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SUMMARY
Human pluripotent stem cell (hPSC)-derived myogenic progenitor cell (MPC) transplantation is a promising
therapeutic approach for a variety of degenerativemuscle disorders. Here, using anMPC-specific fluorescent
reporter system (PAX7::GFP), we demonstrate that hPSC-derivedMPCs can contribute to the regeneration of
myofibers in mice following local injury and in mice deficient of dystrophin (mdx). We also demonstrate that a
subset of PAX7::GFPMPCs engraft within the basal lamina of regeneratedmyofibers, adopt a quiescent state,
and contribute to regeneration upon reinjury and inmdxmousemodels. This subset of PAX7::GFPMPCs un-
dergo a maturation process and remodel their molecular characteristics to resemble those of late-stage fetal
MPCs/adult satellite cells following in vivo engraftment. These in-vivo-maturedPAX7::GFPMPCs retain a cell-
autonomous ability to regenerate and can repopulate in the niche of secondary recipient mice, providing a
proof of principle for future hPSC-based cell therapy for muscle disorders.
INTRODUCTION

During vertebrate myogenesis, the transcription factors Pax3

and Pax7 mark myogenic progenitor cells (MPC) (Relaix and

Zammit, 2012). These cells give rise to Pax7-expressing muscle

stem cells, termed satellite cells, which localize within the basal

lamina of myofibers in the postnatal muscle (Gros et al., 2005).

Satellite cells remain quiescent in healthy, postnatal muscle

and can become activated upon injury, giving rise to myoblasts

that proliferate and repair damaged myofibers (Olguin et al.,

2007; Zammit et al., 2006). At the same time, a fraction of the sat-

ellite cell progeny maintain Pax7 expression and self-renew to

reconstitute the satellite cell pool (Olguin and Olwin, 2004).

Thus, transplanting satellite cells instead of transient amplifying
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myoblasts as a means of cell therapy would be advantageous

due to their long-term self-renewal properties (Gussoni et al.,

1999; Sacco et al., 2008).

Human induced pluripotent stem cells (hiPSCs), which can be

derived from patients for autologous cell replacement therapy, is

a promising approach to avoid potential immune responses and

cell rejection. Recently, methods of generating myogenic line-

ages from mouse and human pluripotent stem cells have been

developed (Chal et al., 2015; Choi et al., 2016; Henrique et al.,

2015; Loh et al., 2016; Sudheer et al., 2016; Xi et al., 2017).

The cells that are generated from hiPSCs contain amixed culture

ofMPCs identified by their expression of the transcription factors

PAX3/PAX7, MYOD, andMyogenin-expressing myoblasts along

with differentiated myotubes (Choi et al., 2016; Kim et al., 2017).
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Recent studies have demonstrated the engraftment and differ-

entiation of PAX3/PAX7-positive hiPSC-derived MPCs in immu-

nocompromised mice (Hicks et al., 2018; Wu et al., 2018).

However, whether hiPSC-derived MPCs can become quiescent

and occupy the satellite cell niche, provide long-term regenera-

tive ability, and improve muscle function remains unclear.

RESULTS

PAX7::GFP MPCs derived from hESCs engrafted into
mouse skeletal muscle
In order to study the efficiency of myogenic progenitor cell trans-

plantation, we generated a PAX7::GFP hESC reporter line

through a CRISPR-Cas9-mediated knockin of GFP before 30

UTR of PAX7 gene (Figure S1A), which was then subjected to

our serum-free, step-wise myogenic specification protocol to

generate PAX7::GFP-expressing MPCs (Choi et al., 2020; Choi

et al., 2016). PAX7 expressing myogenic progenitor cells were

detected on day 18, and the cell number gradually increased be-

tween day 18 and day 30 to reach 7.56% ± 3.33% (Figures S1B–

S1D) (Choi et al., 2020). We enriched PAX7::GFP-expressing

myogenic progenitor cells (PAX7::GFP+ MPCs) by fluores-

cence-activated cell sorting (FACS) and expanded them

in vitro in the presence of FGF2. After expansion and passaging

for 7 days, 30% ± 10.0% of the MPCs in culture retained

PAX7::GFP expression and a portion of cells entered the

myogenic differentiation program and lost GFP expression

(Figures S1E, S1F, S1H, and S1I). We termed these cells in

in vitro culture that include some non-GFP-expressing cells as

PAX7::GFP MPCs. We observed an increased and robust

expression of PAX7 together with GFP and MYOD in freshly

isolated PAX7::GFP+ cells, as well as in cells from a second pas-

sage, compared with non-myogenic cells (fibroblasts), repre-

senting their myogenic progenitor characteristics (Figure S1G).

PAX7::GFP MPCs fused into myotubes in a fusion-permissive

condition (Figure S1J). Furthermore, compared with primary hu-

man myoblasts, the PAX7::GFP MPC culture exhibited 3-fold

more PAX7-expressing cells and had comparable fusion capa-

bility with human primary myoblasts (Figures S1K–S1M).

In order to establish a transplantation strategy, we compared

two transplantation approaches: (1) a hESC-derived myogenic

cell culture without FACS purification (a mixed population

including myotube, myocytes, and myogenic progenitor cells)

and (2) FACS-purified and twice-passaged PAX7::GFP MPCs

(Figure 1A). Prior to the transplantation, we irradiated the tibialis

anterior muscles (TAs) of NODCg-Prkdcscid Il2rgtm1Wjl/SzJ immu-

nodeficient mice (NSG) to deplete the host satellite cells. Host

muscle fibers were damagedwith 1.2%BaCl2 to allow de novo fi-

ber formation from the transplanted cells. Four weeks after the

transplantation, the TAs were cross sectioned, the muscle fibers

thatwere formedby thedonor cellswere labeledwith human-spe-

cific dystrophin antibody, and the secreted ECMwas labeledwith

laminin antibody. Consistent with a previous study (Kim et al.,

2017) in which cells were transplanted directly from a hESC

myogenic derivation culture, the cells showed limited levels of dif-

ferentiation into organized myofibers (Figure 1B). This could be

due to the possibility that the unsorted cells contain fewer MPCs

but more differentiated myogenic cells and partially non-

myogenic cells similar to neurons (Kim et al., 2017). Meanwhile,
we observed that PAX7::GFP MPCs extensively participated in

the regenerationof injuredTAs reflectedbymuscle sizecompared

with the control group, whichwas injected with only medium (Fig-

ure S2A). When the area of human-specific Dystrophin+

(huDystrophin+) fibers was quantified against the entire TA sec-

tion, the PAX7::GFP MPC-transplanted TAs had significantly

more fibers formed by the donor cells than by the unsorted cells

(Figures 1B, 1C, and S2B). Moreover, the number of myofibers

formed by PAX7::GFP MPCs were comparable with those of hu-

man primary myoblasts (Figures S2C and S2D). This supports

the hypothesis that enriching PAX7::GFP MPCs in the myogenic

derivation culture prior to transplantation enhances regeneration.

We next tested whether hESC-PAX7::GFP MPCs could popu-

late the satellite cell niche, in addition to giving rise to the myofib-

ers. We examined the localization of PAX7::GFP+ cells in vivo

4weekspost transplantationwithdouble labelingofPAX7andhu-

man-specific Lamin A/C (huLaminA/C) antibodies to trace the

progenies of PAX7::GFP MPCs. Among the human cells recog-

nized by huLaminA/C, some of the cells were found to reside

within the myofiber basal lamina where adult muscle stem cells

are typically located (Figure 1D; Video S1). Meanwhile, a small

portion of the transplanted PAX7::GFP MPCs become interstitial

myoblasts and fibroblasts (Figures S2E and S2F). Next, we iso-

lated the progenies of the transplanted PAX7::GFP MPCs that

maintained PAX7::GFP expression 4 weeks post transplantation

by FACS. The percentage of GFP+ cells recovered from all the

mononucleated cells was as high as 0.0146% ± 0.0006% when

isolated from a single TA or 0.066% ± 0.022% when 4 TAs were

pooled together (Figures1Eand1F). These isolatedGFP+cells re-

tained their high-level expression of PAX7 and GFP as well as

other satellite-cell-specific gene markers (CALCR and PMP22)

when compared with PAX7::GFP MPCs before transplantation

(Figures 1G, S2G, and S2H) (Fukada et al., 2007). Finally, we

confirmed that the PAX7::GFP+ cells isolated from transplanted

mice were progenies of hESC-PAX7::GFP MPCs, and not of

mouse origin, by performing human-specific primer PCR and

also comparing their RNA expression profile with the human

genome (Figures S2L and S2M). Collectively, these studies

demonstrate the successful engraftment of hPSC-MPCs into

the endogenous satellite cell niche.

PAX7::GFP+ cells adopt a satellite cell molecular profile
upon engraftment
To further understand the transcriptomic changes of the en-

grafted PAX7::GFP+ cells isolated from the in vivo environment,

we performed single-cell RNA sequencing (scRNA-seq) on 176

PAX7::GFP+ cells 4 weeks subsequent to the in vivo transplanta-

tion. For comparison, we sequenced three additional cell popu-

lations: in vitro PAX7::GFP+ cells (117 cells), 1-month in vitro

PAX7::GFP+ cells (PAX7::GFP+ cells after one month of in vitro

cell culture, 83 cells), and undifferentiated human embryonic

stem cells (76 cells) (Figure 2A). It is noteworthy that during the

reverse transcription step, we added a known amount of exoge-

nous RNA spike-ins (from the external RNA Controls Consortium

[ERCC]). This enabled us to investigate whether the overall RNA

content had changed per cell over the course of the in vivo trans-

plantation and in vitromaintenance (Lun et al., 2017).We approx-

imated the RNA content by normalizing the number of

sequenced RNA molecules per cell to the detected spike-ins.
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Figure 1. PAX7::GFP MPCs derived from hPSCs can form new muscle fibers and localize to the muscle stem cell niche in vivo

(A) Schematic of PAX7::GFP MPC derivation, cell transplantation, and downstream analysis.

(B) Representative images of cross-section of tibialis anterior (TA) muscle of NSGmouse 4weeks after transplantation of either sorted and expanded (PAX7::GFP

MPC) or unsorted myogenic cells derived from PAX7::GFP hESCs. These cells participated in regeneration and formed new muscle fibers (labeled by huDystro-

phin) that have donor cell origin. All donor originated cell nuclei were labeled with huLaminA/C+ antibody (red). Edge of TA was highlighted by yellow. Scale

bars, 500 mm.

(C) Quantification of the percentage of huDytrophin+ fibers area against the entire TA area (n [Unsorted] = 3, n [Expanded] = 8; Student’s t test, *p < 0.05).

(D) Images of sectioned TAs 4 weeks after the PAX7::GFPMPC transplantation.PAX7::GFPMPC progenies could be identified by double labeling of huLaminA/C

(red) and PAX7 (green) proteins. They locate under basal lamina (yellow arrow). Scale bars, 100 mm.

(E) FACS plot of ‘‘in vivo PAX7::GFP+ cells’’ isolated 4 weeks after either being sorted and expanded or unsorted. TAs injected with vector medium was used as

control.

(F) Quantification of PAX7::GFP+ cells as a proportion of all isolated mononucleated cells from a single TA (n [Control] = 4, n [Sorted & expanded] = 14, and n

[Unsorted] = 8; one-way ANOVA, *p < 0.001).

(G and H) Single-cell Q-PCR showing quiescent muscle stem cell markers (PAX7) and confirmative marker GFP were expressed at higher level in in vivo

PAX7::GFP+ cells compared with in vitro PAX7::GFP+ cells (n = 48; Student’s t test, *p < 0.05). Result = mean ± SEM.
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Intriguingly, we found that in vivo PAX7::GFP+ cells consistently

displayed lower RNA content than their in vitro-cultured counter-

parts, in vitro PAX7::GFP+ and 1-month in vitro PAX7::GFP+

cells (Figure 2B), which indicated a shift to a more quiescent

state (Fukada et al., 2007). This observation is corroborated

with previous transcriptomic studies on satellite cells (Charville

et al., 2015; Dell’Orso et al., 2019; Fukada et al., 2007). Previous
612 Cell Stem Cell 29, 610–619, April 7, 2022
studies normalized the transcriptomic data with the assumption

of constant RNA content across populations, which could, in

turn, lead to the identification of different sets of differentially

regulated genes. Therefore, we performed the normalization

relative to spike-ins (using the scran package) to account for

the differences in the RNA content between the samples (Lun

et al., 2017).



Figure 2. Single-cell RNA sequencing of PAX7::GFP+ cells isolated from TA of NSG mice 4 weeks after PAX7::GFP MPC transplantation

(A) Schematic of the origin of cells undergoing single-cell RNA sequencing.

(B) Normalized RNA content of in vivo PAX7::GFP cells, in vitro PAX7::GFP cells, and 1-month in vitro PAX7::GFP+, and hESCs showing in vivo PAX7::GFP+ cells

have less RNA content compared with the other three groups.

(C) t-SNE plot showing the distinctive RNA expression profiles among undifferentiated hESCs (green), in vitro PAX7::GFP+ cells (yellow), 1-month in vitro

PAX7::GFP+ cells (red), and in vivo PAX7::GFP+ cells (blue).

(D) Volcano plot of differentially expressed genes in PAX7::GFP+ in vivo cells versus in vitro PAX7::GFP+ cells.

(E) Heatmap shows in vivo PAX7::GFP+ cells share molecular signatures of quiescent mouse satellite cells (Dell’Orso et al., 2019).

(F) Heatmap of differentially expressed genes of in vivo PAX7::GFP+ cells over in vitro PAX7::GFP+ cells. Log2 and log10 values were both presented. Blue high-

lighted genes were upregulated and red highlighted genes downregulated in human satellite cell studies when comparing quiescent with activated satellite cells

(Charville et al., 2015). See also Figure S3 and Table S1.
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First, we observed that the in vivo environment exposure

modulated the transcriptome of PAX7::GFP MPCs dramatically,

whereas the 1-month in vitro culture did not (Figure 2C). When

comparing the in vivo PAX7::GFP+ cells with the in vitro

PAX7::GFP+ cells prior to transplantation, we found that most

of the differentially regulated genes showed decreased expres-

sion (Figure 2D; Table S1). In a previous study, we observed at

baseline a concordance between in vivo PAX7::GFP+ cells and

human satellite cells when we normalized our data using the

constant RNA assumption (Figure S2N) (Charville et al., 2015).

However, the concordance was not maintained when we did

not assume constant RNA (Figure S2O). These results suggest

that further consideration should be given to the normalization

approaches in the scRNA-seq of satellite cells where changing

RNA content is an inherent aspect of the biology and may affect

the identification of differentially expressed genes. To further

confirm the quiescent nature of our transplanted cells, we used

the SingleCellNet (Tan and Cahan, 2019) algorithm. After training

a classifier on endogenous activated and quiescent mouse stem

cell scRNA-seq data fromDell’Orso et al. and subsequently clas-

sifying the cells from our dataset (Dell’Orso et al., 2019), we
found that the in vivo PAX7::GFP+ cells were classified as having

a ‘‘quiescent signature,’’ whereas the in vitro cells, in vitro

PAX7::GFP+ and 1-month in vitro PAX7::GFP+ cells, were clas-

sified as having an ‘‘activated signature’’ (Figure 2E).

We looked closer into the genes that are important for

myogenic differentiation. DUSP1, NF1A, NDRG2, and SPRY1,

which are all associated with satellite cell quiescence and were

all upregulated in the in vivo PAX7::GFP+ cells (Figure 2D) (Char-

ville et al., 2015; Fukada et al., 2007). PLAGL1, which is a PAX7

target gene, is shown to be significantly upregulated after being

exposed to the in vivo environment (Figure S3A) (Cornelison and

Wold, 1997; McKinnell et al., 2008).MYF5, which is expressed in

some but not all satellite cells, was upregulated in some of the

in vivo PAX7::GFP+ cells (Figure S3B) (Beauchamp et al.,

2000). Furthermore, MYOD1, whose expression was reported

to be undetectable when satellite cells return to a quiescent sta-

tus (Zammit et al., 2004) was found to be downregulated in the

in vivo PAX7::GFP+ cells, in line with the considerable decrease

in the differentiation marker transcription factors MEF2C and

MYOG (Ridgeway et al., 2000) (Figures S3C–S3E).We also found

that the in vivo PAX7::GFP+ cells showed the molecular
Cell Stem Cell 29, 610–619, April 7, 2022 613



Figure 3. PAX7::GFP+ cells become quiescent and developmentally mature after being exposed to the in vivo environment

(A and B) Clustering analysis of the gene ontology (GO) biological process of up and downregulated genes in the in vivo PAX7::GFP+ cells compared with the

in vitro PAX7::GFP+ cells.

(C) Pyronin Y and Hoechst cell-cycle analysis of the in vivo PAX7::GFP+ cells and in vitro PAX7::GFP+ cells.

(D) Heatmap distribution of developmental score across the in vitro PAX7::GFP+ cells, 1-month in vitro PAX7::GFP+ cells, and in vivo PAX7::GFP+ cells.

(E) Proportions of in vitro PAX7::GFP+ cells, 1-month in vitro PAX7::GFP+ cells, and in vivo PAX7::GFP+ cells assigned to each computational developmental

stage. See also Figure S4 and Table S2.
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signatures of certain pathways that are functionally similar to

those found in quiescent human satellite cells (Bjornson et al.,

2012; Otto et al., 2008; Segalés et al., 2016) (Figures 2F and

S3F). In the in vivo cells, genes that control cell-cycle progression

were downregulated, indicating that these cells had exited the

cell cycle, as reported in mouse quiescent satellite cells in vivo

(Fukada et al., 2007). Meanwhile, a number of transcripts critical

to stem cell homing to the niche were distinctively upregulated,

including extracellular matrix related genes (e.g., COL1A1 and

LAMA4) and notch-signaling-related genes (e.g., NOTCH3 and

HEYL) (Figure 2F) (Bröhl et al., 2012). Moreover, genes associ-

ated with adhesion proteins, such as CD34 and VCAM1, well-

recognized cell surface markers for quiescent satellite cells

(Beauchamp et al., 2000; Choo et al., 2017), were significantly

upregulated (Figure 2F). Overall, we developed a scRNA-seq

strategy to analyze the molecular change of the PAX7::GFP+

cells during the engraftment process and observed that they

gained the molecular signature of satellite cells.

PAX7::GFP MPCs become quiescent and
developmentally mature after being exposed to the
in vivo environment
We further studied the pathways affected by the transplantation

process through the overrepresentation of gene ontology terms.
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We found that the genes upregulated in the in vivo PAX7::GFP+

cells were mainly genes related to muscle development, skeletal

muscle tissue/organ development, and ECMstructure andmain-

tenance (Figure 3A). The downregulated genes included genes

related to striated muscle cell differentiation, mitotic cell-cycle

process, and protein metabolism (Figure 3B), indicating the pro-

hibition of the differentiation of the in vivo PAX7::GFP+ cells as

well as entry into quiescence. Moreover, we confirmed that

most of the in vivo PAX7::GFP+ cells were in the G0 phase in

FACS-based cell-cycle analysis, whereas control groups mostly

contained proliferating cells (Figure 3C). Taken as a whole, these

results support a transition of proliferating in vitro PAX7::GFP+

cells to quiescent in vivoPAX7::GFP+ cells with similar molecular

signatures of muscle stem cells.

Next, we examined the developmental stage of the various cell

populations. In a recent study, Xi et al. generated a develop-

mental score system, which clustered single-cell RNA-seq re-

sults of individual human skeletal muscle samples in a series of

developmental stages (Xi et al., 2020). We applied this

SingleCellNet algorithm to align our data to the developmental

stages. Although the in vitro PAX7::GFP+ and 1-month in vitro

PAX7::GFP+ cells were aligned to developmental stages 1–2,

corresponding to the embryonic stage (up to 6–7 weeks gesta-

tion), the in vivoPAX7::GFP+ cells were aligned to developmental



Figure 4. Functionality of PAX7::GFP MPCs in muscle regeneration of NSG and NSG-mdx mice

(A) Schematic of reinjury experiment of NSG mice.

(B) huDystrophin and huLaminA/C expression in TAs engrafted with PAX7::GFP+ cells and repetitively injured. Scale bars, 500 mm.

(C andD) Quantification of huDystrophin+ fiber number and the percentage of area in TA in reinjury experiment (n [PAX7::GFPMPC] = 7, n [Control] = 3; Student’s t

test, *p < 0.05).

(E) Schematic of serial transplantation using NSG mice.

(F) PAX7::GFP+ cells were isolated from the first recipient mouse and transplanted into the second recipient mouse. TAs of the second recipient mice were

sectioned, and Pax7 and huLaminA/C were used to trace transplanted cells. The co-labeled cells were found to reside within the basal lamina (yellow arrow).

Scale bars, 100 mm.

(G) Quantification of huDystrophin+ fibers from the entire TA (n [Control] = 3, n [1st transplantation] = 6, and n [2nd transplantation] = 4; one-way ANOVA, *p < 0.05).

(H) Quantification of ratio of huDystrophin+ fibers to cell number being injected (n [Control] = 3, n [1st transplantation] = 6, and n [2nd transplantation] = 4; one-way

ANOVA, **p < 0.01).

(I) Quantification of cells located between muscle fiber and basal lamina (huLaminin labeled) that originated from PAX7::GFP MPCs (Pax7+, huLaminA/C+) after

1st or 2nd transplantation, as a proportion of the total number of PAX7::GFP MPCs transplanted (n = 3; Student’s t test, **p < 0.001).

(J) Schematic of PAX7::GFP MPCs transplantation into NSG-mdx mice.

(legend continued on next page)
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stages 3–4, corresponding to the fetal stage (12–18 week gesta-

tion), and developmental stage 5, corresponding to the postnatal

stage (Figures 3D and 3E). This evidence supports that the in vivo

environment modulates the transplanted human PAX7::GFP+

cells to undergo a transition from an embryonic developmental

stage to a fetal as well as a postnatal satellite cell stage.

To further understand the timeline of when PAX7::GFP+ cells

enter into a quiescent muscle stem cell status, we performed a

single-cell RNA-seq analysis on the PAX7::GFP+ cells isolated

from TAs at 1- (135 cells), 2- (192 cells), 3- (137 cells), and 4-

(20 cells) week time points following transplantation. We pooled

together cells from both scRNA-seq studies, correcting for batch

effects using mnnCorrect through scran (Figure S3G). Interest-

ingly, the samples harvested from 1-, 2-, 3-, and 4-week time

points had comparable transcriptomic profiles as well as devel-

opmental status (Figures S3G and S3H). These data indicate that

the transplanted human PAX7::GFP+ cells immediately start the

transition toward quiescent satellite cell status (approximately

less than a week after injection), as described previously in

mouse satellite cell experiments (De Micheli et al., 2020). These

results suggest the PAX7+ cells mature and become quiescent

within one week of engraftment in the in vivo environment.

PAX7::GFP in vivo cells participate in muscle
regeneration similar to satellite cells
Given that the transplanted PAX7::GFP MPCs were capable of

engrafting into the stem cell niche and turning on muscle stem

cell signature gene expression, we were interested to know

whether they could be reactivated following subsequent muscle

reinjury or by transplantation into a secondary recipient mouse.

To perform the reinjury experiments, we first injured TAs and

transplanted PAX7::GFP MPCs as previously done. We then

re-injured the muscle 4 weeks after the first injury (Figure 4A).

Four weeks after the reinjury, we observed robust de novomus-

cle fiber regeneration from the progenies of PAX7::GFP MPCs

labeled by huDystrophin antibody (Figure 4B, right panel and

Figures 4C and 4D), despite the fact that the initial huDystrophin+

muscle fibers that formed after the first injury were depleted dur-

ing the reinjury process (Figure 4B, left panel).

Next, we tested whether the in vivo PAX7::GFP+ cells could

function like muscle stem cells upon transplantation and whether

they had a better transplantation efficacy than PAX7::GFPMPCs.

Therefore, we isolated the in vivo PAX7::GFP+ cells and then re-

transplanted them into a secondary recipient mouse (Figure 4E).

After 4 weeks, we found that the serially transplanted

PAX7::GFP MPCs could form new myofibers as well as become

PAX7-expressing cells residing in the satellite cell niche

(Figures 4F, S4A, and S4B). Although the muscle fiber formation

measured by huDystrophin+ fibers was more robust after the first

transplantation (probably due to the number of injected cells, 1

million MPCs in the first transplantation versus a few hundred

MPCs in the second), the transplantation efficiency, calculated

by the ratio of the number of PAX7::GFP+ cells per transplanted

cells (as measured by FACS), was significantly higher in the sec-
(K) Images of PAX7::GFP MPCs forming huDystrophin+ muscle fibers in TAs, ga

(L) Quantification of huDystrophin+ fibers in TA, Gas, and Quad in NSG-mdx mic

(M) Treadmill running exhaustion test showing that PAX7::GFP MPC-transplant

[PAX7::GFP MPC] = 9 and n [Control] = 8; Student’s t test, *p < 0.05). Result = m
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ondary mice than the primary recipient mice (Figures 4G, 4H,

and S4C). Moreover, when the rate of PAX7::GFP+ cells residing

in the satellite cell niche was calculated according to the injected

cell number, the serially transplanted PAX7::GFP+ in vivo cells

hadahigher rateof homing to theniche than thatof primarily trans-

planted PAX7::GFP MPCs and human primary myoblasts

(Figures 4I and S4D). Since a small number of cells in the serial

transplantation experiment resulted in a higher contribution to

muscle regeneration and in a better engraftment rate, we sepa-

rately measured the transplantation efficiency of 400 PAX7::GFP

MPCs. In this scenario, a very limited amount of huDystrophin+ fi-

bers were observed, and the ratio of huDystrophin+ fibers to the

cell number transplanted were significantly lower than that of the

serial transplantation group (Figures S4E and S4F). In order to

further understand the mechanism of why the in vivo

PAX7::GFP+ cells have a better engraftment capability, an addi-

tional bulk RNA sequencing experiment was performed with the

in vivo PAX7::GFP+ cells that were isolated from primary recipient

mice and cultured in vitro for 4 days (right before 2nd transplanta-

tion) in comparison with PAX7::GFP MPC maintained in vitro

(before 1st transplantation). Our RNA-seq analysis data show

that the cultured in vivo PAX7::GFP+ cells have upregulated

gene-expression profiles of extracellular matrix re-organization

as well as muscle structure development (Figures S4G–S4I).

Collectively, the upregulated genes (e.g., MMP3, COMP, and

IL13RA2) as well as the gene ontology (GO) terms indicate an

enhanced stem cell niche homing process (Table S2). The above

evidence shows that the in vivo PAX7::GFP+ cells function simi-

larly tomuscle stemcells and that the exposure to the in vivo envi-

ronment increased transplantation efficiency by enabling the

cellular function of stem cell homing.

Finally, we transplanted PAX7::GFP+ MPCs to the TA,

gastrocnemius, and quadriceps of both hindlimbs in the DMD

mouse model (NSG-mdx4cv) without injury or irradiation to

resemble a potential clinical scenario more closely (Figure 4J).

Even without muscle injury, PAX7::GFP+ MPCs formed huDy-

strophin muscle fibers (Figures 4K and 4L). We examined

whether there was functional improvement in NSG-mdx mice

following PAX7::GFP+MPC transplantation. In a treadmill assay,

mice that received transplantation ran longer distances than

sham-injected controls (Figure 4M). To more accurately model

DMD, which has a more severe phenotype than the mdx mouse,

we added an exercise protocol to induce muscle degeneration

before cell transplantation in a second cohort (Cohort-2) of the

NSG-mdx transplantation experiments (Bouchentouf et al.,

2006; De Luca et al., 2003). In the Cohort-2, we detected a sig-

nificant improvement in the treadmill test result (data not shown).

Furthermore, an improved resistance to fatigue of TA muscle

was demonstrated by decreased percentage of force loss after

repeated contractions (Figures S4J–S4L). Importantly, we found

that some of the transplanted human PAX7::GFP MPCs homed

to niche area in cohort-2 (Figures S4M and S4N). These results

show the functional similarity of the PAX7::GFP+ in vivo cells to

the satellite cells that can result in long-term regeneration and
strocnemius (Gas), and quadriceps (Quad). Scale bars, 50 mm.

e (n [Control] = 4 and n [PAX7::GFP MPC] = 5; Student’s t test, *p < 0.05).

ed NSG-mdx mice ran longer distance than medium-injected control mice (n

ean ± SEM. See also Figure S4.
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ameliorate some aspects of the muscular dystrophy disease

phenotype.

DISCUSSION

Previous studies on hPSC-derived myogenic cell transplantation

have demonstrated the formation of myofibers originated from

donor cells as well as the localization of donor cells within the

basal lamina where they maintain Pax7 expression (Chal et al.,

2015; Hicks et al., 2018; Incitti et al., 2019; Wu et al., 2018). How-

ever, the fate of these donor Pax7-expressing cells in the satellite

cell niche has remained unclear. In 2019, Incitti et al. demon-

strated that the engraftment process remodels Pax3/7-induced

myogenic progenitor cells derived from mouse iPSCs and in-

duces a molecular signature of the mouse satellite cells in the

transplanted cells (Incitti et al., 2019). Our study used a single-

cell strategy to explore the fate of the human iPSC-derived

myogenic progenitor cells setting a step forward toward utilizing

hPSC-derived MPCs for clinic. A significant advantage of our

approach is that it does not rely on ectopic gene overexpression

to generate the ‘‘engraftable’’ lineage-committed cells as in pre-

vious studies (Al Tanoury et al., 2020; Xi et al., 2020), similar to

HoxB4 in hematopoietic cells (Kyba et al., 2002; Rideout et al.,

2002) and PAX3/7 in human myogenic cells (Darabi et al.,

2011). Of significance in our study is the difference in the repopu-

lation rate between primary and secondary populating MPCs

(Figure 3F), implying two possible hypotheses: (1) an ‘‘educa-

tional communication’’ process between the satellite cell niche

and the quiescent MPCs and (2) a selective advantage of ‘‘pre-

determined’’ or ‘‘pre-matured’’ cells with greater repopulation

capability, which warrants further studies.

Limitations of study
Due to the paucity of human engrafted MPCs harvested from the

mouse host, we could not perform a large-scale single-cell tran-

scriptome analysis. In the future, we would like to perform a

larger scale single-cell transcriptome analysis of engrafted hu-

man PAX7::GFP+ cells with multiple time points. Following the

transplantation, most of the MPCs did not engraft to become

local stem cells as observed in our study (0.066% ± 0.022%

engraftment rate), which is comparable with hematopoietic

stem cell transplantation (Bhattacharya et al., 2006). Although

most of the human PSCs become myofibers to regenerate the

damagedmuscle tissue, some cells could differentiate into myo-

blasts without becoming muscle stem-like cells, whereas other

cells could transdifferentiate into additional cell types (e.g., fibro-

genic and/or adipogenic cells) (Aguiari et al., 2008; Asakura et al.,

2001; Hashimoto et al., 2008; Sacco et al., 2008). The fate of the

transplanted MPCs requires further study. In addition, an anti-

body-based purification approach for MPC is needed for future

cell therapy application.
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Differentiation of the human PAX7-positive myogenic precursors/satellite cell

lineage in vitro. Development 147, dev187344.

Arpke, R.W., Darabi, R., Mader, T.L., Zhang, Y., Toyama, A., Lonetree, C.L.,

Nash, N., Lowe, D.A., Perlingeiro, R.C., and Kyba, M. (2013). A new im-

muno-, dystrophin-deficient model, the NSG-mdx(4Cv) mouse, provides evi-

dence for functional improvement following allogeneic satellite cell transplan-

tation. Stem Cells 31, 1611–1620.

Asakura, A., Komaki, M., and Rudnicki, M. (2001). Muscle satellite cells are

multipotential stem cells that exhibit myogenic, osteogenic, and adipogenic

differentiation. Differentiation 68, 245–253.

Ashburner, M., Ball, C.A., Blake, J.A., Botstein, D., Butler, H., Cherry, J.M.,

Davis, A.P., Dolinski, K., Dwight, S.S., Eppig, J.T., et al. (2000). Gene ontology:

tool for the unification of biology. The Gene Ontology Consortium. Nat. Genet.

25, 25–29.

Beauchamp, J.R., Heslop, L., Yu, D.S., Tajbakhsh, S., Kelly, R.G., Wernig, A.,

Buckingham, M.E., Partridge, T.A., and Zammit, P.S. (2000). Expression of

CD34 andMyf5 defines themajority of quiescent adult skeletal muscle satellite

cells. J. Cell Biol. 151, 1221–1234.

Bhattacharya, D., Rossi, D.J., Bryder, D., and Weissman, I.L. (2006). Purified

hematopoietic stem cell engraftment of rare niches corrects severe lymphoid

deficiencies without host conditioning. J. Exp. Med. 203, 73–85.

Bjornson, C.R., Cheung, T.H., Liu, L., Tripathi, P.V., Steeper, K.M., and Rando,

T.A. (2012). Notch signaling is necessary to maintain quiescence in adult mus-

cle stem cells. Stem Cells 30, 232–242.

Bouchentouf, M., Benabdallah, B.F., Mills, P., and Tremblay, J.P. (2006).

Exercise improves the success of myoblast transplantation in mdx mice.

Neuromuscul. Disord. 16, 518–529.
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Segalés, J., Perdiguero, E., and Muñoz-Cánoves, P. (2016). Regulation of

muscle stem cell functions: a focus on the p38 MAPK signaling pathway.

Front. Cell Dev. Biol. 4, 91.

Soumillon, M., Cacchiarelli, D., Semrau, S., van Oudenaarden, A., and

Mikkelsen, T.S. (2014). Characterization of directed differentiation by high-

throughput single-cell RNA-Seq. Preprint at bioRxiv. https://doi.org/10.1101/

003236.

Sudheer, S., Liu, J., Marks, M., Koch, F., Anurin, A., Scholze, M., Senft, A.D.,

Wittler, L., Macura, K., Grote, P., and Herrmann, B.G. (2016). Different concen-

trations of FGF ligands, FGF2 or FGF8 determine distinct states of WNT-

induced presomitic mesoderm. Stem Cells 34, 1790–1800.

Sun, C., Choi, I.Y., Rovira Gonzalez, Y.I., Andersen, P., Talbot, C.C., Jr., Iyer,

S.R., Lovering, R.M., Wagner, K.R., and Lee, G. (2020). Duchenne muscular

dystrophy hiPSC-derived myoblast drug screen identifies compounds that

ameliorate disease in mdx mice. JCI Insight 5, e134287.

Supek, F., Bo�snjak, M., �Skunca, N., and �Smuc, T. (2011). REVIGO summarizes

and visualizes long lists of gene ontology terms. PLoS One 6, e21800.

Tan, Y., and Cahan, P. (2019). SingleCellNet: a computational tool to classify

single cell RNA-Seq data across platforms and across species. Cell Syst. 9,

207–213.e2.

The Gene Ontology Consortium (2019). The Gene Ontology Resource: 20

years and still GOing strong. Nucleic Acids Res. 47, D330–D338.

Wu, J., Matthias, N., Lo, J., Ortiz-Vitali, J.L., Shieh, A.W., Wang, S.H., and

Darabi, R. (2018). A myogenic double-reporter human pluripotent stem cell

line allows prospective isolation of skeletal muscle progenitors. Cell Rep. 25,

1966–1981.e4.

Xi, H., Fujiwara, W., Gonzalez, K., Jan, M., Liebscher, S., Van Handel, B.,

Schenke-Layland, K., and Pyle, A.D. (2017). In vivo human somitogenesis

guides somite development from hPSCs. Cell Rep. 18, 1573–1585.

Xi, H., Langerman, J., Sabri, S., Chien, P., Young, C.S., Younesi, S., Hicks, M.,

Gonzalez, K., Fujiwara, W., Marzi, J., et al. (2020). A human skeletal muscle

atlas identifies the trajectories of stem and progenitor cells across develop-

ment and from human pluripotent stem cells. Cell Stem Cell 27, 158–176.e10.

Zammit, P.S., Golding, J.P., Nagata, Y., Hudon, V., Partridge, T.A., and

Beauchamp, J.R. (2004). Muscle satellite cells adopt divergent fates: a mech-

anism for self-renewal? J. Cell Biol. 166, 347–357.

Zammit, P.S., Relaix, F., Nagata, Y., Ruiz, A.P., Collins, C.A., Partridge, T.A.,

and Beauchamp, J.R. (2006). Pax7 andmyogenic progression in skeletal mus-

cle satellite cells. J. Cell Sci. 119, 1824–1832.

Ziegenhain, C., Vieth, B., Parekh, S., Reinius, B., Guillaumet-Adkins, A.,

Smets, M., Leonhardt, H., Heyn, H., Hellmann, I., and Enard, W. (2017).

Comparative analysis of single-cell RNA sequencing methods. Mol. Cell 65,

631–643.e4.
Cell Stem Cell 29, 610–619, April 7, 2022 619

http://refhub.elsevier.com/S1934-5909(22)00102-3/sref31
http://refhub.elsevier.com/S1934-5909(22)00102-3/sref31
http://refhub.elsevier.com/S1934-5909(22)00102-3/sref32
http://refhub.elsevier.com/S1934-5909(22)00102-3/sref32
http://refhub.elsevier.com/S1934-5909(22)00102-3/sref32
http://refhub.elsevier.com/S1934-5909(22)00102-3/sref33
http://refhub.elsevier.com/S1934-5909(22)00102-3/sref33
http://refhub.elsevier.com/S1934-5909(22)00102-3/sref33
http://refhub.elsevier.com/S1934-5909(22)00102-3/sref33
http://refhub.elsevier.com/S1934-5909(22)00102-3/sref34
http://refhub.elsevier.com/S1934-5909(22)00102-3/sref34
http://refhub.elsevier.com/S1934-5909(22)00102-3/sref34
http://refhub.elsevier.com/S1934-5909(22)00102-3/sref34
http://refhub.elsevier.com/S1934-5909(22)00102-3/sref35
http://refhub.elsevier.com/S1934-5909(22)00102-3/sref35
http://refhub.elsevier.com/S1934-5909(22)00102-3/sref35
http://refhub.elsevier.com/S1934-5909(22)00102-3/sref36
http://refhub.elsevier.com/S1934-5909(22)00102-3/sref36
http://refhub.elsevier.com/S1934-5909(22)00102-3/sref36
http://refhub.elsevier.com/S1934-5909(22)00102-3/sref37
http://refhub.elsevier.com/S1934-5909(22)00102-3/sref37
http://refhub.elsevier.com/S1934-5909(22)00102-3/sref37
http://refhub.elsevier.com/S1934-5909(22)00102-3/sref37
http://refhub.elsevier.com/S1934-5909(22)00102-3/sref38
http://refhub.elsevier.com/S1934-5909(22)00102-3/sref38
http://refhub.elsevier.com/S1934-5909(22)00102-3/sref38
http://refhub.elsevier.com/S1934-5909(22)00102-3/sref39
http://refhub.elsevier.com/S1934-5909(22)00102-3/sref39
http://refhub.elsevier.com/S1934-5909(22)00102-3/sref39
http://refhub.elsevier.com/S1934-5909(22)00102-3/sref40
http://refhub.elsevier.com/S1934-5909(22)00102-3/sref40
http://refhub.elsevier.com/S1934-5909(22)00102-3/sref40
http://refhub.elsevier.com/S1934-5909(22)00102-3/sref41
http://refhub.elsevier.com/S1934-5909(22)00102-3/sref41
http://refhub.elsevier.com/S1934-5909(22)00102-3/sref41
http://refhub.elsevier.com/S1934-5909(22)00102-3/sref42
http://refhub.elsevier.com/S1934-5909(22)00102-3/sref42
http://refhub.elsevier.com/S1934-5909(22)00102-3/sref42
http://refhub.elsevier.com/S1934-5909(22)00102-3/sref43
http://refhub.elsevier.com/S1934-5909(22)00102-3/sref43
http://refhub.elsevier.com/S1934-5909(22)00102-3/sref43
http://refhub.elsevier.com/S1934-5909(22)00102-3/sref44
http://refhub.elsevier.com/S1934-5909(22)00102-3/sref44
http://refhub.elsevier.com/S1934-5909(22)00102-3/sref44
https://doi.org/10.1101/003236
https://doi.org/10.1101/003236
http://refhub.elsevier.com/S1934-5909(22)00102-3/sref46
http://refhub.elsevier.com/S1934-5909(22)00102-3/sref46
http://refhub.elsevier.com/S1934-5909(22)00102-3/sref46
http://refhub.elsevier.com/S1934-5909(22)00102-3/sref46
http://refhub.elsevier.com/S1934-5909(22)00102-3/sref47
http://refhub.elsevier.com/S1934-5909(22)00102-3/sref47
http://refhub.elsevier.com/S1934-5909(22)00102-3/sref47
http://refhub.elsevier.com/S1934-5909(22)00102-3/sref47
http://refhub.elsevier.com/S1934-5909(22)00102-3/sref48
http://refhub.elsevier.com/S1934-5909(22)00102-3/sref48
http://refhub.elsevier.com/S1934-5909(22)00102-3/sref48
http://refhub.elsevier.com/S1934-5909(22)00102-3/sref48
http://refhub.elsevier.com/S1934-5909(22)00102-3/sref48
http://refhub.elsevier.com/S1934-5909(22)00102-3/sref49
http://refhub.elsevier.com/S1934-5909(22)00102-3/sref49
http://refhub.elsevier.com/S1934-5909(22)00102-3/sref49
http://refhub.elsevier.com/S1934-5909(22)00102-3/sref50
http://refhub.elsevier.com/S1934-5909(22)00102-3/sref50
http://refhub.elsevier.com/S1934-5909(22)00102-3/sref51
http://refhub.elsevier.com/S1934-5909(22)00102-3/sref51
http://refhub.elsevier.com/S1934-5909(22)00102-3/sref51
http://refhub.elsevier.com/S1934-5909(22)00102-3/sref51
http://refhub.elsevier.com/S1934-5909(22)00102-3/sref52
http://refhub.elsevier.com/S1934-5909(22)00102-3/sref52
http://refhub.elsevier.com/S1934-5909(22)00102-3/sref52
http://refhub.elsevier.com/S1934-5909(22)00102-3/sref53
http://refhub.elsevier.com/S1934-5909(22)00102-3/sref53
http://refhub.elsevier.com/S1934-5909(22)00102-3/sref53
http://refhub.elsevier.com/S1934-5909(22)00102-3/sref53
http://refhub.elsevier.com/S1934-5909(22)00102-3/sref54
http://refhub.elsevier.com/S1934-5909(22)00102-3/sref54
http://refhub.elsevier.com/S1934-5909(22)00102-3/sref54
http://refhub.elsevier.com/S1934-5909(22)00102-3/sref55
http://refhub.elsevier.com/S1934-5909(22)00102-3/sref55
http://refhub.elsevier.com/S1934-5909(22)00102-3/sref55
http://refhub.elsevier.com/S1934-5909(22)00102-3/sref56
http://refhub.elsevier.com/S1934-5909(22)00102-3/sref56
http://refhub.elsevier.com/S1934-5909(22)00102-3/sref56
http://refhub.elsevier.com/S1934-5909(22)00102-3/sref56


ll
Short article
STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

PAX7 DSHB RRID:AB_528428

MyoD Santa Cruz Cat# sc-760; RRID:AB_2148870

Myogenin DSHB Cat# F5D, RRID;AB_2146602

Anti-human dystrophin Millipore Cat# MABT827

GFP Polyclonal Antibody Invitrogen Cat# A10262; RRID:AB_2534023

Dystrophin Abcam Cat# AB15277; RRID:AB_301813

Lamin A/C Monoclonal Antibody Thermo Fisher Cat# MA3-1000; RRID:AB_325377

Anti-Laminin antibody Sigma Cat# L9393; RRID:AB_477163

Anti-human Laminin antibody DSHB Cat# 2E8; RRID:AB_528343

Desmin Antibody DAKO Cat# M0760; RRID:AB_2335684

ERTR-7 Antibody Santa Cruz Cat# sc-73355;

RRID:AB 1122890

Chemicals, peptides, and recombinant proteins

CHIR99021 Cayman Cat# 13122

DAPT Cayman Cat# 13197

FGF-2 Pepro Tech Cat# 100-18B

FGF8 Peprotech Cat# 100-25

BaCl2 Sigma Cat# 342920

Y-27632 Tocris Cat# 1524

Hoechst 33342 Invitrogen Cat# H3570

Pyronin-Y Thermo Scientific Cat# J61068.09

Critical commercial assays

SuperScript� III One-Step RT-PCR System

with Platinum� Taq DNA Polymerase

Invitorgen Cat# 12574018

KAPA SYBR� FAST qPCR

Master Mix (2X) Kit

Kapabiosystems Cat# KR0389

Phire Tissue Direct PCR Master Mix Thermo Scientific Cat# F170S

Deposited data

SC RNA-seq data GEO GEO: GSE165075

Code for SC RNA-seq data analysis Github https://github.com/skannan4/satellite-cell-

transplantation

Bulk RNA-seq data GEO GEO: GSE190233

Experimental models: Cell lines

Human H9 ESC WiCell Cat# WA09, RRID:CVCL_9773

Human primary myoblasts N/A

Gibco CF1 Mouse Embryonic Fibroblasts,

Irradiated cell line

Gibco Cat# A34181

RRID:CVCL_RB05

Experimental models: Organisms/strains

NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ JAX Cat# JAX:005557,

RRID:IMSR_JAX:005557

NSG-mdx4Cv mice (Arpke et al., 2013) N/A

(Continued on next page)
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Oligonucleotides

Primer: eGFP Forward- ACGTAAACGG

CCACAAGT,

Reverse- AAGTCGTGCTGCTTCATGTG

This paper N/A

Primer: huPmp22 forward- ACATAGGG

AAGGGAGGAAGG, reverse- TTGGTT

TGGTTTGAGTTTGG

This paper N/A

Primer: huCalC forward- ACACCGGC

TGGAGTATTGTC, reverse- AAAATC

CCCAGGGAAATCAC

This paper N/A

Primer: huPAX7 forward-CTGGCTAC

CAGTACGACCAGT, reverse- GCAC

GCCGGTTACTGAAC

This paper N/A

Software and algorithms

Imaris Oxford Instrument N/A

FlowJo FlowJo Software RRID:SCR_008520; https://www.

flowjo.com

GraphPad Prism GraphPad Software Inc. RRID:SCR_002798; https://www.

graphpad.com/scientific-software/prism/

Fiji https://doi.org/10.1038/nmeth.2019 RRID:SCR_002285; https://imagej.net/Fiji

R https://www.r-project.org/ N/A

Other

Quick-RNA Microprep Kit Zymo Research Cat# R1050
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Gabsang

Lee (glee48@jhmi.edu).

Materials availability
The genetic reporter lines used in his study will be available upon request with a proper MTA.

Data and code availability
RNA-sequencing datasets generated during this study are available at Gene Expression Omnibus (GEO), accession number GEO:

GSE165075 (single cell) and GEO: GSE190233 (bulk). Code generated for single cell (SC) RNA-seq data analysis is deposited at Gi-

thub, accession: https://github.com/skannan4/satellite-cell-transplantation (https://doi.org/10.5281/zenodo.6330148). Any addi-

tional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal and cell transplantation strategy
All animal experiments were approved by the Institutional Animal Care and Use Committee (IACUC) of The Johns Hopkins University,

School ofMedicine (Baltimore, Maryland). 8-week oldNSG (NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ, Jackson Lab) and 8- to 12-week old

NSG-mdx4CV (generously provided by Dr. Michael Kyba, University of Minnesota) mice weremaintained in a 12-h light cycle (7 am�7

pm) with ad libitum access to food and water. In the experiments of cell transplantation to NSG mice, left TA of mice were irradiated

(18g) 72 hours prior to 50 ml 1.2% BaCl2 (Sigma) injury. 1 million PAX7::GFP MPCs were resuspended in 50 ml culture medium sup-

plemented with rock inhibitor Y-27632 (Tocris) and injected into TA. For reinjury experiment, at 4-week post first transplantation, 50 ml

1.2% BaCl2 was used to reinjure the same TA. For serial transplantation experiment, PAX7::GFP+ cells were isolated at 4-week post

transplantation using FACS and donor cells were transplanted into the secondary recipient mouse TA which were irradiated and

injured as previously described. In the experiments of cell transplantation to NSG-mdx4CV mice, PAX7::GFP MPCs were resuspend

with 50 ml culture medium with rock inhibitor and injected into TA, Gastrocnemius and Quadricep (1 million cells each muscle tissue).

In the 2nd cohort ofNSG-mdx4CV experiment, mice were exercised on the treadmill (10m/min for 10mins, 3 times a week) for 2 weeks

to induce injury prior to the cell transplantation.
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hPSC maintenance
hESCs (H9, WiCell) and hiPSCs were cultured using standard protocols. The hESC lines and hiPSC lines were cultured with mouse

embryonic fibroblasts (MEFs) (Gibco) pre-plated at 12,000–15,000 cells/ cm2. hPSC culture medium contained DMEM/F12, 20%

knockout serum replacement, 1 mM L-glutamine, 100 mM MEM non-essential amino acids, and 0.1 mM b-mercaptoethanol.

10 ng/mL of FGF-2 was added after sterile filtration, and cells were fed daily, and passaged weekly, using 6 U/mL dispase or

mechanically.

PAX7::GFP hESC cell line was generated using CRISPR-Cas9 (Choi et al., 2020).

Myogenic cell derivation and cell culture
For myogenic linage derivation, hPSCs were plated as single cells on Geltrex (Gibco) treated dishes, at a density of 1.5 x 105 cells per

well in a 24-well plate, in the presence of MEF-conditioned N2 media containing 10 ng/ml of FGF-2 (PeproTech) and 10 mM of

Y-27632 (Tocris). The cells were induced to differentiate into myoblasts by adding CHIR99021 (3 mM, STEMCELL technologies) in

N2 medium for 4 days and by DAPT (10 mM, PeproTech) for the following 8 days. Cells continued to differentiate and mature in

N2 medium for the next 13 days. PAX7::GFP+ cells were isolated by FACS (FACS core at Johns Hopkins School of Public health)

with GFP signal. Human primary myoblasts were isolated from healthy individual’s muscle biopsy with FACS enrichment of

CD56+ cells. Human tissue collection was approved by Johns Hopkins University IRB.

The PAX7::GFP MPCs were maintained in a humidified incubator containing 5% CO2 at 37�C and grew in N2 medium supple-

mented with 20% FBS, FGF-2. To induce myotube formation, expanded myogenic cells were plated to confluency, and switched

to N2 media without serum. Human primary muscle cells were grown in a growth medium composed of Ham’s F-10

(Mediatech10-070-CV) supplemented with 20% fetal bovine serum (FBS) (Hyclone, #SH30071.03), 0.5% chicken embryo extract,

1% Penicillin/Streptomycin (Invitrogen, #10569010), 0.5% amphotericin-B (Sigma, #A2942), and 1.2 mM CaCl2.

METHOD DETAILS

Isolation of mononuclear cells from TA for FACS
TAs were harvested and tissues were minced until a slurry formed with no more large muscle pieces. Minced tissue was further di-

gested with PBS containing 2 mg/ml Collagenase A (Roche), 2.4 U/ml Dispase II (Roche),10 mg/ml DNase I (Roche) and 0.38mM

CaCl2 for 90 minutes at 37�C. Digestion was terminated by adding 3 times ice cold PBS containing 0.2%BSA and DNaseI. The sus-

pension was filtered through 70mm filter and 40mm filter. Finally, cells were centrifuged and resuspended in PBS containing 2%FBS

and DNaseI for downstream FACS or other analysis.

Pyronin Hoechst cell cycle analysis
For cell cycle analysis, cells were fixed in 1% PFA for 15 minutes at 37�C and permeabilized in 100% methanol over night at

-20�C.The next day, cells were washed and blocked in blocking buffer (0.75% Saponin, Sigma, 1%FBS, 1%BSA in PBS). Primary

GFP antibody (Invitrogen) and secondary antibody (goat anti chicken 488) was stained for 30 mins at room temperature. Then cells

were suspended in blocking buffer containing Hoechst 33342 (2 mg/mL) and Pyronin-Y (4 mg/mL) for 30mins for DNA and RNA bind-

ing. Finally, cells were suspended in FACs buffer containing Pyronin-Y (2 mg/mL) for flow cytometry analysis (BD, LSDII).

Immunocytochemistry
Muscle pieces were collected and frozen using -60�C isopentane. Frozen muscles were cryosectioned into 8mm sections. Cryosec-

tions were fixed with 4% PFA and washed with PBS. To detect Pax7, Primary antibodies against human lamin A+C (Mouse IgG2b,

1:200, Leica), pan-species Pax7 (IgG1, 1:200, DSHB), and human laminin (IgG2a,1:200, DSHB) were incubated on the slides at 4�C
overnight. Antigen retrieval was done by incubating slides in sodium citrate buffer at 85�C for 20 mins. HRP-conjugated secondary

antibodies were applied for 60 minutes at RT and Tyramide signal amplification was performed using the Tyramide Signal Amplifi-

cation with SuperBoost Kits (Thermo). To detect dystrophin, cryosections were fixed with cold methanol, washed with PBS, and

blocked in 20% normal goat serum (Vector Laboratories) and 2% bovineserum albumin (Sigma Aldrich). a combination of primary

antibodies against human dystrophin (Millipore, 1:200) and human Lamin A+C were incubated on the slides at 4�C overnight, fol-

lowed by incubation with mouse anti-mouse secondary antibodies at room temperature for 1 hour. Other antibody used was mouse

Laminin (1:300, Sigma). Sections were mounted using Vector Shield mounting medium with DAPI (Vector Laboratories), and imaged

using fluorescent microscopy (Zeiss). Engraftment rate was calculated by cells located between muscle fiber and basal lamina

(huLaminin labeled) that originated from PAX7::GFP MPCs (PAX7+, huLaminA/C+) after transplantation, as a proportion of the total

number of PAX7::GFP MPCs being transplanted.

Single cell qPCR
The detailed protocol was described previously (Lim et al., 2014). Briefly, single cell was isolated by FACS for cells expressing GFP

and lysed directly by using cell lysis buffer. The mRNA was selected from total RNA in Reverse Transcription using SMA-T15, with

anchoring nucleotide at the 50 endSMA-A. The product from theRT reactionwas PCR amplified using universal sequence as SMA-p2

primer. RT-PCR mixtures were prepared with SYBR Green PCR Master Mix. Primer sets used were: huPAX7 forward-CTGGCTAC

CAGTACGACCAGT, huPAX7 reverse- GCACGCCGGTTACTGAAC, huCalC forward- ACACCGGCTGGAGTATTGTC, huCalC
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reverse- AAAATCCCCAGGGAAATCAC, huPmp22 forward- ACATAGGGAAGGGAGGAAGG, huPmp22 reverse- TTGGTTTGGTT

TGAGTTTGG, eGFP forward- ACGTAAACGGCCACAAGT, eGFP reverse- AAGTCGTGCTGCTTCATGTG.

Library construction and sequencing for Single cell as well as bulk RNA sequencing
PAX7::GFP+ cells were sorted by FACS as single cells in 96-well or 384-well capture plates usingMoFlo Legacy sorter. Capture plate

wells contained 5 ul of capture solution (1:500 Phusion High-Fidelity Reaction Buffer, New England Biolabs; 1:250 RnaseOUT Ribo-

nuclease Inhibitor, Invitrogen). Single cell libraries were then prepared using the previously described SCRB-seq protocol (Soumillon

et al., 2014; Ziegenhain et al., 2017). Briefly, cells were subjected to proteinase K treatment followed by RNA desiccation to reduce

the reaction volume. RNA was subsequently reverse transcribed using a custom template-switching primer as well as a barcoded

adapter primer. The customized SCRB-seq barcode primers contain a unique 6 base pair cell-specific barcode as well as a 10

base pair unique molecular identifier (UMI). Transcribed products were pooled and concentrated, with unincorporated barcode

primers subsequently digested using Exonuclease I treatment. cDNAwas PCR-amplified using Terra PCRDirect Polymerase (Takara

Bio). Final libraries were prepared using 1ng of cDNA per library with the Nextera XT kit (Ilumina) using a custom P5 primer as pre-

viously described. Pooled libraries were sequenced on two high-output lanes of the Illumina NextSeq500 with a 16 base pair barcode

read, 8 base pair i7 index read, and a 66 base pair cDNA read design.

For bulk RNA-seq, FACS isolated 1400 in vivo PAX7::GFP+ cells were seeded into 2 wells of 96-well plate coated with Geltrex and

cultured in the PAX7::GFPMPCmaintenancemedium described above. The steps were repeated for in vitro PAX7::GFP+ cells. Cells

were harvested 2 days later and RNA was extracted for sequencing.

Genomic diagnostic PCR
Cells (50-100 cells) were sorted by FACs into Phusion direct PCRmaster mix (Thermo) and PCR was performed with human specific

primer pair (17-specific-satellite locus of genome): Fw-ACACTCTTTTTGCAGGATCTA, Rv- AGCAATGTGAAACTCTGGGA. Thermo

cycle applied was: 98�C 5mins, 40 cycles of 98�C 5s, 65�C 5s, 72�C 25s and final extension at 72�C for1min.

Fluorescence-activated cell sorting (FACS)
Suspension was then acquired and sorted using a 100 micron nozzle on a MoFlo Legacy sorter (Beckman Coulter, Miami, USA). The

gating was performed to include most of the intact and viable cells, was set based on events measured in the Forward versus Side

scatter detectors. Measurement of GFP and auto fluorescence from cells were done using detectors of GFP and FL2. The filter set-

tings were 530/30nm for GFP and 580/30nm for FL2 (C). Cells were defined as GFP positive based on negative control. For in vivo

experiments, propidium iodide (PI) was used sometimes to facilitate the determination of the GFP positive cell population. GFP pos-

itive cells were either sorted as bulk for cell culture or single cell per well into 96 well or 384 well PCR plates for RNAseq.

Treadmill exhaustion test
Treadmill testing was performed using a motor-driven treadmill (Columbus Instruments). Prior to the test day, acclimatization was

performed 5 times over a period of 2 weeks at 10 m/min. On the test day, mice ran at 5 m/min for 5 min (warm up) and the speed

was increased 1 m/min every min up to 10 m/min. Mice were considered exhausted when they sat for more than 10 sec on a shock

pad for the third time.

Physiology
Tibialis anterior (TA) strength and susceptibility to fatigue (loss in force after repeated contractions) were assessed in vivo. Suscep-

tibility to fatiguewasmeasured by loss in forcewith repeated contraction, every other second for 4minutes in TAmuscle. The detailed

experimental procedure was as described previously (Sun et al., 2020).

Tissue 3D imaging
Two samples of freshly fixed mouse TAs were sectioned into 200 um thick slices using a KD-400 Vibration Microtome. The slices

subsequently underwent a dehydration and rehydration process in gradient methanol and permeabilized with 0.2% Triton as well

as Visikol�HISTO�Penetration Buffer. Sections were then blocked in 5%goat serum and incubated in primary antibodies for Lamin

A/C (Mouse anti-Lamin A/C, Invitrogen MA3-1000, 1:100) and Laminin (Rabbit anti-Laminin, Sigma L9393, 1:100) for 24 hours at

37�C. The next day, sections were washed in PBS and incubated in Goat anti Rabbit Alexa Fluor 647 (Thermofisher, A32733) and

Goat anti Mouse IgG2b AF 555 (Life technologies, A21147) at 1:400 dilution for overnight at 37�C. Sections were then incubated

in mouse IgG blocking buffer (Vector, MKB-2213) and incubated in a third primary antibody (Mouse anti-Pax7, DSHB, 1:100) for

24 hours at 37�C. Secondary antibody (Alexa Fluor� 488 AffiniPure Goat Anti-Mouse IgG, Fcg subclass 1 specific, Jackson

ImmunoResearch, 115-545-205) andDAPI was added the following day for overnight incubation at 37�C. Sections were thenwashed

in PBS and cleared with large volumes of Visikol� HISTO-1� and Visikol� HISTO-2� for 12 hours each.

For imaging, each section was mounted in Visikol ClearWell� Silicon Imaging Chambers using HISTO-2 as imaging media, and

imaged using ImageXpress Micro confocal imager (Molecular Devices) at 10X magnification (1 pixel = 0.65 um) across 10 um

confocal z steps in 4 channels (DAPI, PAX7, Lamin A/C and Laminin). Images were stitched together using a custom written imageJ

macro. Images were processed into animation with Imaris software.
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QUANTIFICATION AND STATISTICAL ANALYSIS

RNA-seq analysis
To analyze the single cell sequencing data, reads were mapped and counted using zUMIs 2.2.3 (Parekh et al., 2018) with default set-

tings and barcodes provided as a list. zUMIs utilizes STAR (2.5.4b) (Dobin et al., 2013) tomap reads to an input reference genome and

feature Counts through Rsubread (1.28.1) to tabulate counts and UMI tables. We used GRCh38 from Ensembl concatenated with

ERCC spike-in references for the reference genome and gene annotations. Dimensionality reduction and cluster analysis were per-

formed with Seurat (2.3.4) (Butler et al., 2018), while differential gene expression analysis was done in Monocle (2.4.0) (Qiu et al.,

2017).We performGOEnrichment Analysis on differentially expressed genes through theGeneOntology Consortium tool (Ashburner

et al., 2000; Mi et al., 2017; The Gene Ontology Consortium, 2019), and visualized enriched terms and pathways with REVIGO (Supek

et al., 2011). To correct for batch effects, 2000 genes with highest expression were selected and used to extract expression matrices

for the mnnCorrect function in the batchelor package (v1.6.3).

To analyze the bulk RNA sequencing data, raw sequencing data (FASTQ files) were imported into the AltAnalyze software (v2.1.4),

which uses the embedded programKallisto and Ensembl 72 annotations for pseudoalignment and isoform quantification. Processed

expression files, including transcript-level expression (transcripts per million) values summed at the gene-level and read counts,

generated by the AltAnalyze were imported into R (v4.0.3) to perform differential expression (DE) analysis and gene ontology (GO)

enrichment analysis. The Ensembl annotations having the maximum mean expression levels across the samples were collapsed

to the gene symbols using the mapIds function in the AnnotationDbi package (v1.52.0). The edgeR (v3.32.1) and limma (v3.46.0)

packages were used to identify DE genes with log2 fold change > 2 and adjusted p-value < 0.05. Gene set enrichment analysis

(GSEA) was performed using the fgsea package (v1.16.0) to assess the enrichment of gene sets of interest in PAX7::GFP+ cells iso-

lated from transplanted mice. Gene ontology (GO) analysis was performed using the enrichGO function in the clusterProfiler package

(v3.18.1) and the enrichr function in the enrichR package (v3.0).

Statistics
Statistical testing was performed using the unpaired two-tailed Student’s t-test or ANOVA, as stated in the figure legends. The

method used, P-values and N numbers are indicated in the figure legends. Sample size of NSG-mdxmice was determined by using

sample size tool on www.biomath.info website.
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