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SUMMARY
Genetic mutations in dystrophinmanifest in Duchennemuscular dystrophy (DMD), the most commonly inheritedmuscle disease. Here,

we report on reprogramming of fibroblasts from twoDMDmousemodels into inducedmyogenic progenitor cells (iMPCs) byMyoDover-

expression in concert with small molecule treatment. DMD iMPCs proliferate extensively, while expressing myogenic stem cell markers

including Pax7 and Myf5. Additionally, DMD iMPCs readily give rise to multinucleated myofibers that express mature skeletal muscle

markers; however, they lack DYSTROPHIN expression. Utilizing an exon skipping-based approach with CRISPR/Cas9, we report on ge-

netic correction of the dystrophin mutation in DMD iMPCs and restoration of protein expression in vitro. Furthermore, engraftment of

corrected DMD iMPCs into the muscles of dystrophic mice restored DYSTROPHIN expression and contributed to the muscle stem cell

reservoir. Collectively, our findings report on a novel in vitro cellular model for DMD and utilize it in conjunction with gene editing to

restore DYSTROPHIN expression in vivo.
INTRODUCTION

Skeletal muscle is a soft tissue predominantly composed of

multinucleated muscle fibers that contract to generate

locomotion. Additionally, this tissue consists of mononu-

cleated cells, most notably quiescent stem cells termed

satellite cells, that undergo activation to regenerate the

muscle tissue during growth, injury, or disease conditions

(Comai and Tajbakhsh, 2014). Muscular dystrophies repre-

sent a group of over 100 diseases that inflict skeletal muscle

degeneration and dysfunction as a consequence of genetic

mutations in myogenic-associated genes that are impor-

tant for normal muscle function. Duchenne muscular dys-

trophy (DMD) is an X-linked hereditary disease attributed

to loss-of-function mutations in dystrophin, one of the

largest genes in the genome (Hoffman et al., 1987; Koenig

et al., 1987). Mutations in dystrophin manifest in progres-

sive skeletal muscle atrophy in young boys aged 3–5 years,

who oftentimes become wheelchair dependent by early

adolescence and ultimately succumb to untimely death

(Yiu and Kornberg, 2015). The dystrophin gene encodes

for a structural protein, which connects the muscle cell

membrane to the extracellular matrix, thus providing sta-

bilization during muscle contractions (Dowling et al.,

2021). In the absence of DYSTROPHIN, muscle contrac-

tions expedite muscle breakage accompanied by rapid cy-

cles of degeneration and regeneration, precipitating loss

of myofibers and consequently replacement with fat and

fibrotic tissues over time (Dowling et al., 2021; Yiu and

Kornberg, 2015).
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Several therapeutic strategies have been employed to

restore DYSTROPHIN expression in dystrophic muscles

(Furrer and Handschin, 2019). Namely, gene editing tools

such as CRISPR/Cas9 have been recently used in vivo and

in vitro to restore DYSTROPHIN expression in both mouse

and human muscle cells (Li et al., 2015; Long et al., 2016;

Matre et al., 2019; Nelson et al., 2016; Ousterout et al.,

2015; Tabebordbar et al., 2016; Young et al., 2016; Zhang

et al., 2020; Zhu et al., 2017). Another approach to restore

DYSTROPHIN expression in dystrophic muscles entails

cell-based therapy. This method typically denotes engraft-

ment of healthymuscle stem cells into dystrophicmuscles,

purposing to restoreDYSTROPHINexpression via contribu-

tion of healthy myonuclei to myofibers (Domenig et al.,

2020; Judson andRossi, 2020). Freshly isolated satellite cells

can efficiently engraft into dystrophic muscles, restore

DYSTROPHIN expression, and contribute cells to the mus-

cle stem cell reservoir, providing long-term regeneration

competency (Kuang et al., 2007; Montarras et al., 2005;

Sacco et al., 2008; Sherwood et al., 2004). However, low sat-

ellite cell extraction yield from donor-derived muscles is

believed to preclude therapeutic adoption in humans (Do-

menig et al., 2020). Following in vitro expansion, satellite

cells convert into highly proliferative myoblasts that

exhibit a limited transplantation potential in comparison

with satellite cells (Kuang et al., 2007; Montarras et al.,

2005; Quarta et al., 2016; Sacco et al., 2008; Xu et al.,

2015). Myoblast transplantation trials performed during

the 1990s in human DMD patients reported insufficient

DYSTROPHIN restoration and lack of beneficial therapeutic
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Figure 1. Direct conversion of Dmdmdx and Dmdmdx�4Cv fibroblasts into myogenic cells
(A) An experimental outline. Dmd, dystrophin gene; MEFs, murine embryonic fibroblasts; dox, doxycycline; iMPCs, induced myogenic
progenitor cells.
(B) Representative bright-field images of Dmdmdx MEFs subjected to the indicated conditions. Scale bar, 200 mm.

(legend continued on next page)
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outcome (Partridge, 2000; Skuk, 2004). This finding was

attributed to poormyoblast migration inmuscles, immune

rejection of donor-derived cells, myoblast cell death, and

lack of long-term regeneration potential of transplanted

cells, albeit these reasons are still subject to extensive debate

(Skuk and Tremblay, 2014).

As an alternative to satellite cells or myoblasts, pluripo-

tent stem-cell-derived myogenic precursors have been

demonstrated to efficiently engraft in vivo and restore DYS-

TROPHIN expression in DMD mouse models (Chal et al.,

2015; Darabi et al., 2012; Hicks et al., 2018). However, uti-

lizing these myogenic precursors for cell-based therapy en-

tails a risk in the form of teratoma formation from residual

pluripotent cells (Ben-David and Benvenisty, 2011). More-

over, their equivalency to embryonic muscle precursors

rather than adult muscle stem cells may further render

their use challenging (Xi et al., 2020).

In addition to these efforts, a recent study reported on a

method to directly reprogram fibroblasts into induced

myogenic progenitor cells (iMPCs) that can proliferate

extensively in vitro, while maintaining their potential to

engraft in vivo (Bar-Nur et al., 2018). This cellular conver-

sion is induced by forced overexpression of the myogenic

regulatory factor MyoD in conjunction with three small

molecules, the cyclic AMP agonist Forskolin, the TGF-b in-

hibitor RepSox, and the GSK3-b inhibitor CHIR99021

(abbreviated as F/R/C). Most notably, reprogramming via

thismethod is distinct fromMyoD-mediated transdifferen-

tiation, which converts fibroblasts into non-proliferative

skeletal muscle cells (Bar-Nur et al., 2018; Davis et al.,

1987). Here, we set out to investigate whether fibroblasts

derived from two Duchenne mouse models can be directly

reprogrammed into iMPCs that lack DYSTROPHIN expres-

sion. Furthermore, we exploredmeans to correct the dystro-
(C) Quantitative real-time PCR analysis of skeletal muscle markers fo
control. N = 3, each dot represents a different Dmdmdx or primary myobl
with delta Ct values using ordinary one-way ANOVA. *p % 0.05, **p
(D) Representative immunofluorescence images of PAX7 and MYHC in D
myosin heavy chain. Scale bar, 100 mm.
(E) Quantification of PAX7-positive cells for the indicated conditio
quantified. Error bars denote SD.
(F) Fusion index analysis of multinucleated muscle cells generated fro
were taken from the same well per group and quantified. Error bars de
ANOVA. ****p % 0.0001.
(G) Top: schematic of lineage tracing approach to label PAX7 expressi
ntdTomato Dmdmdx MEFs subjected to the indicated reprogramming c
2 days with 4OHT at day 15.
(H) Representative bright-field images of FACS-purified THY1+ Dmdmd

200 mm.
(I) Representative immunofluorescence images of PAX7 and MYHC-po
Dmdmdx MEFs with MyoD or MyoD+F/R/C treatment. Scale bar, 100 mm
(J) Representative immunofluorescence images of DYSTROPHIN and M
Scale bar, 100 mm.
phinmutation in DMD iMPCs in vitro via gene editing with

CRISPR/Cas9, followed by engraftment of genetically cor-

rected progenitors into dystrophic limbmuscles, purposing

to restore DYSTROPHIN expression in vivo.
RESULTS

MyoD in concert with small molecules elicits a

myogenic stem cell identity in DMD fibroblasts

We set out to investigate whether MyoD overexpression in

conjunction with small molecule treatment can generate

myogenic progenitors from mouse embryonic fibroblasts

(MEFs) of the Dmdmdx and Dmdmdx�4Cv mouse models for

DMD (Bulfield et al., 1984; Chapman et al., 1989). To this

end, we utilized a reprogramming system, which enables

wild-type (WT) fibroblast conversion into iMPCs when sub-

jected to ectopic MyoD overexpression in concert with F/R/

C treatment (Bar-Nur et al., 2018). To overexpress MyoD in

Dmdmdx orDmdmdx�4Cv MEFs, we engineered a doxycycline

(dox) inducible Tet-On lentiviral plasmid system encoding

for murine MyoD under the control of a TRE3G (‘‘Tet’’) pro-

moter and a Tet3G transactivator under a constitutive EF1-a

promoter (Figure 1A). Additionally, each plasmid contained

an antibiotic resistance gene expressed from a constitutive

mPGK promoter, thus enabling an antibiotic selection for

the two cassettes in transduced MEFs (Figure 1A). Lentiviral

transduction of Dmdmdx or Dmdmdx�4Cv MEFs followed by

antibiotic selectionand72–96hofdoxexposure led toabun-

dantMYODexpression inmanyof the transduced cells (Fig-

ures S1A and S1B). To induce the conversion of fibroblasts

into skeletal muscle cells, we exposed a similar number of

transduced DMD MEFs to dox administration with or

without F/R/C treatment, as previously reported for WT
r the indicated conditions. Primary myoblasts served as a positive
ast cell line; error bars denote SD. Statistical analysis was performed
% 0.01, ***p % 0.001, ****p % 0.0001, n.s., not significant.
mdmdx MEFs subjected to the indicated conditions at day 14. MYHC,

ns. Three images were taken from the same well per group and

m Dmdmdx MEFs with MyoD or MyoD+F/R/C conditions. Three images
note SD. Statistical analysis was performed using ordinary one-way

ng cells. Bottom: Flow cytometry analysis of Pax7-CreERT2; R26-LSL-
onditions (7 days with dox, 10 days without dox) and treated for

x MEFs subjected to the indicated conditions at day 21. Scale bar,

sitive cells that were directly converted from FACS-purified THY1+

.
YHC in WT and Dmdmdx MEFs at day 28 of MyoD+F/R/C treatment.
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MEFs (Bar-Nur et al., 2018). Following several days of sus-

tained MyoD overexpression, fibroblasts gave rise to multi-

nucleated myotubes in both conditions (Figure 1B and

S1C). However, in the MyoD+F/R/C condition, the myo-

tubes were larger in size and highly contractile, and we

further documented three-dimensional cell clusters and

smallmononucleated cells that resembled iMPCs (Figure 1B

and S1C; Video S1) (Bar-Nur et al., 2018). To assess whether

F/R/C treatment facilitated the formation of myogenic pro-

genitors, we performed quantitative real-time PCR at days

14–17 for canonical myogenic stem and differentiated cell

markers and documented robust upregulation of themuscle

stem cell marker Pax7 only in the MyoD+F/R/C condition,

whereas endogenous MyoD and the differentiation marker

Myog were upregulated in both conditions (Figure 1C). To

corroborate this observation at the protein level, we immu-

nostained these cultures for MYHC and PAX7 and detected

multinucleated MYHC+ myotubes in both MyoD and My-

oD+F/R/C conditions; however, clusters of PAX7+ cells

were only detected in MyoD+F/R/C (Figures 1D, 1E, and

S1D). Of note, the fusion index of MYHC+ myofibers gener-

ated via MyoD+F/R/C condition was significantly higher in

comparisonwithmyotubesgeneratedviaMyoDoverexpres-

sion alone (Figure 1F). Furthermore, we reprogrammed

transgenic Dmdmdx MEFs that harbored a Pax7-CreERT2;

Rosa-LoxSTOPLox(LSL)-ntdTomato reporter for muscle stem

cells (Murphy et al., 2011). Notably, we observed the forma-

tion of ntdTOMATO+ cells only in fibroblasts subjected to

the MyoD+F/R/C condition (Figures 1G and S1E).

Next, to exclude the possibility that F/R/C treatment pro-

moted the proliferation ofmyogenic progenitors present in

MEF cultures, we fluorescence-activated cell sorting (FACS)-

purifiedDmdmdxMEFs using the surfacemarker THY1 (Polo

et al., 2012). We detected 73% THY1+ Dmdmdx MEFs and

sorted these fibroblasts for subsequent reprogramming ex-
Figure 2. Transcriptome analysis following myogenic conversion
(A) Gene expression analysis at day 14–17 based on bulk RNA-seq for
line; error bars denote SD, *p % 0.05, **p % 0.01, ***p % 0.001, *
(B) Integrative Genomic Viewer (IGV) tracks for Pax7 and Myh1. Data
(C) Dendrogram based on normalized bulk RNA-seq data showing hie
highest variance. N = 3 different cell lines.
(D) Heatmap showing clustering of the top 30 most upregulated gen
highlighted in red. Each sample represents a different Dmdmdx cell lin
expression is indicated by red to blue colors.
(E) Volcano plot based on RNA-seq data demonstrating DEGs between
for each group. p value < 0.05; |log2FC| > 1.
(F) Volcano plot based on RNA-seq demonstrating DEGs between the
each group. p value < 0.05; |log2FC| > 1.
(G) Volcano plot based on RNA-seq data demonstrating DEGs between
for each group. p value < 0.05; |log2FC| > 1.
(H) Venn diagram for upregulated genes (>2-fold or more relative to D
different cell lines was used for each group.
(I) Significant functional annotations using the Wikipathway databa
periments (Figure S1F). FACS-purified THY1+Dmdmdx fibro-

blasts were subjected to MyoD or MyoD+F/R/C conditions

and gave rise to multinucleated MYHC+ myotubes in both

conditions, whereas PAX7+ iMPC-like clusters were only

detected using MyoD+F/R/C (Figures 1H and 1I). Impor-

tantly, multinucleated myofibers reprogrammed from WT

fibroblasts expressed both MYHC and DYSTROPHIN,

whereas MYHC+ myofibers reprogrammed from Dmdmdx

MEFs did not (Figure 1J). Collectively, these findings estab-

lish that DMD fibroblasts can be directly converted into

PAX7+ myogenic progenitors and myofibers when sub-

jected to MyoD+F/R/C treatment, whereas MyoD overex-

pression alone solely generates multinucleated myotubes.

Furthermore, myofibers reprogrammed from DMD fibro-

blasts did not expressDYSTROPHIN, thus capturing disease

phenotype in vitro.

Transcriptional dynamics during myogenic

conversion of Dmdmdx fibroblasts

To gain further insights into the genes andpathways that are

upregulated or downregulated during iMPC formation, we

performed bulk RNA sequencing (RNA-seq) of parental

Dmdmdx MEFs, Dmdmdx MEFs subjected to MyoD or My-

oD+F/R/C conditions (14-17 days), and primary myoblasts.

We observed that exposure of Dmdmdx MEFs to MyoD+F/R/

C treatment robustly upregulated satellite cell markers

(Pax7, Myf5, Dmrt2, and Sox8), which were not detected in

MyoD overexpression alone (Figure 2A). Moreover,

committed myogenic progenitor and early differentiation

markers (Myog, endogenous MyoD, and Myf6) were signifi-

cantly more upregulated in the MyoD+F/R/C versus MyoD

condition (Figure 2A).As expected,myogenic differentiation

markers (Myh1, Myh2, and Myh4) were upregulated in

both conditions; however, fibroblast-specific genes were

significantly more downregulated following MyoD+F/R/C
of Dmdmdx fibroblasts
the indicated conditions. N = 3, each dot represents a different cell
***p % 0.0001, n.s. not significant.
range for each sample is shown using a logarithmic scale.
rarchical clustering of all samples using the 2,000 genes with the

es for the indicated comparisons. Myogenic-associated genes are
e. Gradient of high to low gene expression relative to the average

the indicated samples. An average of 3 different cell lines was used

indicated samples. An average of 3 different cell lines was used for

the indicated samples. An average of 3 different cell lines was used

mdmdx MEFs, p < 0.05) in the indicated samples. An average of N = 3

se. Normalized enrichment scores are indicated in brackets.
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Figure 3. DMD iMPCs expand long term in vitro, while expressing key myogenic genes
(A) Bright-field images of a stable Dmdmdx iMPC clone during 7 days. Scale bar, 200 mm.
(B) Graph showing a growth curve of Dmdmdx iMPCs. Each dot represents and independent experiment using the same cell line. Error bars
denote SD.
(C) Western blot for DYSTROPHIN expression in the indicated cell lines.
(D) Western blot for DYSTROPHIN expression in Dmdmdx�4Cv iMPCs and WT iMPCs.
(E) Representative immunofluorescence images for MYOD and MYHC in stable Dmdmdx iMPCs at passage 8 and quantification. Error bars denote
SD, scale bar, 100 mm.
(F) Representative immunofluorescence images of MYOG and MYHC in a stable Dmdmdx iMPC clone at passage 9 and quantification. Error
bars denote SD, scale bar, 100 mm.

(legend continued on next page)
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treatment (Figures 2A and 2B). Of note, we confirmed the

presence of the dystrophin mutation at exon 23 in Dmd

mRNA transcripts of twoDmdmdxMEF lines subjected toMy-

oD+F/R/C condition; however, we did not detect it in a third

MEF line (Figure S2A).

Next, we performed unsupervised hierarchical clustering

based on normalized RNA-seq data and determined that

Dmdmdx MEFs subjected to MyoD+F/R/C clustered more

closely with primarymyoblasts and separately fromDmdmdx

MEFs and Dmdmdx MEFs+MyoD condition (Figures 2C and

S2B). Given this observation, we investigated the significant

upregulated genes in eachof the reprogramming conditions.

We first generated heatmaps based on the top 30most upre-

gulated genes in MyoD or MyoD+F/R/C condition in com-

parison with parental Dmdmdx MEFs (Figure 2D). This

analysis uncovered a large cohort of skeletalmuscle differen-

tiation markers (Myh1, Myh4, Casq1, Chrnd, Des, and Ryr1),

which were upregulated following MyoD or MyoD+F/R/C

conditions (Figure 2D). However, a comparison of the top

30 most upregulated genes in MyoD+F/R/C versus MyoD

condition revealed genes thatwere indicativeof satellite cells

(Pax7,Heyl, andFgfr4) aswellasuniqueskeletalmusclediffer-

entiation genes (Myoz1 andMstn) (Figure 2D). Furthermore,

a global analysis of the most differentially expressed genes

(DEGs) demonstrated thatMyoDoverexpressiondidnot up-

regulate differentiation markers to the same extent as My-

oD+F/R/C condition, whereas upregulation of muscle stem

cell markers was solely detected in MyoD+F/R/C condition

(Figures 2E and 2F). Comparison of MyoD+F/R/C versus

MyoD conditions revealed stem cell markers (Pax7, Heyl,

Myf5, Dmrt2, Sox8, and Fgfr4) and muscle differentiation

markers (Tnnt1, Tnnt3, Myf6, Mymk, Mymx, and Musk) that

were solely or significantly more expressed in the MyoD+F/

R/C versus MyoD condition (Figure 2G).

To further corroborate these results, we identified the up-

regulated genes (2-fold or more, p value < 0.05) for primary

myoblasts, MyoD+F/R/C, or MyoD conditions in compari-

son with Dmdmdx MEFs. Whereas several skeletal muscle

differentiation markers were upregulated in all three cell

types versus fibroblasts, stem cell markers such as Pax7,

Myf5, and Heyl were only enriched in primary myoblasts

and the MyoD+F/R/C condition (Figure 2H). Accordingly,
(G) Representative immunofluorescence images of PAX7, MYOD, and M
denote presence of immature PAX7+/MYOD� cells. Error bars denote S
(H) Timeline of experimental design.
(I) Flow cytometry analysis of Dmdmdx iMPCs stained with an antibod
(J) VCAM-1 staining of Dmdmdx iMPCs generated from FACS-purified V
(K)Microscopy images showingGFP expression from the Pax7 locus inPa
(L) Flow cytometry analysis of GFP expression in Pax7-nGFP; Dmdmdx

(M) Experimental outline. MPCs, myogenic progenitor cells.
(N) Microscopy images of Pax7-nGFP; Dmdmdx MPCs. Scale bar, 100 mm
(O) Flow cytometry analysis of GFP expression in Pax7-nGFP; Dmdmdx
a pathway enrichment analysis of ranked genes based on

log2FC between MyoD+F/R/C versus MyoD or MyoD

versus MEFs revealed categories associated with ‘‘striated

muscle contraction’’ for both comparisons. However, a

comparison of MyoD+F/R/C versus MyoD conditions re-

vealed multiple enriched gene categories associated with

enhanced metabolic activity (glycolysis, oxidative phos-

phorylation, and TCA cycle) (Figure 2I). In summary, the

transcriptome analysis highlighted the pronounced upre-

gulation of myogenic stem cell genes and unique skeletal

muscle differentiation markers only in MyoD+F/R/C con-

dition. These transcriptional changes are on par with the

robust proliferation and contractility observed in My-

oD+F/R/C reprogrammed cultures and suggest enhanced

capture of skeletal muscle cell identity in vitro.

DMD iMPCs proliferate extensively while expressing

stem cell and differentiation genes

Our observation that Dmdmdx and Dmdmdx�4Cv MEFs

exposed to MyoD+F/R/C treatment can give rise to a popu-

lation of proliferative progenitor cells prompted us to

attempt expanding dox-independent DMD iMPC lines.

To this end, three-dimensional colonies were passaged

and propagated in medium containing F/R/C and in the

absence of dox. Following 1–2 days after cell splitting,

mononucleated cells were predominantly detected in the

culture dish; however, many of these cells proliferated or

fused within a week, giving rise to the entire contractile

network of multinucleated muscle fibers and mononucle-

ated cells (Figures 3A and 3B; Video S2). Importantly, estab-

lished Dmdmdx as well as Dmdmdx-4Cv iMPC lines did not

express DYSTROPHIN protein in comparison with WT

iMPCs; however, they robustly expressed stem, progenitor,

and differentiation cell markers (Figures 3C–3G and S3A).

Of note, by co-immunostaining Dmdmdx iMPCs for PAX7,

MYOD, and MYHC, we detected PAX7+/MYOD� mononu-

cleated cells, suggesting that stable DMD iMPCs contain

immature muscle stem cells (Figure 3G).

The presence of PAX7+ progenitors in Dmdmdx iMPCs

prompted us to search for means to purify the progenitor

cell fraction from the heterogeneous iMPC cultures. We

first analyzed Dmdmdx iMPCs by Flow cytometry for the
YHC in a stable Dmdmdx iMPC clone and quantification. Arrowheads
D, scale bar, 100 mm.

y recognizing VCAM-1 (right) and an unstained control (left).
CAM-1+ cells after 21 days. Scale bar, 100 mm.
x7-nGFP; Dmdmdx and Pax7-nGFP; Dmdmdx�4Cv iMPCs. Scale bar, 100mm.
iMPCs.

.
MPCs.
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Figure 4. Correction of the dystrophin mutation in DMD iMPCs with CRISPR/Cas9
(A) An overview of experimental strategy to correct the Dmdmdx and Dmdmdx-4Cv mutation.
(B) PCR analysis for the Dmd gene using genomic DNA (gDNA) extracted from non-edited(�) and edited(+) Dmdmdx iMPCs. The unedited
PCR product size is 1,572 bp, whereas the edited product size is 1,377 bp (black and red asterisks, respectively).

(legend continued on next page)
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expression of VCAM-1, an established satellite cell surface

marker (Figures 3H and 3I) (Liu et al., 2013). This FACS

analysis determined that about 27% of themononucleated

cells in Dmdmdx iMPCs were positive for VCAM-1 (Fig-

ure 3I). Furthermore, FACS purification of VCAM-1+ cells

from Dmdmdx iMPCs gave rise to a population of VCAM-

1+ mononucleated cells that could differentiate and form

the entire myofiber network of iMPCs within 14–21 days

(Figure 3J).

Genetic reporters represent an alternative method to

isolate stem cells from heterogeneous cultures and have

been widely used to purify satellite cells from skeletal mus-

cles ofmice, for example usingGFP expression regulated by

a Pax7 promoter (Bosnakovski et al., 2008; Sambasivan

et al., 2009). Given that Pax7 is widely expressed inDmdmdx

iMPCs, we next wished to determine whether a genetic re-

porter for Pax7 may provide a facile method to isolate stem

cells from the heterogeneous iMPC cultures. To this end,

we generated Pax7-nuclear(n)GFP; Dmdmdx or Dmdmdx�4Cv

MEFs and reprogrammed these cells into iMPCs (Figure 3K).

Pax7-nGFP;Dmdmdx orDmdmdx�4Cv iMPCs could proliferate

robustly and contained mononucleated GFP+ cells (Fig-

ure 3K and 3L). Furthermore, a previous study reported

on the generation of myogenic progenitor cells (MPCs)

by exposing dissociated muscle fragments isolated from

adult mice to F/R/C supplementation (Bar-Nur et al.,

2018). In an effort to recapitulate this finding with DMD

myogenic cells, we subjected dissociated skeletal muscle

fragments from Pax7-nGFP; Dmdmdx adult mice to F/R/C

treatment. Within 2–4 weeks, we were able to generate
(C) PCR for Dmd in cDNA of non-edited(�) and edited(+) Dmdmdx iMP
product size is 802 bp (black and red asterisks, respectively).
(D) Representative immunofluorescence images for DYSTROPHIN in n
DYSTROPHIN-positive myofiber. Scale bar, 100 mm.
(E) Top: Dmd PCR for non-edited(�) and edited(+) Dmdmdx�4Cv iMPC
editing leads to a PCR fragment of 492 bp (red asterisk). Gapdh was use
and 53.
(F) Top: PCR for Dmd in cDNA of non-edited(�) and edited(+) Dmdmdx

567 bp, whereas editing results in a 237 bp fragment (black and red as
iMPCs reveals ligation of exons 51 and 54.
(G) Immunofluorescence images of non-edited and edited Dmdmdx�4

ofiber. Scale bar, 100 mm.
(H) Overview of experimental design.
(I) Brightfield images of non-edited and edited Dmdmdx�4Cv iMPCs at
(J) PCR for Dmd using gDNA extracted from non-edited(�) and edite
product size is marked with a red asterisk. The lower band correspond
(K) PCR for Dmd in cDNA of non-edited(�) and edited(+) Dmdmdx�4Cv iM
whereas the edited fragment is 237 bp.
(L) Immunofluorescence images of non-edited and edited Dmdmdx�4C

(M) Left: Flow cytometry analysis for VCAM-1 in Dmdmdx iMPCs versus a
gene in Dmdmdx iMPCs established from VCAM-1+ sorted cells. The edi
(N) Left: Flow cytometry analysis for GFP expression in Pax7-nGFP; Dm
Right: PCR for the Dmd gene in FACS-purified Pax7-nGFP; Dmdmdx iMP
MPCs harboring contractile myofibers and three-dimen-

sional colonies that proliferated robustly and expressed

the nGFP reporter (Figures 3M–3O; Videos S3 and S4).

Notably, many of the Pax7-nGFP+ cell population of

MPCs was also positive for VCAM-1, confirming the valid-

ity of either approaches to purify stem cells fromMPC and

iMPC cultures (Figures S3B). Taken together, these findings

establish that DMD iMPCs can proliferate long term

in vitro, while expressing stem, progenitor, and differentia-

tion cell markers in the absence of DYSTROPHIN expres-

sion. Moreover, these progenitor cells can be FACS-purified

from the heterogeneous cultures via the cell surface marker

VCAM-1 or a Pax7-nGFP reporter.

Utilizing gene editingwith CRISPR/Cas9 to correct the

dystrophin mutation in iMPCs

As Dmdmdx and Dmdmdx�4Cv iMPCs can proliferate long

term in vitro and produce mature and contractile DYSTRO-

PHIN-negative myofibers, our next goal was to investigate

whether gene editing of the mdx or mdx-4Cv mutation

can restore DYSTROPHIN expression in vitro. To achieve

this goal, we opted to use an exon skipping-based

approach, which was previously shown to correct the dys-

trophin mutation in skeletal muscles of Dmdmdx or

Dmdmdx�4Cv mice (Bengtsson et al., 2017; Long et al.,

2016). For Dmdmdx, this approach entails excision of the

donor splice site of dystrophin’s exon 23, which contains

the mdx mutation and subsequent ligation of exon 22

and 24, thus generating a shorter yet functional DYSTRO-

PHIN protein (Figure 4A) (Long et al., 2016). For
Cs. The unedited PCR product size is 1,015 bp, whereas the edited

on-edited and edited Dmdmdx iMPCs. White arrowheads point to a

s. Non-edited cells do not show a PCR product, whereas successful
d as a control. Bottom: DNA sequencing reveals excision of exons 52

�4Cv iMPCs. mRNA from non-edited cells leads to a PCR fragment of
terisks, respectively). Bottom: cDNA sequence of edited Dmdmdx�4Cv

Cv iMPCs. A white arrowhead points to a DYSTROPHIN-positive my-

passages 13 and 17. Scale bar, 200 mm.
d(+) Dmdmdx�4Cv iMPCs at the indicated passages. Expected edited
s to a Gapdh control.
PCs at the indicated passages. The unedited PCR product is 567 bp,

v iMPCs at P17. Scale bar, 100 mm.
n unstained control (left FACS plot). Right: PCR analysis for the Dmd
ted PCR product is labeled with a red asterisk.
dmdx iMPCs versus Dmdmdx iMPCs as negative control (left FACS plot).
Cs. The edited product is labeled with a red asterisk.
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Figure 5. Genetically corrected Dmdmdx iMPCs restore DYSTROPHIN expression in vivo
(A) An experimental workflow. TA, Tibialis Anterior.
(B) PCR for the Dmd gene in non-edited(�) or edited(+) Pax7-CreERT2; R26-LSL-H2B-mCherry-Dmdmdx iMPCs. The edited PCR product size is
1,377 bp and marked with a red asterisk.
(C) Microscopy images of the indicated Pax7-CreERT2; Rosa26-LSL-H2B-mCherry-Dmdmdx iMPCs. Scale bar, 100 mm.
(D) Representative immunofluorescence images of two TA muscle cross-sections engrafted with either 1 million non-edited or edited H2B-
mCHERRY+-Dmdmdx iMPCs. A white arrowhead points to a rare DYSTROPHIN-positive revertant myofiber. Scale bar, 100 mm.
(E) Quantification of DYSTROPHIN-positive myofibers in the indicated TA muscle cross-sections. Each dot represents a TA muscle of an
engrafted Prkdcscid; Dmdmdx mouse; error bars denote SD. Statistical analysis was performed using ordinary one-way ANOVA. *p % 0.05,
n.s., not significant.
(F) Top: Pax7-CreERT2; R26-LSL-ntdTomato alleles utilized to label Pax7 expressing cells prior to intramuscular transplantation. Bottom:
timeline of experimental design.
(G) Representative microscopy images of unedited and edited Pax7-CreERT2; R26-LSL-ntdTomato, Dmdmdx iMPCs. Scale bar, 100 mm.

(legend continued on next page)
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Dmdmdx�4Cv, we utilized a previously reported approach to

eliminate the mutation in dystrophin’s exon 53 by employ-

ing guide RNAs (gRNAs) that excise exons 52 and 53 fol-

lowed by ligation of exons 51 to 54 (Figure 4A) (Bengtsson

et al., 2017).

In our first attempt to correct the dystrophin mutation in

Dmdmdx iMPCs, we engineered a single plasmid consisting

of two gRNAs flanking the splice donor site in exon 23, an

SpCas9, an mCherry fluorescence reporter, and a hygrom-

ycin antibiotic selection cassette. As an alternativemethod,

we also assembled ribonucleoproteins (RNPs), which con-

sisted of SpCas9 and the gRNAs flanking the splice donor

site of exon 23. We attempted a lipofectamine-based trans-

fection of the DNA plasmid into Dmdmdx iMPCs followed

by hygromycin selection. However, we observed low cell

transfection, extensive cell death, and inability to expand

hygromycin-resistant iMPCs, albeit after repeated at-

tempts, we generated a single partially corrected Dmdmdx

iMPC clone, which contained edited cells and a few DYS-

TROPHIN+ myofibers (Figures S4A–S4D). Given the low

transfection efficiency and poor editing rates documented

using the plasmid delivery system, we decided to focus

our efforts on the RNP-based system. Transfection of cells

with RNPs consistently led to successful editing of dystro-

phin in multiple Dmdmdx iMPC clones, even without anti-

biotic selection (Figures 4B and 4C). Importantly, we de-

tected DYSTROPHIN protein expression in corrected

Dmdmdx iMPCs (Figures 4D and S4E). Similarly, RNP trans-

fection of Dmdmdx�4Cv iMPCs consistently gave rise to

partially corrected iMPCs and expression of the DYSTRO-

PHIN protein in several multinucleated myofibers (Figures

4E–4G and S4F).

Due to the heterogeneity of iMPC cultures, we could not

decipher whether the gene editing of Dmdmdx iMPCs

occurred in myogenic progenitors that further differenti-

ated into DYSTROPHIN-positive myofibers, or solely in

DYSTROPHIN-negative myofibers that became positive

following RNP transfection. This notion is important for

cell-based therapy, as gene-corrected progenitors can be

utilized for intramuscular transplantation. To investigate

this question and as corrected DYSTROPHIN+ myofibers

are not expandable, we edited Dmdmdx�4Cv iMPCs three

times to increase the population of edited cells and propa-

gated them for an additional five passages, purposing to

decipher whether gene-edited cells persisted in the culture

during passaging (Figure 4H). Notably, we detected a gene-
(H) Immunofluorescence image of a muscle cross-section demonstrati
iMPCs two months post transplantation. A pink arrowhead points to a
myofiber. The white arrowhead points to an endogenous PAX7+/ntdT
(I) Quantification of DYSTROPHIN-positive myofibers within the engra
muscle of an engrafted Prkdcscid; Dmdmdx mouse; error bars denote SD
(J) A summarizing schematic.
edited dystrophin band during each consecutive passage at

both the DNA and RNA level in addition to DYSTROPHIN

protein expression inmyofibers (Figures 4I–4L). These find-

ings suggest that the expandable mononucleated cells of

DMD iMPCs were successfully edited and maintained cor-

rected cells during passaging.

Finally, to further corroborate that gene editing occurred

in the stem cell population of iMPCs, we FACS-purified

VCAM-1+ progenitors fromDmdmdx iMPCs and transfected

the mononucleated cells with RNPs 1 day post FACS purifi-

cation and before any visible myofibers could form (Figures

4M and S4G). Following 11 days of culture, VCAM-1+ pro-

genitors gave rise to Dmdmdx iMPC cultures consisting of

progenitors and myofibers, which were partially edited

(Figure 4M). Similarly, we also FACS-purified GFP+ cells

from Pax7-nGFP; Dmdmdx iMPCs and 6 h post cell sorting

transfected the cells with RNPs (Figure 4N). Following

5 weeks of culture, GFP+ cells gave rise to Pax7-nGFP;

Dmdmdx iMPCs that were partially edited (Figure 4N).

Lastly, we successfully edited FACS-purified Pax7-nGFP+

cells, which were sorted from Pax7-nGFP; Dmdmdx MPCs

(Figures S4H and S4I).

Corrected DMD iMPCs restore DYSTROPHIN

expression in vivo and contribute to the muscle stem

cell reservoir

Our success in editing the dystrophin mutation in the

stem cell subsets of DMD iMPCs prompted us to investi-

gate whether corrected DMD iMPCs can efficiently

engraft into dystrophic limb muscles and restore DYS-

TROPHIN expression in vivo. To explore this possibility,

we utilized Dmdmdx iMPCs that also harbor Pax7-

CreERT2; R26-LSL-H2B-mCherry alleles, which allow label-

ing of PAX7+ cells with nuclear H2B-mCHERRY prior to

transplantation (Figures 5A–5C). Utilizing such a fluores-

cent reporter system was necessary to distinguish be-

tween rare DYSTROPHIN-positive revertant myofibers

present in the Dmdmdx mouse model versus DYSTRO-

PHIN-positive myofibers emanating from cell fusion

with corrected DMD iMPCs. To facilitate engraftment of

cells, we pre-injured the Tibialis Anterior (TA) muscles of

immunodeficient Prkdcscid; Dmdmdx mice with cardio-

toxin (CTX) one day prior to cell transplantation (Fig-

ure 5A). We further confirmed that dystrophin was suc-

cessfully edited in a subset of H2B-mCHERRY+-Dmdmdx

iMPCs prior to engraftment (Figure 5B). Next, we injected
ng engraftment of edited Pax7-CreERT2; R26-LSL-ntdTomato; Dmdmdx

PAX7+/ntdTOMATO+ cell in association with a DYSTROPHIN-positive
OMATO� satellite cell. Scale bar, 200 mm.
ftment area at the indicated time points. Each dot represents one TA
.
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non-edited or edited H2B-mCHERRY+-Dmdmdx iMPCs

into the left and right TA muscles of Prkdcscid;Dmdmdx

mice, respectively. At 3.5 weeks post transplantation, TA

muscles from both conditions contained myofibers

harboring H2B-mCHERRY-positive cells, indicating suc-

cessful cell fusion of DMD iMPCs with dystrophic mus-

cles (Figures 5D and S5A). Namely, only in muscles en-

grafted with corrected H2B-mCHERRY+-Dmdmdx iMPCs,

we could detect distinct clusters of H2B-mCHERRY+ my-

onuclei in association with DYSTROPHIN-positive myo-

fibers around the injection site (Figures 5D, 5E, S5A,

and S5B). Of note, the presence of DYSTROPHIN+ myo-

fibers in non-engrafted TA muscles or those engrafted

with non-edited Dmdmdx iMPCs was due to naturally

occurring revertant DYSTROPHIN-positive myofibers,

which are common in the Dmdmdx mouse model (Hoff-

man et al., 1990).

We previously showed that WT iMPCs and MPCs can

contribute cells to the muscle stem cell pool in vivo (Bar-

Nur et al., 2018). To investigate whether DMD myogenic

progenitors harbor a similar propensity, we injected Pax7-

nGFP; Dmdmdx MPCs into pre-injured TA muscles of

Prkdcscid; Dmdmdx mice (Figures S5C and S5D). One month

post transplantation, TA muscles were harvested, digested,

and subjected to Flow cytometry analysis. Remarkably, of

the total mononucleated cells in transplanted TA muscles,

around 0.8% were Pax7-nGFP+ donor-derived cells (Fig-

ure S5E). Moreover, culturing these FACS-purified Pax7-

nGFP+ cells in conventionalmyoblastmedium successfully

generated myoblasts expressing the Pax7 reporter (Fig-

ure S5F). These findings suggest that engrafted DMD

myogenic progenitors remained as stem cells in vivo, indi-

cating that theymay harbor long-term regeneration poten-

tial. Building upon this observation, we opted to assess

whether engraftment of gene-edited DMD iMPCs can

lead to long-term DYSTROPHIN restoration as well as a

contribution of donor-derived cells to the muscle stem

cell pool in vivo. To this end, we transplanted edited and

non-edited Dmdmdx iMPCs, which carry a Pax7-CreERT2;

R26-LSL-ntdTomato reporter into CTX pre-injured TA mus-

cles of Prkdcscid; Dmdmdx mice and harvested the muscles

either 1 or 2 months post transplantation (Figures 5F, 5G,

S5G–S5J). We detected approximately the same number

of DYSTROPHIN+ myofibers after 1 or 2 months, suggest-

ing long-term restoration (Figures 5H and 5I). Furthermore,

we inspected the injection area for PAX7+ mononucleated

cells in association with DYSTROPHIN+ myofibers that

also carry the ntdTOMATO label and detected PAX7+/

ntdTOMATO+ at the expected anatomical location of satel-

lite cells, suggesting contribution to the muscle stem cell

pool (Figures 5H and S5K). Of note, mCHERRY+ or ntdTO-

MATO+ myonuclei in muscle fibers may be donor derived

or represent endogenous myonuclei that are H2B-
332 Stem Cell Reports j Vol. 17 j 321–336 j February 8, 2022
mCHERRY+ or ntdTOMATO+ due to protein shuttling in

multinucleated myofibers (Masschelein et al., 2020; Tay-

lor-Weiner et al., 2020); although, all PAX7+/ntdTOMATO+

mononucleated cells are expected to be donor-derived

iMPCs. Altogether, the transplantation trials establish

that correctedDmdmdx iMPCs can engraft in vivo and restore

DYSTROPHIN expression in dystrophic limb muscles of

Prkdcscid; Dmdmdx mice. Moreover, these cells can remain

as stem cells in recipient muscles and contribute to the sat-

ellite cell reservoir.

DISCUSSION

In this study, we report on the generation of highly prolif-

erative myogenic progenitors from the Dmdmdx and

Dmdmdx�4Cv mouse models by direct reprogramming of fi-

broblasts via MyoD overexpression in concert with F/R/C

treatment, or exposure of dissociated muscle fragments

solely to F/R/C supplementation. DMD iMPCs proliferate

extensively, express canonical satellite cell markers, and

can give rise to highly contractile DYSTROPHIN-negative

myofibers. Utilizing an exon skipping-based approach

with CRISPR/Cas9, we demonstrate successful editing of

the dystrophin mutation in vitro, most notably in the stem

cell subset of DMD iMPCs. Last, we report on the restora-

tion of DYSTROPHIN expression in vivo in dystrophic mus-

cles via engraftment of genetically corrected DMD iMPCs

and determine that engrafted cells contribute to themuscle

stem cell pool (Figure 5J).

In recent years, several studies have reported on genetic

correction ofmyogenic cells utilizing various genome engi-

neering approaches. For example, Dmdmdx satellite cells

and myoblasts have been successfully transfected and cor-

rected in vitro and were shown to restore DYSTROPHIN

expression in vivo (Matre et al., 2019; Tabebordbar et al.,

2016; Zhu et al., 2017). Another study successfully trialed

an introduction of a human artificial chromosome carrying

the DYSTROPHIN gene into DMD patient fibroblasts prior

to reprogramming into induced pluripotent stem cells

(iPSCs) and subsequent differentiation into corrected

myogenic precursors (Choi et al., 2016). Similarly,

CRISPR/Cas9-corrected humanDMD iPSCs were differenti-

ated into myogenic cells via overexpression of MyoD and

efficiently restored DYSTROPHIN expression in limb mus-

cles of dystrophic mice (Young et al., 2016). It will be of

further interest to compare these different models with

respect to their efficiency in restoring DYSTROPHIN

expression in vivo as well as their potential to contribute

donor-derived cells to the muscle stem cell reservoir.

Correction of genetic mutations via genome engineering

in conjunction with cell transplantation could provide a

powerful tool to treat a plethora of genetic diseases. For

skeletal muscle tissue, major obstacles still exist for this



approach to succeed, including reduced engraftment po-

tential of primary myoblasts, poor migration of trans-

planted cells, or cell death of donor-derived myogenic cells

in muscles. Different approaches have been established in

recent years to address a few of these hurdles, each carrying

respective advantages and disadvantages (Domenig et al.,

2020; Judson and Rossi, 2020). Direct reprogramming of

somatic cells into activated satellite-like cells may address

a few of these limitations, namely, the long-term expan-

sion necessary to produce a sufficient number of trans-

planted cells as well as enhanced engraftment capacities

in comparison with other myogenic cell types. However,

expediating themigration of cells across skeletalmuscle tis-

sue for sufficient engraftment still presents a major chal-

lenge. To address this limitation, it will be of interest to

assess whether high-proximity injections of iMPCs may

assist in producing a sufficient quantity of DYSTROPHIN-

positive myofibers deemed necessary for therapeutic rele-

vancy (Skuk et al., 2007). Additionally, to fully determine

the competency of genetically corrected DMD iMPCs, it

will be of interest to assess their potential to sustain a

repeated injury assay, as previously demonstrated for WT

iMPCs (Bar-Nur et al., 2018).

Cell-based therapy is one of several proposed approaches

to restore DYSTROPHIN expression in skeletal muscles of

DMD patients. Whereas this approach is not expected to

provide systemic restorationofDYSTROPHIN, it is plausible

that even restoration of DYSTROPHIN in small muscles,

such as finger muscles, may improve a patient’s quality of

life, as it may enable controlling digital devices. Develop-

ment of systemic approaches to restore DYSTROPHIN

expression in less accessiblemuscles suchas theheart ordia-

phragm are still highly warranted. To this end, adeno-asso-

ciated viruses (AAVs), encoding for micro-dystrophin or

CRISPR/Cas9 and gRNAs, may provide a superior systemic

therapeutic approach (Furrer and Handschin, 2019).

Accordingly, successful gene editing of skeletal and cardiac

muscles in vivo has been demonstrated using CRISPR/Cas9

inmice and dogs, exhibiting extensiveDYSTROPHIN resto-

ration in myofibers (Amoasii et al., 2018; Long et al., 2016;

Nelson et al., 2016; Tabebordbar et al., 2016). However,

challenges still face this therapeutic approach in humans,

namely, an immunological reaction against AAVs may pre-

clude this method from gaining therapeutic adoption.

Furthermore, given the relatively high turn-over rate of

skeletal muscle tissue, long-term therapy may necessitate

gene editing of mutated satellite cells in vivo, which was

initially deemed ineffective using AAVs; although, recent

studies show feasibility (Arnett et al., 2014; Goldstein

et al., 2019; Nance et al., 2019; Tabebordbar et al., 2016).

Finally, we report here on generation of iMPCs from two

DMD mouse models, similar to recent reports on genera-

tion of mouse iMPCs from WT somatic cells (Bar-Nur
et al., 2018; Ito et al., 2017; Sato et al., 2019). Utilizing a

direct reprogramming approach, one study further re-

ported on the generation of human iMPCs; however, these

progenitors were only partially characterized (Sato et al.,

2019). As such, it is still of paramount interest to seek novel

means to reprogramhuman somatic cells directly into bona

fide expandable iMPCs. With success, further research will

be warranted to assess production of iMPCs from human

DMD patients, paving the way to potentially trial genetic

correction and autologous engraftment of directly reprog-

rammed iMPCs.
EXPERIMENTAL PROCEDURES

Details on reagents, antibodies, transcriptional analysis, gene edit-

ing, and in vivo engraftment assays can be found in the supple-

mental information.
Mouse models
The mouse strains reported in this study were gender group housed

with standard food and water ad libitum and kept under specific-

pathogen-free (SPF)-like conditions. Animal handling and experi-

ments were carried out in accordance with the Swiss Federal Law

on Animal Protection, and respective protocols were approved by

the Cantonal Animal Welfare Committee (protocol number

ZH177-18). The followingmouse strainswere obtained fromJackson

Laboratories and used in this study: C57BL/10ScSn-Dmdmdx/J (Stock

No: 001,801); B6Ros.Cg-Dmdmdx�4Cv/J (Stock No: 002,378);

B10ScSn.Cg-PrkdcscidDmdmdx/J (StockNo: 018,018); B6; 129S-Gt(RO-

SA)26Sortm1.1Ksvo/J (Stock No: 023,139); B6.Cg-Pax7tm1(cre/ERT2)Gaka/J

(Stock No: 017,763). B6.Cg-Gt(ROSA)26Sortm75.1(CAG-tdTomato*)Hze/J

(Stock No: 025,106). Additionally, previously reported Tg:Pax7-

nGFP/C57BL6;DBA2 mice were used and crossed with the various

DMD mouse strains (Sambasivan et al., 2009). Male and female,

13–32-week-oldB10ScSn.Cg-PrkdcscidDmdmdx/Jmicewere used as re-

cipients for the in vivo transplantation experiments.
Reprogramming of MEFs into iMPCs
A modification of a recently published reprogramming method

was used in this study (Bar-Nur et al., 2018). In brief, transduced

MEFs were selected with 1–2 ug/mL Puromycin (Cat.

#A1113803, Thermo Fisher Scientific) alone or with 0.5 1ug/

mL Neomycin (Cat. #4727878001, Sigma-Aldrich). The cells

were cultured in ‘‘iMPCs medium’’ supplemented with F/R/C

and 2 mg/mL dox (Cat. #D9891, Sigma-Aldrich) for 7–14 days,

followed by dox withdrawal and further culture in ‘‘iMPC me-

dium’’ supplemented with F/R/C for several days. Control

MEFs were cultured in parallel only with ‘‘iMPC medium.’’ For

reprogramming of MEFs with MyoD overexpression alone, cells

were cultured for 7–14 days in ‘‘iMPC medium’’ supplemented

with 2 mg/mL dox (Cat. #D9891, Sigma-Aldrich) followed by

culturing cells for several days only in ‘‘iMPC medium.’’ For

the experiments described in this work, MEFs (passages 3–5)

were plated onto 6-well plates at 100,000–200,000 cells/well

confluency for successful reprogramming.
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Data and code availability
The RNA-seq datasets generated in this study are available in the

Gene ExpressionOmnibus (GEO) repository under accessionnum-

ber GEO: GSE164599. Myoblast RNA-seq datasets were previously

reported (Kim et al., 2021)
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