapie, zbadaliśmy efekty funkcjonalne zaburzenia metabolizmu 

wapniowego w komórkach DMD hiPSC-CM poprzez pomiary oscylacji wapniowych. Opisano 

kilka patologicznych cech tych oscylacji, takich jak zwiększona liczba oscylacji o przedłużonym 

plateau, obniżona częstotliwość oscylacji oraz zwiększony odsetek występowania długich 

przerw pomiędzy oscylacjami. Zaburzenia w homeostazie wapniowej są też prawdopodobnie 

związane z obserwowaną zwiększoną sztywnością komórek DMD hiPSC-CM. Z drugiej strony, 

pomiary patch-clamp pojedynczych kardiomiocytów dystroficznych wykazały podwyższone 

wartości hiperpolaryzacji następczej oraz obniżony czas trwania potencjału czynnościowego 

przy 20% repolaryzacji w porównaniu do komórek kontrolnych. 

 Następnym celem pracy było sprawdzenie roli utrofiny w kardiomiopatii związanej z 

DMD. Utrofina jest białkiem o dużym podobieństwie strukturalnym i funkcjonalnym do 

dystrofiny, a zatem postawiono hipotezę, że może przynajmniej częściowo kompensować brak 

dystrofiny. Przeprowadzono wiele badań z wykorzystaniem tzw. mikroutrofiny, której 

dostarczanie do komórek wiązało się z korzystnym efektem terapeutycznym u myszy mdx, 

jednak jej rola w sercu i kardiomiocytach nigdy nie została poznana. W niniejszym badaniu 

zbadano wpływ zarówno nokautu utrofiny, jak i aktywacji utrofiny w komórkach DMD hiPSC-

CM. 



 15 

 Kardiomiocyty uzyskane poprzez różnicowanie komórek hiPSC mają niedojrzały 

fenotyp i, jak pokazano w naszych badaniach, wciąż posiadają ekspresję utrofiny. Wszystkie 

badania in vitro z wykorzystaniem dystroficznych komórek hiPSC-CM mogą być w pewien 

sposób zniekształcone ze względu na obecność utrofiny. W niniejszym badaniu, sprawdzono 

czy brak zarówno dystrofiny jak i utrofiny upośledza fenotyp komórek hiPSC-CM w 

porównaniu do komórek pozbawionych jedynie ekspresji dystrofiny. Co ciekawe, 

zaobserwowaliśmy znaczące pogorszenie parametrów oscylacji wapniowych, natomiast 

żadnych większych oznak takiego pogorszenia w przypadku parametrów potencjału 

czynnościowego i sztywności komórek. Ta rozbieżność może być wytłumaczona lokalizacją 

utrofiny w kardiomiocytach, która oprócz błony komórkowej, zlokalizowana jest także w 

dyskach interkalarnych (jak wykazano wcześniej w mysim sercu). Może ona zatem wpływać 

na przewodzenie sygnału skutkując zaobserwowanymi nieprawidłowościami w oscylacjach 

wapniowych, natomiast nie upośledzać właściwości elektrofizjologicznych pojedynczej 

komórki. 

 Naszym następnym celem było sprawdzenie, czy aktywacja ekspresji utrofiny w 

komórkach DMD hiPSC-CM może poprawić ich nieprawidłowy fenotyp. W celu aktywowania 

ekspresji utrofiny, zastosowano system CRISPR/dCas9 do aktywacji transkrypcyjnej oparty o 

nieaktywne katalitycznie białko Cas9 oraz domenę aktywacyjną VP64 oraz wektory AAV (ang. 

adeno-associated virus). Komórki DMD hiPSC-CM z aktywowaną utrofiną poddano pomiarom 

patch-clamp, które wykazały przywrócenie wartości hiperpolaryzacji następczej 

(podwyższonych w komórkach DMD hiPSC-CM) to poziomu komórek kontrolnych. 

 Podsumowując, komórki hiPSC-CM są pożytecznym narzędziem w badaniach nad 

kardiomiopatią związaną z DMD. Globalne analizy transkryptomowe i proteomowe 

dystroficznych kardiomiocytów wykazały zmiany w kilku szlakach ważnych z punktu widzenia 

prawidłowego funkcjonowania serca (metabolizm wapniowy, stres oksydacyjny). Uzyskane 

dane uwidoczniły także znaczący poziom przeładowania żelaza w cytoplazmie i 

mitochondriach komórek DMD hiPSC-CM. Ta obserwacja nie została nigdy wcześniej opisana, 

natomiast może ona dostarczyć nowych możliwości terapeutycznych, związanych np. z 

zastosowaniem chelatorów żelaza. Brak utrofiny w komórkach DMD hiPSC-CM pogarsza 

właściwości oscylacji wapniowych, natomiast nie wpływa na potencjał czynnościowy 

pojedynczych kardiomiocytów, podczas gdy aktywacja utrofiny przywraca odpowiedni poziom 

AHP w komórkach DMD hiPSC-CM. 
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Introduction 

Duchenne muscular dystrophy 

Duchenne muscular dystrophy is an X-linked recessive genetic disease caused by 

mutations in the DMD gene encoding dystrophin, a protein found mainly in muscle cells (but 

also e.g. in the brain and retina) as a component of the dystrophin-associated glycoprotein 

complex (DGC). It provides a link between the cell sarcolemma and the cytoskeleton and its 

function is mostly associated with maintaining the structural integrity of the cell membrane. 

Thus, since muscle cells are continuously subjected to mechanical stimulation, the lack of 

dystrophin leads to their damage1 with clinical symptoms primarily related to progressive 

muscle weakness.  

DMD belongs to rare diseases – it is diagnosed in approximately 1:5000 live male 

births.2,3 The diagnosis is typically based on the determination of the level of creatine kinase 

(CK) in the blood (a high level indicates muscle tissue damage), followed by genetic testing 

identifying the presence of a mutation in the DMD gene. It is important to accurately recognize 

the type and location of the mutation in order to proximately predict the severity of the 

disease, as well as to plan possible treatment strategies. For this purpose, the three main 

methods are applied: multiple polymerase chain reaction (PCR), multiplex-ligation-dependent 

probe amplification (MLPA), and next-generation sequencing (NGS), which are particularly 

useful for the identification of large deletions, duplications, and small mutations (e.g. point 

mutations), respectively.4 

First symptoms are observed in 3-5-year-old children, when they exhibit problems with 

motor skills (walking, rising, or climbing stairs) and poor body balance. At a molecular level, 

muscle cells are progressively damaged – through increased calcium influx, chronic 

inflammation, and recurrent necrosis and regeneration cycles. Consequently, muscle fibers 

are replaced by fibrotic and fat tissue. In the later stages of disease progression, the 

respiratory muscles and heart are also affected, leading to breathing problems and 

cardiomyopathy development. Until recently, the respiratory failure was the main cause of 

death in DMD patients before reaching the age of 205, however, progress in patient care, wide 

use of respiratory devices, and constant medical monitoring of cardiomyopathy development 

at least partially solved this problem and extended the lifetime.6,7 Currently, cardiomyopathy 

is considered as the main cause of death in DMD patients.  
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Dystrophin – structure and function 

The dystrophin protein is encoded by the largest human gene, DMD, consisting of 79 

exons, which translate into four main functional domains, namely: an N-terminal actin-binding 

domain (ABD1), a central rod domain, a cysteine-rich domain, and a C-terminal domain (Fig. 

1).8 The N-terminal domain is responsible for binding the protein to the subsarcolemmal 

cytoskeleton through F-actin, while the C-terminal domain connects it to the extracellular 

matrix (ECM) as a part of DGC, present in sarcolemma (Fig. 2). The central rod domain is the 

largest region encoded by exons 8-64 and consisting of 24 spectrin repeats and four proline-

rich hinges.9 It provides a second actin-binding domain (actin-binding domain 2 – ABD2), 

binding sites for such partners as neuronal nitric oxide synthase (nNOS), membrane lipids and 

the PAR-1b cell polarity effector (also referred to as microtubule affinity regulating kinase 2 – 

MARK2), as well as plays a stabilizing role for the DGC complex.10 The main function of the 

cysteine-rich domain is related to the binding of β-dystroglycan.11 More detailed description 

of the structure and interactions of dystrophin protein can be found in the review prepared 

by Gao et al.8 

 

 
Fig. 1. Scheme of dystrophin structure with marked location of individual domains and promoters of all isoforms. 

Created with BioRender.com 
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Dystrophin is mainly found in striated muscles (skeletal muscles, heart and diaphragm) 

in the form of the full-length Dp427m isoform; however, other isoforms were distinguished 

based on the presence of independent promoters (Dp427c, Dp427p, Dp427l, Dp260, Dp140, 

Dp116, Dp71), as well as alternative splicing (Dp140ab, Dp140b, Dp140bc, Dp140c, Dp71a, 

Dp71b, Dp71ab) and alternative polyadenylation sites (Dp40). The isoforms originating from 

different promotors are distributed in a variety of other tissues and organs – cortical neurons 

(Dp427c), cerebellar Purkinje cells (Dp427p), lymphocytes (Dp427l), retina (Dp260), central 

nervous system (Dp140), Schwann cells (Dp116) and brain (Dp71), indicating that the role of 

dystrophin is not limited to muscle tissue.12 In fact, it has been demonstrated that patients 

with DMD who have mutations affecting Dp140 and Dp71 isoforms more often develop 

cognitive impairment and intellectual disorders, respectively, than patients who have 

mutations in other regions with preserved expression of Dp140 and Dp71.13,14 In the last few 

years, much more information about the types, localizations, and functions of dystrophin 

isoforms has become available. In 2020, Rani et al. described a new isoform, Dpm234, which 

is a product of transcript with intronic alternative polyadenylation and its lack may be 

potentially associated with abnormalities observed in electrocardiography (ECG).15 

Nevertheless, its presence has so far been confirmed only in human induced pluripotent stem 

cells-derived cardiomyocytes (hiPSC-CM), while the studies have failed to show its expression 

in human heart and skeletal muscles.15  
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Fig. 2. Schematic picture of the dystrophin-associated glycoprotein complex. nNOS – neuronal nitric oxide 

synthase. Created with BioRender.com 

 

It is worth mentioning here that mutations in dystrophin are also the cause of another 

disease unit – Becker muscular dystrophy (BMD). The main difference in classifying these 

diseases lies in the type of mutation – DMD is caused by frameshift mutations, while BMD 

results from in-frame mutations. Preserving the reading frame allows for the production of 

the shorter, but still (at least partially) functional protein. Accordingly, BMD patients display 

similar clinical features of muscular dystrophy as in DMD; however, the symptoms are 

generally milder, while the disease is manifested at an older age (adolescence or later) and 

progresses more slowly. Notwithstanding, BMD cases with a severe course of the disease, as 

well as earlier onset, are well-documented.16–18 

Most of the mutations in the DMD gene are described as deletions (60-70%), whereas 

duplications (10-15%) and point mutations (11-26%) account for the remaining minority.8 In 

the case of DMD, these alterations in gene sequence result in premature STOP codon, which 

untimely terminates the translation leading to production of truncated dystrophin protein, 

which is non-functional due to the absence of key functional domains and impaired protein 

folding. Mutations of DMD are most commonly found in two regions (so called “hot-spots”) – 

exon 3-7 and exon 44-53, eliminating sections of the ABD1 and rod domains, respectively.19,20 
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Notably, it was found that the localization of a mutation within the dystrophin gene 

sequence may be correlated with the severity of the disease (both DMD and BMD).10,21 It has 

been demonstrated, for instance, that mutations in the cysteine-rich domain lead to the most 

severe phenotype of DMD.22,23 The fact that virtually no patient with BMD has been diagnosed 

with a mutation in this region (or had a recognized mutation, but was assigned to DMD based 

on the phenotype severity) seems to support this finding.10 A possible explanation implies that 

this region is fundamental for the proper functioning of dystrophin due to the binding to DGC 

and interactions with numerous partners.  

On the other hand, genetic alterations in the C-terminal domain (but not including the 

cysteine-rich domain) result in a mild phenotype in a large number of patients, indicating its 

lower importance related to the possibility of producing truncated functional protein despite 

such mutations.24,25 Accordingly, Rafael et al. performed the experiments in mice to 

investigate how deletions at the C-terminus of the DMD gene influence the DMD phenotype 

and reached the conclusions that the cysteine-rich domain is crucial for DGC binding, while 

mutations present only in the C-terminal domain did not affect it.26 Consequently, it suggests 

that the severity of the disease depends on how the mutations influence the interaction with 

DGC.26 This matches well with the studies performed by Yue et al., who tested the therapeutic 

potential of an artificial truncated version of dystrophin – microdystrophin, devoid of the C-

terminus in dystrophin/utrophin double knockout (dKO) mice and confirmed its functionality 

and improvement in muscle performance.27 Importantly, mutations in C-terminal domain 

affect the Dp71 isoform and were associated with non-muscle symptoms of the DMD, such as 

mental retardation and cognitive impairment.14,28  

In contrast, it is difficult to find a clear relationship between the severity of muscular 

dystrophy and the location of the mutation in the rod domain, as both mild and severe cases 

of DMD and BMD are described.24 However, it is known that mutations affecting the Dp116 

isoform have been associated with a lower incidence of cardiomyopathy development.29  

As stated above, one of the “hot-spot” is located in exons 3-7, thus covering the N-

terminal binding domain. Deletions in this region usually result in a severe phenotype of DMD 

and BMD and an earlier onset of cardiomyopathy in BMD. At the molecular level, it is 

attributed predominantly to the loss of the ability to bind actin, but also to impaired protein 

folding and stability.30,31 Notwithstanding, patients with mutations in this region may 

demonstrate a mild phenotype (sometimes even asymptomatic) or be assigned to BMD. It 
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might be explained by the fact that exon 6 contains an alternative ATG sequence, which (if 

mutation misses this region) can probably work as an additional start site and enable the 

synthesis of truncated, but still functional protein.32  

Taken together, all these findings suggest that the severity of the phenotype in case of 

mutations in this region highly depends on which specific exons are affected, as well as other 

molecular mechanisms.33 Noteworthy, many exceptions from the dependencies described 

above can be found in the literature. Such discrepancies in the severity of the phenotype were 

even reported in patients who shared the same mutation.24 It highlights that the functions of 

dystrophin and its various interactions are not yet fully understood.  

 

Role of dystrophin in cardiomyocytes 

 As in other myocytes, dystrophin in cardiomyocytes (CM) is present as a part of DGC, 

predominantly localized in T-tubules and costameres, however in contrast to skeletal muscle 

cells, it is distributed more continuously in the sarcolemma and therefore is not limited to the 

latter structures.34,35 Costameres, the main structural components of myocytes, consist of two 

protein complexes: DGC and integrin-vinculin-talin complex, which together with other 

proteins (e.g. integrin, desmin) are responsible for binding of cytoskeleton (through F-actin) 

to ECM (through laminin-211) (for a review, see: Florczyk-Soluch et al.36). Their function is 

particularly important, as the proper connection between the cytoskeleton and the 

extracellular matrix is crucial for stabilizing the cell membrane and transducing mechanical 

force during contractions. Accordingly, DGC protects cells from contraction-induced 

damage.37 T-tubules, in turn, are responsible for maintaining excitation-contraction coupling, 

mediated by changes in intracellular concentration of calcium ions, whose synchronous influx 

and release are regulated by numerous L-type calcium ion channels and sodium-calcium 

exchangers present in the T-tubule membrane. Therefore, it can be reasonably assumed, as 

suggested also by Kaprielian et al.35, that the role of dystrophin is not restricted only to 

mechanical and stabilizing functions. 

The lack of dystrophin in the cardiac DGC complex has been reported to lead to 

increased permeability of the cell membrane and impaired signal transduction.38 It has been 

reported that dystrophin is involved in ion channel signaling.39 For instance, the voltage-gated 

sodium channels NaV1.5, abundantly present in the heart, interact with dystrophin and this 

interaction is mediated by synthropins.40 Consequently, dystrophin deficiency contributes to 
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lowering of sodium current and electrophysiological abnormalities, which can lead to 

arrhythmias.40 Furthermore, increased permeability of the sarcolemma has been associated 

with excessive accumulation of calcium ions inside the cells, which disrupts the proper 

excitation-contraction coupling inducing arrhythmias, as well as leads to mitochondria 

dysfunction and proteolytic damage caused by activated calpains.41 

Little is known about the role of other non-cardiac isoforms of dystrophin in 

cardiomyocytes. It was found that Dp70 can be detected in the heart, however, its presence 

is restricted only to T-tubules, while it was not observed in the sarcolemma.42 Comparison of 

cardiac phenotypes between mice lacking both Dp427 and Dp70 isoforms and mice lacking 

only Dp427 revealed, that Dp427 deficiency is predominantly responsible for the development 

of cardiomyopathy.42 

 

DMD-associated cardiomyopathy 

Cardiomyopathy arising in patients diagnosed with DMD is a very serious and life-

threatening complication. Its clinical symptoms are observed relatively late in disease 

progression – in adult patients over 20-30 years old, however, some initial signs of developing 

cardiomyopathy, without the clinical outcome yet, are observed much earlier, most often 

through abnormal signals during ECG.43 

 Regular monitoring of cardiac function is performed with the use of non-invasive 

techniques, such as ECG (of various types) and cardiac imaging (echocardiography). The 

former method enables monitoring of electrical activity of the heart and investigation of 

abnormalities in heart rhythm (i.e. arrhythmias), while the latter provides information on 

abnormalities in the cardiac anatomy (e.g. enlarged heart, ventricles, congenital heart defects, 

etc.), movements of the heart, functioning of the valves and pumping of the blood. Both 

examinations are already performed in several-year-old patients in order to estimate the 

onset and rate of cardiomyopathy development. Sometimes, however, they do not provide 

an accurate picture of the disease due to skeletal deformities (chest wall deformities, scoliosis) 

and respiratory dysfunction.44,45 More comprehensive analyzes are possible with the 

application of cardiac magnetic resonance (CMR, also referred to as cardiovascular magnetic 

resonance or cardiac magnetic resonance imaging – cardiac MRI), which provides more 

detailed images of the structure and function of the heart and additionally enables the 

assessment of the level of fibrosis. CMR often allows to detect irregularities previously 
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undisclosed when using alternative tools and thanks to its high accuracy and versatility, it has 

become a powerful diagnostic tool. Current guidelines for cardiac management in patients 

with DMD recommend a routine (annual) ECG and echocardiography examination in patients 

≤ 6-7 years old and a CMR-based assessment in patients ≥ 6-7 years old (even more frequently 

when heart failure symptoms already develop), as well as regular testing of female carriers.46 

A detailed description of the advantages and diagnostic possibilities of the individual 

techniques was described elsewhere.47 

A valuable solution would be to find a unique molecular biomarker that could indicate 

the level of cardiomyopathy development and facilitate an early diagnosis, but also be a 

reliable marker for testing the effectiveness of new treatments. Many attempts have been 

made in order to identify such markers – particularly troponin I and creatine kinase received 

much attention. In fact, it was shown that troponin I level can correlate with the severity of 

cardiomyopathy in DMD patients presenting acute chest pain48, as well as with a mild late 

gadolinium enhancement in CMR assessment.49 However, there is still considerable 

uncertainty regarding the use of troponin I as a marker of cardiac failure in DMD, as it was 

reported that its level may remain unchanged despite disease progression, or, on the contrary, 

elevated levels of troponin I were observed in DMD patients without any heart failure 

symptoms.50–52 Cardiac specific isoform of creatine kinase (creatine kinase-myoglobin binding 

- CK-MB), on the other hand, demonstrates poor specificity and sensitivity in muscle-related 

disorders.53 Other studies tested the usefulness of different protein markers, including fatty 

acid-binding protein 3 (FABP3), myosin light chain 3 protein, interleukin 1 receptor-like 1 

protein, matrix metallopeptidase 9 and many others54–57, although, at the moment, no 

sufficient correlation has been confirmed in any of them or the studies require further 

examinations. Remarkably, the comparison of the circulating microRNA profile in DMD 

patients versus healthy male controls revealed several dysregulated microRNAs (miRNA/miR), 

such as miR-222, miR-26a, miR-378a-5p, which correlated with the presence of myocardial 

scars and could potentially serve as a biomarker of cardiomyopathy development.58 

Furthermore, in 2018, researchers from University Hospital Münster (Germany) performed 

studies aiming to identify circulating miRNA in plasma of DMD female carriers, the level of 

which would reflect the progression of cardiac dysfunction.59 MicroRNA-29c was described as 

the most promising marker, whose down-regulation was associated with deterioration of the 

heart condition59, however these findings need further investigation and confirmation in the 
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population of DMD patients. Noteworthy, described observations are in complete agreement 

with the conclusions of another DMD patients testing, as miR-222, miR-26a and miR-378a-5p 

were found among the microRNAs with altered expression indicated by the authors.59 

Generally, cardiomyopathy in DMD patients is classified as dilated cardiomyopathy 

(DCM). Its most common and fundamental characteristics include a decrease in left ventricular 

ejection fraction (LVEF) (<55%) and fractional shortening (FS).60–63 Electrocardiographic 

examinations frequently demonstrate tall or polyphasic R waves, increased R/S ratio in V1, 

deep Q waves in V4-V6, prolonged QTc interval, shortened PR interval, as well as right and left 

ventricular hypertrophy.64–67 Studies by Hor et al. utilizing late gadolinium enhancement CMR 

concurs well with ECG findings, indicating that abnormalities observed in ECG often correlate 

with the occurrence of myocardial fibrosis.65 Furthermore, fibrosis progresses with age, what 

corresponds to decrease in LVEF.62,68 Additional clinical manifestations include sinus 

tachycardia and other arrhythmias leading frequently to sudden cardiac death.66,69 Most 

abnormalities in the ECG pattern can be explained by impaired cardiac conduction arising from 

expansion of connective tissue associated with the development of fibrosis.64,70 

As it was shown, first abnormalities in heart function can be observed already in few-

year-olds, therefore regular consultations and cardiological examinations are included in the 

standards of care for DMD patients. However no effective treatment for cardiomyopathy in 

patients with DMD has been developed so far. Several retrospective studies demonstrated 

beneficiary effects of corticosteroids (e.g. deflazacort, prednisone) that slow down disease 

progression and improve cardiac function, predominantly through their anti-inflammatory 

properties.71–73 Moreover, prophylactic treatment with beta blockers and/or angiotensin-

converting enzyme (ACE) inhibitors is recommended in order to prevent or delay deterioration 

of heart function. These and other therapeutic approaches in DMD cardiomyopathy will be 

described in more detail in subchapter Current and experimental therapies for DMD. 

DMD-associated cardiomyopathy is widely considered to be the leading cause of death 

in patients; therefore, it is important to know the exact mechanisms underlying its 

development in order to identify potential molecular targets for the treatment.  

 

Models of DMD 

 A substantial amount of research on DMD is conducted using animal models, 

particularly mice, but other species, such as rats, dogs, monkeys, and pigs, have been utilized 
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over the last 50 years. All these efforts were aimed at finding a phenotype that closely 

resembled that of DMD patients to thoroughly study the pathogenesis of this disease.36 

The most common and well-characterized animal model are mdx mice on the 

C57BL/ScSn10 background, which have a nonsense point mutation in exon 23 of the Dmd gene 

resulting in a premature STOP codon.74,75 The effects of the absence of dystrophin in muscle 

cells are largely similar to those seen in DMD patients and are related to muscle damage, 

necrosis, fibrosis and myofiber degeneration-regeneration cycles; however, they are 

significantly milder. Furthermore, the lifespan of mdx mice is not significantly reduced (~25%) 

in contrast to DMD patients and serious symptoms appear later (>15 months, while 

histological abnormalities are visible earlier).76 This model also does not appear to be relevant 

for studies of DMD-associated cardiomyopathy, as the worsening of heart function develops 

very late in life (20 months). Importantly, mdx mice have a lifelong up-regulated expression of 

utrophin, a protein that shares high structural and functional similarity with dystrophin and 

may be responsible for the milder development of the disease through its compensatory 

abilities. Nevertheless, these animals are still among the most widely used in DMD research, 

as their breeding and availability is relatively easy and cheap.76 

Other strains of mdx mice were developed through crossing with individuals of various 

genetic backgrounds, which resulted in obtaining animals with different phenotype severity, 

as shown in several studies.76–78 Accordingly, Coley et al., van Putten et al. and Hammers et al. 

compared the phenotype of DBA/2J-congenic Dmdmdx mice (D2/mdx) mice (on DBA/2J 

background) and C57BL/10ScSn-Dmdmdx (B10-mdx) mice (on C57BL/10ScSn background) at 

different stages of the disease, taking into account the condition of all key muscle types.77,79,80 

They demonstrated that the D2/mdx mice present more serious pathophysiological 

alterations, such as decreased muscle mass, severe muscle wasting, increased fibrosis level 

and reduced regeneration, but also cardiomyopathy, which is already developed in six-month-

old animals.79,80 Diaphragm is less affected in D2/mdx compared to mdx mice, although it 

exhibits calcification features unprecedented in humans.80 The disease progresses faster – 

muscle degeneration is observed in two-month-old mice, while muscle atrophy is developed 

in nine-month-old animals.80 Mdx mice on other genetic backgrounds include also 

mdx/BALB/c, albino mdx, mdx/C3H and mdx/FVB strains.76,81–83 In 1989, Chapman et al. 

developed other murine models of DMD using the N-ethyl-N-nitrosourea mutagen: mdx2cv, 

mdx3cv, mdx4cv and mdx5cv, each with a different point mutation in the Dmd gene, however, 
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their phenotype was not significantly different from that of mdx mice.84 Mdx strains on 

immunodeficient backgrounds, such as mdx/SCID or mdx/NGS are an excellent model for 

studies of potential gene and cell therapies making it possible to avoid the use of 

immunosuppressants.85,86 

Another approach used to establish more relevant animal models of DMD is the 

development of double knockout mice. One of the most common strains is 

dystrophin/utrophin dKO mice.87,88 As it was stated above, the presence of utrophin may act 

as a compensatory mechanism for the lack of dystrophin and mitigate the observed 

symptoms, as it is expressed in murine muscles throughout life. On the contrary, utrophin is 

present in the human muscle sarcolemma only during fetal development and its function is 

afterwards replaced by dystrophin (however utrophin is still expressed in adults, but it is 

limited to neuromuscular junctions – NMJ, and myotendinous junctions - MTJ), which can 

explain the worse clinical manifestation of the disease in boys with DMD.87 Indeed, 

simultaneous deprivation of dystrophin and utrophin results in a much more severe course of 

the disease in dKO mice. They are characterized by an early onset of muscle impairment (large 

necrotic and fibrotic areas, joint contractions), respiratory dysfunction (diaphragm 

degeneration in 6-day-old mice) and cardiomyopathy (with onset in 8-week-old animals), but 

also skeletal defects (mainly kyphosis), strongly reduced weight, problems with movement 

and premature death (at the age of 20 weeks, maximum).87–89 Similar symptoms in terms of 

severity are also observed in mice lacking both dystrophin and α7-integrin, developed 

independently by Guo et al. and Rooney et al.90,91 Correspondingly, other strains devoid of 

both dystrophin and another DGC member (or related protein), such as α-dystrobrevin, 

desmin and δ-sarcoglycan are accompanied by severe signs of DMD.92–94 Additional widely 

used DMD mice models include mdx/MyoD-/-, B10.Cmah/mdx and mdx/mTR strains.36 

Notably, Mdx/MyoD-/- mice lacking both dystrophin and the skeletal muscle-specific bHLH (a 

basic helix-loop-helix domain) transcription factor (MyoD), are characterized by serious 

disease course and very severe dilated cardiomyopathy. The characteristics of heart failure 

are similar to those seen in humans, most importantly the progressive character of its 

development, left ventricle dysfunction, and hypertrophy. Therefore, it is considered to best 

reflect the pathology of DMD-associated cardiomyopathy.95 B10.Cmah/mdx mice combine 

dystrophin deficiency with an additional mutation in the Cmah gene, encoding cytidine 

monophosphate-sialic acid hydroxylase, which is responsible for the biosynthesis of N-
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glycolylneuraminic acid (Neu5Gc). In humans the CMAH gene is mutated, therefore the 

protein is not produced and human heart and muscle cells have altered glycosylation pattern 

of proteins, which was associated with disease progression.96,97 mdx/mTR mice, in turn, were 

engineered to merge lack of dystrophin with telomere dysfunction/shortening resulting from 

RNA component of telomerase-deficiency.98,99 Shortened telomeres have been previously 

reported in muscle stem cells and cardiomyocytes of DMD patients98,100, which is related to 

exhaustion of muscle stem cells’ ability to regenerate damaged muscles and mitochondrial 

dysfunction in case of the heart.98,100,101 All the mice described in this section exhibit a more 

severe phenotype of DMD than mdx strain and most importantly, they more accurately reflect 

the cardiomyopathy developed in DMD patients, making them a valuable research model. 

In recent years, more information on rat model of DMD has become available. Several 

strains of Wistar-Imamichi and Sprague Dawley rats have been generated differing in the type 

and localization of Dmd mutations.102,103 Unlike mdx mice, rats lacking dystrophin without any 

additional modifications show a stronger phenotype of DMD, characterized by progressive 

muscle degeneration, markedly reduced muscle strength, development of dilated 

cardiomyopathy, necrotic and fibrotic area in the heart, vascular dysfunction, and rapid 

progression of the disease, which better resembles the phenotype in humans.104 As one of the 

few DMD models, they also show neurological abnormalities.105 

 There are also larger animal models of DMD – one of the most common and well-

characterized are dogs. Several dozen canine models have been described over the last two 

decades76; however, three of them are the most widely used in research – Golden Retriever 

muscular dystrophy (GRMD), Cavalier King Charles Spaniels muscular dystrophy (CKCS-MD) 

and Canine X-linked muscular dystrophy in Japan (CXMDj) beagle-based dogs.106–110 The 

symptoms observed in these animals correspond well with those characteristic for humans in 

terms of severity and cardiomyopathy development.111 Unlike DMD patients, however, 

dystrophin-deficient dogs do not lose mobility, although they demonstrate growth 

retardation.76 Moreover, nearly 30% of DMD dogs die in the first weeks of life, which is not 

observed in DMD-affected boys.76 Other large animal models of DMD include cats, pigs, and 

monkeys; however, their use is not so common, due to the costly and difficult maintenance 

of the animals. 

 Of note, there are also some non-mammalian models of DMD, such as Drosophila 

melanogaster, Caenorhabditis elegans, and zebrafish (Danio rerio); however, they are not 
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often applied either in studies of the disease mechanism or in testing potential therapeutic 

strategies. A detailed description of DMD animal models can be found in the review by 

McGreevy et al.76 

In summary, many animal models are available for studies and are still being 

developed. In recent years, this has been facilitated by the widespread use of Transcription 

activator-like effector nucleases (TALEN) and Clustered Regularly Interspaced Short 

Palindromic Repeats (CRISPR)/CRISPR-associated protein 9 (Cas9) (CRISPR/Cas9) gene editing 

technologies. However, it should be noted that detailed investigation of the pathogenesis of 

DMD may not be justified in animal models with mutations in additional genes, despite 

phenotypic similarities to DMD patients, as such mutations have not been described to 

modulate disease progression in humans. On the other hand, with reference to studies on 

potential therapies, it is important to perform the research on animals with both skeletal 

muscles and heart affected in order to draw correct conclusions about their efficiency. 

 

Induced pluripotent stem cells (iPSC) technology – basis of generation and properties 

Induced pluripotent stem cells (iPSC) established in 2006 and 2007 (mouse and human 

iPSC, respectively) by the research group of Shinya Yamanaka112,113 represent a 

groundbreaking alternative to existing in vitro models - mainly immortalized cell lines and 

primary cells, whose availability or maintenance in cell culture is sometimes limited. They can 

be generated from various types of somatic cells, most often fibroblasts or leukocytes, 

through the overexpression of four defined transcription factors: Oct4, Sox2, Klf4 and c-Myc, 

referred to as Yamanaka’s cocktail or OSKM.  

Initially, transcription factors were delivered using integrating retroviral and lentiviral 

vectors, which provided highly efficient transduction. On the other hand, these vectors 

integrate into the genome which increases the risk of insertional mutagenesis and carcinoma 

formation, and thus limits their widespread application.114 Correspondingly, non-integrating 

delivery systems were evaluated, such as adenoviral vectors and episomal plasmids. They 

were characterized by higher safety, however, their effectiveness was very low.114 This has 

changed in 2009, when Fusaki et al. established a reprogramming method with the use of non-

integrating Sendai virus vectors, based on single stranded RNA viruses from the Paramyxovirus 

family.115 Due to their improved efficiency and safety (they are non-carcinogenic and non-

pathogenic to humans), they are now widely used, particularly in research concerning 
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application of human induced pluripotent stem cells (hiPSC) in either gene or cell therapy. In 

parallel, non-viral methods of OSKM delivery were developed using episomal plasmids116, 

which encode all four transcription factors and are delivered to the cell through 

electroporation/nucleofection.117 This strategy has gained recognition and, despite its lower 

performance, is widely used in reprogramming. Another non-viral method that is highly 

effective and safe is mRNA reprogramming based on synthetic modified mRNA demonstrated 

by the group of Derrick J Rossi118 (who co-founded Moderna). All methods are commercially 

available, which definitely facilitates the generation of patient- and disease-specific hiPSC by 

one’s own laboratory. Since then, other reprogramming methods have been established 

based on, among others, microRNA, small molecules, piggyBac transposons, Cre-loxP 

recombination, or poly-arginine peptide tags; however, they differ in specificity, pluripotency 

maintenance duration and efficiency, and therefore most of them are not commonly used.114 

iPSC are a good alternative to embryonic stem cells (ESC) – they have similar properties 

in terms of morphology, pluripotency, differentiation potential, or gene expression. However, 

the generation of human iPSC is devoid of ethical controversy, as they can be obtained from 

easily accessible somatic cells (e.g from the blood), while the scientific use of human ESC 

(hESC) derived from early-stage embryos in many countries is prohibited or restricted.119 

hiPSC successfully differentiate into cells originating from all three germ layers (e.g. neurons - 

ectoderm, cardiomyocytes – mesoderm and hepatocytes - endoderm), providing enormous 

research opportunities.120 For instance, in contrast to hESC, hiPSC can be generated from 

patients with a specific disease, which is particularly significant for studies of pathogenesis of 

genetic disorders. Additionally, the underlying mutation can also be introduced into the hiPSC 

line using gene editing tools, such as zinc finger nucleases, TALEN, or CRISPR/Cas9. Numerous 

such disease-specific hiPSC lines have already been established for the studies of 

neurodegenerative diseases (Parkinson’s disease121,122, amyotrophic lateral sclerosis123, spinal 

muscular atrophy124, Huntington’s disease122,125), type I diabetes122,126, muscular dystrophies 

(DMD, BMD122), β-thalassemia127 and many others. Such generated and characterized hiPSC 

lines are commercially available in companies or biobank core facilities, like the Coriell 

Institute for Medical Research or the European Bank for Induced Pluripotent Stem Cells 

(EBiSC). Therefore, they are an excellent cellular model for disease modelling, regenerative 

medicine, and drug screening.  
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hiPSC have virtually unlimited proliferation potential and their cell culture is relatively 

easy. They grow in a form of tightly packed colonies and usually require the feeder layer 

(growth-arrested feeder cells – e.g. mouse embryonic fibroblasts, which secrete soluble 

factors necessary for the hiPSC growth) or coating of the culture surface with extracellular 

matrix proteins mixture. Validation of generated hiPSC is performed by checking the presence 

of pluripotent stem cell markers, such as Octamer-binding transcription factor 4 (OCT4), 

Stage-specific embryonic antigen-3 and -4 (SSEA3/4), Tumor-related antigen-1-60 (TRA-1-60), 

Tumor-related antigen-1-81 (TRA-1-81), NANOG and (sex determining region Y)-box 2 (SOX2). 

Moreover, as stated above, hiPSC can differentiate into cells of all three germ layers. To 

confirm this property, either spontaneous in vitro differentiation via embryoid bodies (EB) or 

subcutaneous administration into immunocompromised mice is usually performed. In the 

latter method, delivered hiPSC form teratomas, benign tumors composed of various tissues. 

Finally, somatic cells and hiPSC generated from them have been reported to have considerable 

differences in epigenetic modifications. It is predominantly related to demethylation of CpG 

islands in promoters of pluripotency genes, what is consistent with their activity.113 However, 

studies by Kim et al. revealed that low efficient reprogramming may preserve the so called 

“epigenetic memory” of the output cells in obtained iPSC, affecting the efficiency of 

differentiation to other than the original germ layers.128 

 

CRISPR/Cas9 to generate isogenic corrected and/or mutated hiPSC 

 Initially, for disease modelling, patient-specific hiPSC were tested in relation to the 

lines generated from healthy parents or siblings (including mutation carrier individuals) or 

sometimes even unrelated donors, often differing in age, sex, or ethnicity which served as 

controls. However, it appeared that differences in the genetic background significantly 

influenced the results observed between these two counterparts. This evidence pointed to 

the idea of the generation of isogenic hiPSC lines, which differ only in the mutation of interest. 

They can be obtained from patient-derived hiPSC, in which the mutation was repaired, or from 

hiPSC obtained from a healthy donor, into which the disease-specific mutation was 

introduced.  

CRISPR/Cas9 has received much attention in the past decade due to the fact that it 

enables relatively easy and precise gene editing and is particularly applicable for hiPSC.129 Two 

main components of this system include Cas9 endonuclease and single-guide RNA (sgRNA). 
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sgRNA is a 20-nucleotide-long sequence homologous to the selected site in the genome that 

is intended for editing. In order for such sgRNA to act properly, it should target the region 

alongside the protospacer adjacent motif (PAM), a short 2-6 base pair (bp) DNA sequence, 

which is a binding element for Cas9. It should also be specific for a given site in the genome, 

so as not to interact with off-targets and influence the expression of other genes. As a result, 

sgRNA brings Cas9 to the selected region of the genome, and the nuclease subsequently 

cleaves DNA, generating double-strand DNA breaks (DSB). This, in turn, activates the repair 

pathways known as non-homologous end joining (NHEJ) or homology-directed repair (HDR) 

(Fig. 4). In general, NHEJ is a more frequent mechanism in mammalian cells, although it may 

depend on the location of DSB or cell type.130 It is recognized as being prone to errors, and 

therefore it can introduce random small insertions or deletions (indels) and shift the open 

reading frame. This often leads to the occurrence of a premature stop codon, which affects 

proper protein translation; hence, this mechanism may serve as a tool for introduction of a 

knock-out mutation into the control cells. However, there are known cases of using NHEJ to 

repair mutations in which the reading frame is restored on account of the introduction of the 

indels.131 HDR is undoubtedly a less error-prone DSB repair mechanism, albeit it has low 

efficiency. It is applied for introducing precise changes in the genome, which is achieved by 

the use of exogeneous DNA template. Such a template may encode the missing sequence in 

case of correction of larger mutations (e.g. deletions), which, after generating the DSB, is 

incorporated into the genome and restores the proper protein translation. Alternatively, it 

can be utilized for the introduction of a specific mutation when the template contains the 

sequence with defined modifications.  

Feng Zhang’s lab (through Addgene: https://www.addgene.org) offers a variety of 

plasmids for CRISPR/Cas9 gene editing according to the size of the construct, the PAM 

sequence, the Cas type or the purpose of use. It is worth mentioning that there are several 

different PAM sequences depending on the variant of the Cas protein and the species of 

bacteria from which it comes from. Cas9 originating from S. pyogenes binds to 5ʹ-NGG-3ʹ and 

is the most commonly used Cas protein due to the high availability of this motif in the genome. 

However, it is not recommended for gene editing involving HDR-based DSB repair.132 

Designing of sgRNAs is facilitated by online tools and software, which can predict their 

efficiency and off-target activity, although these properties should always be validated in the 

experimental setup. 
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So far, numerous isogenic hiPSC lines have been generated for modelling of cardiac 

diseases, such as long QT syndrome133, dilated cardiomyopathy134, arrhythmogenic right 

ventricular cardiomyopathy135, Barth syndrome136, familial dilated cardiomyopathy137 and 

many others.120 

 

hiPSC-CM as a tool to study genetic diseases, including cardiomyopathies 

 hiPSC technology combined with the CRISPR/Cas9 gene editing system provides a 

powerful methodology for in vitro studies of diseases with a genetic background. It is 

particularly beneficial for cardiac disorders, as their modelling in research is complicated. In 

case of many conditions affecting other organs, it is possible, for instance, to obtain patient-

specific primary cells from a biopsy. A cardiac biopsy, however, is an invasive procedure and 

is not performed for research purposes. Additionally, cardiomyocytes isolated from hearts 

collected during transplantation surgery are usually affected by pathophysiological processes 

developed in the myocardium. Post-mortem isolation of cardiomyocytes from cardiac tissue 

remains the feasible option, however, the availability of donors is also very limited 

(particularly with specific diseases). Moreover, in vitro culture of primary cardiomyocytes is 

very challenging and since they are non-dividing cells, it is not possible to use them in any 

extensive research. Due to these limitations, for many years research in this area was 

performed on isolated primary cardiomyocytes from murine and rat hearts (including animals 

in the neonatal stage); however, some technical challenges regarding the isolation, population 

purity, and short-term culture were still encountered.138 Therefore, the alternative approach 

was to use immortalized cardiomyocyte lines based on human, murine, and rat primary cells. 

In the recent article, Onódi et al. performed a very comprehensive comparison of these cells 

together with primary cardiomyocytes, adult cardiac tissue, and hiPSC-CM based on their 

transcriptomic profile, morphological characterisation, and physiological response.139 These 

analyzes revealed that cardiac cell lines do not recapitulate the adult cardiac phenotype well 

and thus the results obtained with these models should be interpreted with caution. The 

findings of the study also indicate that hiPSC-CM have more common features with adult 

cardiac tissue and encourage the idea of their use as an in vitro research model. 

 There is a vast amount of literature on the application of hiPSC-CM for disease 

modelling.120 One of the first studies in this field was described by Moretti et al. in 2010, who 

generated hiPSC from individuals affected by long-QT syndrome type 1 (LQTS1) and 
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differentiated them to cardiomyocytes.140 Importantly, electrophysiological properties of 

these cells, investigated with patch clamp whole cell recordings, reflected the phenotype of 

patients with LQTS1 through manifestation of prolonged action potential duration (APD), 

decrease in K+ current, and abnormal response to isoproterenol stimulation.140 

Knottnerus et al. utilized hiPSC-CM derived from two patients with very long-chain 

acyl-CoA dehydrogenase deficiency, a rare genetic disorder, for in vitro modelling of heart 

failure and cardiac arrhythmias, which is a frequently reported manifestation.141 

Electrophysiological analyzes revealed disturbed calcium handling, presence of delayed 

afterdepolarizations and shortened action potential (AP). These abnormalities were reversed 

with the use of resveratrol and etomoxir, agents known for their ability to reduce the 

accumulation of fatty acid oxidation intermediates.141 This patient-in-a-dish approach for in 

vitro drug testing highlights the potential usefulness of hiPSC-CM in preclinical applications. 

 Another recent study by Kamdar et al. described the utilization of isogenic DMD hiPSC-

CM for the evaluation of physiological responses at baseline and after adrenergic 

stimulation.142 Strong evidence of arrhythmia events was found in both conditions in DMD 

hiPSC-CM, which were alleviated after pre-treatment with propranolol. Remarkably, these 

observations are in complete agreement with in vivo studies performed in mdx mice, further 

supporting the utilization of hiPSC-CM technology in disease modelling.142 

Several other studies confirmed that hiPSC-CM reflect well physiological responses to 

drugs. For instance, Shinozawa et al. compared the effect of moxifloxacin on the 

electrophysiological properties of hiPSC-CM and on the clinical outcome in matched 

donors.143 The prolonged QT intervals observed in in vivo studies were consistent with the 

prolonged field potential duration (FPD) of their in vitro counterparts.143 Similarly, the use of 

agents known to have anti-arrhythmic effects in hiPSC-CM obtained from a donor diagnosed 

with catecholaminergic polymorphic ventricular tachycardia type 2 prevented the 

arrhythmias, which was in accordance with the clinical observations.144 

 However, it is important to note that hiPSC-CM-based modelling of cardiac diseases 

has some limitations. One of the most important is related to the immature phenotype of 

these cells, evidenced by disorganized sarcomeres, distinct morphological features, glucose- 

rather than fatty acid-based metabolism, absence of T-tubules and electrophysiological 

discrepancy.145 This is a vital issue as the phenotype of some cardiomyopathies may not be 

manifested at such an early stage of development.146,147 Several tools are now available to 
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increase the maturity of hiPSC-CM. They include electrical and mechanical stimulation148,149, 

architectural cues148, long-term culture150, 3D culture151, co-culture with non-cardiac cells152, 

and biochemical modulation153. Furthermore, typical 2D culture is not physiological, what may 

influence the obtained data. To overcome this issue, 3D cardiac structures and heart-on-a-

chip technologies were introduced151,154, which are currently an evolving technology aimed at 

making the conditions of in vitro culture similar to those present in the human heart. 

 

Current and experimental therapies for DMD 

 As stated above, currently there is no available treatment that could provide complete 

recovery of DMD patients from the disease, although there are some approved therapies that 

contribute to slowing its progression and improving life quality.  

Corticosteroids, mainly glucocorticoids are among the most commonly used drugs in 

DMD and their application is well documented in the literature.155 It has been proven that 

their administration positively influences muscle strength and function, improves pulmonary 

condition, prevents scoliosis development, as well as decelerates muscle damage and 

cardiomyopathy progression.156–159 Glucocorticoids belong to steroids and their therapeutic 

effects are mediated by two modes of action. Upon entering the cell nucleus, these agents 

bind to 1.) glucocorticoid response element (GRE), thus activating genes associated with the 

anti-inflammatory response (trans-activation) and 2.) to the nuclear factor kappa B (NF-κB) 

binding element resulting in inhibition of NF-κB activity (trans-repression).159 Remarkably, 

they can also bind to negative GRE and consequently suppress gene transcription (cis-

repression), which is associated with frequent incidences of side effects, especially as a result 

of their long-term use.159 The most commonly reported effects are weight gain, decreased 

bone mineral density, behavioural disorders, increased blood pressure or cataracts.160 

Prednisone and deflazacort are among the most frequently prescribed glucocorticoids for 

DMD patients and their administration is recommended for children 5 years old and older. 

Their application remains the gold standard in DMD, and the rescue in terms of side effects is 

either the use of less frequent intake161, or the advancement in developing safer equivalents 

such as vamorolone, a synthetic steroidal drug predominantly activating the trans-repression 

mechanism (instead of trans-activation and cis-repression) thereby reducing the likelihood of 

side effects.162 It has not yet received marketing approval, but the results of the first clinical 
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trials indicate its high effectiveness163,164 and additionally, as a mineralocorticoid receptor 

antagonist, it improves heart function of DMD patients.165 

Current guidelines for cardiac management in DMD patients include the 

administration of ACE inhibitors and angiotensin receptor blockers in patients before the age 

of 10 and severe cardiac manifestation. They are the first line of treatment with proven 

efficacy in preventing the development of cardiomyopathy and improving the ECG 

parameters. Based on reports of tachycardia in patients with DMD, scientists proposed to use 

β-adrenergic receptor blockers (often in combination with ACE inhibitors) to mitigate cardiac 

complications in DMD. Studies performed in mice and hiPSC-CM by Kamdar et al., who 

demonstrated an anti-arrhythmic effect of propranolol, seem to support this finding142, 

however, more clinical data are required. It is likely that future research will also verify the 

therapeutic potential of mineralocorticoid receptor agonists. Previous studies have shown 

their effectiveness in delaying the development of cardiomyopathy in DMD and improving left 

ventricle function.166 

Ataluren, a drug developed by PTC Therapeutics, has been addressed to DMD patients 

with nonsense mutations. Its mechanism of action assumes weakening of ribosome sensitivity 

to premature STOP codons (readthrough), which consequently leads to production of full-

length protein. Clinical tests have shown that the application of this drug prolongs the mobility 

of patients and also delays the progression of the disease.167 Ataluren was approved by the 

European Medicines Agency (EMA), although it did not receive approval of the Food and Drug 

Administration (FDA) agency. 

Gene therapy has also received a lot of attention over the past two decades. First 

attempts aimed to restore dystrophin expression in patients with DMD through delivery of 

the DMD coding sequence using adeno-associated virus (AAV) vectors.168 The key advantages 

of AAV vectors over other viral vectors lie in long-lasting expression, infection of both dividing 

and non-dividing cells, low immunogenicity, and the ability to transduce various cell types. On 

the other hand, they have limited package capacity – around 4.7 kilobases (kb), what triggered 

the development of truncated versions of dystrophin – mini- and microdystrophin. They fit 

into the AAV vectors because their sequence has been devoid of parts that are not essential 

for preserving dystrophin function – mainly spectrin-like repeats and the C-terminal domain. 

Many attempts have been made in order to select the optimal dose of the AAV vectors, 

method of administration, and development of the most therapeutically advantageous 
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version. Experiments performed in murine and canine models have shown that the 

administration of mini- and microdystrophin results in improved muscle function and 

histology169–172, as well as reduced cardiomyopathy development.173,174 This strategy seems 

to be very promising, particularly since AAV-based therapies are successfully used in patients 

with inherited retinal dystrophy175 and SMA.176 The first clinical trials involving patients with 

DMD showed the safety of this approach, as well as amelioration of muscle pathology.177,178 

On the other hand, the side effects of the high-dose administration of vectors documented in 

larger animals may be a limitation of this method (summarized by Duan179). Also, a prior 

infection with wild-type AAV can reduce the effectiveness of treatment due to the presence 

of anti-AAV antibodies; therefore, pre-treatment testing of patients for pre-existing 

antibodies, concomitant administration of immunosuppression or modification of AAV 

capsids so that they are not recognized by the immune system are considered.180  

Another approach in gene therapy of DMD patients involves the application of 

antisense oligonucleotides (AOS) – synthetic, single-stranded DNA oligonucleotides designed 

to be complementary to the mRNA sequence of the target gene. The effect of AOS action on 

protein translation may be twofold. They can decrease protein production, as binding to the 

mRNA sequence may result in RNase H1-mediated mRNA cleavage, RNA inducing silencing 

complex (RISC)-directed mRNA degradation, or mRNA-ribosome interaction blockade.181 On 

the other hand, after binding to the pre-mRNA sequence, AOS can modulate mRNA splicing 

through exon-skipping or exon-inclusion, resulting in correct protein translation. The latter 

mechanism is utilized as a therapeutic approach in the treatment of DMD, as exon-skipping 

can restore the disrupted reading frame and thus the production of a truncated, but still 

functional dystrophin protein. This strategy has proven to be effective in relieving symptoms 

of DMD and led to the development of four FDA-approved AOS, namely Eteplirsen, 

Golodirsen, Vitolarsen, and Casimersen, which target the exons 51, 53, 53 and 45, 

respectively. Accordingly, only patients with mutations in specific exons can benefit from 

these drugs, what represents a major limitation; however, these mutation sites are the most 

frequent. Moreover, new AOS candidates are already undergoing clinical trials. Another 

limitation lies in the fact that naked AOS are not efficiently delivered to the heart and 

therefore cannot prevent the development of heart failure.182,183 Research is already 

underway to solve this problem, mainly focused on designing AOS with additional 

modifications, such as the incorporation of the peptide-conjugated morpholino oligomer 
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backbone, conjugation to cell-penetrating peptides, or the development of new AOS classes, 

as tricyclo-DNAs. 

Additionally, several cell therapy-based approaches relying on the administration of 

myoblasts, mesangioblasts (able to differentiate into muscle or endothelial cells), or satellite 

cells (i.e. muscle stem cells) were investigated. The cells were genetically engineered 

beforehand in order to restore dystrophin expression or provide the expression of another 

therapeutic gene; however, poor cell survival and regenerative efficiency prevented these 

strategies from far-reaching clinical development so far. Yet, there is one cell-based therapy 

provided by Capricor Therapeutics (Beverly Hills, CA, USA) that has completed a Phase 2 

clinical trial and is likely to enter the Phase 3 stage soon. It is based on intravenous infusion of 

allogeneic cardiosphere-derived cells and secreted by them exosomes, which so far have 

demonstrated a high safety profile and therapeutic efficiency manifested by improved ECG 

parameters and upper limb function, as well as a slowdown in the disease development.184 

Notwithstanding, further studies with more participants and a longer follow-up period are 

necessary to draw reliable conclusions. 

As stated above, the presence of the truncated dystrophin protein in BMD patients is 

sufficient to maintain a mild cardiac phenotype, with the first symptoms usually appearing at 

a later age. These observations have led to the hypothesis that even restoration of low levels 

of dystrophin might have a therapeutic effect. Studies in transgenic mdx mice with additional 

expression of human dystrophin demonstrated that the establishment of even very low 

dystrophin level (~5%) in majority of myofibers had a beneficial effect on ECG parameters, 

reduction of fibrosis area, and recovery of proper action potential and sodium current 

values.185 

 An important limitation of most therapeutic strategies for DMD lies in immunological 

responses observed in patients and mice upon dystrophin restoration, which can strongly 

reduce the safety and efficiency of proposed therapy.186,187 An alternative solution, therefore, 

could be to use utrophin instead of dystrophin as a therapeutic protein. Utrophin is 

structurally and functionally similar to dystrophin and is expressed in the muscle sarcolemma 

during the fetal development, where during this time it plays the same role as dystrophin. 

After birth, it is replaced by dystrophin, although its expression is preserved in adults in NMJ 

and MTJ. In the literature there are many examples of research on utrophin-based therapies, 

and its pharmacological induction by ezutromid has been tested in clinical trials; however, this 
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issue will be described in detail in Utrophin as a dystrophin substitute in DMD therapy 

subchapter. 

 Additionally, for effective DMD therapy, it is necessary to act simultaneously in skeletal 

muscles and in the heart, as cardiomyopathy represents the direct cause of death in people 

with DMD. Improving only the efficiency of myotubes can potentially put a strain on a diseased 

heart, worsening its condition and, as a consequence, have the opposite effect to the intended 

one.  

 Although there is currently no therapy that would allow complete recovery of DMD 

patients, intensive research and a multitude of devised strategies give hope for the 

development of an effective cure. The methods of treatment developed so far have 

significantly improved the quality of life of patients, extended their mobility, delayed the 

development of the disease, and prolonged life expectancy. Above, the most important 

treatment strategies for DMD have been described, although their number is much higher and 

have been carefully reviewed by Łoboda & Dulak188 and Sun et al.4 

 

Utrophin as a dystrophin substitute in DMD therapy 

Utrophin is a 395 kDa protein, encoded by the UTRN gene located in humans on 

chromosome 6 (in mice on chromosome 10). It is homologous to dystrophin in terms of similar 

structure and function – they share a comparable arrangement of functional domains (Fig. 3) 

and similarly, as dystrophin, utrophin is a member of the analogous utrophin-glycoprotein 

complex (UGC). In humans it is expressed throughout fetal development in muscle 

sarcolemma, where it has a stabilizing role, however, after birth its function is replaced by 

dystrophin in mature myotubes. Nevertheless, utrophin is still present in adult muscles, but 

its expression is restricted to NMJ and MTJ. 

 

 
Fig. 3. Schematic comparison of the composition of the full-length utrophin vs. full-length dystrophin domain with 

marked approximate percentage similarity of the individual domains. NT – N-terminal domain, H1-H4 - hinges 1-

4, CR – cysteine-rich domain, CT – C-terminal domain. Created with BioRender.com 
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In humans the UTRN gene encodes several protein isoforms – two main, full-length: 

utrophin A and utrophin B and shorter isoforms: Up140 (140kDa), G-utrophin (113kDa), and 

Up71 (71kDa), the function of the latter has not been fully understood yet. The expression of 

the utrophin A and B transcript is driven by distinct promoters – A and B, respectively. 

Utrophin A is present in muscle cells, whereas utrophin B was predominantly found in 

endothelial cells and blood vessels, therefore, the utrophin A isoform is a main target in 

therapeutic approaches. 

 As was discussed in Models of DMD subsection, the most common animal model of 

DMD – mdx mice represent a relatively mild phenotype of the disease, which was associated 

with the lifetime presence of utrophin expression. In fact, mice deficient in both dystrophin- 

and utrophin demonstrate a strikingly severe phenotype with a fairly rapid development of 

cardiomyopathy, not evident in mdx strain. Accordingly, mice devoid of only utrophin 

expression have a mild phenotype and show virtually no symptoms associated with muscular 

dystrophy. Furthermore, it was reported that utrophin is overexpressed in DMD patients and 

its level is negatively correlated with the severity of the disease189–191, suggesting the 

compensatory mechanism, but there are also studies contradicting this correlation.192,193 

Based on the above observations, a hypothesis was created that increasing the level of 

utrophin can compensate for the lack of dystrophin and thus alleviate the symptoms of DMD. 

 Many attempts to induce the expression of utrophin have been documented in the 

literature. Microutrophin is among the most commonly investigated strategies. Analogously 

to microdystrophin, it is a synthetic miniaturized version of utrophin, which contains those 

parts that are necessary for the proper protein function of this protein and is devoid of 

fragments considered less important - usually it is a deletion or shortening of rod and C-

terminal domains. For its delivery, typically AAV serotype 9 (AAV9) vectors are used, which 

targets muscles, heart, central nervous system and liver, as well as AAV serotype 6 (AAV6), 

which targets muscles, liver, and spinal cord. Research on microutrophin was initiated by 

Professor Jeffrey Chamberlain's group, who in 2006 published the results of its first 

administration to mice.194 These studies demonstrated a significant improvement in muscle 

and cardiac function in response to microutrophin treatment, including reduced 

inflammation, restored heart mass, as well as increased mobility and muscle strength. It also 

resulted in decreased CK level and reversed kyphosis. Many studies to date have confirmed 

the effectiveness of microutrophin in both murine and canine models, using different versions 
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of the sequence.195–198 It has been confirmed that increasing its level in the sarcolemma has a 

positive effect on the condition of muscles and the heart. 

Other strategies developed to increase utrophin expression utilize small molecules 

that modulate transcriptional activation (through utrophin promoter). It can be achieved by 

targeting its known transcriptional regulatory elements, such as Mitogen- and Stress-activated 

protein Kinases 1 and 2 (MSK1 and MSK2) and N-box motif (by heregulin)199,200, various 

myogenic factors (MyoD, myogenin, myogenic factor 6 – MRF4)201, peroxisome proliferator-

activated receptor-γ coactivator 1 alpha (PGC-1α)202, calcineurin/nuclear factor of activated T 

cells (NFAT)202, peroxisome proliferator-activated receptor (PPAR) β/δ203, aryl hydrocarbon 

receptor204 and many others205,206. Ezutromid (SMT C1100), developed by Summit 

Therapeutics, was a first pharmacological agent modulating utrophin level tested in clinical 

trials. The first reports from the Phase 2 clinical trials were encouraging, as they confirmed 

that the molecule is well tolerated and the level of muscle damage is reduced. However, the 

final summary of the long-term observations did not confirm these results, and the study was 

discontinued. 

The alternative approach involves stabilization of mRNA through targeting of 

microRNA, which are responsible for post-transcriptional inhibition of utrophin expression: 

let-7c, mir-133b, miR-150, mir-196b, miR-206, and miR-296-5p207 Utrophin overexpression 

can also be induced by promotion of a slow oxidative phenotype, nNOS activation or protein 

stabilization. More details on this topic can be found in the reviews by Guiraud et al.205 and 

Soblechero-Martín et al.208  

 Increasing the level of utrophin as a potential treatment strategy has many 

advantages: i) even a small 1.5-2-fold up-regulation is enough to achieve a therapeutic 

effect,203,205 ii) it is universal for all DMD patients regardless of the type and location of the 

mutations in DMD, and most importantly iii) it is characterized by low immunogenicity. Unlike 

dystrophin, the immune system of DMD patients does not recognize it as a foreign protein 

and does not trigger a response because, as mentioned above, it is expressed from fetal 

development to adulthood. In 2020 Song et al. compared the effect of AAV vectors encoding 

microdystrophin and microutrophin after administration to the canine and mouse model of 

DMD.196 These studies revealed an immunological response against microdystrophin, but not 

against microutrophin, what directly translated into the effectiveness of therapy.196 Animals 

treated with AAV encoding microutrophin demonstrated improved muscle function (they 
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showed greater muscle strength and were able to run longer distances), ameliorated muscle 

pathology in histological examinations, as well as decreased serum creatine kinase level.196 

Such a strong therapeutic effect was not evident after microdystrophin administration.196 

However, it should be mentioned here that some differences between utrophin and 

dystrophin may limit its effectiveness. They relate primarily to the fact, that in contrast to 

dystrophin, utrophin cannot attach and anchor nNOS to the sarcolemma.209 Both proteins 

have similar F-actin binding affinity, however, they differ in the mechanism of this 

interaction210, and it has been demonstrated that the binding of utrophin to β-dystroglycan is 

weaker.211 Additionally, structural differences between utrophin and dystrophin may affect 

the cross-talk with other molecular partners.210 Dissimilarities in mechanical properties, in 

turn, may influence its role in membrane stabilization and, for instance, affect muscle 

contractility.212 

Despite the previously observed effects of microutrophin on cardiac function in DMD 

animal models, the role of its up-regulation in human cardiomyocytes has never been 

thoroughly investigated. Similarly, despite many years of research using the hiPSC-CM for 

studies on cardiomyopathy in DMD, it has never been evaluated how the presence of utrophin 

in these cells influences their phenotype and what is the effect of its deficiency, which would 

make this model much more credible. 

 

Iron metabolism in the heart 

 Iron is a microelement, that is necessary for the functioning of the whole organism due 

to the numerous processes in which it is involved.213 It is particularly important for highly 

energy-demanding cells and organs, such as the heart, since iron is indispensable for proper 

activity of mitochondria. 

 Iron uptake occurs in the form of ferric ions (Fe3+) through their binding to the 

transferrin and transferrin receptor (TfR1), followed by internalization into the cell by 

receptor-mediated endocytosis. The decreased pH in endosomes triggers the release of iron 

from transferrin. Ferric iron is subsequently reduced to its ferrous form (Fe2+) by the six-

transmembrane epithelial antigen of prostate 3 (STEAP3) metalloreductase, what enables its 

transport by divalent metal transporter 1 (DMT1) from endosomes to the cytoplasm. 

Alternatively, non-transferrin bound iron can be transported through L-type and T-type 
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calcium channels or ZRT/IRT-like protein 8 and 14 (ZIP8 and ZIP14) metal cation symporters, 

although it must be preceded by reduction to divalent form by ferrireductase.214 

 Intracellular iron is predominantly directed to mitochondria; however, the mechanism 

of this transport in cardiomyocytes is not yet fully understood.215 It is hypothesized that 

endosomes with transferrin-bounded iron integrate with the mitochondrial membrane and 

thus transfer iron to the mitochondria.216 Another concept assumes that iron enters the 

mitochondria via voltage-dependent anion channels (VDAC) or mitochondrial DMT1 

isoforms.215 Transfer across inner mitochondrial membranes is mediated by mitoferrin-1 

(MFRN1) and mitoferrin-2 (MFRN2), as well as possibly by mitochondrial calcium uniporter 

(MCU) and sideroflexins.215 

 Within mitochondria, iron is mainly utilized for the biosynthesis of iron-sulfur (Fe-S) 

clusters (in a form of 2Fe-2S or 4Fe-4S configurations), which serve as prosthetic groups for 

multiple proteins and are responsible for many vital processes, including electron transfer in 

the cellular respiratory chain, DNA synthesis, and gene transcription regulation.217 Another 

important role of iron in mitochondria is related to the synthesis of heme, which plays a key 

role in the storage and transport of oxygen, but is also involved in numerous processes related 

to, among others, electron transport, gas sensing, and catalytic reactions. The remaining pool 

of iron is stored in mitochondrial ferritin (FtMt), which plays a critical role in regulating the 

intracellular level of this microelement. 

In the cell, iron can be bound to the storage protein (i.e. ferritin) or exist in the form of 

ferrous ions (Fe2+) and ferric ions (Fe3+) as a labile iron pool (LIP). Intracellular iron must remain 

in a constant oxidation/reduction balance to maintain normal metabolism. Otherwise, ferrous 

ions are catalytically active and can react with hydrogen peroxide in the Fenton reaction, 

which results in the formation of a hydroxyl radical. As with other reactive oxygen species 

(ROS), its elevated level induces oxidative stress resulting in extensive damage of lipids, 

proteins, and DNA structure. An imbalanced level of Fe2+ and the hydroxyl radical may also 

trigger ferroptosis, a programmed cell death that occurs as a consequence of excessive 

amounts of iron. 

 Under normal conditions, excess iron is exported from the cell by ferroportin and 

converted back to Fe3+. Ferroportin (encoded by the SLC40A1 gene) is a cell membrane 

transporter, whose activity is regulated by i) hepcidin antimicrobial peptide (encoded by the 

HAMP gene), a hormone controlling the iron level in the bloodstream (e.g. by degrading the 
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ferroportin), as well as ii) iron regulatory proteins (IRP) and the iron responsive element (IRE) 

signaling pathway through post-transcriptional regulation of FPN1 expression. It was 

demonstrated that ferroportin and hepcidin are crucial for the proper functioning of 

cardiomyocytes, as both the mice lacking Fpn (gene encoding ferroportin in mice) and Hamp 

(gene encoding hepcidin in mice) show severe cardiac dysfunction, predominantly manifested 

by left ventricular hypertrophy and decreased LVEF.218,219 

There is a vast amount of literature describing the crucial role of iron metabolism in 

heart functioning. Iron deficiency frequently comorbid with heart failure and has a negative 

impact on the course of the disease. On the other hand, iron overload was associated with 

the development of cardiomyopathy, impaired contractility, fibrosis, and arrhythmias.220–222 

 
Iron metabolism disorders in DMD patients 

 Although very little is known about the role of iron in the course of DMD, some 

evidence of iron metabolism disturbances has already been shown in the last century. Kagen 

et al., for instance, revealed increased levels of myoglobin in sera of DMD patients.223 

Myoglobin is an iron-containing heme protein, which, similarly to hemoglobin, plays a role in 

oxygen storage; however, its presence is limited to striated muscles. A recent study indicated 

that the release of this protein from damaged muscles may lead to kidney dysfunction due to 

the continuing recycling of iron.224 Accordingly, increased levels of ferritin and iron in the urine 

of DMD patients were reported, although the level of other parameters related to iron 

metabolism in serum was normal.224  

 Another study demonstrated down-regulation of the HJV gene, encoding hemojuvelin 

protein, in muscles of DMD patients.225 The HJV-encoded protein is involved in a bone 

morphogenetic protein (BMP)-regulated hepcidin induction, which plays a critical role in the 

maintaining of iron homeostasis. More importantly, it has been shown that both mutations in 

HJV gene in humans and Hjv gene knockout in mice result in iron accumulation226–228, leading 

additionally to severe cardiomyopathy in the latter in response to a high-iron diet.227 The exact 

mechanism and effect of decreased HJV expression in DMD patients, however, are unknown. 

 Despite the observations described above, the role of iron metabolism in the 

pathogenesis of DMD has never been thoroughly investigated. Iron signaling disturbances and 

changes in iron metabolism were highlighted in many cardiovascular diseases, but they have 

never been described in the context of cardiomyopathy in DMD. 
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Aims of the work 

 Duchenne muscular dystrophy-associated cardiomyopathy is a serious life-threatening 

complication, that is currently incurable and is the leading cause of death in DMD patients. 

However, the possibility of its investigation in vitro was until recently hampered by the difficult 

access to cellular models, while in vivo studies on animal models do not reflect all aspects of 

the disease. Human induced pluripotent stem cells and hiPSC-derived cardiomyocytes have 

become an excellent alternative that is becoming more and more refined over time.  

Moreover, in the context of searching for new therapeutic strategies for DMD, the up-

regulation of utrophin, a protein homologous to dystrophin, has been widely considered as a 

potential treatment. Despite many studies to date, including clinical studies, the role of 

utrophin in heart and cardiomyocytes has never been thoroughly tested. 

The aim of the work was:  

• generation of isogenic hiPSC lines and hiPSC-CM for studies of DMD-related 

cardiomyopathy,  

• global transcriptomic and proteomic analyzes of DMD hiPSC-CM in comparison 

to their control counterparts, 

• validation of selected altered pathways highlighted in the obtained omics data, 

• measurements of electrophysiological and nanomechanical properties of 

hiPSC-CM, 

• evaluation of the role of utrophin in DMD hiPSC-CM through its knockout and 

activation and performing the analysis of electrophysiological properties of the 

obtained hiPSC-CM. 
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Materials and Methods 

Peripheral blood mononuclear cells (PBMC) isolation 

A small sample of peripheral blood (around 5-10 mL) was collected from two healthy 

volunteers and one DMD patient carrying a mutation in the DMD gene (deletion of exons 48-

50) (Table 1.) upon obtaining an informed consent in accordance with the Declaration of 

Helsinki and with the approval of the Institutional Review Board and Bioethical Committee 

(number of approval: 122.6120.303.2016 and KB/111/2019) directly to the BD Vacutainer® 

CPT™ Mononuclear Cell Preparation Tube (BD Biosciences) containing Ficoll, sodium heparin 

and a gel plug. PBMC were isolated according to the manufacturer's instruction. Briefly, the 

tubes with blood were gently mixed and centrifuged at 1800 × g for 20 minutes with the slow 

brake function on. Subsequently, the upper part (above the gel plug) containing the PBMC 

was transferred to a 50 ml tube and filled with Phosphate-buffered saline (PBS) without ions 

(Biowest). The tubes were centrifuged for 10 minutes at 250 × g, the supernatant was removed 

and the washing step was repeated. After centrifugation, the cell pellet was resuspended in 

PBMC medium containing complete StemPro medium (Thermo Fisher Scientific) 

supplemented with 2 mM L-Glutamine (Thermo Fisher Scientific) and the following cytokines: 

100 ng/mL SCF, 20 ng/mL IL-3, 20 ng/mL IL-6 and 100 ng/mL FLT-3 (all from Peprotech).  

 

Table 1. Characteristics of the PBMC donors from which the hiPSC lines used in the research were obtained.  

hiPSC line name age of the donor sex healthy/DMD 
DMB01-CTRL 55 M healthy 
DMB02-CTRL 48 M healthy 
DMB03-DMD 9 M DMD (deletion of exons 48-50 of DMD) 

 

Reprogramming of PBMC to hiPSC 

Reprogramming of PBMC was performed using Sendai vectors (CytoTune™-iPS 2.0 

Sendai Reprogramming Kit, Thermo Fisher Scientific) according to the manufacturer’s protocol 

(feeder-free method). Briefly, 100,000 cells were transduced with the mixture of Sendai 

vectors with the following MOIs (MOI - multiplicity of infection, unit): KOS (encoding KLF4, 

OCT3/4 and SOX2) MOI=5, hc-Myc MOI=5, hKlf4 MOI=3. After 24 hours (day 1), the medium 

containing viruses was replaced with fresh PBMC medium. On the third day, cells were 

transferred to Geltrex™-coated 6-well plate wells (Geltrex™ LDEV-Free Reduced Growth Factor 

Basement Membrane Matrix, Thermo Fisher Scientific) and from day 4 to day 6 the medium 
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was replaced with complete StemPro medium supplemented with 2 mM L-Glutamine 

(without cytokines). Starting from day 7, the cells were adapted to Essential 8™ (E8) medium 

(Thermo Fisher Scientific) and the medium was refreshed every day. The hiPSC colonies were 

formed around day 15 and they were separately transferred to 96-well plate wells. 

Subsequently, the characterization of the generated hiPSC lines was performed by staining for 

markers of pluripotency, differentiation of hiPSC via EB into cells originating from the three 

germ layers, and alkaline phosphatase (ALP) activity staining (described below). 

 

hiPSC culture 

hiPSC were cultured on Geltrex™-coated 12-well plate wells in E8 medium, which was 

refreshed every day. When hiPSC colonies reached 80% confluence, cells were passaged using 

0.5 mM EDTA and 10 µM Rho-associated protein kinase (ROCK) inhibitor Y-27632 (abcam) was 

added to the medium for the first 24 hours after each passage. Cell culture was performed 

under standard conditions (37˚C, 5% CO2, 20% O2). 

 

Differentiation of hiPSC via EB 

3,000 hiPSC were seeded into non-adherent U-shaped 96-well plate in Essential 6™ 

(E6) medium containing 4 mg/mL polyvinyl alcohol (Sigma Aldrich) and 10 µM Y-27632 ROCK 

inhibitor. After three days, the created EB were transferred to Geltrex™-coated 48-well plate 

and subjected to spontaneous differentiation for two weeks with E6 medium refreshed every 

other day. Eventually, the cells were fixed and staining for markers of all three germ layers-

derived cells: vimentin, alpha smooth muscle actin (αSMA), GATA Binding Protein 4 (GATA-4) 

and neurofilament heavy chain (NFH) was performed. 

 

ALP activity staining 

 For the ALP staining, hiPSC were seeded onto Geltrex™-coated wells of a 48-well plate 

and after two days they were subjected to ALP activity staining using the Leukocyte Alkaline 

Phosphatase Kit (Sigma Aldrich) according to manufacturer’s instruction. 

 

Karyotyping 

Karyotype analyzes were performed by the Kariogen laboratory (Krakow, Poland) using 

the G-banding method. 
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CRISPR/Cas9-mediated generation of isogenic human induced pluripotent stem cells 

The isogenic hiPSC lines were generated through introduction of mutation in the DMD 

gene (deletion of exon 50) in control hiPSC derived from healthy donors (Fig. 4a) and repair 

of the mutation in the DMD gene (deletion of exons 48-50) in hiPSC derived from the DMD 

patient (Fig. 4b). For this approach, the CRISPR/Cas9 gene editing technology was utilized. The 

individual steps for generating these hiPSC lines are described in the following subsections. 

 

 
Fig. 4. Scheme of a. NHEJ on the example of introducing a deletion in exon 50 in the DMD gene in the control 

(unaffected) hiPSC (DMB01 and DMB02) used in this study and b. HDR DSB repair mechanism on the example of 

repair of deletion of exons 48-50 in DMD hiPSC (DMB03) used in this study. PTC – premature termination codon. 

Created with BioRender.com 

 

Construction of plasmids for the introduction and repair of the mutation in the DMD gene 

The construction of these plasmids was performed in the framework of Master Theses 

prepared by Benjamin Motais, M.Sc. and Joanna Sikorska, M.Sc.229,230 

In order to introduce the mutation, 5 different sgRNAs targeting the upstream region 

and 3 different sgRNAs targeting the downstream region of exon 50 of the DMD gene (Table 

2.) were designed using crispr.mit.edu software and oligo DNA sequences encoding the 

specificity-providing fragments of each sgRNA were cloned into pSpCas9(BB)-2A-Puro 

(Addgene #62988231, 5’ upstream targeting sgRNAs) (Fig. 5a) and LentiCRISPR v2-Blast 
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(Addgene #83480, 3’ downstream targeting sgRNAs) (Fig. 5b) plasmids. Briefly, pSpCas9(BB)-

2A-Puro and LentiCRISPR v2-Blast plasmids were digested using BbsI and BsmbI restriction 

enzymes (New England Biolabs), respectively, and dephosphorylated at 5’ ends with FastAP 

alkaline phosphatase (Thermo Fisher Scientific). Subsequently, the plasmids were 

electrophoretically separated on 1% agarose gel and the appropriate bands were excised from 

the gel and purified using the Zymoclean Gel DNA Recovery Kit (Zymo Research) according to 

the manufacturer’s instruction. Each pair of DNA oligos encoding the specificity-providing 

fragment of sgRNA was mixed, phosphorylated using T4 PNK (New England Biolabs), and 

annealed to obtain oligoduplexes. The digested plasmids and annealed oligoduplexes were 

subjected to a ligation reaction with the use of the Quick Ligation™ Kit (New England Biolabs) 

according to the manufacturer’s instruction. After ligation, the plasmids were used for One 

Shot™ Stbl3™ Chemically Competent E. coli bacteria (Thermo Fisher Scientific) transformation, 

which was followed by plating on lysogeny broth (LB) agar plates containing ampicillin (Sigma-

Aldrich) and further plasmid amplification and isolation using the Plasmid MIDI AX kit (A&A 

Biotechnology) according to the manufacturer’s instructions. 

 

Table 2. Template sequences encoding the specificity-providing fragments of tested sgRNAs. 

sgRNAs 
 5’ upstream 3’ downstream 

sgRNA 1 5’-ATAAATATTTGTAGGGTGGT-3’ 5’-GCAACTATGAAGTGATGACT-3’ 
sgRNA 2 5’-CCAATAATATATTCACCAAA-3’ 5’-GGGATATGGGGAGTGTTCTC-3’ 
sgRNA 3 5’-GCAATTGATAAATATTTGTA-3’  5’-GTTGCATGACAACGGGATAT-3’ 
sgRNA4 5’-GTGGGTAGAATTTCTTTTAA-3’  
sgRNA 5 5’-CATGAACATCTTAATCCATT-3’  
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Fig. 5. Maps of a. pSpCas9(BB)-2A-Puro and b. LentiCRISPR v2-Blast plasmids used for the introduction of exon 

50 deletion of the DMD gene. Sequences of plasmids were downloaded from the www.addgene.org website and 

visualized in Snap Gene Viewer software. 

 

 In order to correct the mutation in the DMD gene, the sgRNA sequences were designed 

using the CHOPCHOP software (Table 3.) and cloned into the pSpCas9(BB)-2A-Puro plasmid. 

Briefly, pSpCas9(BB)-2A-Puro plasmid was digested using the BbsI restriction enzyme and 

subsequently, it was subjected to electrophoretic separation on 1% agarose gel, followed by 

excision of the appropriate band from the gel and purification using the Zymoclean Gel DNA 

Recovery Kit according to the manufacturer’s instruction. Each pair of DNA oligos encoding 

the specificity-providing fragment of the sgRNA was mixed, phosphorylated using T4 PNK and 

annealed to obtain oligoduplexes. The digested plasmid and annealed oligoduplexes were 

subjected to ligation reaction with the use of the Quick Ligation™ Kit according to the 

manufacturer’s instruction. After ligation, the plasmid (Fig. 6a) was used for the One Shot™ 

Stbl3™ Chemically Competent E. coli bacteria transformation, which was followed by plating 

on LB agar plates containing ampicillin and further plasmid amplification and isolation using 

the Plasmid MIDI AX kit according to the manufacturer’s instructions. 

 

Table 3. Template sequences encoding the specificity-providing fragments of tested sgRNAs. 

 sgRNAs 
sgRNA 1 5’-AATGTCTAACCTTTATCCAC-3’ 
sgRNA 2 5’-AACACATGTGACGGAAGAGA-3’ 
sgRNA 3 5’-GACAAATCTCCAGTGGATAA-3’ 
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For the purpose of correction of the mutation in the DMD another plasmid encoding 

repair template was constructed. In the first step, amplification of the sequences encoding 

the missing exons 48, 49 and 50 was performed using PCR. Subsequently, the sequences of 

the left and right homology arms were amplified using PCR. All products of amplification were 

subjected to electrophoresis on 2% agarose gel, and the proper bands were excised and 

purified using the Zymoclean Gel DNA Recovery Kit. The obtained sequences were linearly 

assembled using overlap extension PCR. In the final step, both the pcDNA3.1-Hygro plasmid 

(Addgene) and the product of overlap extension PCR were digested using MluI and XhoI 

restriction enzymes (New England Biolabs) and ligated using the Quick Ligation™ Kit according 

to the manufacturer’s instruction. The One Shot™ Stbl3™ Chemically Competent E. coli 

bacteria were transformed with the obtained plasmid (Fig. 6b), which was followed by plating 

on LB agar plates containing ampicillin and further plasmid amplification and isolation using 

the Plasmid MIDI AX kit according to the manufacturer’s instructions. 

 

 
Fig. 6. Maps of plasmids constructed for the purpose of repair of a mutation in the DMD gene in the DMB03-DMD 

hiPSC line. a. pSpCas9(BB)-2A-Puro plasmid encoding sgRNA and Cas9 protein; b. pcDNA3.1 plasmid encoding the 

repair template. Sequences of plasmids were downloaded from the www.addgene.org website and visualized in 

Snap Gene Viewer software. 
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DNA isolation 

DNA isolation was performed using the Genomic Mini kit (A&A Biotechnology) 

according to the manufacturer’s instruction. DNA concentration and purity were determined 

using the NanoDrop 1000 spectrophotometer. 

 

Nucleofection 

 The nucleofection of hiPSC was performed using the Human Stem Cell Nucleofector™ 

Kit 1 (Lonza) according to the manufacturer’s instruction. Briefly, 500,000 cells were 

suspended in 100 µL of the Human Stem Cell Nucleofector® Solution 1 and Supplement 1 

mixture (at the 4.5 : 1 ratio). Subsequently, 5 µg of plasmid DNA was added and the mixture 

was transferred to a provided cuvette and subjected to nucleofection in the Amaxa 

Nucleofector (Lonza) using the A-023 program. Nucleofected cells were then seeded onto 

Geltrex™-coated well in E8 medium supplemented with ROCK inhibitor. The next day, the cells 

were selected by stimulation with 0.3 µM puromycin (Sigma-Aldrich) (and in case of 

introduction of DMD exon 50 deletion into DMB01 and DMB02 hiPSC - additionally 20 µg/mL 

blasticidin (InvivoGen)) for 24h and the resistant cells were used in further procedures. 

 

Surveyor nuclease assay 

In the first stage of the assay, the PCR reaction was prepared, consisting of: 20 ng of 

DNA isolated from hiPSC after nucleofection (a mixture of cells or single clones) or control 

unedited hiPSC, filled up to 10 µL with water, 1.25 µL of each primer (sequences of primers 

used in this test are listed in Table 4.) and 12.5 µL KAPA2G Fast Genotyping Mix (Sigma-Aldrich) 

according to reaction conditions described in the manufacturer’s instruction. 

 

Table 4. Sequences of primers used in the Surveyor nuclease assay. 

 PRIMERS 
TARGET FORWARD REVERSE 

DMD exon 50 5’ site 5’-CCCTTCAAACTTGTCCTGCTTTGAG-3’ 5’-CACCCAGTCATCACTTCATAGTTGC-3’ 
DMD exon 50 3’ site 5’-AAGCTAGTTGCTGAGAGGGAACTGT-3’ 5’- TTGTCCTTCCACTCTCAGGCAGC-3’ 

DMD exon 47-50 5’-AAGGTAGTTGGAATTGTGCTG-3’ 5’-CTTGTGGCGAACGTTAGTGTAC-3’ 
UTRN 5’-GGTGTGAAGACAGGACTATGG-3’ 5’-CTATCAATTCCACCCTGTGAGCT-3’ 

 

Subsequently, 4.5 µL of PCR product from the control sample and 4.5 µL of the product 

from the tested sample were mixed with 1.5 µL of celery juice extract (CJE) buffer (prepared 
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in the Department of Medical Biotechnology of the Faculty of Biochemistry, Biophysics and 

Biotechnology of the Jagiellonian University, according to the protocol described by Till et 

al.232) and subjected to a heteroduplex formation reaction performed under the following 

conditions: 5 min at 95°C, temperature drop by 2°C/s to 85°C, followed by a temperature drop 

of 0.1°C/s to 25°C. The remaining volume of the PCR product was run on 2% agarose gel to 

confirm that the target sequence was amplified (data not shown). 1 μl of CJE containing 

mismatch-specific DNA endonuclease (prepared in the Department of Medical Biotechnology, 

JU, according to the protocol described by Till et al.232) and 3.5 μl of water were added to the 

product of the heteroduplex formation reaction. The samples were incubated for 45 min at 

45°C and then the reaction product was analyzed on a 2% agarose gel. 

 

Screening of CRISPR/Cas9-modified single cell clones 

 Nucleofected hiPSC after preliminary validation of editing efficiency using surveyor 

nuclease assay were seeded for single cell-derived clones by transfer of 700 cells to a 10 cm2 

cell culture plate. After growing to the appropriate size, single cell clones were scratched and 

transferred to separate wells of 96-well plate. Subsequently, DNA was isolated from each 

hiPSC clone and subjected to PCR genotyping using primers flanking upstream and 

downstream exon 50 (using the following primers – forward: 5’-

CCCTTCAAACTTGTCCTGCTTTGAG-3’, reverse: 5’-TTGTCCTTCCACTCTCAGGCAGC-3’) and 

primers flanking upstream and downstream of the DMD exon 47 (using the following primers 

– forward: 5’-AAGGTAGTTGGAATTGTGCTG-3’, reverse: 5’-CTTGTGGCGAACGTTAGTGTAC-3’). 

DNA from UTRN KO hiPSC clones was subjected to a surveyor nuclease assay. The presence of 

a mutation in the UTRN gene in the samples with confirmed editing efficiency was validated 

using Sanger sequencing (performed by Genomed S. A.; Warszawa, Poland) using the 

following primers – forward: 5’-GGTGTGAAGACAGGACTATGG-3’, reverse: 5’-

CTATCAATTCCACCCTGTGAGCT-3’. 

 

Immunofluorescent staining 

Cells were fixed with 4% paraformaldehyde (PFA) (Santa Cruz Biotechnology) for 15 

minutes at room temperature (RTemp) and washed with PBS. Afterwards, 0.1% Triton-X-100 

(BioShop Canada Inc.) was added for permeabilization (15 min, RTemp) and washed again with 

PBS. In order to block non-specific binding sites, cells were incubated for 1h at RTemp with 3% 
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bovine serum albumin (BSA) in PBS (blocking buffer). Primary antibodies (listed in Table 5) 

diluted in blocking buffer were added for overnight incubation at 4°C. Next day, cells were 

washed three times with PBS and secondary antibodies (Table 5) diluted in PBS were added 

for 1h at RTemp. After that, the cells were washed again three times with PBS and the nuclei 

were counterstained with 0.2 µg/ml 4',6-diamidyno-2-fenyloindol (DAPI) (Sigma-Aldrich). 

Actin filaments were stained using Phalloidin-iFluor 647 Reagent (abcam) according to the 

manufacturer’s instruction. The images were captured using the Nikon Eclipse TS100 

fluorescent microscope or the Carl Zeiss LSM-510 meta laser scanning confocal microscope. 

 

Table 5. Primary and secondary antibodies used for immunofluorescent staining. 

ANTIBODY COMPANY CATALOG NUMBER DILUTION 
PRIMARY ANTIBODIES 

OCT3/4 Santa Cruz Biotechnology sc-8628 1:200 
TRA-1-60 Sigma Aldrich MAB4360 1:200 
TRA-1-81 Sigma Aldrich MAB4381 1:200 
NANOG Santa Cruz Biotechnology sc-293121 1:200 
SSEA-4 Santa Cruz Biotechnology sc-21704 1:200 

vimentin abcam ab92547 1:200 
αSMA abcam ab5694 1:200 
GATA4 Santa Cruz Biotechnology sc-25310 1:200 

NFH abcam ab8135 1:400 
troponin T Thermo Fisher Scientific MA512960 1:200 
utrophin Santa Cruz Biotechnology sc-33700 1:200 

dystrophin abcam ab154168 1:100 
SECONDARY ANTIBODIES 

AF488 Goat Anti-Mouse IgG Thermo Fisher Scientific #A11001 1:400 
AF488 Rabbit Anti-Goat IgG Thermo Fisher Scientific #A11078 1:400 
AF568 Goat Anti-Rabbit IgG Thermo Fisher Scientific #A11036 1:400 

AF488 Donkey Anti-Rabbit IgG Thermo Fisher Scientific #A21206 1:400 
AF568 Donkey Anti-Goat IgG Thermo Fisher Scientific #A11057 1:400 

AF568 Donkey Anti-Mouse IgG Thermo Fisher Scientific #A10037 1:400 

 

Cardiac differentiation 

 hiPSC were differentiated to cardiomyocytes according to the established protocol 

described by Lian et al.233 Briefly, 3×104 hiPSC were seeded into wells of a 24-well plate and 

cultured in E8 medium until they reached 90% confluency. At that time (day 0), cells were 

stimulated for 24 hours with the small molecule GSK3 inhibitor CHIR99021 (Sigma-Aldrich) in 

the concentration range of 8-12 µM (cell line-dependent) in RPMI-1640 medium (Biowest) 

complemented with B-27 Supplement Minus Insulin (Thermo Fisher Scientific). On day 3, cells 
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were stimulated with 5-7 µM (cell line-dependent) Wnt pathway inhibitor IWR-1 (Sigma-

Aldrich) for two days and refreshed with RPMI-1640 medium with B-27 Supplement Minus 

Insulin. From day 7, differentiating cells were cultured in RPMI-1640 medium supplemented 

with B-27 (Thermo Fisher Scientific). In order to increase the purity of the cardiomyocytes 

population and the differentiation yield, metabolic selection was used. This method takes 

advantage of the fact that cardiomyocytes can use lactate as an energy source, while other 

cells whose metabolism is dependent on glucose are eliminated.234,235 For this purpose, 

differentiating cells were cultured from day 10th to day 16th in RPMI glucose-depleted medium 

(Thermo Fisher Scientific) supplemented with 4 mM sodium DL-lactate (Sigma-Aldrich). After 

that, cells were detached using TrypLE™ Select Enzyme (Thermo Fisher Scientific), harvested 

in RPMI-1640 medium supplemented with 20% fetal bovine serum (FBS) (Biowest), 

centrifuged at 200 × g for 5 minutes and reseeded onto Geltrex™-coated wells in RPMI 

medium supplemented with B-27. 

 

Evaluation of cardiac differentiation efficiency 

 The efficiency of cardiac differentiation was assessed to optimize the concentrations 

of small molecules used in the differentiation protocol, as well as to confirm the purity of the 

hiPSC-CM population intended for transcriptomic and proteomic analyses. The assay was 

performed using flow cytometry, on hiPSC-CM, which completed the entire 21-day protocol 

of differentiation. Cells were dissociated with TrypLE™ Select Enzyme and harvested in RPMI-

1640 medium supplemented with 20% FBS into round-bottom polystyrene test tubes. All 

steps from that point were performed on ice. After centrifugation (250 × g, 5 min), cells were 

fixed in 4% PFA for 15 min and permeabilized using 0.1% Triton-X-100 in PBS for 20 minutes. 

Subsequently, cells were washed with PBS supplemented with 2% FBS (PBS + 2% FBS) and 

centrifuged (300 × g, 10 min). Primary antibodies anti-troponin T (Cardiac Troponin T 

Monoclonal Antibody (13-11), Thermo Fisher Scientific) were diluted in a ratio of 1:1000 in PBS 

+ 2% FBS and added to the cells for 45 min incubation. Following this step, hiPSC-CM were 

washed with PBS + 2% FBS, centrifuged (300 × g, 5 min) and incubated with secondary 

antibodies AF488 Goat Anti-Mouse IgG (Thermo Fisher Scientific) diluted 1:500 in PBS + 2% 

FBS for 20 minutes in darkness. Finally, cells were washed again with PBS + 2% FBS and 

centrifuged (300 × g, 5 min). The pellet was suspended in 300 µL of PBS and 0.2 µg/mL DAPI 

was added. The analysis was performed using the LSR Fortessa cytometer (BD). 
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Mycoplasma contamination detection 

All cells were regularly tested for Mycoplasma contamination by PCR using KAPA2G 

Fast Genotyping Mix, DNA isolated from cells and the following primers – forward: 5’-

ACTCCTACGGGAGGCAGCAGTA-3’, reverse: 5’-ACTCCTACGGGAGGCAGCAGTA-3’. The reaction 

was prepared and run as described in the KAPA2G Fast Genotyping Mix manufacturer’s 

instruction on the Applied Biosystems™ ProFlexTM PCR System. Alternatively, the spent 

culture medium was collected and Mycoplasma testing was performed using MycoAlert™ 

Mycoplasma Detection Kit according to manufacturer’s instruction. 

 

RNA isolation, reverse transcription (RT) and quantitative PCR (qRT-PCR) 

 RNA was isolated according to Chomczynski and Sacchi method236 using Fenozol (A&A 

Biotechnology). RNA concentration and purity were determined using the NanoDrop 1000 

Spectrophotometer (Thermo Fisher Scientific). Reverse transcription was performed using 

RevertAid Reverse Transcriptase polymerase (Thermo Fisher Scientific) according to the 

manufacturer’s protocol using 500 ng of RNA. The mixture for qRT-PCR contained 7.5 µL of 

SYBR Green JumpStart Taq ReadyMix (Sigma-Aldrich), 0.75 µL of forward primers and 0.75 µL 

of reverse primers (working concentration of 0.5 µM), 3 µL of water and 3 µL of 

complementary DNA (cDNA) (diluted 5 times after reverse transcription). Reaction was 

performed in StepOne Plus Real-Time PCR (Applied Biosystems) as presented in Table 6. The 

sequences of the primers used in this study are provided in Table 7. The troponin T (TNNT) 

gene served as a housekeeping gene in all qRT-PCR analyzes of hiPSC-CM. 

 

Table 6. Scheme of the qRT-PCR reaction. 

STEP initial 
denaturation denaturation annealing extension melt curve 

TIME 10 min 30 s 1 min 45 s 15 s 1 min 15 s 
TEMPERATURE [°C] 95 95 60 72 95 60 95 
NUMBER OF CYCLES 1 40 1 1 1 
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Table 7. List of primers used in the study and their sequences. 

Gene name 
Sequences 

Forward Reverse 
TNNT2 5’-ATCCAGAACGCCCAGACAGA-3’ 5’-GCTGCTTGAACTTCTCCTGC-3’ 

CACNA1C 5’-CAGAGGCTACGATTTGAGGA-3’ 5’-GCTTCACAAAGAGGTCGTGT-3’ 
FTH1 5’-GCCAGAACTACCACCAGGAC-3’ 5’-TGAAGGAAGATTCGGCCACCT-3’ 

SLC40A1 5’-AACAAGCACCTCAGCGAGAG-3’ 5’-CACATCCGATCTCCCCAAGT-3’ 
HAMP 5’-GACCAGTGGCTCTGTTTTCC-3’ 5’-CAGGGCAGGTAGGTTCTACG-3’ 

TF 5’-AACGTAACTGACTGCTCGGG-3’ 5’-CTGCGTTCCCATCTTCACCT-3’ 
TFRC 5’-TCGGAGAAACTGGACAGCAC-3’ 5’-ATCACGCCAGACTTTGCTGA-3’ 
ITPR1 5’-GGAGACAGCGTGGTCATAGG-3’ 5’-CCTCATTGCAGCCTGGGTTA-3’ 
ITPR2 5’-TTCATCATGACCCATGCCGT-3’ 5’-TCAGGATTAAGCTCTGCAGCTA-3’ 
RYR2 5’-GCATAGACCGTTTGCACGTC-3’ 5’-AATTAGAGCCGCCAGCAACT-3’ 

TRPC3 5’-CTCAGACAGGTTCGAAGGCA-3’ 5’-ATCATTCCAAGAACCCAGACCA-3’ 
SLC8A1 5’-AGTGCCAGACACATTTGCCA-3’ 5’-TGCCCGTGACGTTACCTATG-3’ 
UTRN 5’- CTCGCCTTTAATGCTGTCCTCCAC-3’ 5’-GCACTTCCTCCAACGCAATCTGA-3’ 

 
Protein isolation 

Cells were washed twice with PBS without ions and then lysed for 20 min in 1% Triton-

X-100 (BioShop Canada Inc.) in PBS supplemented with cOmplete™ Protease Inhibitor Cocktail 

(Sigma Aldrich) on ice. Subsequently, cells were centrifuged at 14.000 × g for 20 min, 4°C and 

the supernatants were collected in separate tubes. For proteomic analyzes, both hiPSC and 

hiPSC-CM were lysed in 10% of sodium dodecyl sulfate (SDS) (BioShop Canada Inc.) in PBS 

instead of Triton-X-100. Protein concentration was determined using a bicinchoninic acid 

assay (Sigma Aldrich) according to the manufacturer’s instruction. 

 

Proteome analysis 

 In order to perform the proteome analysis, control and DMD hiPSC-CM samples were 

prepared from two separate differentiation runs of two isogenic hiPSC lines obtained from 

different donors (DMB01-CTRL and DMD and DMB02-CTRL and DMD). Before collecting the 

material, the high differentiation efficiency (above 80%) was confirmed by flow cytometry 

analyzes for each sample. Additionally, the DMB01 and DMB02 control and DMD hiPSC 

samples were analyzed. 

Proteomic analysis was performed on a Q-Exactive Plus instrument coupled to an EASY 

nLC 1000 UHPLC system (both from Thermo Fisher Scientific). The peptides were separated on 

a 50 cm column packed in-house with C18 material (50 µm, Dr. Maisch) using a hydrophobic 

gradient composed of 0.1% formic acid (Buffer A) and 0.1% formic acid in 80% acetonitrile 
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(Buffer B). Buffer B increased from 5 to 34% within 215 min and was then ramped up to 55% 

within 5 min. Thereafter, % of buffer B was ramped up to 90% within 5 min and kept for 5 

minutes. The column was then re-equilibrated with 5% B for 10 min. Full MS scans were 

performed at a resolution of 70,000, an automated gain control (AGC) target of 3e6 and a 

maximum injection time (IT) of 20 ms. The Top10 most abundant precursors were selected for 

fragmentation scans as a resolution of 17,500, an AGC target of 5e5 and a maximum IT of 60 

ms. The normalized collision energy was set to 28. 

The raw MS data were analyzed using MaxQuant analysis software and the 

implemented Andromeda software (1.5.3.8). Proteins were identified using the human 

UniProt database with common contaminants with trypsin set as protease and a maximum of 

2 missed cleavages. All other parameters were set to default. Methionine oxidation and N-

terminal acetylation were set as variable modifications, and cysteine carbamidomethylation 

was considered a fixed modification. Protein quantification was performed using the 

implemented LFQ algorithm with match-between-runs enabled. Statistical analysis was 

performed within Perseus (1.5.5.3). Potential contaminants and reverse peptides were 

excluded and intensities were log2-transformed. Two-sided t tests were performed to identify 

differentially expressed proteins between experimental conditions. Graphical visualization 

was performed with Instant Clue. 

Proteome analysis was performed in collaboration with the research team of Prof. 

Marcus Krüger from the Institute for Genetics, Cologne Excellence Cluster on Cellular Stress 

Responses in Aging-Associated Diseases (CECAD) (Cologne, Germany). 

 

Transcriptome analysis (RNA Sequencing) 

 In order to perform the transcriptomic analysis, control and DMD hiPSC-CM samples 

were prepared from two separate differentiation runs of two isogenic hiPSC lines obtained 

from different donors (DMB01-CTRL and DMD and DMB02-CTRL and DMD). Before collecting 

the material, the high differentiation efficiency (above 80%) was confirmed by flow cytometric 

analyzes for each sample. 

RNA from control and DMD hiPSC-CM was isolated using Fenozol and the quality of the 

RNA was examined using the RNA 6000 Nano Kit (Agilent) on Agilent 2100 Bioanalyzer 

(Agilent). RNA libraries for a total of eight samples were prepared using the Ion AmpliSeq™ 

Transcriptome Human Gene Expression Kit (Thermo Fisher Scientific) according to the protocol 
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provided by the manufacturer. Samples containing 60 ng of RNA were used as starting 

material. The libraries were then combined in equimolar amounts and sequenced on the Ion 

Proton™ Sequencer (Thermo Fisher Scientific) using the Ion PI™ Hi-Q™ Sequencing 200 Kit 

(Thermo Fisher Scientific) and the Ion PI™ Chip Kit v3 (Thermo Fisher Scientific). Bioinformatic 

analysis was performed on Torrent Suite™ Software v5.12.1 (Thermo Fisher Scientific). The 

readings were aligned to hg19 AmpliSeq Transcriptome ERCC v1 reference database and 

counted by the Torrent Coverage Analysis Plugin program. The obtained results of gene 

expression were normalized and differential analysis was performed with the DESeq2 package 

available in the R software version 3.3.3. 

Differential expression analysis and Gene Set Enrichment Analysis (GSEA) were performed 

in R (v.4.1.2) using DESeq2 (v.1.34.0) and clusterProfiler (v.4.2.2), respectively. Batch effects 

estimation and correction were performed using sva (v.3.42.0) and limma (v.3.50.1) R 

libraries. The results were visualized using the ggplot2 (v.3.3.5), pathview (v.1.34.0), and 

enrichplot (v.1.14.2) libraries. GSEA was prepared on a set of all analyzed genes sorted by Fold 

Change value. 

Transcriptome analysis was performed in collaboration with the Human Genome Variation 

Research Group, Małopolska Centre of Biotechnology (Kraków, Poland). The bioinformatic 

analysis of the obtained data was performed in collaboration with Dr. Gabriela Machaj, Eng 

and Dr. Guillem Ylla Bou from the Laboratory of Bioinformatics and Genome Biology, Faculty 

of Biochemistry, Biophysics and Biotechnology, Jagiellonian University in Krakow. 

 
Western blot 

Protein in the amount of 10-20 µg in 20 µL of lysis buffer and 5 µL of loading buffer (8% 

SDS, 0.4% bromophenol blue, 40% glycerol, 200 mM Tris-HCl, pH 6.8) were separated on 

polyacrylamide gel (6-12% depending on the molecular weight of the protein of interest) by 

electrophoresis. Subsequently, the proteins were transferred onto nitrocellulose membranes 

(Bio-Rad) through overnight wet transfer carried out at 30V. The membranes were then 

blocked in non-fat 5% milk in Tris-buffered saline (TBS) with 0.1% Tween 20 (BioShop Canada 

Inc.) (TBST) buffer (blocking buffer) for 1 hour at RTemp and incubated overnight at 4°C with 

primary antibodies (listed in Table 8) diluted in blocking buffer. Next day, the membranes 

were washed four times for five minutes in TBST buffer and incubated for 1 hour, at RTemp, 

with horseradish peroxidase (HRP)-conjugated secondary antibodies (Table 8) diluted in 
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blocking buffer. Afterwards, the membranes were washed again four times for 5 minutes in 

TBST buffer and chemiluminescence was detected using Immobilon Western 

Chemiluminescent HRP Substrate (Sigma-Aldrich) and ChemiDoc Imaging System (Bio-Rad). 

 

Table 8. List of antibodies used in Western blot. 

Antibody Company Dilution 
PRIMARY ANTIBODIES 

Monoclonal Anti-α-Tubulin antibody Sigma-Aldrich 1:1000 
NCL-DYSB Novocastra™ Lyophilized Mouse 

Monoclonal Antibody (anti-dystrophin) 
Leica Biosystems 1:50 

Anti-utrophin Antibody (8A4) Santa Cruz Biotechnology 1:500 
Ferroportin Polyclonal Antibody Thermo Fisher Scientific 1:500 

CISD1 Monoclonal Antibody (OTI2B3) Thermo Fisher Scientific 1:500 
HO-1 polyclonal antibody Enzo Life Sciences 1:1000 

Ferritin Thermo Fisher Scientific 1:500 
NAD(P)H dehydrogenase [quinone] 1 abcam 1:1000 

Anti-Nrf2 antibody abcam 1:500 
SECONDARY ANTIBODIES 

HRP Goat Anti-Mouse Ig BD Pharmingen 1:500 – 1:10000  
Anti-rabbit IgG, HRP linked Antibody Cell Signalling Technology 1:5000 – 1:10000 

 

Mitochondrial iron level determination 

The mitochondrial iron level was determined using Rhodamine B-[(1,10-

phenanthroline-5-yl)-aminocarbonyl]benzyl ester (RPA) reagent (Squarix). For this purpose, 

100,000 hiPSC-CM were seeded onto a Geltrex™-coated 24-well plate. After 48 hours, cells 

were harvested using TrypLE™ Select Enzyme and incubated with 5 µM RPA diluted in Hanks' 

Balanced Salt Solution (HBSS) (Thermo Fisher Scientific) for 15 min at 37°C in the darkness. 

Subsequently, the cells were washed with HBSS, centrifuged (200 × g, 5 min, 4°C) and re-

suspended in HBSS. Following the next 15 min of incubation at 37°C in darkness, the cells were 

centrifuged and resuspended in fresh HBSS. The degree of decrease in fluorescent signal 

corresponding to mitochondrial iron-mediated quenching was analyzed using the LSR Fortessa 

flow cytometer. 

 

Labile iron level determination 

 Labile iron level was determined using Calcein-AM reagent (Sigma-Aldrich). For this 

purpose, 150,000 hiPSC-CM were seeded onto a Geltrex™-coated 24-well plate. After three 

days, cells were washed with PBS and incubated with 5 µM Calcein-AM diluted in PBS for 30 
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min at 37°C in the darkness. Subsequently, the cells were washed with PBS, detached using 

TrypLE™ Select Enzyme, and centrifuged at 200 × g for 5 minutes. The pellet was reconstituted 

in fresh PBS with 0.2 µg/ml DAPI and the degree of decrease in the fluorescent signal 

corresponding to the iron-mediated quenching was analyzed using the LSR Fortessa flow 

cytometer. 

 

Preparation of reagents for iron level modulation 

 For the experiment with ROS determination, hiPSC-CM were stimulated with 

modulators of iron concentration: deferoxamine mesylate salt (DFO) (Sigma-Aldrich) and 

ammonium iron (II) sulfate hexahydrate (also referred to as ferrous ammonium sulfate - FAS) 

(Sigma-Aldrich). Stock solutions of DFO and FAS were freshly prepared in water at a 

concentration of 30 mM and 100 mM, respectively. 

 

ROS level determination 

 The ROS level was determined in hiPSC-CM using CellROX™ Deep Red Reagent (Thermo 

Fisher Scientific) according to the manufacturer’s instruction. Briefly, reagent was diluted in 

culture medium to a concentration of 5 µM and added to the cells for 30 minutes of incubation 

at 37°C in the darkness. After that, the cells were washed with PBS and analyzed using the LSR 

Fortessa flow cytometer. 

 

Transmission electron microscopy (TEM) imaging 

 For TEM imaging, hiPSC-CM were detached from the surface using TrypLE™ Select 

Enzyme and centrifuged at 200 × g for 5 minutes. Pellet of cells was fixed with 2.5% 

glutaraldehyde (Sigma-Aldrich) in 0.1 M cacodylate buffer (Sigma-Aldrich) overnight at 4°C, 

followed by 1% osmium tetroxide for 1h at RTemp. Subsequently, the hiPSC-CM pellet 

samples were dehydrated in series of graded ethanol (EtOH) series (10 min in 50% EtOH, 10 

min in 70% EtOH, 10 min in 96% EtOH, 2 × 15 min in 100% EtOH), followed by incubation in 

propylene oxide (2 × 5 min) and embedding in Poly/Bed® 812 (Polysciences) epoxy formulation 

at 68°C. In the next step, ultrathin sections (~65 nm) were cut using a microtome, placed on 

300-mesh Formvar/Carbon supported Copper grids and contrasted using uranyl acetate and 

lead citrate. TEM imaging was performed using the JEM-2100 HT electron microscope (JEOL, 

Japan) at an accelerating voltage of 80kV. 
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TEM imaging was performed in collaboration with Prof. Elżbieta Pyza, PhD, DSc. and 

Dr. Olga Woźnicka, Phd, Eng from the Department of Cell Biology and Imaging, Faculty of 

Biology, Jagiellonian University in Kraków. 

 

Measurement of intracellular Ca2+ transients 

 For intracellular Ca2+ measurements, 250,000 hiPSC-CM were seeded onto Ø 32 mm 

Geltrex™-coated round coverslips in RPMI medium supplemented with B-27. After 48 hours, 

cells were washed with PBS and loaded with 1 µM fluorescent Ca2+ indicator Fluo-4 AM 

(Thermo Fisher Scientific) for 30 min at 37°C. Both loading and following cytosolic calcium 

oscillations measurements were performed in NaHEPES buffer, consisting of 140 mM NaCl, 

4.7 mM KCl, 10 mM HEPES, 1 mM MgCl2, 10 mM glucose; pH 7.2; supplemented with 1 mM 

CaCl2. Real-time spontaneous Ca2+ transients were recorded at 37°C in Fluo-4-loaded hiPSC-

CM in a flow chamber filled with NaHEPES-based extracellular solution using the Leica DMi8 

fluorescence microscope. The signal was captured at 384×288 pixels resolution (binning 5×5) 

with 0.4 s intervals between consecutive frames. Excitation was set at approximately 488 nm 

(LED light source) and emission was collected at 510 nm. 240-260 cells per each group were 

analyzed in four independent experiments. 

The obtained data were analyzed by scoring of the individual parameters in three 

categories as presented in Table 9 and were shown as an average score for the individual 

parameter. The total score presented as the Oscillations pathology was calculated as an 

average of the sum of all three parameters. 

Cytosolic Ca2+ concentration measurements were performed by Dr. Paweł Ferdek from 

Department of Cell Biology, Faculty of Biochemistry, Biophysics and Biotechnology; 

Jagiellonian University in Krakow. 
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Table 9. Scoring system used for the analysis of intracellular Ca2+ transients’ data. 

 parameter score 

PATTERN 

normal oscillations 0 

multiple spikes 1 

prolonged plateau 3 

CONTINUITY 

continuous 0 

short breaks (10-30s) 1 

long breaks (>30s) 3 

FREQUENCY 

high (>14/min) 0 

moderate (6-14/min) 1 
low (<6/min) 3 

 

Patch-clamp analyzes 

 For patch-clamp analyses, 10,000 hiPSC-CM were seeded onto Ø 11 mm Geltrex™-

coated round coverslips in RPMI medium supplemented with B-27. Two days later, the cells 

on the coverslips were placed in a perfusing system containing an extracellular Tyrode solution 

(140 mM NaCl, 5.4 mM KCl, 1.8 mM CaCl2 × 2H2O, 1 mM MgCl2 × 6H2O, 5.5 mM glucose and 5 

mM HEPES; pH = 7.4) at 37°C. Whole cell patch clamp recordings of ion currents were 

performed using borosilicate electrodes (7–9 MΩ) filled with electrolyte solution (125 mM K-

gluconate, 20 mM KCl, 5 mM NaCl, and 10 mM HEPES). The signal was amplified using the SC 

05LX amplifier (NPI) (low-pass filtered at 3 kHz and digitized at 20 kHz). 

 Patch-clamp measurements were performed in collaboration with a research team of 

Prof. Marian Lewandowski from the Department of Neurophysiology and Chronobiology, 

Institute of Zoology and Biomedical Sciences, Jagiellonian University in Krakow, Poland. 

 

Atomic force microscopy (AFM) measurements 

 For AFM measurements, 250,000 hiPSC-CM were seeded onto Ø 28 mm Geltrex™-

coated round coverslips in RPMI medium supplemented with B-27. Two days later, cells were 

mounted on a mechanical stage platform in HBSS buffer at 37°C and both nanomechanical 

parameters - the elastic modulus and contraction amplitude, were measured using the 

NanoWizard 3 NanoScience AFM system (JPK Instruments) with the spherical probe 4.5 µm in 

diameter (Novascan). The analysis of elastic modulus was performed using JPK Data 

Processing software, while the contraction amplitude was analysed by Matlab software. 
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AFM measurements were performed in collaboration with Dr. Marta Targosz-Korecka, 

PhD, DSc from the Department of Physics of Nanostructures and Nanotechnology, Faculty of 

Physics, Astronomy and Applied Computer Science, Jagiellonian University in Kraków, Poland. 

 

Constructions of plasmid for the introduction of mutation in the gene encoding utrophin 

In order to introduce the mutation, three different sgRNAs targeting exon 11 of the 

UTRN gene (Table 10.) were designed using the CHOPCHOP software and cloned into the 

pSpCas9(BB)-2A-Puro plasmid. Briefly, the plasmid was digested using the BpiI restriction 

enzyme (Thermo Fisher Scientific) and dephosphorylated at 5’ ends with FastAP alkaline 

phosphatase. Subsequently, the plasmid was electrophoretically separated on 1% agarose gel 

and the appropriate band was excised from the gel and purified using the Zymoclean Gel DNA 

Recovery Kit according to the manufacturer’s instruction. Each pair of DNA oligos encoding 

the specificity-providing fragment of sgRNA was mixed, phosphorylated using T4 PNK and 

annealed to obtain oligoduplexes. The digested plasmid and annealed oligoduplexes were 

subjected to ligation with a use of the Quick Ligation™ Kit according to the manufacturer’s 

instruction. After ligation, the plasmids were used for the One Shot™ Stbl3™ Chemically 

Competent E. coli bacteria transformation, which was followed by plating on LB agar plates 

containing ampicillin and further plasmid amplification and isolation using the Plasmid MIDI 

AX kit according to the manufacturer’s instructions. 

 

Table 10. Template sequences encoding specificity-providing fragments of tested sgRNAs. 

sgRNAs 
 5’ upstream 

sgRNA 1 5’-CGCCTGGTTAACACTCACAG-3’ 
sgRNA 2 5’-GAGATTTTACATCATCATCC-3’ 
sgRNA 3 5’-AACTGCAGCAGCTCTCCGCC-3’ 

 

Construction of plasmid for utrophin activation 

 For the purpose of utrophin activation in cells, the CRISPR/deadCas9 (dCas9)-mediated 

transcriptional activation system was used based on the catalytically inactive Cas9 and VP64 

activation domain. In this study, pJEP304-pAAV-EFS-dSaCas9-VP64-pA (Addgene #113679237) 

(Fig. 7) plasmid was used, as it enables delivery of the editing system to cardiomyocytes using 

AAV vectors.  
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 In the first step, the U6 promoter and guide RNA (gRNA) scaffold for the 

Staphylococcus aureus CRISPR/Cas9 system was cloned from the the pX601-AAV-CMV::NLS-

SaCas9-NLS-3xHA-bGHpA;U6::BsaI-sgRNA (Addgene #61591231) (Fig. 7) plasmid backbone to 

the pJEP304-pAAV-EFS-dSaCas9-VP64-pA plasmid backbone. For this approach, the fragment 

of the sequence encoding the U6 promoter and gRNA was amplified by PCR using forward and 

reverse primers introducing the MluI restriction enzyme cleavage site at the ends of the 

targeted sequence. Subsequently, both the amplified fragment and the pJEP304-pAAV-EFS-

dSaCas9-VP64-pA plasmid were digested using MluI restriction enzyme (New England Biolabs) 

and separated by electrophoresis on 2% and 1% agarose gel, respectively. Proper bands were 

excised from the gel and purified and then ligated using the Quick Ligation™ Kit according to 

the manufacturer’s instruction. The One Shot™ Stbl3™ Chemically Competent E. coli bacteria 

were transformed with the obtained plasmid, which was followed by plating on LB agar plates 

containing ampicillin and further plasmid amplification and isolation using the Plasmid MIDI 

AX kit according to the manufacturer’s instructions. 

 

 
Fig. 7. Strategy of cloning of the fragment encoding the U6 promoter and gRNA from the pX601-AAV-CMV::NLS-

SaCas9-NLS-3xHA-bGHpA;U6::BsaI-sgRNA plasmid to the pJEP304-pAAV-EFS-dSaCas9-VP64-pA plasmid. 

Sequences of plasmids were downloaded from the www.addgene.org website and visualized in Snap Gene Viewer 

software. 
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Four pairs of sgRNA sequences targeting the region of utrophin A promoter were 

designed (Table 11.) and cloned to the pJEP304-pAAV-EFS-dSaCas9-VP64-pA plasmid (Fig. 8) 

with introduced U6 promoter and gRNA. First, the plasmid was digested using the BsaI 

restriction enzyme (New England Biolabs) and dephosphorylated at the 5’ end with FastAP 

alkaline phosphatase. Subsequently, the plasmid was electrophoretically separated on 1% 

agarose gel and the appropriate band was excised from the gel and purified using the 

Zymoclean Gel DNA Recovery Kit according to the manufacturer’s instruction. Each pair of 

DNA oligos encoding sgRNA was mixed, phosphorylated using T4 PNK and annealed to obtain 

oligoduplexes. The digested plasmids and annealed oligoduplexes were subjected to ligation 

reaction with a use of the Quick Ligation™ Kit according to the manufacturer’s instruction. 

After ligation, the plasmids were used for the One Shot™ Stbl3™ Chemically Competent E. coli 

bacteria transformation, which was followed by plating on LB agar plates containing ampicillin 

and further plasmid amplification using the Plasmid MIDI AX kit according to the 

manufacturer’s instructions. 

 

Table 11. Template sequences encoding specificity-providing fragments of tested sgRNAs. 

 sgRNAs 

 5’ upstream 

sgRNA 1 5’-GCTGGCCTGGGGCGCGCGCTC-3’ 

sgRNA 2 5’-CACTAAGCAATTAATTACATA-3’ 

sgRNA 3 5’-GAATCTTTGGTTCTCAGGAGA-3’ 

sgRNA 4 5’-TATCTTCAACTTAAGTTCAAA-3’ 
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Fig. 8. Map of the pJEP304-pAAV-EFS-dSaCas9-VP64-pA plasmid with the introduced U6 promoter and gRNA 

constructed for the purpose of activation of utrophin. The sequence of plasmids was downloaded from the 

www.addgene.org website and visualized in Snap Gene Viewer software. 

 

AAV293 cell culture 

Human embryonic kidney 293 (HEK293)-derived AAV293 packaging cells were cultured 

in DMEM medium (Biowest) supplemented with 10% FBS and 1% Penicillin/Streptomycin 

(Thermo Fisher Scientific, 10.000 U/mL for both antibiotics). Passage of cells was performed 

when the confluency reached ~70% using 5× diluted trypsin-EDTA (Thermo Fisher Scientific) 

solution. Cell culture was performed under standard conditions (37˚C, 5% CO2, 20% O2). 

 

AAV production 

The AAV vectors were produced for the purpose of utrophin activation in hiPSC-CM. 

For this reason, AAV6 vectors were utilized, as they demonstrate a high transduction efficiency 

in hiPSC-CM.  

 In the study, a helper-free system consisting of two plasmids and AAV293 packaging 

cells was used. First, AAV293 cells were seeded onto 15 cm2 culture plates and grown until 

~60% confluency, when they were transfected with 40 µg AAV6 helper plasmid (pDGM) 

(addgene #110660238) and 20 µg pJEP304-pAAV-EFS-dSaCas9-VP64-pA encoding sgRNA or 

pJEP304-pAAV-EFS-dSaCas9-VP64-pA (with no sgRNA sequence inserted) plasmids using 2.58 

AAV2 ITR

BsaI(6133)  

BsaI  (389)
BsaI  (413)

SV40 NLS

pAAV-dSaCas9-U6prom-sgRNA-2
7092 bp
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µg/ml (1:1 w/v) poliethylenimine PEI MAX (Polysciences). After 72 hours, the cells were 

scratched from the surface, collected and centrifuged at 350 × g for 10 min, 4°C. Pellet of cells 

was washed with PBS and reconstituted in PBS with Ca and Mg ions (Lonza) and lysed by 

repeated freezing and thawing cycles in liquid nitrogen and 37°C water bath, respectively. 

Subsequently, the lysates were digested in 50U/mL HS nuclease (MoBiTec) for 1h at 37°C and 

centrifuged at 4000 × g for 30 min, 4°C. 

 AAV6 and AAV9 vectors encoding GFP for the evaluation of the serotype-dependent 

transduction efficiency were prepared analogously using AAV6 helper (pDGM) and pAAV-

CMV-GFP (Stratagene) plasmids for AAV6-GFP vectors and p5E18VD2/9 (kindly provided by 

Prof. James Wilson, University of Pennsylvania, USA), AAV9 pHelper (Stratagene) and pAAV-

CMV-GFP plasmids for AAV9-GFP vectors. 

 AAV vectors were subjected to purification through ultracentrifugation at 300,000 × g 

(2h, 18°C) on the iodixanol density gradient. Dilutions of the iodixanol (OptiPrep™ Density 

Gradient Medium, Sigma-Aldrich) were prepared in PBS with 0.5 mM MgCl2 and 2.5 mM KCl 

in the following ratio: 20 mL of processed crude lysate, 6 mL of 15% iodixanol, 4.5 mL of 25% 

iodixanol, 4.5 mL of 40% iodixanol, and 4.5 mL of 54% iodixanol. After centrifugation, the 40% 

iodixanol fraction contained purified AAV particles. Thus, it was collected and concentrated 

using the Amicon Ultra-15 Centrifugal Filters (Merck Millipore). 

 For the purpose of AAV viral genome copies titration, a small volume of vectors (5 µL) 

was taken for DNA isolation using phenol-chloroform extraction. Subsequently, qPCR with the 

dCas9-binding TaqMan probe was performed. Serial 10-fold dilutions of linearized plasmid 

DNA served as standards for generating a standard curve. The reaction contained: 2 µL of 

template (extracted DNA/standard), 10 µL of TaqMan® Gene Expression Master Mix (Thermo 

Fisher Scientific), 1 µL of probe (6-FAM AGGCGGCATAGAATCCAGAGAGTGA BHQ-1) at a final 

concentration of 100 nM and 1 µL of each primer (forward: 5’-AAGAGGCCAACGTGGAAA-3’; 

reverse: 5’- AGCAGGTTGTAGTCGAACAG-3’) at a final concentration of 100 nM and 5 µL of 

nuclease-free water. The reaction was performed in StepOne Plus Real-Time PCR 

thermocycler using conditions listed in Table 12. 
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Table 12. Scheme of the qRT-PCR reaction. 

STEP UNG 
incubation* 

polymerase 
activation denaturation Annealing/extension 

TIME 2 min 10 min 15 s 1 min 
TEMPERATURE 

[°C] 50 95 95 60 

NUMBER OF 
CYCLES - 40 

*UNG - Uracil N-Glycosylase 

  

Purification of AAV vectors was performed by Izabela Kraszewska, MSc. and Katarzyna Sarad, 

MSc. 

 

Transduction of hiPSC-CM with AAV vectors 

 hiPSC-CM were transduced with AAV vectors with MOI of 10,000 viral genomes per 

cell. The medium was refreshed 24 h after the transduction and all experiments were 

performed at least 7 days after transduction. 

 

Statistical analysis 

 All statistical analyzes were performed using GraphPad Prism version 9.3.1 software 

for Mac OS X (GraphPad Software, San Diego, California USA, www.graphpad.com). Statistical 

significance was assessed by the unpaired Student’s t-test for the comparison of two datasets 

with normal distribution and one-way ANOVA, followed by Tukey’s multiple comparisons test 

for the comparison of several datasets. The Grubb’s test was used to identify outliers. All data 

are presented as mean ± SD unless otherwise specified. Data with p < 0.05 were considered 

statistically significant.  

 
Software used in the study 

 All graphs were prepared in the GraphPad Prism software. Graphic illustrations were 

created with BioRender.com. The plots from flow cytometry analysis were generated in the 

BD FACSDiva™ Software. Sequences of the plasmids were downloaded from 

www.addgene.org website and visualized in Snap Gene Viewer software. 
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Results 

Generation of human induced pluripotent stem cells (hiPSC) from PBMC 

 hiPSC were generated from PBMC (as shown on Fig. 9a.) obtained from two healthy 

donors, as well as from one donor diagnosed with DMD. In the first stage, cell isolation and 

reprogramming were performed using a blood sample obtained from a healthy 55-year-old 

donor in order to optimize the procedure. Emerging hiPSC colonies were already observed on 

5th day of the procedure (Fig. 9b); however, they were harvested around day 15th, when grown 

to an appropriate size for transfer. Obtained DMB01 hiPSC line demonstrated the 

characteristic morphology of human induced pluripotent stem cells colonies as shown in Fig. 

9b. Subsequently, the hiPSC were subjected to several assays confirming their pluripotency – 

staining for markers of pluripotency – OCT4, SSEA-4, TRA-1-60, TRA-1-81 and NANOG (Fig. 9c), 

spontaneous differentiation via EB to cells originating from all three germ layers as confirmed 

by staining for their respective markers (Fig. 9d) and the alkaline phosphatase activity assay 

(Fig. 9e). Additionally, the karyotype analysis indicated a normal structure of the 

chromosomes and did not reveal any changes in ploidy or signs of large rearrangements (Fig. 

9f). In the next stages, two other hiPSC lines (DMB02 and DMB03) were generated 

(characteristics of PBMC donors provided in Table 1.) and characterized using the same 

methodology and, similarly, they presented characteristic features of hiPSC, regular 

morphology, confirmed pluripotency (Supplementary Fig. 1, 2 and 3) and normal karyotype 

(Supplementary Fig. 4). 
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Fig. 9. Generation of the control DMB01 hiPSC line and its characterization. a. Scheme of PBMC isolation and 

reprogramming with the use of Sendai vectors, created with Biorender.com b. hiPSC colonies at different stages 

of the reprogramming process and morphology of the generated hiPSC line; c. hiPSC stained for markers of 

pluripotency: OCT4 (red, first left), SSEA-4 (green, second left), TRA-1-60 (green, third left), TRA-1-81 (green, 
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fourth left), NANOG (green, fifth left), nuclei stained in blue; d. spontaneous differentiation of hiPSC via EB – 

markers of cells originating from all three germ layers: GATA4 (red, first left, mesoendoderm), NFH (green, middle, 

ectoderm) and αSMA (green, right, mesoderm), nuclei stained in blue; e. hiPSC colonies stained for alkaline 

phosphatase activity; f. karyotype of the generated hiPSC line. Scale bars on the Fig. 9b, c, and e represent 100 

µm, while scale bar on the Fig. 9d represents 50 µm. 

 

Introduction of isogenic hiPSC lines 

Due to the substantial heterogeneity of hiPSC derived from different donors, it is 

widely considered that the most reliable results can be obtained using isogenic lines in which 

all observed differences arise solely due to the absence or presence of a particular mutation.  

In these studies, three pairs of isogenic cell lines were generated. DMB01-DMD and 

DMB02-DMD hiPSC were obtained by introduction of a mutation in the DMD gene in control 

(unaffected, healthy) hiPSC (DMB01-CTRL and DMB02-CTRL) using CRISPR/Cas9 gene editing. 

The introduced mutation - deletion of DMD exon 50 is one of the most frequent mutations in 

DMD patients and belongs to the DMD mutational “hot-spot”.19,239,240 After nucleofection of 

DMB01-CTRL and DMB02-CTRL hiPSC with plasmids encoding the Cas9 protein and sgRNAs, 

cells were selected with puromycin and blasticidin for 24 hours and the resistant cells were 

collected for DNA isolation. Subsequently, the DNA from the control (unedited) and 

nucleofected (edited) hiPSC was subjected to PCR with primers flanking the DMD exon 50 

region. PCR products were separated by electrophoresis on agarose gel and, in case of 

efficiently modified hiPSC, the additional shorter band was observed (Fig. 10a. and b.), proving 

that this region contained the deletion of DMD exon 50 in part of the collected hiPSC (the 

other part consists of unedited cells, which is revealed by the presence of a longer band). In 

the next step, nucleofected hiPSC were seeded to obtain single cell-derived clones and 

individual clones were collected and genotyped as shown in Fig. 10c and d. Since the DMD 

gene is located on the X chromosome and the male line was subjected to CRIPSR/Cas9 gene 

editing, the two bands observed in several clones are not indicative for the presence of a 

mutation in one allele, but rather that they were composed of modified and unmodified cells 

(i.e. did not grow from a single cell or that two colonies fused in the early stage of growth). In 

both hiPSC lines it was possible to select a correctly modified clone in which a deletion of the 

DMD exon 50 was introduced – clone number 21 for DMB01 hiPSC and clone number 3 for 

DMB02 hiPSC, which are later referred to as DMB01-DMD and DMB02-DMD, respectively (Fig. 

10c and d). 
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Fig. 10. CRISPR/Cas9-based generation of isogenic hiPSC cell lines. PCR genotyping of edited a. DMB01 and b. 

DMB02 hiPSC after nucleofection and puromycin selection. PCR genotyping of individual c. DMB01 and d. DMB02 

hiPSC clones. Clones marked in dashed rectangles were selected for further studies. 

 

The third isogenic cell line was generated by correction of the mutation in the DMD 

gene. For this approach, patient-derived DMB03-DMD hiPSC were co-nucleofected with a 

plasmid encoding the Cas9 protein and sgRNA and a plasmid encoding a repair template. After 

antibiotic selection, the resistant cells were genotyped by PCR using primers flanking the 

region upstream and downstream of DMD exon 47. In the Fig. 11a. PCR products separated 

by electrophoresis are shown – for control (mutated) DMD patient-derived hiPSC the band is 
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shorter due to the presence of the non-modified DMD exon 47, while for the positive control 

(plasmid with HDR template) the band corresponds to a greater length consisting of the DMD 

exon 47 combined with the exon 48-50 coding sequence. In nucleofected (edited) hiPSC two 

bands can be observed indicative of the presence of unmodified cells (lower band) and cells 

into the genome of which the template has been introduced (higher band). Similarly, in the 

next step, nucleofected hiPSC were seeded to obtain single cell-derived clones and individual 

hiPSC colonies were taken for genotyping (Fig. 11b). Clone number 3 with confirmed 

introduction of the exon 48-50 coding sequence (absent in DMD03-DMD cells) was selected 

for use in further experiments (Fig. 11b). 

 

Differentiation of hiPSC to cardiomyocytes 

 hiPSC were differentiated to cardiomyocytes using small molecules modulating Wnt/β-

catenin pathway according to the protocol described by Lian et al.233, as presented in scheme 

below (Fig. 12a). The concentration of used reagents were adjusted separately for each cell 

line (data not shown) to obtain high differentiation efficiency, as shown representatively for 

the DMB01 line in Fig. 12b by flow cytometric analysis of troponin T-positive cells in the 

population of all differentiated cells. Besides the expression of the main marker of 

cardiomyocytes, the obtained cells were characterized by the presence of sarcomeres 

(fundamental contractile units) (Fig 12c.) and spontaneous contractions. As dystrophin is not 

expressed in hiPSC (our unpublished data), differentiation to cardiomyocytes was performed 

to validate the successful introduction or correction of mutations in the DMD gene at the 

protein level. As expected, dystrophin was not detected in DMB01-DMD and DMB02-DMD 

hiPSC-CM, which have mutation in the DMD gene, while it was present in DMB03-CTRL hiPSC-

CM, where the mutation was corrected (Fig. 12d). Detection of tubulin served as a protein 

loading control for DMB01 and DMB03 cells, while Ponceau S red staining served as a protein 

loading control for the DMB02 line. 
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Fig. 11. CRISPR/Cas9-based generation of isogenic hiPSC cell lines. a. PCR genotyping of DMB03 hiPSC after 

nucleofection and puromycin selection. b. PCR genotyping of individual DMB03 hiPSC clones. The clone marked 

in dashed rectangle was selected for further studies. 
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Fig. 12. Differentiation of hiPSC to cardiomyocytes and confirmation of CRISPR/Cas9-mediated introduction and 

repair of the mutation in the DMD gene at the protein level. a. scheme of cardiac differentiation based on Wnt/β-

catenin pathway modulation; b. representative dot plots of flow cytometric analysis of cardiac differentiation 

efficiency in DMB01 cells calculated as percentage of troponin T-positive cells (shown as events collected in P4 

gate); c. pictures of DMB01-CTRL and DMB01-DMD hiPSC-CM stained for dystrophin (green) and actin (yellow), 

nuclei stained in blue, scale bars represent 50 µm; d. Western blot analysis of dystrophin in control and DMD 

DMB01, DMB02 and DMB03 hiPSC-CM shown as representative pictures (n=2, separate differentiation runs). 
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Transcriptomic analysis of control versus DMD hiPSC-CM 

 To globally compare control and dystrophin-deficient hiPSC-CM, transcriptomic 

analysis was performed, using RNA material from two isogenic control and DMD hiPSC-CM 

lines (DMB01 and DMB02) from two separate differentiation runs (marked as CTRL1.1 and 

CTRL1.2, respectively, for DMB01-CTRL samples and DMD1.1 and DMD1.2, respectively, for 

DMB01-DMD samples, a similar description applies to the DMB02 lines). Principal Component 

Analysis (PCA) of obtained data, conducted in order to assess the variability between the 

samples, demonstrated a greater non-biological effect of samples classification associated 

with the donor genetic background and differentiation run rather than the biological one, 

what is frequently referred to as batch-effect (Fig. 13a). Accordingly, correction of batch-

effect was performed, and, as a result, both PCA (Fig. 13a) and hierarchical clustering (Fig. 

13b) revealed clear separation of samples based on the absence or presence of dystrophin 

(with two samples slightly different from the others within the cluster). Further analysis 

revealed nine differentially expressed genes (DEG) between control and DMD hiPSC-CM. 

Among them, six transcripts were up-regulated and three transcripts were down-regulated 

(Fig. 13c). The names of DEG are listed on a heatmap plot, where the blue color corresponds 

to the genes with decreased expression, the red color corresponds to the genes with increased 

expression, while the color intensity represents the changes in gene expression. 

 Subsequently, the gene ontology (GO) and GSEA were performed in order to match 

the altered genes with the molecular functions (MF) of the gene products and their 

participation in specific processes and signaling pathways. The most altered biological 

processes (BP) are associated with suppression of chemical stimulus and sensory perception, 

as well as with activation of the processes related to hormonal regulation and muscle 

development (Fig. 14a, marked in green rectangles). Products of altered genes are 

predominantly active in cytoskeleton, cell membrane, extracellular matrix and intracellular 

junctions (Fig. 14b, marked in green rectangle). Moreover, altered transcripts influence the 

molecular functions of gene products associated with ion channel activity, as well as passive 

and active cell transport and catecholamine binding (Fig. 14c, marked in green rectangles). 

The GSEA of the enriched pathways indicates for suppression of olfactory transduction and 

vitamin B metabolism, among others, and activation of such pathways as the Hippo pathway, 

cytokine-cytokine receptor interaction, and the JAK-STAT signaling pathway (Fig. 14d, marked 

in a green rectangle). 
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Fig. 13. Transcriptomic analysis of DMD versus control hiPSC-CM. a. PCA plots before and after batch effect 

correction; b. hierarchical clustering of obtained transcriptional data; c. MA-plot illustrating the relationship 

between the log2 fold change and mean expression level analyzed by DESeq2; d. the heatmap plot visualizing the 

DEG and their pattern of change in expression level. 
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Fig. 14. Dot plots of gene set enrichment analysis based on their assignment to a. Biological processes in which 

they are engaged (53 significantly enriched BP in total); b. Cellular components (CC) in which gene products 

perform their function; c. Molecular functions of the gene products; d. Enriched pathways (Kyoto Encyclopedia of 

Genes and Genomes - KEGG pathways241) in which regulation they participate in (25 significantly enriched 

pathways in total); color of the dots corresponds to the significance level, while the size of the dot corresponds to 

the number of genes involved in the individual component. 
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 All the above analyzes were performed taking into account all the tested samples. 

However, two of them – sample CTRL 2.2 and sample DMD 2.2, according to the PCA plot, 

were identified as outliers. They did not cluster with other control and DMD samples (Fig. 

15a), respectively, and retaining of these outliers in the analysis might mask some of the 

differences between the samples. After their removal from the data set, the PCA plot showed 

an improved separation of control and DMD hiPSC-CM (Fig. 15a) with a highly consistent gene 

expression pattern within both groups (Fig. 15b). Further analysis revealed 50 significantly up-

regulated and 30 significantly down-regulated genes (Fig. 15c) – detailed list of the top 20 

altered genes is shown in Fig. 15d. 

 Similarly, as in previous analysis, most of the suppressed biological processes are 

related to chemical stimulus and sensory perception, while activated processes include 

muscle development, lipid transport and localization, and taxis (Fig. 16a, marked in green 

rectangle). The majority of DEG are active in the cellular components associated with 

membrane, extracellular matrix, and intracellular connections, as well as in cytoskeleton (Fig. 

16b, marked in green rectangles). Molecular functions of the altered gene products were 

connected to olfactory receptor activity and ferric iron binding (which were classified as 

suppressed) and chemokine signaling, G-protein-coupled receptor binding, passive 

membrane transporter activity, ion channel activity, and glutathione peroxidase activity 

(classified as activated) (Fig. 16c, marked in green rectangles). Additionally, DEG were 

assigned to such pathways in the KEGG database, as the Hippo signaling pathway, cytokine-

cytokine receptor interaction, apoptosis, p53 signaling pathway, and many others (40 

significantly enriched pathways in total) (Fig. 16d, marked in green rectangles). 
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Fig. 15. Transcriptomic analysis of DMD versus control hiPSC-CM after removal of two outliers. a. PCA plots before 

and after batch effect correction and after removal of two samples; b. heatmap plot visualizing DEG and their 

pattern of change in expression level; c. MA-plot illustrating the relationship between the log2 fold change and 

mean expression level analyzed by DESeq2; d. list of the top 20 differentially expressed genes. 
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Fig. 16. Dot plots of gene set enrichment analysis based on their assignment to a. Biological processes in which 

they are engaged (215 significantly enriched BP in total); b. CC in which the gene products perform their function 

(18 significantly enriched in total); c. Molecular functions of the gene products (23 significantly enriched in total); 

d. Enriched pathways (KEGG pathways) in which regulation they participate in (40 significantly enriched pathways 

in total); color of the dots corresponds to the significance level, while the size of the dot corresponds to the number 

of genes involved in the individual component. 

 

Proteomic analysis of control versus DMD hiPSC-CM 

In the second step, to further globally compare control and DMD hiPSC-CM, material 

from isogenic hiPSC-CM lines obtained from two donors (DMB01-CTRL/DMD and DMB02-
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CTRL/DMD) and two differentiation runs were subjected to proteomic analysis. As a control 

for efficient cardiac differentiation, samples isolated from corresponding hiPSC lines (non-

differentiated) were included in the analysis. Fig. 17a shows the distribution of all analyzed 

samples in the PCA plot, where the clear separation of hiPSC and hiPSC-CM can be observed. 

Moreover, in the volcano plot showing the differentially abundant proteins between the 

control hiPSC and the hiPSC-CM, plenty of cardiac-specific proteins are exposed, such as 

troponin troponin I1 (TNNI1), actinin alpha 2 (ACTN2), myosin heavy chain 7 (MYH7), 

myomesin (MYOM1) or myozenin 2 (MYOZ2) (Fig. 17b). Further analysis revealed that 45 

proteins (including dystrophin) were differentially abundant between DMD and control hiPSC-

CM (Fig. 17c and Fig. 17e). Gene Ontology Enrichment analysis indicates the activity of the 

altered proteins in such molecular functions as integrin binding and such biological processes 

as tissue remodeling, negative regulation of cell adhesion, mitochondrial translation, electron 

chain transport and RNA splicing. The endoplasmic reticulum - Golgi intermediate 

compartment and the stress fibers are indicated as the main cellular compartments where 

these proteins perform their functions (Fig. 17d). 
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Fig. 17. Proteomic analysis of DMD vs. control hiPSC-CM. a. PCA plot showing the distribution of all analyzed 

samples; b. volcano plot visualizing differentially abundant proteins in control hiPSC vs. control hiPSC-CM 

samples; c. volcano plot visualizing differentially abundant proteins in DMD vs. control hiPSC-CM; d. GO 

Enrichment Analysis of differentially abundant proteins classified into 3 categories: BP, CC, and molecular 

functions (MF); e. List of the top 10 up-regulated proteins and the top 10 down-regulated proteins. All proteins 

are described with the names of the corresponding genes. 
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Comparison of the coverage of transcriptomic and proteomic data 

 Comparison of the proteomic analysis outcome to its transcriptomic counterpart 

revealed that from 3884 identified proteins, 2044 were altered in the same direction as their 

corresponding transcripts and 1840 had the opposite regulation (Fig. 18a). In the next step, 

the significantly enriched genes from the transcriptomic data were compiled with their 

alteration pattern at the protein level and the 18 transcripts were changed in the same 

direction (either up or down-regulated) as encoded proteins, while 13 transcripts had the 

opposite regulation at the protein level (Fig. 18b). 

 

Determination of the level of mitoNEET protein, as well as cytosolic and mitochondrial LIP 

 Based on the global proteomic comparison of control and DMD hiPSC-CM, a protein 

with the hitherto unknown role in dystrophin-deficient cardiomyocytes – mitoNEET, encoded 

by the CDGSH iron-sulfur domain-containing protein 1 (CISD1) gene, was selected for further 

more in-depth research. In the first step, we confirmed its down-regulation in DMD hiPSC-CM 

by Western blot (Fig. 19a). According to the literature data, which describes mitoNEET as the 

protein involved in the regulation of iron homeostasis in the cells242,243, the level of 

mitochondrial and cytosolic LIP in control and DMD hiPSC-CM was measured, revealing 

increased labile iron concertation both in the mitochondria (Fig. 19b) and the cytosol (Fig. 19c) 

of dystrophin-deficient cardiomyocytes. 
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Fig. 18. Correlation between the obtained transcriptomic and proteomic data. a. scheme showing the number of 

genes with the same and opposite regulation at the protein level; b. table presenting the regulation of 

significantly enriched genes from the transcriptomic data set with comparison to their regulation on the protein 

level. 
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Fig. 19. Disturbances in iron homeostasis in DMD hiPSC-CM. a. result of western blot assessing the level of 

mitoNEET protein in DMD vs. control hiPSC-CM, N=3 (independent cell lines), n=2 (separate differentiation runs); 

b. level of mitochondrial iron in DMD vs. control hiPSC-CM, N=3 (independent cell lines), n=2-3 (separate 

differentiation runs); c. level of labile iron pool in DMD vs. control hiPSC-CM, N=2 (independent cell lines), n=2-3 

(separate differentiation runs). Western blot results are presented as a representative picture. Flow cytometric 

analysis results presented as inverted percentage of median values normalized to control = 100% (mean ± SD), *p 

< 0.05, **p < 0.01, ***p < 0.005, unpaired two-tailed Student’s t-test. 

 

Gene expression and protein level of selected factors involved in the regulation of iron 

metabolism 

 In the next step, expression of genes involved in iron metabolism, i.e. HAMP encoding 

hepcidin antimicrobial peptide, TFRC encoding transferrin receptor, FTH1 encoding ferritin 

heavy chain 1, SLC40A1 encoding ferroportin, and TF encoding transferrin was evaluated using 

qRT-PCR. Significantly decreased expression of HAMP was observed in DMB02 and DMB03 

DMD hiPSC-CM, while the TF mRNA level was reduced in DMB02-DMD cells (Fig. 20a). In the 

case of FTH, lower gene expression was detected for DMB01 and a similar tendency 

(p=0.0527) in DMB03 DMD hiPSC-CM (Fig. 20a). In parallel, Western blot-based analysis 

revealed an up-regulated level of ferritin in all DMD hiPSC-CM samples (Fig. 20b). 

Interestingly, TFRC and SLC40A1 expression level was indistinguishable between the control 
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and DMD hiPSC-CM (Fig. 20a), while at the protein level the ferroportin was decreased in all 

studied dystrophin-deficient cardiomyocytes (Fig. 20b). 

 

Determination of oxidative stress in DMD hiPSC-CM 

 According to previous scientific reports, iron overload may lead to excessive ROS 

production and oxidative stress. To verify whether these abnormalities are present in our 

DMD hiPSC-CM, we evaluate the protein level of several known factors involved in the 

antioxidant response (Fig. 21a-c), as well as measured the level of ROS (Fig. 21d). The obtained 

results revealed up-regulation of NAD(P)H dehydrogenase [quinone] 1 (Fig. 21a) and down-

regulation of HO-1 (Fig. 21b) (with the exception for DMB03 hiPSC-CM, where the result was 

opposite). Moreover, the level of Nrf-2, the major regulator of cellular redox balance, was 

increased in all DMD hiPSC-CM (Fig. 21c). ROS production level tends to be increased; however 

the difference did not reach statistical significance (Fig. 21d). In the next step, cells were 

stimulated for 2h with modulators of iron concentration – 30 µM DFO and 200 µM FAS and 

ROS production was measured to elucidate whether aberrations in iron content are 

responsible for increased ROS level (Fig. 21e). Indeed, the results showed that DMD hiPSC-CM 

were more sensitive to iron stimulation, upon which the ROS level was increased. Moreover, 

its values tend to decrease after stimulation with iron chelator in both control and DMD hiPSC-

CM, although this effect appears to be slightly stronger in DMD cells. 
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Fig. 20. Analysis of mRNA and protein level of proteins involved in the regulation of iron homeostasis. a. HAMP, 

TFRC, FTH1, SLC40A1, and TF gene expression determined by qRT-PCR; b. ferroportin and ferritin level determined 

by Western blot. The qRT-PCR results presented as relative expression normalized to control = 1 (mean ± SD), N=3 

(independent cell lines), n=2 or 3 (separate differentiation runs), *p < 0.05, **p < 0.01, ***p < 0.005, unpaired 

two-tailed Student’s t-test. Western blot results presented as representative pictures, N=3 (independent cell 

lines), n=2 (separate differentiation runs). 
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Fig. 21. Oxidative stress in DMD hiPSC-CM measured by the level of a. NAD(P)H dehydrogenase [quinone] 1, b. 

HO-1 and c. Nrf-2 protein levels in DMB01, DMB02, and DMB03 hiPSC-CM, as well as d. ROS production measured 

in DMB01 hiPSC-CM; e. ROS production after stimulation with iron modulators. Western blot results presented as 

representative images, N=3 (independent cell lines), n=1-2 (separate differentiation runs). ROS production results 

presented as mean fluorescence normalized to untreated hiPSC-CM = 1 (mean ± SD), N=1 (independent cell lines), 

n=3 (separate differentiation runs) (Fig. 21d) and N=2 (independent cell lines), n=1 (separate differentiation runs) 

(Fig. 21e), unpaired two-tailed Student’s t-test. Uncropped images of western blot for Nrf-2 protein are presented 

in Supplementary Figure 6. 

 

Ultrastructure analysis of DMD hiPSC-CM by TEM 

 Our next aim was to evaluate the ultrastructure of DMD hiPSC-CM in relation to 

previously observed abnormalities associated with ROS level and excessive mitochondrial LIP. 

In control cells, normal ultrastructure was observed with normal mitochondria morphology 

and without any major signs of degeneration. Pictures of DMD hiPSC-CM ultrastructure 

demonstrated areas of degenerated mitochondria with damaged mitochondrial cristae 
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structure (marked with asterisks), autophagosomes (marked with arrows) and dark deposits 

(marked with arrowheads) (Fig. 22). 

 

 
Fig. 22. Ultrastructure of control and DMD DMB01 hiPSC-CM analyzed by TEM and presented as representative 

pictures. Graphic markings legend: asterisks - degenerated mitochondria, arrows - autophagosomes, arrowheads 

– dark deposits, scale bars represent 1000 nm. 

 

Disturbances of calcium metabolism in DMD hiPSC-CM 

Detailed analysis of transcriptomic and proteomic data additionally revealed that 

several factors either important for calcium homeostasis (e.g. CASQ2 encoding calsequestrin 

2, ERO1L encoding endoplasmic reticulum oxidoreductase 1α244, STC1 encoding stanniocalcin 

1245, CHD7 encoding chromodomain-helicase-DNA-binding protein 7246) or regulated by 

calcium binding (TNNC1 encoding troponin C1, S100A16 encoding S100 Calcium Binding 
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Protein A16) are significantly altered in DMD hiPSC-CM, indicating possible disturbance in 

calcium handling in these cells. Therefore, in the next step, the control and DMD DMB01 

hiPSC-CM were subjected to intracellular Ca2+ transients’ measurements to determine the 

functional parameters of DMD hiPSC-CM. Exemplary traces registered for analyzed cells are 

presented on Fig. 23a and b. Their parameters were described in three categories: oscillations 

pattern (Fig. 23c), oscillations frequency (Fig. 23d) and oscillations continuity (Fig. 23e). A 

higher incidence of multiple spikes and a prolonged plateau was observed in DMD hiPSC-CM 

(Fig. 23c) in comparison to their control counterparts. Moreover, DMD hiPSC-CM 

demonstrated decreased oscillations frequency (Fig. 23d) and both short and long breaks 

between the oscillations (Fig. 23e). The obtained data were also presented quantitively in Fig. 

24a-d. The increased values of abnormal oscillations correspond to an increased frequency of 

multiple spikes and prolonged plateau occurrence (Fig. 24a). Significantly more oscillations 

with reduced frequency (<14/min) were also observed in the DMD hiPSC-CM group (Fig. 24b), 

as well as the higher frequency of longer intervals between oscillations (>10s) (Fig. 24c). All 

studied parameters were summarized as the total score (calculated as the sum of the 

individual parameters scores average) (Fig. 24d). On the mRNA level, decreased expression of 

genes encoding Calcium Voltage-Gated Channel Subunit Alpha1 C (CACNA1C) and inositol 

1,4,5-trisphosphate receptor type 2 (IP3R2) was observed for DMB01 and DMB02 DMD hiPSC-

CM, while decreased mRNA level of inositol 1,4,5-trisphosphate receptor type 1 (IP3R1) was 

observed only for DMB01-DMD cells and decreased expression of Transient Receptor 

Potential Cation Channel Subfamily C Member 3 encoding gene (TRPC3) was observed only 

for DMB03-DMD hiPSC-CM (Fig. 24e). The level of transcripts encoding ryanodine receptor 2 

(RYR2) and Na+/Ca2+ exchanger (SLC8A1) did not show any differences between control and 

DMD hiPSC-CM (Fig. 24e). 
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Fig. 23. Disturbances in calcium oscillations in DMB01-DMD hiPSC-CM. Exemplary calcium oscillations traces 

registered in a. control and b. DMD hiPSC-CM. Calcium oscillations characteristics presented on pie charts as the 

percentage value of individual parameters calculated in three categories: c. oscillations pattern, d. oscillations 

frequency, and e. oscillations continuity. The value of each parameter was calculated based on the scoring system 

described in Table 9. N=4 (independent experiments), ~250 cells analyzed per group. 
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Fig. 24. Disturbances in calcium handling in DMB01-DMD hiPSC-CM. Results of intracellular calcium oscillations 

presented as a. abnormal oscillations; b. low frequency oscillations; c. intervals between oscillations and d. 

oscillatory pathology. The value of each parameter was calculated based on the scoring system described in Table 

9. N=4 (independent experiments), ~250 cells analyzed per group. Data presented as mean ± SEM, *p < 0.05, **p 

< 0.01, ***p < 0.005, ****p<0.0001, unpaired two-tailed Student’s t-test. e. results of the CACNA1C, RYR2, TRPC3, 

IP3R1, IP3R2 and SLC8A1 gene expression determined by qRT-PCR. The qRT-PCR results presented as relative 

expression normalized to control = 1 (mean ± SD), N=3 (independent cell lines), n=2/3 (separate differentiation 

runs), *p < 0.05, **p < 0.01, ***p < 0.005, unpaired two-tailed Student’s t-test. 
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Electrophysiological analysis of single cardiomyocytes by patch-clamp 

 Proper calcium homeostasis is important for efficient excitation-contraction coupling 

in cardiomyocytes and regulates their action potential. Taking this into consideration, patch 

clamp measurements were performed to determine the electrophysiological properties of 

single control and dystrophin-deficient DMB01 hiPSC-CM. The results revealed an increased 

amplitude of afterhyperpolarization (AHP) (Fig. 25a), which corresponds to the difference 

between the resting membrane potential and the maximal hyperpolarization reached in the 

final stage of action potential in DMD hiPSC-CM in comparison to their control counterparts, 

despite no differences in resting membrane potential values (Fig. 25b) and upstroke velocity 

(Fig. 25c) between the analyzed groups. Moreover, APD at 20% of repolarization (APD20) was 

significantly decreased in dystrophin-deficient cardiomyocytes (Fig. 25d), while no statistically 

significant differences were observed for APD at 50% and 90% repolarization (APD50 and 

APD90, respectively, although some downward trends are noticeable) (Fig. 25e and f). The 

schematic action potential trace with marked parameters is presented in Fig. 25g. 
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Fig. 25. Patch-clamp analysis of single control and DMD DMB01 hiPSC-CM presented as: a. AHP amplitude; b. 

resting membrane potential values; c. AP upstroke velocity; d. APD at 20% repolarization; e. APD at 50% 

repolarization and f. APD at 90% repolarization. g. Schematic action potential trace with marked parameters. 

Created with BioRender.com. Data presented as mean ± SD, *p < 0.05, unpaired two-tailed Student’s t-test (a-f). 

n = 20-30 cardiomyocytes/group. 

 

Mechanical properties of DMD hiPSC-CM 

 The crucial function of dystrophin in muscle cells is to connect the extracellular matrix 

with the intracellular cytoskeleton and, in turn, to stabilize the sarcolemma during continuous 

cycles of contraction and relaxation. Accordingly, lack of this protein may affect the 
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mechanical properties of the cell membrane and the underneath cortex. Therefore, AFM 

measurements were performed to assess the cell membrane stiffness, relying, among others, 

on the cytoskeleton organization, in hiPSC-CM lacking dystrophin. In order to assess the cell 

membrane stiffness in hiPSC-CM lacking dystrophin, AFM measurements were performed. 

Specifically, the elasticity of the cells, known as Young’s modulus, was investigated by 

measuring their deformability in response to compression with the probe. The results indicate 

that this parameter was significantly increased in DMD hiPSC-CM, what corresponds to 

greater stiffness of these cells (Fig. 26a). Additionally, the measurements revealed increased 

values of contraction amplitude, i.e. differences in cell deformability during contraction and 

relaxation in DMD hiPSC-CM in comparison to their control counterparts (Fig. 26b). 

 

 
Fig. 26. Mechanical properties of control and DMB01-DMD hiPSC-CM presented as a. Young’s modulus and b. 

contraction amplitude. Data presented as mean ± SD, *p < 0.05, **p < 0.01, ***p < 0.005, ****p<0.0001, 

unpaired two-tailed Student’s t-test, n = 115-210 cardiomyocytes/group. 

 

Generation of the hiPSC line with utrophin deficiency 

 Data presented in this thesis and also described by other groups demonstrate a 

plethora of functional and molecular disturbances in dystrophin-deficient cardiomyocytes 

which may underlay the development of heart failure in DMD patients.142,247,248 One of the 

promising therapies for DMD-associated muscle degeneration involves utrophin up-



 97 

regulation, relying on its structural similarity to dystrophin.205,208,249 Yet, the precise role of 

this protein in human dystrophic cardiomyocytes and the molecular basis of the putative 

therapeutic activity of utrophin has not been thoroughly described. Thus, to fill this gap, in the 

next part of the presented study, CRISPR/Cas9 system has been designed to either deplete or 

up-regulate expression of this protein in DMD hiPSC-CM. 

First, in order to introduce the utrophin knockout in DMB01-DMD hiPSC, cells were 

nucleofected with plasmids encoding one of the three designed sgRNAs targeting exon 11 of 

the UTRN gene. Afterwards, the surveyor nuclease assay was performed to assess the 

efficiency of tested sequences and the sgRNA1 was selected as the most prominent (Fig. 27a). 

Nucleofected cells were therefore seeded for single cell-derived clones and the presence of 

mutations in targeted the UTRN region in the collected clones was verified by the surveyor 

nuclease assay (Fig. 27b), followed by Sanger sequencing (if the editing was confirmed by the 

surveyor nuclease assay). The non-sense mutation was confirmed in clone 9, although in one 

allele. Western blot analysis verifying the presence of utrophin protein in hiPSC-CM 

differentiated from DMB01-DMD-UTRN KO 9 hiPSC confirmed the lack of utrophin in these 

cells (Fig. 27c). These both dystrophin- and utrophin-deficient DMB01 cells (clone 9) are 

hereinafter referred to as UTRN KO. 
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Fig. 27. Generation of the utrophin-deficient DMB01-DMD (UTRN KO) hiPSC line. a. surveyor nuclease assay 

verifying the efficiency of designed sgRNA sequences; b. surveyor nuclease assay verifying editing occurrence in 

individual hiPSC clones; c. confirmation of lack of utrophin in hiPSC-CM differentiated from generated hiPSC line 

by Western blot. Western blot presented as representative picture, n=2. 

 

Disturbances of calcium metabolism in DMD/UTRN-deficient hiPSC-CM 

 As stated above, one of the purposes of the study was to verify the hypothesis that 

utrophin can compensate for dystrophin function, and thus simultaneous knockout of 

dystrophin and utrophin will result in deterioration of the hiPSC-CM phenotype in comparison 

to single dystrophin knockout. To verify this hypothesis, intracellular Ca2+ transients’ 

measurements were performed and demonstrated increased overall oscillation pathology in 

double dystrophin- and utrophin-deficient DMB01 hiPSC-CM (UTRN KO hiPSC-CM) in 

comparison to cells deficient in only dystrophin (Fig. 28a). In UTRN KO hiPSC-CM one third 

oscillations had multiple spikes (Fig. 28b) and low frequency (Fig. 28c). In addition, the 

oscillations continuity was preserved in the lowest percentage of cells, while the majority of 

them presented intervals between the oscillations (Fig. 28d). 
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Fig. 28. Disturbances in calcium oscillations in double dystrophin- and utrophin-deficient DMB01 hiPSC-CM. a. 

Exemplary calcium oscillations traces registered in UTRN KO hiPSC-CM. Calcium oscillations characteristics 

presented on pie charts as the percentage value of individual parameters calculated in three categories: b. 

oscillations pattern, c. oscillations frequency, and d. oscillations continuity. The value of each parameter was 

calculated based on the scoring system described in Table 9. N=4 (independent experiments), ~250 cells analyzed 

per group. 
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Quantitatively, a significantly higher prevalence of abnormal oscillations (Fig. 29a) and 

low frequency oscillations (Fig. 29b) was manifested in these cells. Although the occurrence 

of long intervals between oscillations was significantly higher than in control cells, the 

difference between the DMD and UTRN KO groups was not observed (Fig. 29c). All parameters 

were summarized and presented as oscillatory pathology parameter (Fig. 29d), which 

illustrates the significantly worsened calcium oscillations in DMD hiPSC-CM and even more 

profound in UTRN KO hiPSC-CM. 

 

 
Fig. 29. Disturbances in calcium handling in DMD vs. UTRN KO DMB01 hiPSC-CM. Results of intracellular calcium 

oscillations presented as a. abnormal oscillations, b. low frequency oscillations, c. intervals between oscillations 

and d. oscillatory pathology. The value of each parameter was calculated based on the scoring system described 

in Table 9. Data presented as mean ± SEM, *p < 0.05, **p < 0.01, ***p < 0.005, ****p<0.0001, unpaired two-

tailed Student’s t-test. N=4 (independent experiments), ~250 cells analyzed per group. 

 

Patch-clamp analysis of single control vs. DMD vs. UTRN KO hiPSC-CM 

To characterize the electrophysiological properties of single cardiomyocytes deficient 

for both dystrophin and utrophin, patch-clamp-based measurements were performed. No 

statistically significant differences between the DMD and UTRN KO groups were observed for 

all analyzed parameters, including afterdepolarization amplitude (Fig. 30a), resting membrane 

potential (Fig. 30b), AP upstroke velocity (dV/dt max) (Fig. 30c), APD20 (Fig. 30d), APD50 (Fig. 

30e) and APD90 (Fig. 30f). 
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Fig. 30. Patch-clamp analysis of single control, DMD and UTRN KO DMB01 KO hiPSC-CM presented as: a. AHP 

amplitude; b. resting membrane potential values; c. AP upstroke velocity; d. APD20; e. APD50 and f. APD90. Data 

presented as mean ± SD, *p < 0.05, one-way ANOVA with Tukey’s multiple comparison test, n = 20-30 

cardiomyocytes/group. 

 

Mechanical properties of both dystrophin- and utrophin-deficient hiPSC-CM 

 In the next step, UTRN KO hiPSC-CM were subjected to analysis of mechanical 

properties in order to evaluate whether the additional lack of utrophin, a structural protein 

present in the membrane, influences the stiffness of the cells. No significant differences were 

identified between Young’s modulus in control and UTRN KO hiPSC-CM, while the values for 

UTRN KO were lower than for DMD hiPSC-CM (Fig. 31a). In the case of contraction amplitude, 

it was higher for UTRN KO in comparison to the control group; however, due to the higher 

variability of the results, this difference was not as high as it was for DMD hiPSC-CM (Fig. 31b). 
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Fig. 31. Mechanical properties of control, DMD and UTRN KO DMB01 hiPSC-CM presented as a. Young’s modulus 

and b. contraction amplitude. Data presented as mean ± SD, *p < 0.05, **p < 0.01, ***p < 0.005, one-way ANOVA 

with Tukey’s multiple comparison test, n = 115-210 cardiomyocytes/group. 

 

Activation of utrophin in hiPSC-CM 

 In order to activate the utrophin in DMB01-DMD hiPSC-CM, the CRISPR/dCas9 strategy 

was applied using AAV vectors. In the first step, the transduction efficiency of two AAV 

serotypes – AAV6 and AAV9 encoding green fluorescent protein (GFP) was evaluated. A higher 

number of GFP-positive cells was obtained after application of AAV6 (Fig. 32a), which was 

further confirmed by flow cytometry (data not shown, performed in the frame of another PhD 

thesis by Izabela Kraszewska, MSc.). Thus, this serotype was used in the following 

experiments. In the next step, small productions of four types of AAV vectors encoding dCas9-

VP64 and different sgRNA sequences as well as control AAV vectors were prepared. hiPSC-CM 

were then transduced with produced vectors and the material for the RNA and protein 

isolation was collected. Both on the mRNA and protein level AAV vectors encoding sgRNA1 

sequence were the most effective in utrophin activation, as the highest levels of utrophin 

transcript (Fig. 32b) and protein abundance (Fig. 32c) were detected. Utrophin activation was 

tested again after transduction of hiPSC-CM with vectors prepared by large-scale production 

and purification and the ~3.7 higher UTRN mRNA level was observed (Fig. 32d). 
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Fig. 32. Activation of utrophin in DMB01-DMD hiPSC-CM. a. Pictures of hiPSC-CM transduced with two AAV6 

serotypes - AAV6 and AAV9 encoding GFP. b. mRNA and c. protein level of utrophin after transduction with AAV6 

vectors encoding different sgRNA sequences. d. utrophin mRNA level in hiPSC-CM transduced with purified AAV6-

sgRNA1 vectors. 

 
Patch-clamp analysis of single control vs. DMD vs. DMD with utrophin activation hiPSC-CM 

 In the next step, we aimed to verify whether the activation of utrophin in DMD hiPSC-

CM rescues their electrophysiological abnormalities, predominantly demonstrated by 

increased AHP values. DMD hiPSC-CM were thus transduced with AAV6-sgRNA1 vectors 

(marked as UTRN activ.), while CTRL and DMD hiPSC-CM were transduced with control AAV6 
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vectors (marked as CTRL and DMD, respectively) and served as controls for UTRN activ. group. 

As shown in Fig. 33a, the utrophin up-regulation decreased this parameter to the level 

observed for the control hiPSC-CM (no statistically significant difference was observed 

between the control and UTRN activ. group). In case of other parameters, such as resting 

membrane potential (Fig. 33b), AP upstroke velocity (Fig. 33c), APD20 (Fig. 33d), APD50 (Fig. 

33e) and APD90 (Fig. 33f) no differences between the groups were observed. 

 

Fig. 33. Patch-clamp analysis of single control, DMD and DMD with activated utrophin (UTRN activ.) DMB01 

hiPSC-CM presented as: a. AHP amplitude; b. resting membrane potential values; c. AP upstroke velocity; d. 

APD20; e. APD50 and f. APD90. Data presented as mean ± SD, *p < 0.05, one-way ANOVA with Tukey’s multiple 

comparison test, n = 20-30 cardiomyocytes/group. 
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Discussion 

Cardiomyopathy in DMD is a serious, life-threatening complication, for which there is 

no effective treatment, and available medications, although they delay the course of cardiac 

deterioration and alleviate its symptoms, do not prevent premature death in patients. 

Therefore, the objective of this study was to investigate the mechanisms of DMD-associated 

cardiomyopathy, which would allow to better understand the specific causes of the heart-

related complications and to identify potential therapeutic targets. Due to the imperfections 

of animal models for such studies, described in the Introduction, we employed a model based 

on isogenic control and DMD hiPSC-CM for the purpose of our research. 

hiPSC technology provides a powerful tool for studies of numerous diseases in vitro. 

The ability of hiPSC to generate cells originating from all three germ layers and the constantly 

growing quantity of state-of-the-art differentiation protocols contribute to their widespread 

use as a model for various cardiovascular, neurological, metabolic, gastrointestinal, and many 

other diseases. In the present study, hiPSC lines were generated from PBMC of two healthy 

donors and one DMD patient. Next, isogenic cell lines were obtained by deletion of exon 50 

in the DMD gene in the control (healthy, unaffected) hiPSC lines (DMB01, DMB02) while the 

deletion of DMD exons 47-50 was corrected in DMD patient-derived cells (DMB03). Both 

mutations are located within the known DMD mutational hot-spot, what potentiates the 

described in vitro model in terms of reflecting the pathogenesis of DMD. All hiPSC lines used 

in the study were subjected to characterization assays, which confirmed the presence of 

pluripotency markers in these cells, alkaline phosphatase activity, and the ability to 

spontaneously differentiate into cells of all three germ layers (Fig. 9, Supplementary Figures 

1-3). Moreover, all lines presented the normal diploid karyotype both before and after the 

introduction of genetic modifications (Supplementary Figure 4.). 

Until recently, hiPSC from independent healthy donors, often unrelated to the affected 

ones, were used as a control for patient-specific hiPSC. It means that cells that could differ 

from each other in their genetic background, sex, age, and ethnicity were compared. Such an 

approach can introduce errors by assigning phenotypic differences of the tested cells to the 

mutation of interest, while they may result from unrelated reasons. Accordingly, healthy 

donors’ cells are not commonly subjected to global genetic screening, therefore, they may 

carry genetic variants that do not manifest as a disease, but may affect the phenotype of cells 

at the molecular level and thus distort the results. This phenomenon is strongly evidenced in 
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the transcriptome results presented here, where the similarity of samples from the same 

donor (CTRL vs. DMD) is so strong that it masks the biological effect of the absence of 

dystrophin (Fig. 13a). Moreover, a similar effect is generated by the time point of the 

experiment, because the samples from the first run of differentiation clustered with each 

other, separately from the samples from the second run of differentiation (Fig. 13a). This 

indicates a considerable level of heterogeneity of the obtained lines and the need, on the one 

hand, to minimize the variables that may affect the diversity of data (such as non-isogenic 

lines), and, on the other hand, to increase the reliability of the obtained results by examining 

several lines, an appropriate number of repetitions, etc. Importantly, after correction of such 

batch effects, PCA and hierarchical clustering of samples was improved (Fig. 13a and b) and 

six significantly up-regulated and three significantly down-regulated genes were revealed (Fig. 

13c and d).  

 Yet, despite such an improvement in clustering, the PCA illustrated two outliers - 

CTRL2.2 and DMD2.2 samples, which did not localize close to other control and DMD samples, 

respectively, hence these two samples were removed from the further analysis of RNA-seq 

data (Fig. 15a). The remaining samples showed clear clustering and 50 significantly up-

regulated and 30 significantly down-regulated genes could be recognized (Fig. 15c and d). 

GSEA demonstrated that the products of genes with altered expression in DMD hiPSC-

CM perform their functions mainly within the cell membrane, extracellular matrix, and 

cytoskeleton (Fig. 14b and Fig. 16b). This is certainly reasonable as dystrophin deficiency 

results in loss of cell membrane stability and integrity, and, as a consequence, increased 

susceptibility to damage. Additionally, remodeling of cytoskeletal components has been 

described in DMD muscles.250 Similar observations regarding changes in connective tissue 

development, cell-cell junctions, and cytoskeleton organization have been demonstrated in 

the study comparing transcriptome of tibialis anterior muscles from murine model of DMD 

compared to control mice.251 Activation of ECM-related processes stands in line with 

histological evaluations of DMD muscle and cardiac samples, which demonstrated abnormal 

deposition of collagen and other ECM proteins manifesting the fibrosis development.252–254 

Accordingly, our transcriptomic analysis demonstrated a significant increase in FN1, encoding 

fibronectin, and COL3A1, encoding collagen type III alpha 1 chain, expression in DMD hiPSC-

CM with proteomic data indicating the same pattern of change at the protein level (Fig. 18b). 

On the other hand, little is known about revealed here alterations in cell-cell junctions and 
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focal adhesion in dystrophic cells, while it is of particular importance for cardiomyocytes, 

which require such connections for the propagation of electromechanical signals within the 

syncytium. 

The transcriptome profiling of DMD hiPSC-CM, although differentiated through EB, 

was performed previously in 2015 by Lin and coworkers.255 The analysis of differentially 

expressed genes revealed the up-regulation of pathways related to cell death and apoptosis, 

while down-regulated pathways were associated with muscle and heart contraction, heart 

development, and organization of sarcomeres.255 Although it corresponds to some extent with 

the data presented here, non-isogenic cells were used in this transcriptomic analysis which 

limits its further applicability. 

One of the genes identified by us as up-regulated in DMD hiPSC-CM was PHACTR1 (Fig. 

13d). Even though its role in the heart has never been deciphered, it was previously identified 

as one of the most differentially expressed genes in several global transcriptome analysis in 

the studies on coronary artery diseases and myocardial infarction (MI).256–259 Moreover, its 

increased expression was reported in human cardiac samples obtained from individuals 

diagnosed with dilated, hypertrophic and idiopathic cardiomyopathy259, while PHACTR1 up-

regulation in the hearts after MI triggers the switch from (adult) cardiac α-actin isoform to 

(fetal) skeletal α-actin isoform, which was linked with the hypertrophy development.259 This 

gene encodes the phosphatase and actin regulator 1 protein, which binds actin and is 

generally involved in the regulation of actin cytoskeleton organization. Since dystrophin is also 

involved in stabilizing actin filaments, better insight into the function of PHACTR1 and the 

relationship between these two proteins seems to be important in the context of 

understanding the mechanism of DMD-associated cardiomyopathy. 

The NDUFA4L2 gene, down-regulated in DMD hiPSC-CM (Fig. 13d), encodes the 

hypoxia-inducible factor 1 alpha (HIF-1α)-regulated nicotinamide adenine dinucleotide + 

hydrogen (NADH) dehydrogenase (ubiquinone) 1 alpha subcomplex, 4-like 2 mitochondrial 

protein, a subunit of electron transport chain complex I. It was reported to prevent excessive 

ROS production260 and notably, it protects cardiomyocytes from hypoxia/reperfusion-induced 

injury and the resulting cell apoptosis and mitochondria damage.261 Studies on its role in 

skeletal muscles revealed that it can act as a negative regulator of muscle mass and 

strength.262 Interestingly, its decreased expression was also indicated in another DMD-related 
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global transcriptomic analysis performed on skeletal muscle and heart samples of GRMD 

canine model of DMD.263  

Correspondingly, the DUOX2 gene encoding dual oxidase 2, a member of the 

nicotinamide-adenine dinucleotide phosphate (NADPH) oxidase (NOX) family, which is 

engaged in ROS production, was up-regulated in DMD hiPSC-CM. Another member of this 

family – NOX4 was highlighted in several recent publications as the important regulator of 

oxidative stress in DMD cardiomyopathy44,264,265 whose up-regulation advances deterioration 

of heart function. Our analysis, however, has not found its significantly altered gene 

expression or protein level.  

Although the role of the above genes has not been thoroughly investigated in DMD so 

far, in light of our results regarding higher ROS production in DMD hiPSC-CM (Fig. 21d) and 

decreased activity of the glutathione peroxidase-related pathway (Fig. 16c) involved in the 

antioxidant defense system, it seems important to look deeper into their function in the heart 

of DMD patients (which was, however, beyond the scope of this thesis). 

One of the most striking differences in our transcriptomic data was observed for 

SUCNR1 gene (up-regulated more than six times in DMD hiPSC-CM), encoding G-protein-

coupled receptor for succinate (Fig. 15d), which is involved in several important processes 

including retinal angiogenesis, inflammation or renin-angiotensin system regulation.266–269 In 

the heart it may be involved in cardiac hypertrophy development, ischemia/reperfusion 

injury, and cardiomyocytes apoptosis, all of which have been connected to high SUCNR1 

expression.270,271 In particular, it is activated in response to increased succinate concentration, 

what may result from multiple cardiac injuries. In research on the role of succinate in skeletal 

muscle physiology, SUCNR1 signaling has been found to be involved in calcium/NFAT pathway 

modulation and thereupon the mitochondrial metabolism and muscle fibers remodelling.272 

Correspondingly, in another study, increased succinate concentration activated the SUCNR1 

response, which led to mitochondrial fission, increased ROS production, intracellular calcium 

concentration, and cardiomyocyte death.273 Thus, the SUCNR1 up-regulation demonstrated in 

our study, may in part account for observed increased ROS production and calcium oscillations 

pathology in DMD hiPSC-CM. 

Another interesting observation is the up-regulation of the NRAP gene in DMD hiPSC-

CM, which encodes the nebulin-related-anchoring protein. Its role has been related to actin 

and α-actinin binding and cytoskeleton organization, particularly the α-actinin-dependent 
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myofibrillar assembly. While mutations in this gene are associated with hypertrophic and 

dilated cardiomyopathy274,275, its cardiac-specific overexpression leads to right ventricular 

dysfunction in mice.276 Additionally, several studies indicated the up-regulation of NRAP in 

murine models of DCM277,278, what is consistent with our data from DMD hiPSC-CM. It might 

be explained by activation of the compensatory mechanism in response to the lack of 

dystrophin, a protein with similar functions, although it has not been studied in the context of 

DMD. 

Proteomic analyzes performed on control and DMD hiPSC and hiPSC-CM demonstrate 

clear separation of hiPSC vs. hiPSC-CM (Fig. 17a). Similarly, on the plot visualizing the 

significantly altered proteins between the control hiPSC and hiPSC-CM, majority of marked 

up-regulated factors belong to known markers of cardiomyocytes, what additionally confirms 

efficient cardiac differentiation of hiPSC (Fig. 17b). The comparison of control and DMD hiPSC-

CM, on the other hand, revealed 45 differentially abundant proteins (Fig. 17c). Dystrophin was 

identified as the most down-regulated one (more than 64 times) in DMD hiPSC-CM, 

confirming the lack of its detection in western blot analysis performed on the same cells (Fig. 

17e). Yet, the presence of any peptide corresponding to dystrophin in mass spectrometry 

most probably results from the expression of shorter dystrophin isoforms that share the same 

C-terminal sequence with Dp427. Accordingly, our RT-PCR analyzes revealed the presence of 

Dp71 and Dp40 transcripts in hiPSC-CM (data not shown). 

In addition, the convergence of the obtained transcriptomic and proteomic data was 

compared by aligning the transcripts detected in the transcriptome analysis with their 

counterparts in the proteome dataset. This comparison showed 2044 genes and proteins that 

changed their level in the same direction and 1840 regulated in the opposite manner (Fig. 

18a). Limiting the data from the transcriptome to only differentially expressed genes revealed 

that 18 of them have the same regulation at the protein level, while 13 showed the opposite 

pattern (Fig. 18b). This lack of correlation between mRNA and protein level may result from 

various post-translational modifications, but also from the stability of the transcript and the 

efficiency of its translation. The remaining 29 genes were not present in the proteomic 

dataset, most likely due to their low expression in the cells, corresponding to the level of 

encoded proteins below the threshold of detection for applied method of proteome analysis. 

One of the proteins with significantly altered abundance was CISD1, also referred to as 

mitoNEET, which was down-regulated in DMD hiPSC-CM (Fig. 17c). MitoNEET was described 
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for the first time in 2004, when it appeared to be a target for pioglitazone, a type II diabetes 

drug.279 It is located in the outer mitochondrial membrane and plays a role in the binding of 

iron in the form of Fe-S clusters, as well as in the regulation of energy metabolism through 

redox-sensing properties of these clusters.280 Remarkably, it has been found that among all 

tissues, CISD1 has the highest expression in the heart.281 Disturbances in the regulation and 

function of this protein have never been described in DMD, and, as since it exerts important 

functions in the myocardium, we decided to take a closer look at its role in DMD-associated 

cardiomyopathy. 

The down-regulation of CISD1, detected in mass spectrometric analysis, was first 

confirmed using the Western blot method in all three hiPSC-CM lines applied in the study (Fig. 

19a). As previously reported, one of the effects of decreased CISD1 protein level is excessive 

mitochondrial iron accumulation.282 Therefore, in the next step, mitochondrial and cytosolic 

LIP was evaluated and the results indicated significant increase in free iron concentration in 

bith mitochondria and the cytoplasm of DMD hiPSC-CM (Fig. 19b and c). Commonly, iron 

overload is associated with several negative effects, such as ROS production, lipid 

peroxidation, cellular damage and cell death.283 The mechanism underlying these effects is 

predominantly related to an excessive free, unbounded iron pool, which enters the Fenton 

reaction, the product of which are hydroxyl radicals.284 

To unravel the exact mechanism behind the observed iron excess, in the next step, we 

aimed to verify whether other iron homeostasis regulators are altered in DMD hiPSC-CM. 

Interestingly, in all studied DMD hiPSC-CM lines, a decreased level of ferroportin was observed 

(Fig. 20b). This protein is the main iron exporter, therefore, its deficiency may indicate on 

hindered transport of iron ions out of the cells. Correspondingly, mutations in the SLC40A1, 

the gene encoding ferroportin, have previously been reported and associated with iron 

accumulation.285–288 Furthermore, the main storage protein, ferritin, was up-regulated in DMD 

hiPSC-CM (Fig. 20b), which is probably held as a defense mechanism to bind the free iron ions 

and decrease the harmful abundance of the labile iron pool in the cytoplasm. Increased ferritin 

levels were previously observed in iron overload diseases, where the storage proteins, 

including both ferritin and transferrin, are abundant/saturated and serve as a diagnostic sign.  

At the mRNA level, no differences were observed in the TFRC and SLC40A1 gene 

expression, while the FTH level was decreased in DMD DMB01 and tended to decrease in 

DMB03 hiPSC-CM, suggesting post-transcriptional regulation of both ferroportin and ferritin. 
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A marked decline in HAMP mRNA level, the gene encoding hepcidin, a key regulator of 

ferroportin-mediated iron release218,219, was observed in DMD DMB02 and DMB03 hiPSC-CM, 

which together with the decreased level of ferroportin (at the protein level) corresponds well 

to previous findings regarding the development of iron overload disorders as a consequence 

of mutations in genes encoding these proteins.  

Previous findings regarding the increased level of oxidative stress in iron overloaded 

tissues have led us to evaluate the ROS production and the level of oxidative stress-related 

proteins in our DMD hiPSC-CM model. Indeed, we demonstrated elevated ROS production in 

dystrophic cardiomyocytes. Moreover, both Nrf-2 and one of its downstream effector 

NAD(P)H dehydrogenase [quinone] 1 were markedly elevated in DMD hiPSC-CM, while HO-1, 

on the other hand, showed a diminished quantity. The latter appears to be a reasonable 

cellular response to iron overload as HO-1 catalyzes the reaction of heme breakdown to 

carbon monoxide, biliverdin, and iron ions.289 Yet, the precise mechanism of such down-

regulation warrants further study as this enzyme is a direct target of Nrf-2 indicating a potent 

inhibitory effect of other factors. Importantly, excessive oxidative stress was previously 

demonstrated in various in vivo and in vitro models of DMD and the underlying triggers 

identified so far included severe calcium influx, mitochondria dysfunction, and NOX enzymes 

activation.264,290–294 Here, we demonstrate a novel mechanism contributing to disbalanced 

redox state in dystrophin-deficient human cardiomyocytes related to excessive iron 

accumulation in these cells. In fact, the relation between oxidative stress and iron overload in 

DMD was considered already in 1984, when I. A. Clark proposed deferoxamine, a potent iron 

chelator, as a treatment for DMD patients295, however, since then, this issue was not a subject 

of further investigation. 

A link between iron overload and cardiomyopathy development has been frequently 

reported in the literature.220,296,297 Usually, it results from systemic disturbances in iron 

balance – excessive intestinal absorption or/and aberrant iron storage. One of its most 

common causes is primary hemochromatosis, a genetic disease arising from mutations in 

genes encoding important modulators of iron homeostasis, (i.e. HFE, HAMP, HJV, TfR2), that 

is manifested by abnormal accumulation of iron in key organs for the functioning of the body, 

including heart, liver, and pancreas. However, other genetic (i.e. Friedrich ataxia, DMT1 

deficiency, ferroportin disease – primary iron overload) and non-genetic (caused by i.e. 

excessive iron intake and/or absorption, hemolysis, anemia, end-stage renal disease, and 
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recurring blood transfusions – secondary iron overload) factors contributing to this condition 

are also known. At the molecular level, this excessive iron is toxic to the cells as it leads to 

numerous pathological consequences related to organelle dysfunction, oxidative stress, lipid 

peroxidation, and cell death, mainly through the excessive ROS production. 

Cardiac iron overload significantly affects the proper functioning of the heart. It usually 

leads to the development of dilated cardiomyopathy and left ventricular diastolic 

dysfunction.296 Further complications include contractility disorders, which frequently lead to 

the occurrence of arrhythmias. Finally, left ventricular systolic dysfunction and reduced LVEF 

may occur in later stages of the disease. Similarly, as in the case of DMD-associated 

cardiomyopathy, cardiac iron overload is virtually not manifested in early age and the first 

symptoms usually appear in middle-aged patients. This is due to the fact that accumulation 

develops gradually and first occurs in the epicardium, while later is observed also in the 

myocardium and endocardium.296 It was demonstrated that one of the most specific signs of 

iron overload on CMR examination is the shortening of the T2 relaxation time that is inversely 

correlated with the level of iron accumulation.298–300 Interestingly, the available cardiac MRI 

results performed in DMD patients indicate on decreased T2 relaxation time301,302, although 

this observation has never been linked to iron metabolism disorders.  

Notwithstanding, there are very few research papers in which an analogous 

mechanism of iron homeostasis disturbance was described in theskeletal muscles of a mouse 

model of DMD. In 1998 Bornman et al. demonstrated that dietary iron restriction resulted in 

a decreased level of stress protein - heat shock protein 70 (Hsp70), a reduced number of 

macrophage-invaded necrotic fibers and decreased creatine kinase level.303 Also, previous 

proteomic analysis of liver, heart and skeletal muscle samples collected from mdx mice 

revealed increased ferritin levels, what suggests the iron homeostasis disturbances in these 

tissues,304–308 although no further research has been undertaken in this direction. This topic 

was raised again recently by the group from the University of Melbourne, which in march 2022 

published the study on iron overload in the muscles of mdx and mdx/utrn-/- dKO mice and its 

detrimental effect on muscle function.309 Despite a different research model and the type of 

tissues being tested, the authors obtained results largely consistent with the data presented 

in this thesis, regarding increased iron level in both skeletal muscles and the diaphragm, as 

well as increased ferritin level and ROS production.309 However, the elevated level of 

ferroportin, demonstrated in this study309, is in contradiction with our data and previous 
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findings describing lack of ferroportin as the cause of iron overload.310,311 Such positive 

correlation between iron and ferroportin levels can be, though, found in the literature, what 

probably results from multilevel regulation of this protein in tissue and cell-dependent 

manner.312,313 Moreover, it can be hypothesized that decreased level of ferroportin may be a 

promoting factor in the development of iron overload, while in other cases its increase might 

be the cellular response to the excessive iron level aiming to remove it outside the cell. Of 

note, the authors applicated iron chelation treatment using deferiprone, which ameliorated 

the muscle pathology, decreased the ROS production, and improved the mitochondria 

function.309 

Beside the endorsed direct consequences of excessive LIP on heart failure, there is 

another potential mechanism of impaired electrical conduction in iron-overloaded hearts. 

Namely, when saturated transferrin does not maintain the plethoric iron transportation, the 

non-transferrin bound iron can enter the cell through L-type calcium channels (LTCC), what 

may disturb the normal calcium transportation and, as a result, provoke the excitation-

contraction coupling impairment.220,314 This explanation stands in line with defective calcium 

oscillations in DMD hiPSC-CM demonstrated in our studies. 

Notwithstanding, apart from the cytosolic iron overload, our study is the first to reveal 

the increased liable iron level in mitochondria of DMD hiPSC-CM. Importantly, this 

observation stands in line with mitoNEET down-regulation in these cells. Given that this 

protein is involved in the iron removal from the mitochondria to the cytoplasm, its deficiency 

may thus lead to mitochondrial iron accumulation. As a consequence, excessive ROS are 

produced, damage the mitochondria, and lead to their dysfunction resulting in energy 

production deficiency and cell death. Accordingly, it has been proven that mitoNEET can work 

as an antioxidant factor and its decreased level may result in increased ROS generation and/or 

aggravate the ROS-induced damages (e.g. apoptosis, autophagy) in murine adipocytes315, 

human A375 melanoma cells316 and the striatum of Parkinson’s disease murine model317, 

among others. Another study revealed that mitoNEET has a protective role against oxidative 

stress-induced apoptosis in cardiomyocytes subjected to hypoxia and reoxygenation injury.318 

Interestingly, the studies performed in mice revealed that cardiac-specific mitoNEET knockout 

leads to signs of left ventricular dysfunction and extensive interstitial fibrosis in 12-month-old 

animals, followed by further development of heart failure and premature death.282 These 

findings have been explained by abnormal mitochondria morphology and reduced 
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mitochondrial respiratory capacity observed in these mice’ hearts. This study was thus the 

first step towards enhancing our understanding of the role of mitoNEET in the heart, which 

still remains elusive. 

As the mitoNEET down-regulation predominantly affects the function of mitochondria, 

we performed the examination of our DMD hiPSC-CM ultrastructure using TEM. Obtained 

images of nanoscale cell morphology demonstrated numerous double-membranes structures 

which are identified as autophagosomes, cytoplasmic vacuolation, and degenerating 

mitochondria with dissolution of mitochondria cristae, what indicates on ongoing autophagic 

processes and mitochondria malfunctioning. Similar observations were reported in the 

aforementioned study by Furihata et al. who described the abnormal structure of 

mitochondria with particular emphasis on diminished cristae density and the disturbed 

integrity of the mitochondrial outer membrane in cardiac-specific mitoNEET KO mice.282 

 Another outcome of the transcriptomic data that we have subjected to further in-

depth analysis was the disturbance in the level of genes involved in calcium handling. The 

graph below (Fig. 34) represents the expression alterations in the most important factors that 

regulate calcium homeostasis. The pathway did not achieve statistical significance and is 

presented here only as an overview of the nature and interdependence of these changes. 

Interestingly, the most important alterations are present in the endoplasmic and sarcoplasmic 

reticulum (ER/SR), where increased expression of CASQ and decreased expression of RYR2 

were observed. CASQ encodes calsequestrin, a calcium-binding protein, responsible for the 

storage of calcium ions in the sarcoplasmic reticulum and the regulation of excitation-

contraction coupling.319 Our results indicating an increase in the level of CASQ are in 

contradiction to previous findings reported in the literature, which demonstrated decreased 

levels of calsequestrin in dystrophin animals.320–322 On the other hand, CASQ overexpression 

in mice resulted in defective release of calcium from SR, lower frequency of calcium 

oscillations, and eventually a cardiac hypertrophy and heart failure development.323,324 It was 

also shown, that CASQ and RYR2 expression level correlates inversely and that calsequestrin 

can impede the activity of the ryanodine channel, which controls the release of calcium ions 

from SR. Taken together, these findings suggest that increased CASQ and decreased RYR2 level 

disrupt proper control of release of calcium ions from SR, resulting in disruption of calcium 

oscillations. As a similar relationship was observed in our data, we decided to characterize the 

calcium handling properties in DMD hiPSC-CM. 
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Fig. 34. Map of the calcium signaling pathway generated from KEGG pathways with altered genes revealed in 

transcriptome analysis (not statistically significantly enriched pathway). 

 

 Measurements of spontaneous calcium oscillations were performed on hiPSC-CM 

seeded in a density that allowed the formation of small groups (syncytia). While in the case of 

control hiPSC-CM majority of records displayed regular transients of a similar amplitude, in 

the case of DMD numerous pathological features have been observed. Most of all, oscillations 

discontinuity with variable amplitudes and reduced frequency has been demonstrated with 

additional prolonged plateau and suspended multiple spikes. Such disturbances in calcium 

signaling can generate arrythmia incidences and disrupt the excitation-contraction coupling. 

In the next step, we aimed to verify whether the dystrophin deficiency influences the 

stiffness of hiPSC-CM and whether it affects their contraction amplitude. Measurements 

performed with the use of AFM demonstrated a significantly higher Young’s modulus in DMD 

hiPSC-CM, which corresponds to higher stiffness. Although, to our knowledge, such 

measurements have not been previously performed in DMD hiPSC-CM, the obtained data are 

consistent with the findings from human and murine muscles.325–327 Increased cardiac 

stiffness has been discussed in the literature as a consequence of increased membrane 
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permeability due to its damage and resulting excessive calcium influx.328 In turn, this increased 

amount of calcium ions after binding to troponin causes an increased force of 

contraction329,330, which has been observed in our research (shown as an amplitude of cell 

deformation) (Fig. 26b). In the case of DMD, another reason for the increase in muscle and 

cardiac tissue stiffness observed in vivo is the frequently reported development of fibrosis.331–

333 In both cases, this enhanced stiffness is associated with impaired functions of the affected 

organs. 

Currently, hiPSC-CM are commonly used for in vitro studies of DMD-associated 

cardiomyopathy. They are usually derived from hiPSC obtained from somatic cells of a DMD 

patient or by introducing mutations in the DMD gene into hiPSC obtained from an unaffected 

donor. However, unlike patients with DMD, hiPSC-CM due to their immature, fetal phenotype, 

still express utrophin, which, according to our hypothesis, may partially mask the lack of 

dystrophin by overtaking its function. To verify it, we generated the DMD hiPSC line with 

additional UTRN knockout (Fig. 27). The lack of utrophin was confirmed at the protein level by 

western blotting (Fig. 27c). Analogous functional measurements of calcium oscillations, 

electrophysiological properties, and nanomechanical characteristics were performed to 

determine whether the additional lack of utrophin deteriorates the dystrophic phenotype of 

our hiPSC-CM. In fact, UTRN KO hiPSC-CM demonstrated more severely impaired calcium 

handling with higher incidence of discontinuous oscillations with prolonged plateau, as well 

as reduced oscillations frequency in comparison to DMD hiPSC-CM (Fig. 28 and Fig. 29). On 

the other hand, there were no significant differences between the UTRN KO and the DMD 

hiPSC-CM in terms of the parameters of the electrophysiological properties of the single 

hiPSC-CM (analyzed by patch-clamp). This discrepancy may be explained by the localization of 

utrophin in cardiomyocytes, which in addition to the sarcolemma, was also found in 

intercalated discs, as previously shown in the murine heart.334,335 There is, admittedly, one 

study, that contradicts the presence of utrophin in this localization336, however it was 

performed on human cardiac tissue samples, while the presence of utrophin in the adult 

human heart is rather questionable. The intercalated discs are structures that connect the 

individual cardiomyocytes and are involved in the maintenance of signal conductivity. It is 

done through numerous protein complexes belonging to their three main components: fascia 

adherens junctions, desmosomes, and gap junctions, responsible for electrical, mechanical, 

and chemical signal transmission. Disturbances in the proper functioning of intercalated discs 
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were previously reported in several cardiac diseases – arrhythmogenic cardiomyopathy, 

dilated cardiomyopathy, Friedreich cardiomyopathy, and Brugada syndrome.337–341 Utrophin 

was previously found in two types of intercellular connections – the aforementioned NMJ and 

MTJ. The studies performed on utrophin-deficient mice highlighted its role in stabilizing of 

neuromuscular synapses342–344, where the frequency of acetylocholine receptors and 

postsynaptic infoldings were decreased. Our experimental setup, where the 

electrophysiological properties of hiPSC-CM were analyzed both in single cells and small 

syncytia-like groups of cells, allowed better identification at which stage of signal generation 

and transmission, the lack of utrophin deteriorates the functioning of cardiomyocytes. Thus it 

indicates on the crucial role of utrophin in signal transduction, while its absence does not 

implicate any changes in the action potential properties of single cells (Fig. 30), but 

significantly worsens the calcium handling (Fig. 28 and Fig. 29). Surprisingly, we did not 

observe any significant changes in the nanomechanical properties of hiPSC-CM with additional 

deficiency of utrophin. The stiffness of the cells is even lower as compared to that of 

dystrophic cells. This may be due to some compensatory mechanisms and up-regulation of 

other cytoskeleton proteins, however, large scatter of data resulting in large standard 

deviations make it difficult to draw clear conclusions. 

 Our next purpose was to evaluate whether activation of utrophin in DMD hiPSC-CM 

can rescue their pathological phenotype. In particular, this approach implied the up-regulation 

of the utrophin A isoform. As with dystrophin, there are several isoforms of human utrophin: 

two main full-length – utrophin A and B (395 kDa) and shorter Up140 (140 kDa) and Up71 

(71kDa) isoforms.345,346 The additional G-utrophin (113 kDa) isoform was identified in mouse 

brain347, however, its presence has not yet been confirmed yet in human tissues. Utrophin A 

and B have two distinct promoters and they differ in their localization – utrophin A is localized 

in the sarcolemma of regenerating fibers, NMJ and MTJ, while utrophin B is found in vascular 

endothelial cells.205 Furthermore, it has been highlighted that the utrophin A is up-regulated 

in dystrophin-deficient muscles and its level may correlate with disease severity.189,348 For the 

therapeutic purposes, it is therefore recommended to up-regulate utrophin A transcript, 

which is usually obtained by increasing its promoter activity. As described in the Introduction, 

many attempts have been made to restore the expression of utrophin and verify to the 

putative therapeutic effect of such a strategy in DMD settings. However, its role in 

cardiomyocytes has never been investigated in detail. Accordingly, for this purpose, we 
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utilized the CRISPR/dCas9 system, the approach that was created on the basis of the standard 

CRISPR/Cas9 system upon inactivating the nuclease activity of Cas9. It has an additional 

activation domain VP64, which after recruitment to the target locus by sgRNA, provides the 

transcriptional activation of the selected gene. The respective sequences encoding dCas9 and 

sgRNA are flanked by AAV inverted terminal repeats (ITR), therefore, the system can be 

delivered to the cells by AAV vectors. In our studies, we utilized AAV serotype 6 as it provides 

a higher transduction efficiency in hiPSC-CM than another tested AAV serotype 9 (Fig. 32a). 

Importantly, one of the designed sgRNA sequences (sgRNA1) demonstrated a substantial 

efficiency of utrophin activation upon delivery into hiPSC-CM, with ~3.7 times higher 

expression of UTRN in comparison to cells transduced with control AAV vectors that did not 

encode any sgRNA sequence (Fig. 32e). Patch-clamp measurements of these cells revealed 

that utrophin activation in DMD hiPSC-CM restored the AHP values (increased in DMD hiPSC-

CM) to the level of control cells (Fig. 33a). 

 Although the therapeutic potential of utrophin activation using the dCas9-VP64 system 

in DMD hiPSC-CM needs further investigation, this approach is an innovative alternative to 

already developed treatment strategies. A similar approach was previously tested by Wojtal 

et al., who used the CRISPR/dCas9-VP16 system for activation of utrophin in myoblasts. The 

authors compared the efficiency of utrophin A and B up-regulation and reached the 

conclusion that it is much more feasible in the case of utrophin B (3.8-6.9-fold increase), while 

it is more challenging in the case of utrophin A (1.7-2.7-fold increase).349 It results from a 

strong methylation of utrophin A promoter and difficulty in finding there more accessible 

open chromatin accessibility sites, as demonstrated by increased DNAse I footprints density 

in the case of utrophin A promoter in comparison to the utrophin B counterpart.349 

The benefit of AAV-based therapies is associated with the highly non-immunogenic 

and non-integrating nature of these vectors, while at the same time they provide long-term 

transgene expression. It is also confirmed by the fact that two AAV-based therapies have been 

already approved by FDA for the treatment of inherited retinal disease (Luxturna, AAV2) and 

spinal muscular atrophy (Zolgensma, AAV9) and they are successfully used in the clinical 

application. AAV vectors encoding microutrophin were previously tested in several in vivo 

studies and demonstrated successful transgene delivery and improved muscle function, as 

well as a prolonged lifespan in the mouse model of DMD.194,195,198 However, more research is 

needed to ensure the tailored AAV tropism and thorough screening for off-targets. 
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Finally, a number of potential limitations should be considered. First, in our study, we 

used hiPSC-CM, which after the standard differentiation protocol have an immature 

phenotype. This means that some pathological features associated with the disease of interest 

may not manifest in such cells. Several protocols of obtaining the mature cardiomyocytes have 

been described; however, they are not yet widely applied in the hiPSC-CM-based research. 

Remarkably, the attempts to obtain more adult-like phenotype in DMD hiPSC-CM through 

long-term cell culture on nanopatterned surface demonstrated impaired maturation of DMD 

hiPSC-CM.350 Moreover, as in most in vitro studies, the cellular model is devoid of some 

physiological and microenvironmental conditions. Two-dimensional cell culture can affect the 

properties of cells as well as the sensitivity to drugs. Further experimental investigations are 

therefore needed to validate the evidence from our studies in the in vivo model. An additional 

weakness is carrying out some experiments on only one hiPSC line - this was due to the fact 

that these experiments are very time-consuming and/or expensive, while they were 

conducted in such a way as to obtain the highest possible number of n (by performing 

biological replicates - from different differentiation relapses and a large number of single cells 

analyzed). 
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Conclusions 

In the presented study, three isogenic hiPSC lines were generated and, after their 

differentiation into cardiomyocytes, a series of experiments were performed, the results of 

which allow the following conclusions to be drawn: 

§ Transcriptomic and proteomic analysis revealed several important alterations in DMD 

hiPSC-CM signaling pathways, predominantly related to oxidative stress, calcium 

handling, and membrane integrity; 

§ DMD hiPSC-CM demonstrate severe iron overload, which further impairs their 

function through excessive oxidative stress, ROS production, and mitochondria 

degeneration; 

§ DMD hiPSC-CM are stiffer than control hiPSC-CM and have higher contraction 

amplitudes; 

§ DMD hiPSC-CM present severely impaired calcium handling and this effect is even 

more pronounced in the double dystrophin/utrophin-deficient cells, which is most 

likely associated with utrophin localization in intercalated discs; 

§ DMD hiPSC-CM demonstrate increased AHP and decreased APD20 parameters in 

action potential measurements by patch-clamp, however, this effect is not 

exacerbated by the additional utrophin deficiency; 

§ Utrophin activation in DMD hiPSC-CM restores the proper values of AHP parameter; 

§ Modelling of DMD-associated cardiomyopathy in vitro should be performed on double 

dystrophin/utrophin-deficient hiPSC-CM, as the presence of utrophin may mask some 

effects due to its compensatory mechanism, 

§ The obtained results may be strongly influenced by effects related to the donor's 

genetic profile and even the time point of the performed differentiation; therefore, it 

is advisable to conduct experiments on hiPSC cells obtained from several unrelated 

donors. 
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Supplementary figures 

 

 
Supplementary Figure 1. Pictures of all hiPSC lines used in the study stained for markers of pluripotency: OCT4, 

SSEA-4, TRA-1-60, TRA-1-81 and NANOG. The scale bars represent 100 µm. 
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Supplementary Figure 2. Pictures of embryoid bodies spontaneously differentiated from all hiPSC lines used in 

the study, stained for markers of cells originating from all three germ layers: GATA4 (mesoendoderm), NFH 

(ectoderm) and αSMA (mesoderm) and vimentin (mesoderm/endoderm) nuclei stained in blue. The scale bars 

represent 100 µm. 
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Supplementary Figure 3. Pictures of all hiPSC lines used in the study stained for alkaline phosphatase activity. 

The scale bars represent 50 µm. 

 

 
Supplementary Figure 4. Results of karyotype analysis of all hiPSC lines used in the study. 

 



 148 

 
Supplementary Figure 5. Gating strategy for the phenotyping of troponin T-positive cells using flow cytometry. 

 

 
Supplementary Figure 6. Original uncropped western blot pictures from Fig. 20. illustrating the Nrf-2 level in 

DMB01, DMB02 and DMB03 hiPSC-CM. Unsigned bands refer to studies not included in this thesis. 
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