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ABSTRACT 

Duchenne Muscular Dystrophy (DMD) is a disorder caused by loss-of-function 

mutations in dystrophin, a critical protein that maintains muscle fiber integrity. Our lab 

discovered that dystrophin-deficient skeletal muscle stem cells, also known as satellite cells, 

cannot generate enough myogenic progenitors for proper muscle regeneration. Previously, 

we demonstrated that WNT7A, a protein expressed during muscle regeneration, stimulates 

symmetric division of satellite cells, and gives rise to two daughter satellite cells. 

Conversely, epidermal growth factor (EGF) induces asymmetric division, which generates 

one daughter satellite cell and one committed precursor cell. We aimed to investigate these 

satellite cell division mechanisms following WNT7A or EGF treatment in a human model 

using healthy and DMD-patient derived hiPSCs differentiated into the myogenic lineage. 

The presence of satellite-like cells was confirmed in both lines by their characteristic 

expression of PAX7 and other myogenic markers. Intriguingly, DMD-patient hiPSCs 

precociously differentiated compared to healthy control human induced pluripotent stem 

cells (hiPSCs). More notably, WNT7A treatment had a potent effect on the DMD 

differentiated cells. High content analysis revealed an expansion of the satellite-like cell pool 

as observed by a higher number of PAX7+ cells within the total population and gene 

expression analysis demonstrated a significant increase in global PAX7 expression. In 

contrast, EGF treatment reduced the number of PAX7+ cells and increased the proportion of 

MYOG+ cells within the myogenic population, indicating an increase in myogenic 

progenitors. Taken together, WNT7A and EGF can alter the myogenic differentiation 

program of healthy and DMD-patient derived hiPSCs by modulating the satellite-like cell 

division dynamics.  
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1 INTRODUCTION 

1.1 SKELETAL MUSCLE STEM CELL REGENERATION AND SATELLITE CELL DIVISION

MECHANISMS 

Striated skeletal muscle is the most abundant tissue in the human body, accounting 

for roughly 40% of total body mass (1). Controlled by the somatic nervous system, skeletal 

muscle contributes to a variety of bodily functions (2). Mechanically, skeletal muscle 

converts chemical energy into mechanical energy in order to generate force and power, 

maintain posture, and produce movement (1). Metabolically, skeletal muscle contributes to 

basal energy metabolism, stores important substrates such as amino acids and carbohydrates, 

produces heat for core temperature maintenance, and consumes most of the oxygen and fuel 

used during physical activity and exercise (1). 

Skeletal muscle has a remarkable ability to regenerate (2, 3). Following injury, 

exercise, or weight-related trauma, skeletal muscle can completely restore its structure and 

function (2, 4). The crucial mediators of muscle regeneration are skeletal muscle stem cells, 

termed satellite cells (2, 5). These mononucleated cells were first discovered in 1961 and 

named satellite cells due to their sublaminar location and intimate association with the 

sarcolemma of myofibers (5, 6). Satellite cells are characterized by their ubiquitous 

expression of the paired box transcription factor PAX7 (7).  

PAX7 is required for the postnatal growth, maintenance, and regeneration of skeletal 

muscle. PAX7-null  mice show marked muscle wasting and a progressive loss of functional 

satellite cells through precocious differentiation, which lead to death within 2 weeks after 

birth (2, 7, 8). PAX7 depletion in adult mice using inducible PAX7 Cre-ERT2 tamoxifen-

treated mice dramatically reduced the number of satellite cells and prevented muscle 
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regeneration, indicating its essential role in adult myogenesis. (2, 3, 9). Similarly, 

conditionally depleting satellite cells by expressing a human diphtheria toxin receptor under 

the control of the murine PAX7 locus resulted in significant muscle tissue loss and failure to 

regenerate skeletal muscle (2, 10, 11). Notably, muscle regeneration could be rescued by 

satellite cell transplantation into the depleted muscle (10).  

In resting skeletal muscle, satellite cells remain mitotically quiescent, however, they 

can become activated in response to exercise, injuries, or disease. They enter the cell cycle, 

fuse, and differentiate – a process that is controlled by the sequential expression of 

transcription factors (12). Myogenic factor 5 (MYF5), Myogenic Differentiation (MYOD), 

Myogenin (MYOG), and Myogenic Regulatory Factor 4 (MRF4) are the four transcription 

factors that comprise the myogenic regulatory factor family (MRF). These MRFs direct 

muscle progenitor cells through the skeletal muscle lineage (13). Once activated, the satellite 

cells re-enter the cell cycle to proliferate. These committed satellite cells are referred to as 

myoblasts and they express PAX7, and/or MYF5, and/or MYOD (2, 7, 14). After many 

rounds of proliferating, these myoblasts exit the cell cycle and differentiate into mature 

myocytes. This terminal differentiation program is characterized by a decrease in PAX7 and 

MYF5 expression, and by an increase in MYOG and MRF4 levels (2, 4). Finally, the 

myocytes can fuse to form new multinucleated myotubes and/or fuse to damaged myofibers. 

At this point, MYOD levels decline as the expression of myosin heavy chain (MHC) and 

other contractile proteins escalate. The balance of various MRFs is essential for regulating 

cell fate (2, 4, 7). 

A long-term self-renewing stem cell population that expresses PAX7 but not MYF5 

(PAX7+/MYF5-) appears to make up around 10% of the satellite cell population. 
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Transplantation and serial injury experiments have previously demonstrated that this 

population can replenish the satellite stem cell pool in addition to contributing to the 

committed progenitor pool (15). The remaining 90% of the satellite cell population are 

committed, MYF5-expressing cells (PAX7+/MYF5+) that appear to self-renew on a short-

term basis (15, 16).  Using a Myf5-Cre knock-in allele and a ROSA-YFP Cre reporter, Kuang 

et al. demonstrated that during muscle regeneration, satellite cells can undergo either 

asymmetric or symmetric division (15). During symmetric division, one PAX7+/MYF5- 

satellite cell gives rise to two identical daughter PAX7+/MYF5- cells in a planar (parallel) 

orientation relevant to the muscle fiber (15, 17). Conversely, in asymmetric division, one 

PAX7+/MYF5- satellite cell gives rise to one daughter PAX7+/MYF5- satellite cell and one 

PAX7+/MYF5+ committed myogenic progenitor cell. Asymmetric divisions of satellite cells 

typically occur in an apical-basal orientation (the polarity of cell division occurs at a right 

angle to the basal lamina), with the generation of a basal PAX7+/MYF5- cell and an apical 

PAX7+/MYF5+ cell (15, 18). A tightly regulated balance between symmetric self-renewal 

and asymmetric division is required to maintain the satellite stem cell pool and generate 

enough committed progenitor cells for muscle regeneration (19). 

The satellite stem cell niche plays a critical role in the establishment of apical-basal 

polarity for asymmetric division of satellite cells. These cells are situated within a niche 

between the sarcolemma and basal lamina of myofibers (20). Adhesion proteins such as M-

cadherin and NCAM are polarized at the sarcolemmal surface of quiescent satellite cells, 

while high levels of dystroglycan and Integrin-α7 and -β1 are polarized at the basal level. 

Quiescent satellite cells interact with extracellular matrix components in their niche through 

the expression of heparan sulfate proteoglycans Sydecan-3 and Sydecan-4, which act as co-
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receptors for Integrins, Notch, and Frizzled 7 (FZD7). This interaction with the basal lamina 

is thought to promote quiescence in satellite cells. During asymmetric cell division, the 

committed daughter progenitor cell is no longer in contact with the basal lamina, while the 

daughter satellite cell remains in the basal position to maintain niche interactions and return 

to quiescence (21).  

Prior to asymmetric division, the partitioning defective (PAR) polarity complex is 

essential for determining the polarity of the satellite cell. The PAR-complex plays a key role 

in establishing polarized centrosomes and facilitating the formation of mitotic spindles at 

these sites to drive asymmetric division. Adhesion factors expressed by the satellite cell 

affect the localization of the PAR-complex through the dystrophin-glycoprotein-complex 

(DGC), which serves to connect the surrounding extracellular matrix and the basal lamina 

(21).  

1.2 EMBRYONIC AND FETAL MYOGENESIS 

Embryonic myogenesis occurs post-gastrulation, following the formation of the 

primitive streak, when the cells ingress into the primitive streak and form the ectoderm, 

mesoderm, and endoderm germ layers (22). The mesoderm is subdivided anatomically into 

three distinct regions: the paraxial, intermediate, and lateral plate, with the paraxial 

mesoderm giving rise to the presomitic mesoderm tissue (PSM). The PSM is composed of 

two regions, the immature posterior, and the committed anterior region, with the latter 

forming the segmented somites. The formation of somites is a result of morphogen gradients 

that exist at both ends of the PSM. To regulate the production of somites, the segmentation 

clock, a molecular oscillator, generates periodic pulses of Notch, FGF, and WNT signaling 
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(23). The posterior end of the presomitic mesoderm is highly exposed to WNT/FGF 

signaling, where cells exhibit the expression of paraxial mesoderm markers such as MSGN1, 

TBX6, and BRACHT. These markers are known to be key targets of WNT and FGF 

signaling. When the cells move towards the anterior side of the presomitic mesoderm, they 

reach the determination front, where they encounter increased concentrations of retinoic acid 

(RA) signaling originating from the anterior somitic region. RA signaling opposes the effects 

of WNT/FGF signaling, triggering metabolic and transcriptional alterations in the cells, 

leading to the expression of MESP2, PAX3, FOXC1/2, and MEOX1/2 expression. A somite 

boundary is formed at the tip of the anterior PSM when MESP2 activates Eph-ephrin 

signaling, which creates a new furrow (Figure 1) (22).  
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Figure 1. Simplified diagram of somitogenesis. In embryonic vertebrates, the formation of 

a somite begins in the immature, posterior presomitic mesoderm (PSM). The posterior end is 

exposed to high levels of WNT and FGF signaling (as demonstrated by the green gradient). 

As the PSM cells reach the determination front (the dashed line), they encounter an opposing 

gradient of retinoic acid (RA, in red) signaling originating from the anterior segmented 

region. In lateral pairs, the now epithelial like somites bud off and further differentiate into 

the sclerotome, dermomyotome, and myotome. The genes that characterize the anterior and 

posterior PSM are shown in boxes. 

6



The newly formed somite gives rise to the dermomyotome, sclerotome, and 

myotome. The ventral compartment of the somite gives rise to the sclerotome, while the 

dorsal compartment generates the dermomyotome and myotome. In the ventral 

compartment, Sonic hedgehog signaling (Shh) acts as a morphogen and triggers the 

expression of paired box 1 (PAX1) and PAX9 in the sclerotome, which later develops into 

cartilage and bone (23, 24). In the dorsal compartment, the dermomyotome cells produce 

skeletal muscle, excluding certain head muscles, and are distinguished by their expression of 

PAX3, PAX7, and low levels of MYF5 (24). The expression of PAX3/7 in the dermomyotome 

is induced by WNT signaling originating from the neural tube and ectoderm (25). 

Primary myogenesis begins when the cells at the middle dorsal dermomyotome 

express the myogenic transcription factors MYF5 and MYOD1. These committed myogenic 

cells, termed myoblasts, proliferate and further differentiate and fuse into primary myotubes 

that form the primary myotome (26). β-catenin binds its receptor WNT1/3A in the myotome 

to induce myogenic differentiation. Wnt signaling regulates Shh signaling to also induce 

myogenic commitment through up-regulation of MYF5 and MYOD (27). After the myotome 

is formed, the dermomyotome disintegrates, and its PAX3-positive cells migrate into the 

myotome to remain as precursors for later phases of myogenic differentiation (23). 

Conversely, some PAX3-positive cells from the lateral dermomyotome migrate into the 

trunk and limb buds and differentiate into various tissues, including limb muscles, lymphatic 

endothelia, and vascular tissues. 

During secondary, or fetal, myogenesis, a subset of PAX3 positive myogenic 

progenitors downregulate PAX3 expression and upregulate PAX7. These PAX7 positive 

cells fuse together to form larger secondary fibers and can even fuse along the surface of 
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primary myotubes as a template. A portion of this PAX7+ myogenic precursor population 

are enveloped into developing myofibers and remain as satellite cells in postnatal skeletal 

muscle (Figure 2) (24). 
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Figure 2. Summary of primary and secondary myogenesis. Primary myogenesis 

(summarized in the first row) is the formation of the first wave of skeletal muscle fibers 

which occurs during embryonic development. Myoblasts derived from the somitic stem cell 

proliferate, differentiate, and fuse to form primary myotubes (depicted in yellow). Secondary 

myogenesis (second row) occurs during fetal stages of development. The PAX7+ fetal stem 

cell proliferates and then fuses either amongst themselves or along the surface of primary 

myofibers generated during primary myogenesis. The grey boxes at the bottom indicate the 

myogenic genes that are specified in each stage.  
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Skeletal myogenesis can be recapitulated in vitro from human pluripotent stem cells 

through directed differentiated (more on this later). Intriguingly, a couple of studies have 

tried to emulate the segmental clock and derive somites from pluripotent stem cells, 

including mouse embryonic stem cells, and human pluripotent stem cells, and yet these 

models seem to lack PAX7 or MYF5 expression in the dermomyotome (28–30). 

1.3 DUCHENNE MUSCULAR DYSTROPHY AND DYSTROPHIN EXPRESSION IN

SATELLITE CELLS 

Duchenne muscular dystrophy (DMD) is a devastating genetic muscular disorder that 

is characterized by progressive muscle weakness and wasting. This fatal disease affects 

around 1 in 3500 male births and ultimately results in death by the second or third decade of 

life due to respiratory insufficiency or cardiomyopathy in early childhood (31). DMD is 

caused by mutations in the DMD gene which encodes for the dystrophin protein. Dystrophin 

is a 3600-residue rod-shaped protein that is expressed in differentiated myofibers and 

connects the myofiber cytoskeleton to the extracellular matrix through the dystrophin-

associated glycoprotein complex (DGC) (19). In the absence of dystrophin, muscle fibers are 

greatly weakened and muscle contraction-induced stress results in constant cycles of muscle 

regeneration and degeneration, leading to a loss of muscle mass and function (2, 32). There 

is currently no cure for DMD, however, glucocorticoid treatment along with cardioprotective 

treatment, ventilatory support, and physical therapy help delay the progression of the disease 

(31). 

Previous studies have postulated that human DMD progression is a consequence of 

muscle stem cell exhaustion caused by the repetitive cycles of degeneration and regeneration 

(33–35). However, multiple studies have indicated an increase in the number of satellite cells 
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in mouse and human dystrophic muscle suggesting that the depletion of satellite cells is not 

the primary cause for impaired muscle regeneration (36, 37).  

In 2015, Dumont and colleagues made a remarkable discovery regarding the role of 

satellite stem cells in the mouse model for DMD, hereafter referred to as mdx mice (19). Our 

lab discovered that DMD is highly transcribed in activated satellite cells, and dystrophin 

associates with the kinase MARK2 to regulate internal cell polarity. Furthermore, we 

discovered that PARD3 is distributed in a polarized manner at the opposite end of satellite 

cell along the apicobasal axis. This primes the satellite cell to undergo asymmetric division 

and give rise to a daughter satellite stem cell (for its self-renewal) and a daughter myogenic 

precursor cell (for myogenic commitment). Therefore, in mdx mice with dystrophin-deficient 

satellite cells, we observed a downregulation of MARK2, a loss of PARD3 polarization, and 

consequently reduced asymmetric cell division that resulted in the gradual loss of committed 

progenitors and a satellite stem cell hyperplasia. This decrease in myogenic precursor 

production leads to inefficient muscle regeneration. These findings importantly demonstrate 

that muscle wasting in DMD is not only caused by myofiber fragility – but also the inability 

of satellite cells to perform asymmetric division. Hence, interference in the homeostasis of 

symmetric divisions to asymmetric divisions notably contributes to DMD pathology. 

1.4 WNT7A INDUCES SYMMETRIC EXPANSION OF SATELLITE CELLS 

As previously mentioned, Wnt signaling pathways play essential roles in regulating 

embryonic myogenesis. Wnt signaling from the dorsal neural tube or ectoderm can initiate 

and progress myogenesis in the presomitic mesoderm and early somites (38, 39). 

Additionally, Wnt signaling can regulate the expression of myogenic transcription factors 
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including PAX3/7, MYF5, and MYOD in embryonic myogenic progenitors to induce 

commitment and differentiation  (26, 39). In the post-natal muscle, the roles of Wnt 

signaling during muscle regeneration have been controversial. After injury, satellite cells 

undergo a proliferative phase prior to fusing together to form new myofibers. One study 

indicated that Wnt proteins dramatically increase satellite-cell proliferation through the 

canonical Wnt/β-catenin pathway during muscle regeneration (39, 40). Conversely, another 

study demonstrated that satellite cells differentiate after exogenous Wnt treatment, due to a 

switch from Notch signaling to Wnt signaling through the canonical pathway (41). In a more 

recent comprehensive genetic study, Murphy et al. demonstrated that silencing, rather than 

activating, the canonical Wnt/β-catenin signaling pathway in adult satellite cells is important 

for muscle regeneration (39, 42).  

Our lab has made significant advances in the role of WNT7A signaling in muscle 

growth and regeneration. Particularly, we have demonstrated that Frizzled 7 (FZD7), a G-

protein-coupled transmembrane Wnt receptor, is expressed at high levels in quiescent 

satellite cells, suggesting a possible involvement of non-canonical Wnt signaling (17). 

Further analysis revealed that WNT7A was upregulated during muscle regeneration and 

binds to the FZD7 receptor at the surface of satellite cells. Interestingly, stimulation with 

WNT7A did not activate the canonical Wnt/β-catenin signaling pathway. Instead, we found 

that WNT7A binds to FZD7 and activates the non-canonical planar-cell-polarity (PCP) 

pathway, leading to symmetric expansion of satellite cells and accelerated muscle 

regeneration (39). The activation of the PCP pathway with WNT7A also leads to the 

polarized distribution of the PCP effector, Vangl2, at either pole of the satellite cell 
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undergoing symmetric planar cell division. Inhibition of Vangl2 expression abolishes the 

effects observed by WNT7A on the expansion of satellite stem cells. 

Overexpression of WNT7A during TA (tibialis anterior) muscle regeneration of mice 

resulted in an impressive enhancement of the regeneration process and the creation of more 

fibres of bigger caliber. Importantly, Maltzahn et al. investigated the therapeutic potential of 

WNT7A in mdx mice (43). They discovered that WNT7A treatment efficiently induced 

satellite cell expansion and myofiber hypertrophy as well as significantly increasing muscle 

strength in treated muscles in mdx mice. The ability of WNT7A to drive muscle growth with 

satellite cell expansion and productive hypertrophy suggests that WNT7A may be used as a 

potential therapeutic for dystrophic muscles in DMD. Although we do observe satellite stem 

cell hyperplasia in adult mdx mice, WNT7A treatment is thought to increase the absolute 

number of asymmetric divisions as the total number of satellite cells would increase. 

Furthermore, Maltzahn et al. demonstrated that WNT7A can act on differentiated myofibers 

and activate the AKT/mTOR pathway which can have a protective effect in mdx mice (44).  

1.5 EGF INDUCES ASYMMETRIC DIVISION OF SATELLITE CELLS 

Previous research has suggested that the epidermal growth factor receptor (EGFR) 

plays a role in myogenic differentiation. For example, Olwin et al. demonstrated that 

downregulation of EGFR was necessary for differentiation in mouse myoblasts (45). 

Similarly, Leroy et al. found that EGFR is a key regulator of human myoblast differentiation 

and is downregulated during the early stages of differentiation (46).  

In a recent study, our lab characterized the role of EGFR in satellite cells. Through an 

in-niche muscle stem cell screen, we revealed that the activation of epidermal growth factor 
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receptor (EGFR) and the mitotic spindle assembly protein, aurora kinase A (Aurka), are key 

determinants of asymmetric division of satellite stem cells (47). We found that quiescent 

satellite cells express EGFR at their basal surface, and following treatment with epidermal 

growth factor (EGF), activated EGFR phosphorylated on Tyr1068 (p-EGFR) recruits Aurka, 

and drives the asymmetric division of satellite cells. This, in turn, increased the number of 

MYOG-expressing committed myogenic progenitors. Importantly, we observed that EGF 

stimulation or inhibition of EGFR did not affect the cell cycle re-entry, rate of mitosis, or 

total cell numbers in vitro. This indicated that EGFR acts as a determinant of satellite stem 

cell fate and is not acting as a mitogen (47). Furthermore, our research uncovered that the 

EGFR polarity pathway operates independently of the dystrophin-mediated polarity 

determination and can rescue the deficit in asymmetric division observed in dystrophin-

deficient satellite cells. Notably, treatment with EGF in mdx muscles, resulted in increased 

generation of myogenic progenitors, improved regeneration potential, and ameliorated 

disease progression. These findings highlight the potential of EGF and EGFR as therapeutic 

targets for enhancing muscle regeneration in conditions such as DMD. 

1.6 DISEASE MODELING WITH DUCHENNE MUSCULAR DYSTROPHY PATIENT

DERIVED HIPSCS 

Perhaps a major challenge currently hindering the development of effective therapies 

for DMD is the lack of an animal model that closely recapitulates the disease progression in 

humans (48). Many of the aforementioned studies used the mdx mouse as a model for DMD. 

However, mdx mice exhibit only a mild dystrophic phenotype as they live a near-normal 

lifespan and reproduce normally (49). Their muscles appear normal at birth, but around 4-8 

weeks, they undergo only a transient period of muscle degeneration and regeneration and 
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never exhibit the profound loss of muscle strength and death observed in human DMD 

patients (50). Therefore, there is a critical need to recapitulate the pathophysiological 

mechanisms of DMD in a human preclinical model.  Takahashi et al. opened an avenue to 

generate patient and disease-specific pluripotent stem cells by reprogramming human adult 

fibroblasts into pluripotent stem cells (51). There have been many protocols developed to 

differentiate human pluripotent stem cells, such as induced pluripotent stem cells (iPSCs), to 

skeletal myofibres in vitro (52, 53). iPSCs derived from DMD patients are expected to be a 

better source for modelling DMD in vitro because they can be derived from the patients, and 

they have the ability to show key disease features. Patient-specific iPSCs are thus a useful 

platform and complement current animal models of DMD to study the underlying 

pathological mechanisms of DMD as well as testing therapeutic treatments.  

There are currently two main approaches to inducing myogenic differentiation of 

hiPSCs: 1) the reprogramming and 2) chemically defined methods of myogenic induction. In 

1) reprogramming protocols, hiPSCs are differentiated into the myogenic lineage by the 

overexpression of the myogenic transcription factors PAX3, PAX7, or MYOD1. To introduce 

these genes into the genome of hiPSCs, lentiviral systems and piggyback systems can be 

used, and selective transcription of these genes can be induced by gene expression systems 

such as tetracycline or tamoxifen (54). The cells that express these genes can be sorted and 

purified using fluorescent activated cell sorting (FACS), especially if they have a fluorescent 

reporter gene integrated such as GFP (green fluorescent protein) or mCherry. 

In the 2) non-reprogramming approach, hiPSCs are differentiated through unique 

culture conditions and sequential addition of growth and differentiation factors to 

recapitulate the defined transitions from early embryonic myogenesis to fetal and post-natal 
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myogenesis (55). This study used the 2016 Shelton et al. protocol, which starts the 

differentiation program by treating a monolayer of hiPSCs with CHIR99021, a potent 

GSK3β (glycogen synthase kinase-3) inhibitor, to activate Wnt signalling and induce the 

formation of the paraxial mesoderm and form presomitic mesoderm progenitors (52). 

CHIR99201 significantly enhances the expression of mesoderm genes such as TBX6, 

MSGN1, and MESP1 during the first week of differentiation (52, 54). FGF2 is added to the 

cultures beginning on day twelve. This factor acts on the dermomyotome progenitors to 

support their commitment to the myogenic lineage and promotes progenitor cell proliferation 

(52). Therefore, around day twelve of the differentiation process, the cells start to upregulate 

muscle specification genes such as PAX3 and PAX7. By day twenty-one, there are a 

significant number of myogenic-like cells expressing the different MRFs and the 

differentiation continues until the endpoint, which is day fifty.  

Several studies have demonstrated myogenic differentiation of human embryonic 

stem cells (hESCs) or hiPSCs through MYOD1 overexpression (54, 56–58). However, this 

method bypasses early embryonic differentiation stages and initiates myogenesis at the 

myoblast stage, making it challenging to study early myogenesis. Moreover, these cells do 

not follow the defined myogenic developmental stages and may not accurately represent 

mature skeletal muscle tissue (55). More importantly, MYOD1-reprogrammed iPSCs cannot 

replenish the muscle stem cell niche, as they do not express PAX3 or PAX7, and lack the 

regenerative potential of adult stem cells (55).  

In the context of therapeutic applications, the chemically defined method of 

myogenic induction is superior to reprogramming methods. While reprogramming methods 

can produce myogenic progenitors more quickly and generate approximately 90% of 
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myogenic-like cells, the use of exogenous DNA can lead to genetic instability and disruption 

of cellular processes (54, 55). This is a significant concern for cell-based therapies, 

particularly for patients with DMD, and may raise additional regulatory considerations. 

After induction of hiPSCs into the myogenic lineage, these myogenic progenitors can 

be transplanted into mice to promote the regeneration of new muscle fibers. In 2012, Darabi 

et al. induced PAX7 expression in hESCs and hiPSCs to derive myogenic progenitors (59). 

They incorporated a GFP reporter downstream of the PAX7 gene and purified the 

PAX7+GFP+ cells through FACS. After expanding this sorted population, they transplanted 

the hESC/hiPSC-derived myogenic progenitors into NSG (NOD/SCID gamma-c mice, an 

immunodeficient strain of mice) -mdx mice. Two months after transplantation, they 

observed significant engraftment of human-derived myofibers and significant functional 

improvement in the NSG-mdx mice. 

In a recent 2022 study, Sun et al. derived myogenic progenitors from hiPSCs using a 

chemically defined media procedure and a PAX7-specific fluorescent reporter system (60). 

After purifying the PAX7+GFP+ cells through FACS, they transplanted them into NSG and 

NSG-mdx mice to study their regenerative capacity. They found that these cells contributed 

to the regeneration of new myofibers and, more importantly, engrafted and matured into 

local quiescent satellite cells. These cells maintained PAX7 expression and self-renewed to 

replenish the satellite stem cell pool following injury. They demonstrated long-term self-

renewal properties, which is crucial for muscular degenerative disorder therapeutics. 

DMD patient-derived hiPSCs can also reveal important pathophysiological 

mechanisms underlying DMD. For example, Mournetas et al. conducted a comprehensive 

multi-omics study where they revealed that differentiated DMD hiPSCs show transcriptional 
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defects at the somite stage, even before the expression of myogenic markers and the 

expression of muscular dystrophin (61). The DMD hiPSCs were able to enter the mesoderm 

lineage unimpaired, however, many somite markers were dysregulated. The authors found 

that DMD onset starts at day ten of the differentiation process, where they observed 

dysregulation of mitochondrial genes, early induction of the sonic hedgehog signaling, and 

an upregulation of fibrosis and collagen-related genes.  

Overall, hiPSC-derived myogenic progenitors from DMD patients have immense 

potential for advancing our understanding of the underlying mechanisms of DMD pathology 

and developing effective therapeutic interventions. These cells provide an invaluable human 

platform for modeling disease pathogenesis and trialing new therapies. 

1.7 THESIS OBJECTIVES 

To date, little is known about the modulatory capacity of WNT7A and EGF on the 

division of human satellite cells in healthy or dystrophic conditions, as many of the 

aforementioned studies have mainly utilized transgenic mouse models. Therefore, in this 

study, we employed a modified and thoroughly optimized version of the 2016 Shelton et al. 

protocol to derive myogenic progenitors from DMD-patient and healthy control individual 

hiPSCs (52). We performed WNT7A or EGF treatment on these hiPSC-derived myogenic 

progenitors and hypothesized that the treatments could modulate human satellite cell 

division dynamics in the same way as reported by Wang et al., and Le Grand et al. (see 

summary Figure 4) (17, 47). Here, we delve into the differences in myogenic differentiation 

between the healthy and DMD-patient derived hiPSCs. More importantly, we provide the 

18



first evidence that WNT7A and EGF treatment can alter the division dynamics of hiPSC-

derived myogenic progenitors. 
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Figure 3. The division modulatory abilities of WNT7A and EGF. WNT7A induces 

symmetric cell division in satellite cells and expands the satellite stem cell pool through the 

non-canonical planar cell polarity pathway. EGF induces asymmetric division and expands 

the committed myogenic progenitor cell pool through the EGFR-AURKA signaling 

pathway. 
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2 MATERIALS AND METHODS 

2.1 HUMAN INDUCED PLURIPOTENT STEM CELL CULTURE 

This study was conducted under the Stem Cell Oversight Committee’s approval of 

using human pluripotent stem cells. The IRB Approval Code is Protocol #2011706-01H - 

Use of Induced Pluripotent Stem Cells. Dr. Morten Ritso, a post-doctoral fellow from our 

laboratory, obtained myoblasts from 2 patients with DMD and 3 healthy control individuals 

from the UK MRC Biobank Centre for Neuromuscular Diseases in Newcastle upon Tyne, 

United Kingdom. The first DMD line (DMD1) carried a nonsense mutation in exon 6 at 

codon 637, and the second line (DMD2) carried a C>T mutation in codon 5899 of exon 41. 

The myoblasts were reprogrammed into hiPSCs at the Ottawa Hospital Research Institute, 

Human Pluripotent Stem Cell Facility through episomal reprogramming. Dr. Ritso 

conducted all the hiPSC characterization, including immunostaining for pluripotency 

markers, karyotyping, spontaneous in vitro differentiation assays to monitor their ability to 

generate all three germ layers, alkaline phosphatase assays, and teratoma assays (Morten 

Ritso & Michael Rudnicki; unpublished).  

A third DMD-patient hiPSC line was provided to us by Dr. Nicolas Dumont. The 

Dumont laboratory obtained peripheral blood mononuclear cells from a DMD patient, 

carrying a depletion of exons 48-52, and reprogrammed them into hiPSCs at the CHU 

Sainte-Justine Stem Cell Core Facility using integration-free based Sendai virus. Following 

transduction, emerging clones were manually picked and cultured under feeder-free 

conditions using Matrigel (Corning 3542341)-coated dishes and mTeSR™ Plus medium 

(STEMCELL Technologies 00-0276) for a minimum of 15 passages to ensure stable 

pluripotency. The hiPSCs were characterized to show a normal karyotype and express the 

human SSEA-4, SOX2, OCT4 and TRA1-60 makers (Philippe Campeau, Morten Ritso, and 

Nicolas Dumont; unpublished). The identity of each hiPSC line used in this study is further 

characterized in Table 7 in the Results section 3.1. 

All hiPSC lines were initially cultured in mTeSR™ Plus medium (hereon referred to 

as mTeSR™). They were maintained in Matrigel-coated (Corning 3542341) 6-well tissue 

culture plates (Greiner 657165 or Falcon 353046) in a feeder-free and serum-free 
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environment. The hiPSCs were routinely passaged every 3 days using 500µM EDTA in 

Dulbecco’s phosphate-buffered saline (DPBS, ThermoFisher 14190144), at a split ratio of 

1:6. After the hiPSCs have reached the desired confluency (around 80-90% confluent), they 

were slowly transitioned into Essential 8 media (E8). The components of E8 are outlined in 

Table 1. The hiPSCs were weaned onto E8 by 25% increments. The first day, they would be 

placed in 75% mTeSR™ and 25% E8. The next day, it would be 50% mTeSR™ and 50% 

E8. And the following day (the third day), it would be 25% mTeSR™ and 75% E8. On the 

third day, the hiPSCs would be ready to be passaged, and they would be passaged in the 

media composition of that day. The weaning onto E8 would resume the following day. After 

the hiPSCs have reached only E8 media, they would be passaged 2-3 times in pure E8 over 

the course of about 2 weeks. They were split at a ratio of 1:3 using EDTA. The cells would 

be fed every day and incubated at 37°C in a 10% CO2 5% O2 hypoxic environment. 

Additionally, the hiPSCs would be monitored daily under a dissection microscope for 

spontaneous differentiation. These differentiated cells would appear darker and without 

defined colony borders, and would be “picked away” with a pipette tip (52, 62).  

Two of the DMD hiPSC lines and one healthy control line (all derived from Dr. 

Morten Ritso) were tested for mycoplasma and were found to be negative for contamination 

(Figure 4).  

Table 1. Media components for hiPSC growth and differentiation. The first column indicates 

the base medium and the factors, the second column indicates the supplier and catalogue 

number, and the last column indicates the final concentration of each component. Note that 

E6 media contains the same components as E8 but lacks the pluripotency factors bFGF and 

human TGFβ1. 

E8/E6 Media 

DMEM/F12 LifeTech 11330107 100% 

Components 

Ascorbic acid Sigma A8960-5G 64µg/ml 

Sodium bicarbonate Sigma S5761 543µg/ml 

Recombinant human 

insulin 

Wisent 511-016-CM 19.4µg/ml 

Sodium Selenite Sigma S5261-10G 14 ng /ml 

Human holo-transferrin Sigma T0665-1G 10.7µg/ml 

Gentamicin sulphate Wisent 450-135-XL 5 µg/mL 

bFGF (E8 only) LifeTech PHG0263 100 ng/mL 
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Human TGFβ1 (E8 only) LifeTech PHG9202 2 ng/mL 

Figure 4. Absence of mycoplasma contamination in DMD1-2 and CONT1 hiPSCs. 

DMD1-2 and CONT1 (healthy control cell line 1) hiPSCs were grown and maintained in 

antibiotic free E8 media for 2 weeks and subsequently tested for mycoplasma contamination 

through PCR at The Ottawa Hospital Human Pluripotent Stem Cell Facility.  

2.2 MYOGENIC DIFFERENTIATION OF HIPSCS AND OPTIMIZATION

PROCEDURE 

This study employed the 2016 Shelton et al. protocol for myogenic differentiation of 

hiPSCs (52). We followed a modified version of this protocol in three iterations, with each 

subsequent iteration an optimized version of the previous.  

In the first iteration, the hiPSCs were cultured in pure mTeSR™ until they reached 

90% confluency prior to differentiation (without prior culture in E8 media). On the day of 

differentiation, the hiPSCs were treated with 10μM ROCK inhibitor (Sigma Y0503) for 1 

hour to minimize dissociation-induced apoptosis. After 1 hour, the hiPSCs were “cleaned” to 

remove any spontaneously differentiated cells and washed with PBS (Gibco 10010-023). 

Next, the colonies were dissociated into individual cells using Accutase (ThermoFisher 

A1110501) and incubated at 37°C in a 10% CO2 5% O2 hypoxic environment for 20 

minutes. The disassociated hiPSCs were then re-plated onto a Matrigel-coated 12-well tissue 

+ Control - Control DMD1 DMD2 CONT1

Internal control 

Mycoplasma 
500 bp 
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culture dish (Thermoscientific 130184) at a density of 2.0 × 105 cells per well and fed with 

mTeSR™ supplemented with 10μM ROCK inhibitor. Roughly 24 hours later, the hiPSCs 

were induced into the mesoderm lineage with 10μM CHIR99021 (Tocris 4423) 

supplemented in TeSR™-E6 Medium (STEMCELL Technologies 05947). The induction 

medium was added very slowly to avoid disrupting the fragile hiPSCs. The cells were then 

placed into a 5% CO2 normoxic incubator overnight at 37°C. The following day, the same 

induction medium was added in a very slow manner and the cultures were returned to the 

incubator. For the next 10 days, the differentiating cultures were fed everyday with TeSR™-

E6 without any other supplements. Starting from day 12, the cells were fed with TeSR™-E6 

medium supplemented with 5ng/ml human recombinant basic fibroblast growth factor 

(FGF2, ThermoFisher GF003AFMG) on a daily basis. On day 21, the differentiating cells 

were dissociated into single-cells with Accutase, and seeded onto a new 12-well, Matrigel 

coated dish at a lower density of 1.5 × 105 cells per well. Dr. Morten Ritso has previously 

demonstrated that passaging the differentiating hiPSCs on day 21 leads to an enrichment of 

the myogenic population and enhances their engraftment potential in mice (Morten Ritso & 

Michael Rudnicki; unpublished). From day 21 to 50, the cells were fed every other day with 

TeSR™-E6 medium supplemented with 5ng/ml of FGF2.  

For the second iteration of optimizing the myogenic differentiation protocol, all 

previously mentioned steps were maintained constant except for the replacement of TeSR™-

E6 medium with Essential 6 (E6) medium. Table 1 provides an overview of the components 

of E6 medium. 

For the third and final iteration, the hiPSCs were slowly transitioned from pure 

mTeSR™ to E8 media over the course of 2-3 passages as outlined earlier. Furthermore, a 

24-well glass-
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bottom tissue culture dish (Ibidi 82426) was used instead of a plastic 12-well plate as it was 

better suited for high-resolution imaging. Therefore, after dissociating the hiPSCs with 

Accutase, they were re-plated in the Matrigel-coated 24-well plate at a density of 8.2 × 104 

cells per well. The optimal seeding density for all three DMD hiPSC lines required up to 9 × 

104 cells per well as they were more sensitive to the CHIR99021 treatment. The replated 

cells were fed with E8 media supplemented with 10μM ROCK inhibitor. The next day, the 

hiPSCs were slowly fed with E6 media supplemented with 7.5μM of CHIR99021 as opposed 

to 10μM. This step was repeated the following day. From day 2 to 21, the protocol was the 

same as the first iteration, with the exception of using E6 media instead of TeSR™-E6. On 

day 21, the differentiating cells were dissociated using Accutase, and plated in a new 24-well 

Matrigel coated dish at a density of 6.1 × 104 cells per well. From day 21 to 50, they were 

fed every other day with E6 medium supplemented with 5ng/ml of FGF2. It is important to 

passage the differentiating cells by day 21 as the crowded colonies in the well can hinder 

their growth as they reach day 50. Re-plating the cells at a lower density enables the 

formation of uniform spindle-like structures by day 50, as depicted in Figure 5.  
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Figure 5. Formation of colony structures in twenty-one-day differentiated healthy 

control and DMD hiPSCs. Brightfield images of the differentiating cultures taken on day 

12 (first column), day 20 (second column), day 30 (third column) and day 40 (last column) 

of the differentiation process. The first row are the healthy control hiPSCs and the second 

row are the DMD-patient hiPSCs that were both differentiated. The dark, dense structures in 

the first two columns are the colonies that have formed. Note the spindle like cells that 

formed by day 40 in the last column. Scale bar = 1000 μm in each image. 

2.3 TREATMENT WITH WNT7A OR EGF 

Starting from day 12 up to day 50 with the third iteration of the differentiation 

protocol, certain wells were treated with either 100ng/mL WNT7A (ThermoFisher 34-8694-

166) or 100ng/mL of human recombinant Epidermal Growth Factor (EGF; Miltenyi Biotech

130-093-825) in E6 medium supplemented with 5ng/ml FGF2. The untreated control wells

would just be fed with E6 and FGF2. The cells would either be fed everyday, or every other 

day from day 21 onwards.  

2.4 IMMUNOFLUORESCENCE STAINING 

On day 21, 35, and 50, the differentiated DMD and healthy control cells were washed 

twice with PBS (Gibco 10010-023) to remove any residual media. The cells were then fixed 

with 4% PFA in PBS for 10 minutes, followed by permeabilization with 0.5% TritionX-100 
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and 100mM glycine in Tris-buffered saline (TBS, 50mM Tris and 150mM NaCl, pH 7.6) for 

10 minutes. All samples were subsequently blocked for 1 hour with a blocking solution 

made up of 2% bovine serum albumin (BSA, Sigma A7906), 5% goat serum (ThermoFisher 

16210064), and 0.1% Tween20 in TBS. Primary antibodies (described in Table 2) diluted in 

the blocking buffer were applied to the cells and left to incubate overnight at 4°C. The next 

day, fluorophore-conjugated secondary antibodies (described in Table 3) were added to the 

cells for 1 hour at room temperature. Nuclei were counter stained with DAPI (Sigma-Aldrich 

28718-90-3) at 1 μg/mL or 2.5 μg/mL Hoechst 33342 (SigmaMillipore B2261) diluted in 

TBS buffer with 0.1% Tween20 for 20 minutes at room temperature. The samples were 

either mounted with PermaFluor (ThermoScientific TA-006-FM) or plain PBS was added. 

Images of the differentiated cells were captured using an Axio Observer.Z1 microscope 

(Zeiss). The images were analyzed using the Zen Blue software (Zeiss).   

Table 2. List of Primary Antibodies Used for Immunofluorescence Staining 

Antigen Supplier Ig Type Dilution 

PAX7 Developmental 

Studies Hybridoma 

Bank 

Mouse IgG1 1:4 

MYOD Abcam 133627 Rabbit IgG 1:500 

MYOG R&D Systems 

MAB66861 

Mouse IgG2a 1:500 

MF20 Developmental 

Studies Hybridoma 

Bank 

Mouse IgG2b 1:5 

Table 3. List of Secondary Antibodies Used for Immunofluorescence Staining 

Fluorophore Supplier Ig Type Dilution 

AlexaFluor-546 Invitrogen Life 

Technologies A21123 

Goat anti-mouse 

IgG1 

1:1000 

AlexaFluor-647 Invitrogen Life 

Technologies A21244 

Goat anti-rabbit 

IgG 

1:1000 

AlexaFluor-488 Invitrogen Life 

Technologies A21131 

Goat anti-mouse 

IgG2a 

1:1000 
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AlexaFluor-488 Invitrogen Life 

Technologies A21141 

Goat anti-mouse 

IgG2b 

1:1000 

2.5 AUTOMATED HIGH CONTENT IMAGING AND IMAGE PROCESSING 

The 21, 25, and 50 day differentiated DMD and healthy control hiPSCs were fixed and 

stained in a 24-well glass bottom plate for PAX7, MYOD, and MYOG as previously 

described. The PerkinElmer Opera Phenix Plus High-Content Screening System was used 

for high-throughput and high-content image acquisition using either a 10X or 20X water 

immersion lens in confocal mode. For each replicate and condition, 143 to 144 fields of view 

were imaged, using the HOECHST 33342, Alexa 488, Alexa 546, and Alexa 647 nm 

channels.  

The PerkinElmer Columbus Image Data Storage and Analysis System (v2.9.1) was 

used to store the image data and perform the initial image analyses. A script was created 

using the Columbus building blocks to first exclude the colony regions in the differentiated 

cultures (as we could not obtain the expression of each marker for all the individual cells 

within the colonies). We then programmed the script to find all the nuclei and extract certain 

morphological properties, including the nucleus area and roundness. Finally, we obtained the 

intensity properties for each fluorophore – specifically its mean, median, sum, maximum, 

and minimum intensity. A batch analysis was conducted using this script on all the 

differentiated hiPSC conditions/replicates (Table 4).  
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Table 4. PerkinElmer Columbus Image Analysis building blocks script to remove colony 

structures from differentiated hiPSC cultures, obtain morphology characteristics from the 

nuclei, and obtain intensity properties from each myogenic marker. Parameters were created 

with the help of Dr. Derek Hall, a post-doctoral fellow from the Rudnicki Lab. Table 

adapted from Lange et al. (63).  

Cell Feature Columbus 

Building Block 

Specifics Method Output Name 

Colony 

Structures 

Input Image Flatfield 

correction: basic 

Brightfield 

correction: yes 

Stack Processing: 

maximum 

projection 

Find Image 

Region 

Channel: 

HOECHST 

33342 

Method: 

Common 

Threshold 

Threshold: 0.8 

Split into 

Objects: Yes 

Area: >800 μm 

Output 

population: 

Colony Image 

Region 

Select Region Population: 

whole image 

Region: whole 

image 

Method: Restrict 

by M 

Population: 

Colony Image 

Mask region: 

Image Region 

Use Inverted 

Mask: Yes 

Output Region: 

Analysis Region 

Nuclei Find Nuclei Channel: 

HOECHST 

33342 

ROI Population: 

Whole Image 

ROI Region: 

Analysis Region 

Method: C 

Common 

Threshold: 0.2 

Area: 5 μm2 

Splitting 

Coefficient: 3 

Individual 

Threshold: 0.4 

Contrast: 0.1 

Output 

Population: 

Nuclei 

Calculate 

Morphology 

Properties 

Population: 

Nuclei 

Region: Nucleus 

Method: 

Standard, area, 

roundness (in 

μm) 

Property Prefix: 

Nucleus 

PAX7+ Calculate 

Intensity 

Properties 

Channel: Alexa 

546 

Population: 

Nuclei 

Region: Nucleus 

Method: 

Standard, mean, 

standard 

deviation, mean, 

median, 

maximum, 

minimum 

Property Prefix: 

af546 
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MYOD+ Calculate 

Intensity 

Properties (2) 

Channel: Alexa 

647 

Population: 

Nuclei 

Region: Nucleus 

Method: 

Standard, mean, 

standard 

deviation, mean, 

median, 

maximum, 

minimum 

Property Prefix: 

af647 

MYOG+ Calculate 

Intensity 

Properties (3) 

Channel: Alexa 

488 

Population: 

Nuclei 

Region: Nucleus 

Method: 

Standard, mean, 

standard 

deviation, mean, 

median, 

maximum, 

minimum 

Property Prefix: 

af488 

The results from these analyses were subsequently brought into R Studio (version 

4.1.2). Table 2 outlines in detail the R studio scripts used for each step. Briefly, the nuclei 

were filtered based on their area and roundness (Table 2, steps 4-8). Then, the optimal 

metrics were identified to select the PAX7+, MYOD+, and MYOG+ cells (Table 2, steps 9-

10). The cells were then classified by their myogenic marker (steps 11-12), and the total 

number of cells expressing each marker was determined (Table 2, step 13).  

These results were exported to Excel to determine the percentage of cells that express 

PAX7+, MYOD+, MYOG+ and PAX7+/MYOD+ double positive out of the total population 

(note that the total population was determined in Table 2, step 7 of the R Studio script). In 

addition to the total population, we assessed the expression of each marker within the 

myogenic population. The myogenic population consisted of the cells that expressed PAX7 

as well as cells that expressed MYOG.  

The proportions of each myogenic marker within the total population and within the 

myogenic population were then imported into GraphPad Prism 8 (version 8.2.1) to generate 

the figures and conduct the statistical testing.  
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Table 5. R Studio scripts to filter nuclei based on area and roundness, and to determine the 

number of cells that expressed each myogenic marker. Scripts were created with the help of 

Dr. Derek Hall, a post-doctoral fellow in the Rudnicki lab.  

Step R Studio Script Description/Comments of 

Script 

1 if (!require(tidyverse)) { 

  install.packages("tidyverse") 

} 

if (!require(data.table)) { 

  install.packages("data.table") 

} 

library(tidyverse) 

To install the dependent 

packages. 

2 path <- "./2021-11-22 iPSC 121D 

D21.result.A1[249990].Population - Nuclei.txt" 

To designate the path to the 

Columbus output file. 

3 data <- data.table::fread(path, 

        nrows = 1206074) 

To load data derived from the 

Columbus output file. The 

“nrows” designates the number of 

nuclei or the number of objects 

scanned through the Opera 

Phenix. 

4 colnames(data)[grepl("Nuclei - Nucleus Area", 

   colnames(data))] <- "Nuclei - Nucleus 

Area" 

colnames(data) <- gsub("Nuclei - ", "", 

colnames(data)) 

colnames(data) <- gsub(" ", "_", colnames(data)) 

To tidy variable names to 

facilitate use in downstream 

functions. 

5 ggplot(data, aes(x=1, y = Nucleus_Roundness)) + 

  geom_violin() 

To generate a violin plot to 

visualize the distribution of nuclei 

roundness and determine the cut-

offs.  

6 ggplot(data, aes(x=1, y = log(Nucleus_Area))) + 

  geom_violin() 

To generate another violin plot 

and determine the cut-offs for the 

nucleus area.  

7 data <- data %>% mutate(nucleus_selected = ifelse( 

  Nucleus_Area > 20 & 

    Nucleus_Area < 150 & 

    Nucleus_Roundness > 0.75, 

  yes = "selected", 

  no = "rejected" 

)) 

To set the cut-offs for the nucleus 

area and roundness.  

8 table(data$nucleus_selected) To determine how many nuclei 

are selected for further analysis. 

9 data %>% 

  filter(nucleus_selected == "selected") %>% 

  ggplot(aes(x = log(af546_Mean), y = 

log(af488_Mean))) +  

This generates a scatter plot to 

assess the log mean intensity of 

cells expressing PAX7 against the 

log mean intensity of cells 
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  geom_point() +  

  labs(y = "log(Mean-Myog)", 

       x = "log(Mean-Pax7)") 

expressing MYOG. The cut-offs 

for each myogenic marker are 

determined by visual selection.  

10 data %>% 

  filter(nucleus_selected == "selected") %>% 

  ggplot(aes(x = log(af546_Mean), y = 

log(af647_Mean))) +  

  geom_point() +  

  labs(y = "log(Mean-Myod)", 

       x = "log(Mean-Pax7)") 

This generates a scatter plot to 

assess the log mean intensity of 

cells expressing PAX7 against the 

log mean intensity of cells 

expressing MYOD. The cut-offs 

for each myogenic marker are 

determined by visual selection. 

11 data <- data %>% mutate(pax7 = ifelse(af546_Mean 

> exp(7),

        yes = "pax7_pos", 

        no = "paxy_neg"), 

      myod = ifelse(af647_Mean > exp(7), 

        yes = "myod_pos", 

        no = "myod_neg")) 

This classifies the cells that are 

PAX7+ and cells that are 

MYOD+. The number within the 

“exp” function designates the cut-

offs that were determined in step 

9. 

12 data <- data %>% mutate(pax7 = ifelse(af546_Mean 

> exp(6.25),

        yes = "pax7_pos", 

        no = "pax7_neg"), 

      myog = ifelse(af488_Mean > exp(6.5), 

        yes = "myog_pos", 

        no = "myog_neg")) 

This classifies the cells that are 

PAX7+ and cells that are 

MYOG+. The number within the 

“exp” function designates the cut-

offs that were determined in step 

8. 

13 table(data$pax7, data$myod) 

table(data$pax7, data$myog) 

These two tables summarize the 

total number of cells for each 

myogenic marker, including the 

cells that express both PAX7 and 

MYOD or PAX7 and MYOG. 

2.6 GENE EXPRESSION ANALYSIS THROUGH QUANTITATIVE REAL-TIME

PCR 

On day 0 (before the CHIR99021 was added to the hiPSCs), and on days 12, 21, 35, 

and 50 of the differentiation program, RNA was harvested from the cells for gene expression 

analysis through reverse transcription quantitative PCR (RT-qPCR). Total RNA was isolated 

using the NucleoSpin RNA II kit (Macherey-Nagel 740955.250) according to the 

manufacturer’s guidelines. The nucleic acid concentration and purity was determined using 

the NanoDrop One Microvolume UV-Vis Spectrophotometer (Thermo Scientific 

840274100). The RNA was then retrotranscribed using the iSCRIPT cDNA Synthesis Kit 
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(Bio-Rad 1708891). The master mix was created with the appropriate primer combination 

(listed in Table 6) and SYBR Green Master Mix (Bio-Rad 1708884). The final reaction 

volume was 10µl per well, with 1ng/µl cDNA, and 500nM forward and reverse primers. The 

qPCR was conducted in technical triplicate for each sample and gene. The thermocycler 

(Bio-Rad CFX384) reaction parameters were as follows: 95°C for 3min, 40 cycles with 95°

C for 10s and 55°C for 30s, then 95°C for 10s, and gradient melt curve from 65°C to 95°C 

with 5s steps. The data was analyzed through the 𝚫𝚫Ct method: The Cq values for each gene 

were averaged, and then normalized to the average Ct values of the housekeeping genes 

GAPDH and RPLP0. The 𝚫Ct samples were then normalized to the 𝚫Ct day 0 samples or 

untreated samples and represented as fold change. The data represents 1-6 biological 

replicates as independent differentiations, as indicated in each figure legend. 

Table 6. List of Human qPCR Primers 

Gene Forward Sequence Reverse Sequence 

GAPDH AGGTCGGAGTCAACGGATTTG TGTAAACCATGTAGTTGAGGTCA 

RPLP0 GCTTCCTGGAGGGTGTCC GGACTCGTTTGTACCCGTTG 

PAX7 GTGTGCAGGTCTGGTTCAGT CCTGGCAGAAGGTGGTTGAA 

MYF5 TACTATAGCCTGCCGGGACA CATTCGGGCATGCCATCAGA 

MYOD CGGCATGATGGACTACAGCG CAGGCAGTCTAGGCTCGAC 

MYOG TGCCATCCAGTACATCGAGC CAGATGATCCCCTGGGTTGG 

TUBB3 TCATCTTTGGTCAGAGTGGGG GGCAGTCGCAGTTTTCACAC 

FZD7 GCGCTCATGAACAAGTTCGG TAGGGCGCGGTAGGGTAG 

EGFR TTGCCGCAAAGTGTGTAACG GAGATCGCCACTGATGGAGG 

OCT4 TCAGCCAAACGACCATCTGCCG AGCAAGGGCCGCAGCTTACA 

SOX2 TACAGCATGTCCTACTCGCAG GAGGAAGAGGTAACCACAGGG 

PAX3 CTCACCTCAGGTAATGGGACT CGTGGTGGTAGGTTCCAGAC 

MEOX1 GCAGGGGGTTCCAAGGAAAT GTCAGGTAGTTATGATGGGCAAA 

MSGN1 AACCTGCGCGAGACTTTCC ACAGCTGGACAGGGAGAAGA 

BRACHYURY (T) TTCATAGCGGTGACTGCTTATCA CACCCCCATTGGGAGTACC 

TBX6 CATCCACGAGAATTGTACCCG AGCAATCCAGTTTAGGGGTGT 
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2.7 WESTERN BLOT ANALYSIS 

Total protein was extracted from the 21-day differentiated CONT1, and DMD1-2 

hiPSCs following the first iteration of the differentiation protocol. The cells were washed 

twice with PBS to remove any residual media and debris. RIPA buffer (Life Technologies 

PI89900) supplemented with a protease inhibitor (Sigma Roche Diagnostics 4693132001) 

and phosphatase inhibitor (Sigma-Aldrich 04906837001) was added to lyse the cells. The 

harvested cells were then centrifuged at 14,000 rpm for 10 minutes at 4°C. The supernatant 

was collected, and the protein concentration was detected through the Bradford Reagent 

Protein Assay kit (Bio-Rad 5000006) and by comparing the values to the measured 

concentration of BSA samples. 4X Laemmli buffer (20% SDS, 0.4% bromophenol blue, 

40% glycerol, 200mM Tris pH 6.8, 20% β- mercaptoethanol) was added to the samples and 

they were boiled at 100°C for 3 minutes. The samples were loaded into an 8% gradient tris-

glycine SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and the gel ran at 140V 

constant voltage for 1 hour and 10 minutes. The gel was transferred to an Immobilon PVDF 

membrane (Millipore IPVH00010) at 110V constant voltage for 1 hour and 30 minutes. The 

membrane was subsequently blocked for 1 hour at room temperature in 5% milk powder in 

TBS-T (TBS with 0.1% Tween20) and incubated with primary antibodies at 4°C overnight. 

The primary antibodies and their dilution in the blocking buffer were the following: PAX7 

(1:10, Developmental Studies Hybridoma Bank) and GAPDH (1:1000, Sigma PLA0302). 

The next day, the samples were probed with the following secondary fluorophore antibodies: 

AlexaFluor-546-conjugated donkey anti-goat IgG (1:1000, Invitrogen Life Technologies 

A11056), and Starbright Blue 700 goat anti-mouse IgG (1:2000, Bio-Rad 12004158). The 

blot was visualized using the ChemiDoc MP Imaging System (Bio-Rad 12003154). 
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2.8 STATISTICAL ANALYSIS 

This study employs each independent differentiation as a biological replicate. The 

biological replicates for each experiment are indicated in the figure legends, and the results 

are presented as the mean ± standard error of the mean (SEM). Statistical comparisons 

between two matched conditions were made using a two-tailed Student’s t test. The 

statistical analysis was performed using GraphPad Prism (version 8.2.1). p-vales <0.05 were 

considered statistically significant, and the level of significance is indicated as follows: *p < 

0.05, **p < 0.01, ***p < 0.001.  
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3 RESULTS 

3.1 OPTIMIZATION OF THE HIPSC MYOGENIC DIFFERENTIATION PROTOCOL

THROUGH ALTERATION OF CHEMICALLY DEFINED MEDIA AND

CHIR99201 CONCENTRATION 

The main goal of this study was to evaluate whether WNT7A and EGF, which are 

known to promote symmetric and asymmetric satellite cell division, respectively, in adult 

skeletal muscle, similarly modulate muscle stem cells derived from hiPSCs. To test the 

effects of these two compounds, we needed to first generate muscle stem cells and myogenic 

progenitors from DMD patient and healthy control hiPSCs.  

For this study, primary myoblasts from two DMD patients and three normal, healthy 

control persons with a wild-type dystrophin allele, were reprogrammed into hiPSCs by a 

post-doctoral fellow, Dr. Morten Ritso, from our laboratory. He validated the hiPSC lines 

through gene expression analysis and immunostaining for the pluripotency markers OCT4, 

SOX2, and NANOG, and monitored their genomic integrity through karyotyping. Teratoma 

assays and alkaline phosphatase staining were also performed by Dr. Ritso to ensure 

pluripotency of the cell lines (Morten Ritso & Michael Rudnicki; unpublished). A third 

DMD-patient derived hiPSC line was provided to us by Dr. Nicolas Dumont from the 

Université de Montréal, CHU Sainte-Justine Research Center (Philippe Campeau, Morten 

Ritso, and Nicolas Dumont; unpublished). The Dumont laboratory characterized this cell 

line, and it demonstrated a normal karyotype, expressed the human SSEA-4, SOX2, OCT4 

and TRA1-60 makers, and were passaged for a minimum of 15 times to ensure stable 

pluripotency. The different hiPSC lines are further characterized Table 7. From here 
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onwards, each DMD cell line will be referred to as DMD1, DMD2, and DMD3, while each 

healthy control cell line will be referred to as CONT1, CONT2, CONT3.    
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Table 7. Characterization of hiPSC lines used in this study. DMD1-2, and CONT1-3 were 

episomally reprogrammed in-house at The Ottawa Hospital Pluripotent Stem Cell Facility by 

Dr. Morten Ritso. DMD3 was obtained from Dr. Nicolas Dumont which was generated at 

the Université de Montréal Platform of Cell Reprogramming of CHU Sainte-Justine 

(Philippe Campeau, Morten Ritso and Nicolas Dumont; unpublished).  

Unique 

Stem Cell 

Line 

Identifier 

Alternative 

Name of 

Stem Cell 

Line 

Gender, and 

Age at 

Biopsy 

Original Cell 

Type 

Clinical 

Diagnosis 

Method of 

Reprogramming 
Mutation 

DMD1 M121 
Male, 

Age: 10 
Myoblast 

Duchenne 

Muscular 

Dystrophy 

Episomal Plasmid 

Nonsense 

mutation 

c637 G>A 

(W143x) in 

exon 6 

DMD2 M129 
Male, 

Age: 8 
Myoblast 

Duchenne 

Muscular 

Dystrophy 

Episomal Plasmid 

c5899 C>T, 

pArg 1967x 

in exon 41 

DMD3 F0640.1 

Male, 

Age: <18 

years old 

Peripheral 

Blood 

Mononuclear 

Cells 

Duchenne 

Muscular 

Dystrophy 

Integration-Free 

Based Sendai 

Virus 

Exon 

Depletion 

48-52

CONT1 M262 
Male, 

Age:21 
Myoblast N/A Episomal Plasmid 

Wild-type 

dystrophin 

CONT2 M040 
Male, 

Age: 20 
Myoblast N/A Episomal Plasmid 

Wild-type 

dystrophin 

CONT3 M177 
Male, 

Age:20 
Myoblast N/A Episomal Plasmid 

Wild-type 

dystrophin 
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The DMDl and DMD2 (DMD1-2) hiPSCs, as well as the CONT1 hiPSCs, were 

differentiated into the myogenic lineage using a modified version of the previously 

published Shelton et al. procedure (52). Modification was necessary to optimize the 

differentiation yield for the newly derived hiPSCs. Briefly, the hiPSCs were grown and 

maintained in mTeSR™ for one to two weeks. mTeSR™ was used as opposed to Essential 8 

media, as mTeSR™ has been shown in numerous studies to promote superior iPSC growth 

and morphology followed by robust myogenic differentiation (26, 59, 64–69). After reaching 

confluency, the hiPSC lines were single-celled, and seeded at the density of 2 x 105 cells per 

well of a 12-well tissue culture plate. To remain consistent with the TeSR™ media-based 

workflow, TeSR-E6™ media was used to differentiate the hiPSCs into the myogenic 

lineage. The hiPSCs were then treated with 10 μM of CHIR99021 supplemented in TeSR-

E6™ for two days. For the next ten days, the cells were fed daily with TeSR-E6™ media. 

From day twelve to day twenty-one, the differentiation medium was supplemented with 

5ng/mL of FGF2 (Figure 6A).  

After twenty-one days of differentiation, immunofluorescence imaging, RT-qPCR, 

and Western Blot analysis were performed to assess the efficiency of the differentiation 

process. Specifically, the differentiated DMD1-2 and CONT1 cells were fixed and stained 

for PAX7, and imaging analysis revealed sparse areas of muscle stem cells, particularly in 

the differentiated DMD1 line (Figure 6B). Additionally, gene expression analysis showed 

downregulation of PAX7, MYF5, MYOD, and MYOG compared to day zero, and PAX7 

protein expression was not detectable (Figure 6C-D).  
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Figure 6. Inefficient myogenic differentiation with mTeSR™ hiPSC media and TeSR-
E6™ differentiation media. (A) Schematic timeline of the twenty-one-day differentiation 
protocol with media and components used on the top of timeline and the directions of the 
differentiation below the timeline. (B) DMD1-2, and CONT1 hiPSC lines were 
differentiated for twenty-one days and stained for PAX7 (in red) and DAPI (in blue). Each 
panel represents a different field of view. Scale bar = 50 μm in all panels. (C) The expression 
of various myogenic marker genes at day twenty-one of the differentiation process was 
measured by RT-qPCR, normalized to GAPDH and RPLP0 as the housekeeping genes, and 
plotted as Log2 fold-change (FC) relative to day zero (before differentiation). The pink 
graphs represent DMD1 and DMD2, and the light green graph represents the CONT1 line. 
n=1. (D) Western blot analysis for PAX7 and GAPDH protein expression at day twenty-one 
of the differentiation process. n=3, where DMD1-2, and CONT1 were differentiated three 
independent times for 3 biological replicates.  
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In an effort to enhance the muscle stem cell yield, we explored the use of Essential 6 

(E6) media instead of TeSR-E6™, which had been previously used for differentiating human 

embryonic stem cells (hESCs) into the myogenic lineage (52) (Figure 7A). On day twenty-

one, the differentiated DMD1-2, and CONT1 cells were stained again for PAX7, and 

immunofluorescence imaging revealed a slight increase in the number of muscle stem cells 

(Figure 7B). We also tested different hiPSC seeding densities, but no significant differences 

were visibly observed (Figure 7C). We examined other myogenic precursor markers, 

including MYOD and MYOG, and observed the presence of myogenic precursor cells in all 

the differentiated cell lines (Figure 7D) (24).  
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Figure 7. A slight increase in myogenic cell yields following differentiation with 
Essential 6 media. (A) Schematic timeline of the twenty-one-day differentiation protocol 
with media and components used on the top of timeline and the directions of the 
differentiation below the timeline. (B) DMD1-2 and CONT1 hiPSC lines were differentiated 
for twenty-one days using Essential 6 media, with FGF2 when necessary, and stained for 
PAX7 (in red) and DAPI (in blue). Each panel represents a different field of view. Scale bar 
= 50 μm in all panels. (C) DMD1-2 and CONT1 hiPSC lines were single-celled and seeded 
at various cell densities, as indicated in the top panel. They were differentiated for twenty-
one days and immunostained for DAPI (in blue), and PAX7 (in red). Scale bar = 100 μm in 
all images. (D) DMD1-2 and CONT1 hiPSC lines were differentiated for twenty-one days 
using Essential 6 media, with FGF2 when necessary, and subsequently visualized by 
immunofluorescence for DAPI (in blue), PAX7 (in red), MYOD (in grey-white), and 
MYOG (in green). Scale bar = 100 μm in all images.
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The Shelton et al. protocol used Essential 8 (E8) media to grow and maintain the 

hESCs prior to differentiation (52). However, abruptly changing the hiPSC growth media 

from mTeSR™ to E8 resulted in drastic hiPSC death and unwanted differentiation. 

Therefore, to maximize the yield of myogenic differentiation while minimizing cell death 

resulting from significant changes in media composition, we adopted a gradual transition 

approach. The DMD1 and CONT1 hiPSC lines were transitioned from mTeSR™ media to 

E8 media over two or three passages prior to differentiation. This was followed by treatment 

with 10 µM of CHIR99021 supplemented in E6 medium for two days (Figure 8A). After 

twenty-one days of differentiation, the cells were fixed, stained, and imaged, and revealed a 

notably higher yield of  PAX7, MYOD, and MYOG-positive cells. Specifically, passaging 

the DMD1 and CONT1 hiPSCs three times in E8 media prior to differentiation resulted in a 

more uniform layer of myogenic cells across the tissue-culture dish, in contrast to passaging 

the hiPSCs twice in E8 media, which only yielded pockets of myogenic cells (Figure 8B-C). 
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Figure 8. Enhanced myogenic differentiation with Essential 8 hiPSC media and 
Essential 6 differentiation media. (A) Schematic timeline of the twenty-one-day 
differentiation protocol with media and components used on the top of timeline and the 
directions of the differentiation below the timeline. (B) CONT1 and DMD1 hiPSC lines 
were gradually weaned from mTeSR™ to Essential 8 media and then passaged in pure 
Essential 8 media twice, or (C) three times. They were then differentiated into the myogenic 
lineage with Essential 6 as the differentiation media. Twenty-one days later, they were 
immunostained and visualized for DAPI (in blue), PAX7 (in red), MYOD (in grey-white), 
and MYOG (in green). Each panel represents a different field of view. Scale bar = 100 μm in 
all images.  
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Finally, we wanted to determine the optimal concentration of CHIR99021 for 

efficient myogenic differentiation of both DMD and healthy control patient-derived hiPSCs. 

Too high a concentration of CHIR99021 can be toxic, while too low a concentration may not 

yield myogenic progenitors effectively (52, 70). Previously, we showed that a concentration 

of 7.5 µM of CHIR99021 was optimal for differentiating hESCs into the myogenic lineage 

(71). Hence, we tested this specific concentration to assess if it could result in a higher 

number of myogenic cells. The DMD1 and CONT1 hiPSCs were passaged in E8 media three 

times, dissociated into single cells, and treated with either 7.5 μM or 10 μM of CHIR99021 

in E6 media for two days (Figure 9A). Subsequently, the cells were differentiated for 

twenty-one days and immunostained for PAX7, MYOD, and MYOG (Figure 9B). 

Immunostained images were analyzed using the Opera Phenix™ Confocal High Content 

Screening System and the data was brought into R Studio to determine the fluorescent 

intensity of each relevant myogenic marker, which was then used to quantify the number of 

cells expressing each marker. We observed that the CONT1 line treated with 7.5 μM of 

CHIR99021 had almost three times more PAX7+ and MYOD+ cells compared to the 10 μM 

treatment. Similarly, the DMD1 line treated with 7.5 μM of CHIR99021 showed nearly two 

times more PAX7+ and MYOD+ cells (Figure 9C). Gene expression analysis demonstrated a 

trend of approximately two-fold increase in MYOD expression with 7.5 μM of CHIR99021 

treatment in the CONT1 line (Figure 9D).  
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Figure 9. A CHIR99021 concentration of 7.5 μM rather than 10 μM yields more muscle 
stem cells and myogenic cells. (A) Schematic timeline of the twenty-one-day differentiation 
protocol with media and components used on the top of timeline and the directions of the 
differentiation below the timeline. (B) The CONT1 and DMD1 hiPSC lines were gradually 
weaned from mTeSR™ to Essential 8 media and then passaged in pure E8 media three 
times. The hiPSCs were then single-celled, seeded, and treated with either 7.5 μM or 10 μM  
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of CHIR99021 for two days. The cells were differentiated using Essential 6 media and 

twenty-one days later, they were immunostained and visualized for DAPI (in blue), PAX7 

(in red), MYOD (in grey-white), and MYOG (in green). Each panel represents a different 

field of view. Scale bar = 100 μm in all images. (C) Immunofluorescence images were 

captured on day twenty-one using the Opera Phenix™ High-Content Screening System and 

the quantification of the percentage of each myogenic marker was conducted using the 

Columbus Image Data Storage and Analysis System and R Studio, as described in the 

Materials and Methods section. Data is expressed as a percentage from the total population 

of the differentiating cultures. n=2. The CONT1 and DMD1 hiPSC lines were differentiated 

two independent times for two biological replicates. Error bars are S.E.M. (D) The 

expression of various myogenic marker genes at day twenty-one of the differentiation 

process was measured by RT-qPCR, normalized to GAPDH and RPLP0 as the 

housekeeping genes, and plotted as relative fold change to 10 μM of CHIR99021 treatment. 

The CONT1 and DMD1 hiPSC lines were differentiated two independent times for two 

biological replicates. Error bars are S.E.M. 

48



Using this specific concentration of CHIR99201 and the aforementioned media 

changes (Figure 10A), we observed successful in vitro replication of myogenesis in both the 

healthy control (CONT1) and DMD patient (DMD1) hiPSC lines at day twenty-one (Figure 

10B), thirty-five (Figure 10C), and fifty (Figure 10D) of the differentiation process as 

evidenced by robust immunofluorescence expression of PAX7, MYOD, and MYOG. 
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Figure 10. Robust myogenic differentiation observed with Essential 8 hiPSC media, 7.5 
μM of CHIR99021 treatment, and Essential 6 differentiation media. (A) Schematic 
timeline of the 50-day differentiation protocol with media and components used on the top 
of timeline and the directions of the differentiation below the timeline. (B) The CONT1 and 
DMD1 hiPSC lines were differentiated into the myogenic lineage and immunostained at day 
twenty-one, thirty-five (C), and fifty (D) for DAPI (in blue), PAX7 (in red), MYOD (in 
grey-white), and MYOG (in green). Scale bar = 100 μm in all images. 
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We also tracked the myogenic differentiation process using stage-specific markers. 

RT-qPCR was used to assess various developmental genes, including the pluripotency 

markers OCT4 and SOX2, the early mesodermal markers Brachury T (BRACHT), MSGN1, 

and TBX6, the somite markers PAX3 and MEOX1, as well as the myogenic markers PAX7, 

MYF5, and MYOD at day zero and day twelve of the myogenic differentiation program.  

Within each line, MSGN1 expression was significantly increased by day twelve, indicating 

the presence of paraxial mesoderm cells that possess skeletal myogenic potential (Figure 

11A-B) (52). Additionally, broad expression of the somite marker PAX3 was significantly 

increased by day twelve in the DMD line (Figure 11B).  

By day twenty-one, the pluripotency marker OCT4 had significantly decreased 

(Figure 11C). The somite marker PAX3 showed an increased trend by day twelve and 

twenty-one. More notably, the myogenic markers PAX7, MYOD, and MYOG were all 

significantly increased by day twenty-one. In order to rule out undesirable hiPSC 

differentiation into alternative lineages, the neuronal marker TUBB3 expression was also 

investigated. We observed a small elevation in TUBB3 in the healthy control patient hiPSCs 

that were differentiated for twelve days. In the DMD patient line, these changes were 

variable across technical replicates and consequently not significant (Figure 11C). 

In summary, our findings suggest that robust myogenic differentiation can be 

achieved when the hiPSCs are grown and maintained in E8 media for three passages, treated 

with a concentration of 7.5 µM of CHIR99021 in E6 media for two days, and differentiated 

in E6 media with FGF2 when necessary. 
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Figure 11. Enrichment of myogenic genes in the twenty-one-day differentiated healthy 

control and DMD-patient derived hiPSCs. (A) The CONT1 (represented as circles) and 

CONT2 (represented as squares) hiPSCs were differentiated for twelve days and RNA was 

harvested for gene expression analysis by RT-qPCR. OCT4 and SOX2 are pluripotency 

markers, BRACHT, MSGN1, and TBX6 are early mesodermal markers, PAX3 and MEOX1 

are somite markers, and PAX7, MYF5, and MYOD are the myogenic markers. Data is 
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presented as relative fold change to the day zero samples for the indicated developmental 

genes. n=5 for day 0, and n=6 for day 12, with with 4-6 biological replicates as independent 
differentiations. Error bars represent S.E.M. (B) The DMD1 (represented as circles) and 

DMD2 (represented as squares) hiPSCs were differentiated for twelve days and RNA was 

harvested for gene expression analysis by RT-qPCR. Data is presented as relative fold 

change to the day zero samples for the indicated developmental genes. n=5 for day 0, and 

n=6 for day 12, with 4-6 biological replicates as independent differentiations. Error bars 

represent S.E.M. ****p < 0.0001, **p < 0.01. (C) The CONT1 (in green) and DMD1 

hiPSCs (in pink) were differentiated into the myogenic lineage and RNA was harvested on 

day zero, day twelve, and day twenty-one for gene expression analysis by RT-qPCR for the 

indicated developmental genes. Data is presented as relative fold change to day zero. n=4, 

with 4 biological replicates as independent differentiations. Error bars represent S.E.M. *p 

< 0.05, **p < 0.01, ***p < 0.001.  
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3.2 DMD-PATIENT DERIVED HIPSCS PRECOCIOUSLY DIFFERENTIATE

COMPARED TO HEALTHY CONTROL HIPSCS 

Previous studies utilized reprogramming methods to induce myogenic differentiation 

in hiPSCs derived from both healthy, normal individuals and patients with DMD, by 

overexpressing the key myogenic factors PAX3/7 or MYOD1 (56, 66). These studies have 

not revealed any significant differences in myogenic differentiation between the healthy, 

normal individual-derived hiPSCs and DMD patient-derived hiPSCs. Other studies using a 

non-reprogramming approach have demonstrated various outcomes in the DMD-patient 

derived myogenic differentiation efficiency (26, 72, 73). Here, we aimed to investigate 

whether there are any disparities in differentiation between healthy control and DMD-patient 

derived hiPSCs using our modified, non-reprogramming directed differentiation method 

utilizing CHIR99021. 

To assess gene expression changes between the healthy control lines and the DMD-

patient lines, we employed RT-qPCR to analyze pluripotency markers including OCT4 and 

SOX2, early mesodermal markers including BRACHT, MSGN1, and TBX6, somite markers 

such as PAX3 and MEOX1, as well as the myogenic markers PAX7, MYF5, and MYOD at 

day zero and day twelve of the myogenic differentiation program. Additionally, on day 

twenty-one, we specifically examined the expression of the MRFs PAX7, MYF5, MYOD, 

and MYOG to further elucidate differences in myogenic gene expression patterns between 

the two types of cell lines. 

On day zero, there were no significant differences between the CONT1-2 and 

DMD1-2 hiPSC expression profiles (Figure 12A). Interestingly, on day twelve of the 

differentiation process, we observed a five-fold increase in OCT4 expression in the DMD1-2 
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lines compared to the CONT1-2 lines. This could indicate that pluripotency was maintained 

in the DMD lines longer than the healthy controls (Figure 12B). On day twenty-one, there 

were no significant differences between the DMD1-3 and CONT1-3 lines (Figure 12C). 

However, we observed a trend where global PAX7 expression was decreased in the DMD1-2 

lines (p=0.097).  
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Figure 12. Twelve-day differentiated DMD hiPSCs retain pluripotency marker OCT4 

compared to twelve-day differentiated healthy control hiPSCs. (A) RNA was harvested 

from the CONT1-2 hiPSCs (in green circles and squares, respectively) and DMD1-2 hiPSCs 

(in pink circles and squares, respectively) on day zero for developmental gene expression 

analysis through RT-qPCR. OCT4 and SOX2 are pluripotency markers, BRACHT, MSGN1, 

and TBX6 are early mesodermal markers, PAX3 and MEOX1 are somite markers, and PAX7, 
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MYF5, and MYOD are the myogenic markers. Data is presented as relative fold change to the 

healthy control hiPSCs. n=5 for CONT1-2, and n=6 for DMD1-2 with 4-6 biological 
replicates as independent differentiations. Error bars represent S.E.M. (B) CONT1-2 (in 

green circles and squares, respectively) and DMD1-2 hiPSCs (in pink circles and squares, 

respectively) were differentiated into the myogenic lineage and RNA was harvested on day 

twelve for gene expression analysis by RT-qPCR for the indicated developmental genes. 

Data is presented as relative fold change to the twelve-day differentiated healthy control 

hiPSCs. n=6, with 6 biological replicates as independent differentiations. Error bars 

represent S.E.M. **p < 0.01. (C) CONT1 (in green circles), CONT2 (in green squares), 

CONT3 (in green triangles) and DMD1 (in pink circles), DMD2 (in pink squares), and 

DMD3 (in pink triangles) hiPSCs were differentiated into the myogenic lineage. RNA was 

harvested on day twenty-one for gene expression analysis by RT-qPCR for the indicated 

myogenic genes. Data is presented as relative fold change to the twenty-one-day 

differentiated healthy control hiPSCs. n=9, with 9 biological replicates as independent 
differentiations. Error bars represent S.E.M. 
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To further elucidate the expression profiles of the myogenic markers in differentiated 

cells derived from DMD patients compared to healthy controls, we conducted 

immunostaining for PAX7, MYOD, and MYOG, and analyzed the immunostained images 

through high-content analysis. This analysis was performed at three time points during the 

differentiation process, specifically on day twenty-one, thirty-five, and fifty, to capture the 

dynamic changes in marker expression over time. 

Interestingly, on day twenty-one, a significant decrease was observed in the 

proportion of PAX7+ cells in DMD1-2 compared to the CONT1-2 cells, which is consistent 

with the previously observed trend of reduced PAX7 gene expression. Additionally, the 

DMD1-2 lines exhibited a significantly higher proportion of MYOG+ cells within the 

myogenic population (Figure 13A). On day thirty-five, the DMD1-2 lines continued to have 

a significantly lower proportion of PAX7+ cells and this phenomenon continued to day fifty 

(Figure 13B). However, intriguingly, on day fifty, both myogenic-precursor markers 

MYOD, and MYOG were significantly increased in the DMD1-2 lines (Figure 13C). These 

findings suggest that the hiPSCs derived from DMD patients that have been differentiated 

using our modified non-reprogramming approach have precociously differentiated compared 

to the CONT1-2 hiPSCs.  

This finding is particularly noteworthy as it suggests a distinctive myogenesis 

program in hiPSCs derived from DMD patients, potentially different from adult dystrophin-

deficient muscle stem cells which have an impaired ability to asymmetrically divide and 

therefore have reduced myogenic progenitor generation (19). This observed phenomenon 

could be attributed to the differentiation protocol employed or the intrinsic properties of the 

DMD patient-derived hiPSC lines. 
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Figure 13. DMD-patient derived hiPSCs differentiate precociously compared to the 

healthy control hiPSCs. (A) CONT1 (in green circles), CONT2 (in green squares), CONT3 

(in green triangles), and DMD1 (in pink circles), DMD2 (in pink squares), DMD3 (in pink 

triangles) hiPSCs were differentiated for twenty-one days. CONT1-2 (in green circles and 

squares, respectively) and DMD1-2 (in pink circles and squares, respectively) were 

differentiated for (B) thirty-five, and (C) fifty days. At all time points, the differentiated cells 

were stained for PAX7, MYOD, and MYOG. Immunofluorescence images were captured on 

day twenty-one, thirty-five, and fifty using the Opera Phenix™ High-Content Screening 

System and the quantification of the percentage of each myogenic marker was conducted 

using the Columbus Image Data Storage and Analysis System and R Studio, as described in 

the Materials and Methods section. The myogenic population represents cells that have 

expressed PAX7 and MYOG. n=10-11 for day twenty-one, with 10-11 biological replicates 

as independent differentiations. n=6 for day thirty-five and fifty, with with 6 biological 
replicates as independent differentiations. Error bars represent S.E.M. *p < 0.05, **p < 0.01, 

***p < 0.001. 
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3.3 WNT7A TREATMENT INCREASES PAX7 GENE EXPRESSION AND DRIVES

EXPANSION OF THE PAX7+ STEM CELL POOL IN THE DMD HIPSC

DERIVED MUSCLE STEM CELLS  

Le Grand et al. previously reported that WNT7A, via the non-canonical planar cell 

polarity pathway, promotes symmetric expansion of satellite stem cells during muscle 

regeneration (17). Our myogenic cells derived from DMD-patient hiPSCs offer a unique 

"humanized" platform to investigate the potential division-modulating effects of WNT7A. 

We hypothesized that treating the healthy control and DMD-patient derived myogenic cells 

with WNT7A would result in the expansion of the PAX7 expressing muscle stem cell 

population through symmetric division. 

To test this, we first differentiated DMD1-3 and CONT1-3 into the myogenic 

lineage, followed by treatment with 100 ng/mL of WNT7A from day twelve to day twenty-

one of the differentiation process. We also continued differentiating and treating DMD1-2 

and CONT1-2 until day fifty. On day twenty-one, thirty-five, and fifty, the cells were fixed, 

stained for myogenic markers, and analyzed via high-content immunofluorescence imaging. 

We specifically assessed the proportion of cells expressing PAX7, MYOD, MYOG, or both 

PAX7 and MYOD, within the myogenic population (which included cells that expressed 

PAX7 and cells that expressed MYOG), as well as within the total population of 

differentiating cells. 

While we did not observe any significant changes in the CONT1-3 cells (Figure 14A-

B), we found that treatment with WNT7A led to a significant two-fold increase in the 

proportion of PAX7+ cells within the myogenic population in the DMD1-3 lines (Figure 

14C). This trend was consistent in the total population, where we observed a two-fold 
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increase in the proportion of PAX7+ cells (Figure 14D). Importantly, we also found that 

WNT7A treatment resulted in a decrease in the proportion of MYOD+ and MYOG+ 

expressing cells within the myogenic population, indicating that the treatment reduced the 

proportion of committed progenitor cells (Figure 14C).  
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Figure 14. WNT7A treatment expands the proportion of PAX7+ cells and decreases the 

proportion of MYOD+ and MYOG+ cells in the twenty-one day differentiated DMD-

patient derived hiPSCs. The healthy CONT1-3 (A-B) and DMD1-3 (C-D) hiPSCs were 

differentiated for twenty-one days and treated with 100 ng/mL of WNT7A from day twelve 

to twenty-one. On day twenty-one the cells were stained for PAX7, MYOD, and MYOG and 

immunofluorescence images were captured using the Opera Phenix™ High-Content 

Screening System. Quantification of the percentage of each myogenic marker was conducted 

using the Columbus Image Data Storage and Analysis System and R Studio, as described in 

the Materials and Methods section. The myogenic population (A, C) represents cells that 

have expressed PAX7 and MYOG. The total population (B, D) refers to all the cells in the 

differentiated cultures. n=9-11, with with 9-11 biological replicates as independent 
differentiations. The circles (CONT1 or DMD1), squares (CONT2 or DMD2), and triangles 
(CONT3 or DMD3) represent the replicates for each cell line. Error bars represent S.E.M. *p 

< 0.05, **p < 0.01. 
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To gain further insights into the effects of WNT7A treatment on day twenty-one of 

the differentiation process, we conducted an RT-qPCR analysis to probe for the myogenic 

markers PAX7, MYF5, MYOD, MYOG and the WNT7A receptor, Frizzled 7 (FZD7). Again, 

we did not observe any significant differences in the healthy CONT1-2 lines with the 

treatment (Figure 15A). However, in the DMD1-2 lines, we detected a significant increase in 

global PAX7 gene expression upon WNT7A treatment, which is consistent with the 

previously observed increase in the proportion of PAX7+ cells within the total and myogenic 

population (Figure 15B). FZD7 expression was relatively unchanged in both the healthy 

control and DMD patient lines with WNT7A treatment.  

These results suggest that WNT7A treatment drove the symmetric expansion of the 

PAX7+ muscle stem cells in the DMD-patient derived cell lines. 
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Figure 15. WNT7A treatment significantly increased PAX7 global gene expression in 

twenty-one day differentiated DMD-patient hiPSCs. (A) The healthy CONT1-2 hiPSCs 

and (B) DMD1-2 hiPSCs were differentiated for twenty-one days and treated with 100 

ng/mL of WNT7A from day twelve to twenty-one. The RNA was harvested on day twenty-

one for gene expression analysis by RT-qPCR for the indicated myogenic genes, and 

Frizzled 7 (FZD7), the receptor for WNT7A. Data is presented as relative fold change to 

the untreated control cells. n=8, with 8 biological replicates as independent differentiations 

for PAX7, MYOD, and MYOG. The circles (CONT1 and DMD1) and squares (CONT2 and 
DMD2) represent the replicates for each cell line. n=4, with 4 biological replicates for 

FZD7. Error bars represent S.E.M. *p < 0.05.  
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On day thirty-five of the differentiation process, we performed the same high content 

analysis (as described at the earlier timepoint) to assess the effects of WNT7A treatment 

(Figure 16A-D). Interestingly, we observed significant changes in the healthy CONT1-2 

cells with WNT7A treatment, unlike at the earlier timepoint. Specifically, compared to the 

untreated cells, WNT7A treatment significantly decreased the proportion of MYOD+, 

MYOG+, and PAX7+MYOD+ double positive cells within the total population (Figure 

16B). Similarly, in the DMD1-2 cell lines, we observed a significant decrease in the 

proportion of MYOD+ cells within the myogenic population, which was consistent with the 

findings at day twenty-one (Figure 16C).  

By day fifty, we did not see many significant changes with long-term WNT7A 

treatment, except for a slight decrease in the proportion of MYOD+ cells from the total 

population in the healthy CONT1-2 lines (Figure 17A-D), possibly due to the shift towards 

terminal differentiation in these long-term cultures. 
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Figure 16. WNT7A treatment significantly reduces the proportions of myogenic 

precursor cells in the thirty-five-day differentiated healthy control hiPSCs. The healthy 

CONT1-2 hiPSCs (A-B) and DMD1-2 hiPSCs (C-D) were differentiated for thirty-five days 

and treated with 100 ng/mL of WNT7A from day twelve to thirty-five. On day thirty-five the 

cells were stained for PAX7, MYOD, and MYOG and immunofluorescence images were 

captured using the Opera Phenix™ High-Content Screening System. Quantification of the 

percentage of each myogenic marker was conducted using the Columbus Image Data 

Storage and Analysis System and R Studio, as described in the Materials and Methods 

section. The myogenic population (A, C) represents cells that have expressed PAX7 and 

MYOG. The total population (B, D) refers to all the cells in the differentiated cultures. n=7, 

with 7 biological replicates as independent differentiations. The circles (CONT1 and 
DMD1) and squares (CONT2 and DMD2) represent the replicates for each cell line. Error 

bars represent S.E.M. *p < 0.05. 
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Figure 17. WNT7A treatment reduces the proportion of MYOD+ expressing cells in the 

fifty-day differentiated healthy control hiPSCs. The healthy CONT1-2 hiPSCs (A-B) and 

DMD1-2 hiPSCs (C-D) were differentiated for fifty days and treated with 100 ng/mL of 

WNT7A from day twelve to fifty. On day fifty the cells were stained for PAX7, MYOD, and 

MYOG and immunofluorescence images were captured using the Opera Phenix™ High-

Content Screening System. Quantification of the percentage of each myogenic marker was 

conducted using the Columbus Image Data Storage and Analysis System and R Studio, as 

described in the Materials and Methods section. The myogenic population (A, C) represents 

cells that have expressed PAX7 and MYOG. The total population (B, D) refers to all the 

cells in the differentiated cultures. n=7, with 7 biological replicates as independent 
differentiations. The circles (CONT1 and DMD1) and squares (CONT2 and DMD2) 
represent the replicates for each cell line. Error bars represent S.E.M. *p < 0.05. 
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Given that WNT7A appears to affect the differentiating hiPSC cultures, we sought to 

investigate if differentiation further along the myogenic lineage would be altered. To assess 

this, we performed immunostaining for Myosin Heavy Chain (MHC), which serves as a 

marker for multinucleated myotube formation. On day 21, we did not detect any significant 

differences in MHC expression with WNT7A treatment in both the healthy CONT2 line and 

DMD2 line (Figure 18A). However, by day 35, we observed an absence of MHC expression 

in the WNT7A treated cells, which is consistent with our high content analysis data showing 

a decrease in the proportion of cells expressing myogenic precursor markers upon WNT7A 

treatment (Figure 18B). By day 50, MHC expression was partially restored in the WNT7A 

treated cells, though to a lesser extent in the healthy control cell line (Figure 18C). 

Here, we demonstrate that treatment with WNT7A led to a significant expansion of 

PAX7-expressing muscle stem cells on day twenty-one of the differentiation process, 

possibly through symmetric division. Notably, WNT7A treatment resulted in reduced 

myogenic differentiation on day thirty-five, as indicated by a significant decrease in 

myogenic precursor markers and the absence of MHC expression.  
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Figure 18. WNT7A treatment reduces MYH expression in thirty-five day and fifty day 
differentiated healthy control and DMD-patient hiPSCs. The healthy CONT2 and DMD2 
hiPSC lines were differentiated into the myogenic lineage, treated with 100 ng/mL of 
WNT7A from day twelve to day fifty, and immunostained at day twenty-one (A), thirty-five 
(B), and fifty (C) for DAPI (in blue), and myosin heavy chain (MYH) (in green). Scale bar = 
100 μm in all images. 
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3.4 EGF TREATMENT DECREASES THE PAX7+ EXPRESSING MUSCLE STEM

CELL POOL

In the study conducted by Dumont et al. in 2015, it was shown that dystrophin is 

expressed in activated satellite cells and interacts with regulators of cell polarity to promote 

asymmetric cell division (19). However, in Duchenne Muscular Dystrophy, which is 

characterized by the absence of dystrophin, satellite cells are unable to properly polarize, 

leading to a significant reduction in the number of asymmetric cell divisions (19). Our 

laboratory showed that supplementation with exogenous EGF substantially increased the 

number of asymmetric cell divisions in dystrophin-deficient satellite cells obtained from mdx 

mice (47).  

We then aimed to investigate whether the addition of exogenous EGF during the 

differentiation of healthy control and DMD patient hiPSCs at day twenty-one, day thirty-

five, or day fifty would alter the muscle stem cell division mechanisms to favor asymmetric 

cell division and expand the committed myogenic progenitor cell pool.  

To test this, we differentiated the healthy CONT1-3 and DMD1-3 lines into the 

myogenic lineage using our aforementioned optimized myogenic differentiation protocol. 

The differentiating cells were then treated with 100 ng/mL of EGF every day from day 

twelve to day twenty-one of the differentiation process. We also continued differentiating 

and treating DMD1-2 and CONT1-2 until day fifty. The cells were fixed and stained on day 

twenty-one, thirty-five, and day fifty where we probed for expression of PAX7, MYOD, and 

MYOG at the population level using high-content analysis.  

On day twenty-one, in the healthy control lines, we observed an increase in the 

proportion of MYOG+ cells within the myogenic population, which could indicate an 
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increase in committed myogenic progenitors due to enhanced asymmetric cell division 

(Figure 19A-B). However, we did not observe any significant changes in the DMD cells 

with EGF treatment (Figure 19C-D).  
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Figure 19. EGF treatment reduces the proportion of PAX7+ cells and increases the 

proportion of MYOG+ cells in twenty-one-day differentiated healthy control hiPSCs. 

The healthy CONT1-3 (A-B) and DMD1-3 (C-D) hiPSCs were differentiated for twenty-one 

days and treated with 100 ng/mL of EGF from day twelve to twenty-one. On day twenty-one 

the cells were stained for PAX7, MYOD, and MYOG and immunofluorescence images were 

captured using the Opera Phenix™ High-Content Screening System. Quantification of the 

percentage of each myogenic marker was conducted using the Columbus Image Data 

Storage and Analysis System and R Studio, as described in the Materials and Methods 

section. The myogenic population (A, C) represents cells that have expressed PAX7 and 

MYOG. The total population (B, D) refers to all the cells in the differentiated cultures. 

n=9-11, with 9-11 biological replicates as independent differentiations. The circles (CONT1 
or DMD1), squares (CONT2 or DMD2), and triangles (CONT3 or DMD3) represent the 
replicates for each cell line. Error bars represent S.E.M. *p < 0.05, **p < 0.01. 
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Additionally, we performed gene expression analysis using RT-qPCR on day twenty-

one to evaluate changes in myogenic gene expression with EGF treatment. Although no 

significant differences were observed in the healthy CONT1-2 lines (Figure 20A), we did 

notice a decrease in MYOD gene expression with EGF treatment in the DMD1-2 patient 

lines (Figure 20B). This effect could be attributed to EGF reducing MYOD expression within 

the heterogeneous population of the differentiating cultures, as these cultures consist of 

various cell types and are not purely composed of myogenic cells. 

77



Figure 20. EGF treatment significantly reduces global MYOD gene expression in 

twenty-one-day differentiated DMD-patient hiPSCs. (A) The healthy CONT1-2 hiPSCs 

and (B) DMD1-2 hiPSCs were differentiated for twenty-one days and treated with 100 

ng/mL of EGF from day twelve to twenty-one. RNA was harvested on day twenty-one for 

gene expression analysis by RT-qPCR for the indicated myogenic genes, and EGFR, the 

receptor for EGF. Data is presented as relative fold change to the untreated control cells. 

n=8, with 8 biological replicates as independent differentiations for PAX7, MYOD, and 

MYOG. The circles (CONT1 and DMD1) and squares (CONT2 and DMD2) represent the 

replicates for each cell line. n=4, with with 4 biological replicates as independent 
differentiations for EGFR. Error bars represent S.E.M. *p < 0.05.  
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On day thirty-five (Figure 21A-D), we observed that EGF treatment decreased the 

proportion of PAX7+ cells within the entire population in both the DMD1-2 lines and the 

healthy CONT1-2 lines (Figure 21B, D). This effect was also evident within the myogenic 

population of the DMD1-2 lines (Figure 21C). Interestingly, by day thirty-five, the 

proportion of MYOG+ cells within the myogenic population in the DMD1-2 lines was 

significantly increased (Figure 21C). This suggests that EGF may have stimulated 

asymmetric cell division, leading to an expansion of the committed progenitor cells 

expressing MYOG, particularly in the DMD patient lines. 
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Figure 21. EGF treatment reduces the proportion of PAX7+ cells and increases the 

proportion of MYOG+ cells in thirty-five-day differentiated DMD-patient hiPSCs. The 

healthy CONT1-2 hiPSCs (A-B) and DMD1-2 hiPSCs (C-D) were differentiated for thirty-

five days and treated with 100 ng/mL of EGF from day twelve to thirty-five. On day thirty-

five, the cells were stained for PAX7, MYOD, and MYOG and immunofluorescence images 

were captured using the Opera Phenix™ High-Content Screening System. Quantification of 

the percentage of each myogenic marker was conducted using the Columbus Image Data 

Storage and Analysis System and R Studio, as described in the Materials and Methods 

section. The myogenic population (A, C) represents cells that have expressed PAX7 and 

MYOG. The total population (B, D) refers to all the cells in the differentiated cultures. n=7, 

with 7 biological replicates as independent differentiations. The circles (CONT1 and 
DMD1) and squares (CONT2 and DMD2) represent the replicates for each cell line. Error 

bars represent S.E.M. *p < 0.05, **p < 0.01. 
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It is on day fifty (Figure 22A-D) where we see significant changes with EGF 

treatment in the healthy CONT1-2 lines within the myogenic population. EGF treatment 

increased the proportion of MYOD+ and MYOG+ expressing cells within the myogenic 

population, compared to the untreated control in the healthy CONT1-2 lines. This suggests 

that EGF may be facilitating asymmetric division in the fifty-day differentiated healthy 

control hiPSCs (Figure 22A). Similar to day thirty-five, EGF treatment led to a significant 

decrease in the proportion of PAX7+ cells in the CONT1-2 lines, as well as in the total 

population of the DMD1-2 patient lines (Figure 22B, D).  
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Figure 22. EGF treatment increases the proportion of MYOD+ and MYOG+ cells in 

the fifty-day differentiated healthy control hiPSCs. The healthy CONT1-2 hiPSCs (A-B) 

and DMD1-2 hiPSCs (C-D) were differentiated for fifty days and treated with 100 ng/mL of 

EGF from day twelve to fifty. On day fifty the cells were stained for PAX7, MYOD, and 

MYOG and immunofluorescence images were captured using the Opera Phenix™ High-

Content Screening System. Quantification of the percentage of each myogenic marker was 

conducted using the Columbus Image Data Storage and Analysis System and R Studio, as 

described in the Materials and Methods section. The myogenic population (A, C) represents 

cells that have expressed PAX7 and MYOG. The total population (B, D) refers to all the 

cells in the differentiated cultures. n=7, with 7 biological replicates as independent 

differentiations. The circles (CONT1 and DMD1) and squares (CONT2 and DMD2) 
represent the replicates for each cell line. Error bars represent S.E.M. *p < 0.05, **p < 0.01. 
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We also investigated whether EGF treatment would alter later myogenic 

differentiation stages, so we stained the differentiating CONT2 and DMD2 cultures with 

MYH. On day twenty-one, we did not observe any visible differences with the treatment 

(Figure 23A). However, by day thirty-five, we noticed that EGF treatment led to an increase 

in MHC-expressing myotubes, particularly in the DMD2 patient line (Figure 23B). This 

trend continued until day fifty and was also evident in the healthy CONT2 line (Figure 23C). 

It is possible that the increased formation of myotube structures was due to EGF acting as a 

mitogen and promoting the differentiation of more cells initially. 

Altogether, EGF consistently reduced the proportion of PAX7 expressing cells in the 

differentiated healthy control and DMD patient hiPSCs. EGF treatment may have promoted 

asymmetric cell division in the DMD1-2 lines on day thirty-five and in the healthy CONT1-

2 lines on day fifty of the differentiation process as we observed higher proportions of 

myogenic precursor markers. 
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Figure 23. EGF treatment increases MYH expression in thirty-five day and fifty day 
differentiated healthy control and DMD-patient hiPSCs. The healthy CONT2 and DMD2 
hiPSC lines were differentiated into the myogenic lineage, treated with 100 ng/mL of EGF 
from day twelve to day fifty, and immunostained at day twenty-one (A), thirty-five (B), and 
fifty (C) for DAPI (in blue), and myosin heavy chain (MYH) (in green). Scale bar = 100 μm 
in all images. 
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4 DISCUSSION 

Satellite cells are indispensable for skeletal muscle regeneration (10, 11, 74). Upon 

injury, they become activated and can divide symmetrically to self-renew, or divide 

asymmetrically to expand the myogenic progenitor pool for repair of damaged myofibers 

(21).  

Dystrophin is highly expressed in activated satellite cells and is required for 

sarcolemmal integrity (19). In the absence of dystrophin, satellite cells are unable to polarize 

and initiate asymmetric cell division (19). Fewer progenitor cells are generated, leading to 

satellite stem cell hyperplasia and contributing to the muscular degenerative disorder, DMD, 

which results in progressive muscle wasting and premature death.  

Our lab discovered two compounds that have been shown regulate satellite cell division 

mechanisms as well as show therapeutic potential for DMD.  

The first compound, WNT7A, modulates satellite cell division by promoting symmetric 

expansion. WNT7A binds to its receptor FZD7 in satellite cells, polarizes the distribution of 

the PCP effector VANGL2, and induces symmetric satellite cell expansion, as shown by Le 

Grand et al. (17, 74). Additionally, Wang et al. reported that EGF stimulation of satellite 

cells activates EGFR and recruits AURKA, a mitotic spindle assembly protein, to promote 

apicobasal asymmetric cell division (47).  

Although extensively studied in mouse models, little is known about the division 

modulatory capacity of both compounds in a human context, and particularly in the human 

context of DMD. In this study, we confirm that WNT7A and EGF can modify the division 

mechanisms of satellite-like cells in myogenically differentiated hiPSCs derived from 
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healthy controls and DMD patients. Our study provides a comprehensive analysis of the 

myogenic differentiation strategy used to derive a high yield of myogenic cells, compares 

the differentiation characteristics of healthy donor and DMD patient derived hiPSCs, and 

evaluates the division effects of WNT7A or EGF treatment at day twenty-one, thirty-five, 

and fifty of the hiPSC differentiation program. 

4.1 E8 MEDIA, E6 MEDIA, AND 7.5 UM CHIR ARE OPTIMAL FOR DMD

AND HEALTHY CONTROL HIPSC DIFFERENTIATION.

Human modeling of DMD is challenging due to the limited availability of satellite 

cells that can be obtained from patient biopsy samples. Additionally, these satellite cells 

spontaneously differentiate in vitro, which is characterized by the irreversible expression of 

MYF5, MYOD, and MYOG (24, 56).  More notably, these satellite cells and their derived 

myoblasts have reduced proliferative and regenerative capacities, making them difficult to 

manipulate as potential stem cell therapies for the diseased muscle (56, 75).    

A promising alternative approach to DMD disease modelling is the use of hiPSCs 

derived from DMD patients to generate myogenic cells. Through hiPSC myogenic 

differentiation, we now have the unprecedented ability to generate numerous muscle stem 

cells, investigate the pathophysiological mechanisms of disease, and most importantly, trial 

therapeutics in a patient-specific manner (56, 66) .  

The Shelton et al. protocol, is a well-established and reliable method previously used 

by the authors of this study with hESCs differentiated into the myogenic lineage (52, 71). 

This approach is not only simple and cost-effective but also yields a significant number of 

muscle stem cells capable of generating PAX7-expressing cells upon transplantation, as 
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demonstrated in the 2018 study by Hicks et al. (76). Therefore, this protocol was used to 

differentiate DMD and healthy control hiPSCs into the myogenic lineage. We initially 

cultured the healthy control and DMD-patient hiPSCs in the STEMCELL Technologies 

mTeSR™ hiPSC and ESC media. Consistency with the TeSR™ series was maintained 

throughout the study by differentiating the hiPSCs in TeSR-E6™ media, rather than using 

E8 media for hiPSC culture and E6 media for differentiation. However, we observed very 

few to no PAX7+ cells in all three cell lines during differentiation. Gene expression analysis 

showed a downregulation of all myogenic genes, and Western blot analysis revealed no 

PAX7 protein expression. These results indicated that the differentiation did not proceed to 

the early dermomyotome stage as expected. 

The choice to use mTeSR™ and TeSR-E6™ media in this study was based on their 

successful application in previous myogenic differentiation protocols (26, 59, 64–69). 

Additionally, mTeSR™ has been shown to maintain hiPSC lines in a healthy morphology, 

characterized by compact colonies with distinct borders and large nuclei to plasma ratios 

(77). Truly, this media is regarded as the standard for hiPSC maintenance and is the most 

commonly published feeder-free cell culture medium for iPSCs and ESCs (78). It is crucial 

to carefully select the culture media prior to differentiation as the success and reproducibility 

of differentiation can be influenced by the quality of starting hiPSCs, which can in turn be 

impacted by their maintenance conditions. 

A study similar to ours was conducted by Fabre et al. in 2022, where they used 

mTeSR™ to grow and maintain their DMD-patient and healthy control hiPSCs. They 

differentiated the hiPSCs into the myogenic lineage using TeSR-E6™ and CHIR99021 

following a modified version of the Shelton et al. protocol. They observed the generation of 
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hiPSC-derived myogenic cells by day seven through immunofluorescence imaging of the 

dermomyotomal marker PAX3 and satellite stem cell marker PAX7. Additionally, they 

observed the expression of later myogenic markers MYOG and MHC by day thirty (79). 

One possible explanation for the difference in outcomes between our protocol and that of 

Fabre et al. is the duration and dosage of CHIR99021 treatment. Our protocol involved a 

two-day treatment of 10 μM CHIR99021, while Fabre et al. used a three-day treatment of 7 

μM CHIR99021. It's possible that a longer treatment period and/or a lower concentration of 

CHIR99021 would have been more effective for our hiPSCs. It's also worth considering that 

our hiPSCs may have different characteristics or requirements for successful differentiation 

compared to the hiPSCs used in the Fabre et al. study. 

To improve our differentiation protocol, we switched back to E6 media instead of 

TeSR-E6™ while keeping all other parameters constant. By day twenty-one, we observed a 

significant increase in the number of PAX7 expressing cells in the DMD1-2 and CONT1 

lines. Additionally, we observed cells that have differentiated further into the myogenic 

lineage as they expressed MYOD and MYOG. Based on our findings, we hypothesized that 

we could generate more myogenic cells by transitioning the hiPSCs from mTeSR™ to E8 

media, as originally suggested by the Shelton et al. protocol. Our observations showed that 

the longer the hiPSCs were cultured in pure E8 media, the more uniform and abundant the 

myogenic cells became. These results suggest that hiPSCs cultured in mTeSR™ may remain 

in a highly pluripotent state, making them resistant to differentiation. To address this issue, 

we had to gradually transition the hiPSCs out of mTeSR™ and into E8 media, allowing them 

to acclimate to the new conditions for two weeks to eliminate any residual effects of 

mTeSR™. After the two-week culture of hiPSCs in E8, we initiated differentiation using E6 
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media and found that 7.5 μM of CHIR was the optimal concentration for differentiating 

DMD and healthy control hiPSCs (71). With this specific concentration, we observed a 

three-fold increase in the number of PAX7+ cells in the healthy control line, and two-fold 

increase in the DMD line. It is worth noting that previous studies have shown that higher 

concentrations of CHIR, especially 10 μM for 2 days, can cause toxicity in hiPSC cultures 

(25, 54, 80). We also found that the optimal cell density had to be adjusted for each cell line, 

ranging from 200,000 cells/well to 400,000 cells/well, while maintaining the concentration 

of CHIR99021 at 7.5 μM. 

While it was possible to extend the CHIR99021 treatment period beyond two days 

(as conducted in the Fabre et al. study), we opted to modify the media composition instead 

of solely relying on longer CHIR99021 treatment to induce myogenic differentiation of 

hiPSCs. This approach was not only cost-effective but also led to robust myogenic 

differentiation on day twenty-one, thirty-five, and fifty of the differentiation program. 

By day fifty of the differentiation process, the cultures terminally differentiated and 

committed to the skeletal muscle lineage, with approximately 30-40% of cells expressing 

MYOD or MYOG. A study conducted by Baci et al. demonstrated an interesting method to 

increase the terminally differentiated population by using extracellular vesicles (EVs) 

derived from C2C12 myotubes (81). They co-cultured hiPSCs with CHIR99021 and EVs 

and found that the combination treatment synergistically enhanced terminal differentiation 

compared to CHIR99201 treatment alone. The CHIR99201 and EV combination treatment 

yielded a significantly higher fusion index and consistently increased the number of cells 

expressing MHC. Specifically, by day thirty, approximately 70-80% of their cells were 
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positive for MYOD or MYOG (81). This co-culture method could be used in future studies 

to increase our yield of terminally differentiated myogenic cells. 

4.2 DMD HIPSCS PRECOCIOUSLY DIFFERENTIATE IN THE MYOGENIC

LINEAGE. 

In 2015, Dumont and colleagues made a remarkable discovery regarding the role of 

satellite stem cells in the disease etiology of mdx mice (19). Dystrophin-deficient satellite 

cells display a loss of polarity and exhibit a 5-fold reduction in the proportion of asymmetric 

division.  

We hypothesized that DMD hiPSCs, lacking dystrophin, would display a similar 

phenomenon upon differentiation into the myogenic lineage with more muscle stem cells 

and fewer committed progenitor cells. However, our high-content analysis revealed fewer 

PAX7+ cells within the myogenic population at all time points, and an increased number of 

MYOG+ cells at day twenty-one and fifty compared to healthy control hiPSCs. These 

findings suggest that our DMD hiPSCs have an increased myogenic capacity and 

precociously differentiated compared to the healthy control hiPSCs.  

This could be attributed to the pathological condition of hiPSCs derived from DMD 

patients. Mournetas et al. also differentiated DMD-patient derived hiPSCs into the myogenic 

lineage using a non-reprogramming approach (61). Their study involved a comprehensive 

multi-omics analysis to investigate the onset of DMD using hiPSC-derived skeletal muscle 

progenitors. Although the DMD hiPSCs differentiated normally into the mesoderm lineage, 

the researchers detected numerous genetic dysregulations at the somite stage – specifically 

dysregulations of mitochondrial genes. More notably, upon entering the skeletal muscle 
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compartment at day 17, the authors observed significant skeletal muscle-specific gene 

dysregulations, including the aberrant expression of various myomiRs (miRNAs specific to 

striated muscles).While we did not observe any somitic gene dysregulations in the twelve-

day differentiated DMD cultures, we did observe that DMD1-2 had significantly higher 

levels of OCT4 compared to the control cultures.  

On the other hand, we postulated if we were seeing different effects due to our 

differentiated hiPSCs resembling embryonic or fetal-like muscle stem cells. Especially since 

the previously mentioned Dumont et al. study was conducted in adult mdx mice and 

therefore demonstrated satellite cell division defects in adult satellite cells. Indeed, a 

noteworthy study published in Cell Stem Cell in 2020 by Xi et al. confirmed the 

developmental stage of muscle stem cells derived from hiPSCs as transitioning from the 

embryonic phase to the fetal phase of human development. The group created a 

comprehensive human skeletal muscle atlas, which mapped the developmental trajectory of 

satellite cells and progenitors during various stages of myogenesis (82). Xi et al. utilized 

single-cell RNA sequencing to profile human skeletal muscle at various developmental 

stages, including embryonic, fetal, and post-natal stages. They also differentiated hiPSCs 

using three published protocols, including the Shelton et al. protocol, and mapped the 

derived myogenic progenitors to their developmental atlas. Intriguingly, they found that the 

hiPSC-derived progenitor cells align with the late embryonic to early fetal transition stage. 

In fact, these cells do not resemble postnatal or adult satellite cells and prolonging the 

differentiation protocol past seven weeks does not drive the hiPSC-derived skeletal muscle 

past the embryonic-to-fetal transition stage. Other studies also state that hiPSC-derived 

skeletal myocytes resemble an embryonic or fetal phenotype (54, 61).This is a particularly 
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important finding as it can affect our future translational hiPSC cell-based therapeutic 

studies for DMD patients. 

Another possible reason for the observed differences between the myogenically 

differentiated DMD-patient hiPSCs and healthy control hiPSCs could be attributed to the 

non-transgene differentiation protocol used in this study. Recent advances in skeletal muscle 

differentiation from hiPSCs have led to two main types of protocols: reprogramming-

mediated and non-reprogramming-mediated myogenic differentiation. Both methods 

produce varying myogenic yields in DMD hiPSCs compared to healthy control hiPSCs. 

For example, Abujarour et al. used MYOD transfection with doxycycline to induce 

myogenic differentiation in both healthy and DMD-patient derived hiPSCs (56). They found 

no significant differences in %MYOG+ nuclei and fusion index between the DMD and 

healthy groups after seven days of differentiation. Additionally, in a more recent study, 

Caputo et al. used an enhanced version of the piggyBac transposon vector to induce 

expression of MYOD and BAF60C (encoded by the SMARCD3 gene) for myogenic 

differentiation (66). They found no difference in the differentiation potential of healthy and 

DMD-patient derived hiPSCs, with both forming phenotypically similar myotubes and 

expressing the same levels of myogenic markers. 

Overall, studies utilizing reprogramming methods of myogenic differentiation, such 

as Abujarour et al. and Caputo et al., found no significant differences in differentiation 

between healthy and DMD-patient derived hiPSCs, as indicated by similar levels of 

myogenic markers and MHC-positive multinucleated myotubes. 
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Conversely, in 2016, Choi et al. used a chemical-compound, reprogramming-free 

method of hiPSC differentiation (72). Briefly, the group treated the hiPSCs with CHIR99021 

and DAPT until day twelve, followed by growth and maintenance culturing conditions until 

day thirty. The resulting myogenic differentiation showed robust MHC and MYOG 

expressing cells, but when the protocol was used to differentiate DMD-patient derived 

iPSCs, the fusion index was significantly decreased compared to healthy controls. To 

confirm their findings, the group used the Shelton et al. protocol and found comparable 

robust myogenic differentiation, but with aberrant myotube formation with many branched 

arms in the DMD-patient derived cells. In our study, we did not notice any visual differences 

in MHC expression between the healthy control and DMD hiPSCs differentiated for twenty-

one, thirty-five, and fifty days. However, future studies can further analyze myotube 

formation as measured by the fusion index. 

Chal et al. used hESCs and hiPSCs to recapitulate myogenesis in vitro and this group 

also used CHIR99021 but added LDN193189 to induce progression into the paraxial 

mesoderm (26, 83). This was followed by addition of the growth factors IGF-1, HGF, and 

FGF2, and they cultured the cells for up to two months. They differentiated mdx mouse ES 

cell lines using this protocol and found no significant differences in multinucleated fiber 

length and diameter compared to control fibers. However, myofibers derived from the mdx 

hESCs showed significantly more lateral branches, without deficits in myotube fusion unlike 

the Choi et al. study. 

An interesting, comprehensive study conducted by Al Tanoury et al. used CRISPR-

Cas9 gene editing to generate two isogenic DMD-mutant hiPSC lines from a previously 

well-characterized wild-type line. They optimized the Chal et al. protocol by incorporating a 
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secondary differentiation strategy and observed a significant improvement in myogenic 

morphology with prednisolone treatment. However, around day 20 of the differentiation 

process, the authors reported a significant decrease in the number of MYOG+ cells in the 

two DMD lines, and reduced PAX7+ cells in one of the DMD line. Al Tanoury et al. 

suggested that a lack of dystrophin reduced the myogenic capacity of the differentiating 

cultures. Gene expression analysis also revealed a trend in reduced myogenic gene 

expression for PAX7 in one of the DMD lines. In our study, we also found a trend for 

reduced PAX7 gene expression in the twenty-one-day differentiated DMD1-2 compared to 

CONT1-2.  

Unlike what Chal et al. and Choi et al. observed, Al Tanoury et al. demonstrated that 

the DMD hiPSCs that have been differentiated for 3-4 weeks show significantly more fusion 

of myocytes. Intriguingly, they also observed significantly more branching in the 

differentiated DMD myofibers. They suggested that increased fusion is a result of the 

constant regeneration that needs to happen because of the myofiber death observed in DMD 

patients.  

Overall, in the hiPSC-skeletal muscle differentiation field, each protocol discussed had 

yielded varying outcomes, likely due to differences in the methods used, such as 

overexpression of myogenic factors or the use of chemically-defined culture conditions to 

induce myogenesis in vitro. Further experiments could explore fusion and branching of 

myocytes to compare our findings with those of others. As Al Tanoury et al. have 

mentioned, our in vitro model of myogenesis used three different DMD-patient derived 

hiPSC lines and then compared the myogenic yield with three different hiPSC lines from 

healthy individuals. Inherently, there was a great source of variability within and between 
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each line, and this could have significantly influenced the outcomes of the study. To address 

this issue, Al Tanoury and colleagues used CRISPR-Cas9 gene editing to introduce the 

DMD mutation into a well-characterized healthy parental line to create isogenic lines. Future 

studies could adopt this strategy before conducting the WNT7A and EGF treatment studies. 

4.3 WNT7A EXPANDS THE MUSCLE STEM CELL POOL IN THE DMD- PATIENT

DERIVED CELLS. 

Our lab has previously shown that WNT7A modulates satellite cell division by 

stimulating their symmetric expansion. Le Grand et al. specifically demonstrated that 

WNT7A binds to its receptor FZD7 which leads to a polarized distribution of the PCP 

effector VANGL2, and then induces symmetric satellite cell expansion (17, 74). However, 

little is known about the ability of WNT7A to induce symmetric cell division in a human 

DMD model.  

In contrast to mdx mice, patients with DMD demonstrate significantly reduced satellite 

cell proliferation potential and subsequent muscle regenerative issues (19, 43). In this 

respect, WNT7A treatment on the muscle stem cells derived from DMD-patient hiPSCs 

should increase their self-renewal capacity. 

In this study, we show that WNT7A significantly increased PAX7 gene expression and 

the proportion of PAX7+ cells in twenty-one-day differentiated DMD hiPSCs. At the same 

timepoint, WNT7A decreased the committed myogenic markers MYOD and MYOG, 

suggesting that WNT7A has expanded the muscle stem pool through symmetric cell 

division. Moreover, WNT7A reduced the proportion of cells expressing MYOD, MYOG, 

and the double positive PAX7+MYOD+ in thirty-five day differentiated healthy control 
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hiPSCs. Interestingly, immunofluorescence analysis showed a drastic reduction in MHC 

expression in both cell lines at day thirty-five and fifty. These results indicate that 

recombinant WNT7A protein treatment dramatically altered the myogenic differentiation 

program in both DMD-patient derived hiPSCs, and healthy control hiPSCs by reducing their 

myogenic commitment.  

As previously mentioned, the twenty-one, thirty-five, and fifty-day differentiated 

DMD-patient cell lines demonstrated a significant reduction in the proportion of PAX7+ 

expressing cells when compared the healthy control lines at each of the timepoints. More 

specifically, the total number of cells that have expressed PAX7 out of the whole population 

was just below 20% at day twenty-one and thirty-five, and a little above 20% at day fifty.  

Notably, treatment with WNT7A significantly doubled the expression of PAX7, especially at 

day twenty-one, with a trend towards doubling at day thirty-five and fifty. These findings 

suggest that WNT7A treatment may have a positive effect on PAX7 expression in DMD-

patient derived cells during myogenic differentiation. 

Von Maltzahn and colleagues investigated the effect of WNT7A treatment on 

dystrophic mouse muscles, finding that it effectively caused satellite cell expansion and 

myofiber hypertrophy through activation of the AKT/mTOR pathway. This led to increased 

muscle strength and reduced contractile damage (43). In a recent study, Abujarour et al. 

overexpressed MYOD to direct DMD-patient hiPSCs into the myogenic lineage, and 

demonstrated that WNT7A treatment induced significant hypertrophy and increased 

myotube diameter in the resulting myoblasts. These findings align with those of Von 

Maltzahn, who also observed a significant increase in myotube diameter in human primary 

myoblasts treated with WNT7A (56).  

98



Importantly, Bentzinger et al. showed that brief ex vivo exposure to WNT7A could 

activate the FZD7 receptor on satellite cells and myogenic progenitors, leading to a 

significant increase in cell polarization and migration. Moreover, when primary mouse 

satellite cells were treated with WNT7A and transplanted into mdx mice, their engraftment 

was enhanced due to improved cell dispersion. The authors observed the same effects in 

primary human myoblasts, where WNT7A treatment increased motility, hypertrophy, and 

engraftment. 

Given that our WNT7A treatment resulted in a significant increase in the PAX7+ 

muscle stem cell pool for both DMD patient and healthy control hiPSCs, it would be 

valuable to investigate the regenerative potential of these cells in vivo. Transplantation of our 

WNT7A-treated muscle stem cells into mdx mice could provide insights into their ability to 

promote cell motility, hypertrophy, and regeneration in a dystrophic environment. 

One very important thing to note is that we observed a significant reduction in MHC 

expression by day thirty-five and fifty, while MHC expression was rather unperturbed on 

day twenty-one. This finding may be attributed to the fact that our study involved a long-

term treatment of WNT7A compared to previous studies, which usually involved short-term 

treatments lasting no more than 48 hours. It is possible that the prolonged exposure to 

WNT7A may have caused a reduction in myogenic commitment in the hiPSCs. For future 

engraftment studies, we recommend transplanting the day twenty-one muscle stem cells 

derived from DMD-patient hiPSCs, as they exhibited increased PAX7 expression, 

potentially mediated through WNT7A symmetric expansion. 

We also observed some cell lines within the healthy control lines or within the DMD 

lines differentiate better into the myogenic lineage compared to others, and therefore could 

99



have modified the results of the WNT7A treatment. For instance, the healthy control line 

CONT2 consistently exhibited a higher proportion of PAX7+ cells at all three timepoints, 

while a similar effect was observed in the DMD2 line. Moreover, the DMD1 hiPSC line 

yielded more committed progenitors at day thirty-five and fifty. These variations in 

differentiation between the patient lines may be attributed to the differentiation protocol 

utilized, as previously discussed, or could reflect inherent differences in the individuals 

themselves. Choi et al. performed therapeutic studies using hiPSC-derived myoblasts from 

DMD patients, and discovered that some patient-derived myoblasts did not exhibit a 

response to pharmacological interventions (72). The researchers suggested that in vitro 

cultures can reveal patient-specific differences in phenotypes and responses to therapeutic 

rescue, such as disease progression or variations in lifestyle factors (72, 84).  

In summary, to test WNT7A as a therapeutic in a human, DMD context, it will be 

important to consider the WNT7A treatment length, and the differentiation efficiency of the 

DMD patient-derived hiPSCs prior to initiating engraftment studies. 

4.4 EGF TREATMENT REDUCES PAX7 EXPRESSING CELLS IN THE TOTAL

POPULATION AND WITHIN THE MYOGENIC POPULATION. 

Wang et al. previously reported that EGF stimulation of mouse satellite cells activates 

its receptor EGFR and recruits the mitotic spindle assembly protein AURKA to promote 

apicobasal asymmetric cell division (47). In the context of DMD, the authors reported that in 

vivo EGF treatment in mdx mice significantly increased the number of asymmetric cell 

divisions, restored proper myogenic precursor levels, and enhanced muscle regeneration. 
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We found that EGF treatment on the differentiating hiPSCs consistently reduced the 

proportion of PAX7 expressing cells in the total population at all three time points. 

Consistent with the Wang et al. study, EGF may have induced asymmetric division to 

increase the proportion of committed myogenic precursors within the myogenic population 

as we saw a significant increase in MYOD and MYOG in the fifty-day differentiated 

CONT1-2. However, we only saw a modest increase in MYOG expression on day thirty-five 

for DMD1-2 and significant reduction in global MYOD gene expression on day twenty-one.  

It is possible that EGF affected other non-myogenic cell populations, as EGF is known 

to stimulate the proliferation and survival of various cell types, including epithelial cells and 

neural stem cells. However, the specific effects of EGF on non-myogenic cells in the context 

of DMD or muscle regeneration are currently unknown and would require further 

investigation. 

Xi et al. identified other cell types derived from hiPSCs using the Shelton et al. 

protocol (82). At week six-seven of the differentiation program, the authors used their 

single-cell RNA sequencing strategy to examine the cultures. They observed a population 

that might be involved in epithelial development as the cells robustly expressed genes related 

to cytokeratins or keratinization. They also identified a major subpopulation that lacked 

canonical expression of osteogenic, chondrogenic, or tenogenic lineages, but nonetheless 

expressed genes involved in skeletal development such as COL1A1, and OGN. This raises 

the possibility that EGF could be affecting multiple other cell populations. 

Additionally, as previously mentioned, the Xi et al. group mapped the differentiating 

cultures from the Shelton et al. protocol to the late embryonic to early fetal transition of 

human myogenesis (82). Fung et al. conducted PAX7 lineage-tracing studies in mice during 
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embryogenesis and found that PAX7-expressing cells that do not commit to the myogenic 

lineage can give rise to embryonic fibro-adipogenic progenitors (FAPs) with bipotent 

potential towards dermal fibroblasts and brown adipocytes (85). Recent work from our lab 

found that EGFR ligands can affect FAP differentiation into adipocytes (Wen Pan & 

Michael Rudnicki, unpublished), further highlighting the importance of considering potential 

effects on non-myogenic cell populations when evaluating the division modulating potential 

of EGF. Another potential explanation to what we observed in our results was the expression 

of TUBB3 indicating the presence of neural crest cells in both healthy and DMD-patient 

derived hiPSCs that were differentiated for twenty-one days. EGF treatment could have 

stimulated these cells, as well as other neuronal cells, and induced asymmetric division. 

Previous studies have suggested that neural crest cells, as well as neuroblasts, can undergo 

asymmetric divisions through similar molecular mechanisms as satellite stem cells (86, 87). 

Therefore, for future studies, it will be very important to purify the differentiating hiPSC 

cultures for the myogenic population prior to treatment with EGF. 

Finally, this study solely looked at myogenic markers to determine whether EGF 

treatment expanded the committed progenitor pool. PARD3 staining of the hiPSC-derived 

muscle stem cells can also be conducted to properly enumerate asymmetric division events. 

Furthermore, to enhance the efficacy of therapeutic transplant studies, a two-step approach 

can be considered. First, WNT7A treatment could be used to increase the PAX7+ cell 

population. This could be followed by EGF treatment, which has the potential to induce 

asymmetric division in the expanded PAX7+ muscle stem cells and enhance the committed 

progenitor cell pool in both healthy control and DMD cell lines.  
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5.0 FUTURE STUDIES 

In future studies, it would be useful to use CRISPR-Cas9 to generate isogenic 

dystrophin-null hiPSCs from a healthy donor line. This approach would allow for the 

identification of whether the differences in differentiation efficiency observed were due to 

the absence of dystrophin. Additionally, these isogenic lines could help determine whether 

the differences in response to WNT7A and EGF treatment between the healthy and DMD 

lines are specifically attributed to the dystrophin deficiency. To further characterize the 

differentiated hiPSCs, single-cell RNA sequencing can be conducted to delineate their 

identities and trajectory.  

In the context of future therapeutic studies, it is essential to consider promoting the 

formation of adult satellite cells, since the muscle stem cells and progenitors derived from 

our hiPSC platform were at the late embryonic/fetal stage. One potential approach to induce 

the conversion of embryonic/fetal muscle stem cells to a more adult phenotype would be 

through thyroid hormone (T3) stimulation. Previous studies have shown that T3 directly 

targets MYOD and downstream myogenic factors to promote myogenic differentiation (88). 

More importantly, T3 plays a crucial role in the transition of fetal muscle fibers to adult 

myosin isoforms and stimulates myoblasts to terminal differentiation (89). We suggest 

conducting T3 treatment on the differentiating cultures around day thirty-five to fifty, as 

more myogenic progenitors were present towards the end of differentiation. 

Lastly, to evaluate the potential therapeutic effect of WNT7A and EGF treatment on 

hiPSC-derived myogenic cells for DMD, transplantation studies in mdx mice would be 

necessary. As the differentiation process yields a heterogeneous cell population, fluorescence 

activated cell sorting can be used to enrich for the myogenic population prior to the 
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WNT7A/EGF treatment and transplantation. Markers such as VCAM1, CD34, NCAM1, 

CXCR4, and others that are extensively reviewed in Tey et al. can help to remove unwanted 

cell types that may lead to poor engraftment or teratoma formation in vivo (55, 90). 

Specifically transplanting the PAX7+ cells derived from the WNT7A treated condition can 

further explore their self-renewing and differentiation capacity.  

6.0 CONCLUDING STATEMENTS 

In summary, this study highlights the importance of customizing skeletal muscle 

differentiation protocols for different hiPSC lines. Furthermore, we provide evidence of the 

potential differences in differentiation capabilities of hiPSCs derived from healthy 

individuals versus DMD-patients. We suspect that DMD-patient hiPSC derived muscle stem 

cells precociously differentiate, however, more investigation is required. Most importantly, 

we demonstrate the potential of WNT7A and EGF to manipulate the division dynamics of 

muscle stem cells and progenitors derived from healthy and DMD-patient hiPSCs, providing 

a promising avenue for future therapeutic studies. We envisage that this project and future 

work will provide translational evidence for applying these therapeutic candidates to tackling 

DMD pathology. 
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