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Directed differentiation of human pluripotent stem cells 
(hPSCs), including human embryonic stem cells (hESCs) 
and human induced pluripotent stem cells (hiPSCs), seeks 

to recapitulate development to form cell lineages that are similar 
to human in vivo counterparts. Directed differentiation of hPSCs 
to specific lineages for cell therapies is showing promise in  clinical 
settings and in preclinical animal models for diseases ranging from 
cardiac myopathy to macular degeneration, diabetes mellitus and 
Parkinson’s disease1–3. However, for many cell lineages, directed 
differentiation results in progeny that are heterogeneous and func-
tionally immature compared to cells derived during normal human 
development4–6. Immature cells derived from hPSCs may function 
inappropriately, diminishing their use for modelling human disease 
and/or cell replacement therapies7.

Although several directed differentiation protocols generate 
skeletal muscle cells from hPSCs8–13, their developmental stage 
or functional similarity to fetal or adult human skeletal muscle is 
unknown. Longstanding protocols that are used to differentiate 
skeletal muscle from hPSCs require viral-mediated overexpression 
of transcription factors, such as MYOD14,15, PAX7 (ref. 16) or PAX3 
(ref. 17), limiting the generation of truly representative myogenic 
progenitors. Skeletal myogenesis in vivo relies on tightly controlled 
spatial and temporal cues to ensure timely embryonic transitions 
through the presomitic mesoderm, somites and dermomyotome to 
form the myotome18. Although recent studies have followed human 
developmental cues to differentiate hPSCs to somites in vitro10,19,20, 
none has generated sufficient quantity or quality of skeletal muscle 
progenitor cells (SMPCs) or satellite cells (SCs) from hPSCs.

SCs are endogenous skeletal muscle stem cells that are respon-
sible for the formation of new muscle and are indispensable for 

maintenance and repair21, and are thought to arise during secondary 
fetal myogenesis22. Fetal muscle cells are unique from adult SCs in 
their ability to retain PAX7 in a niche-independent, non-quiescent 
state23. Although a single transplanted SC can give rise to several 
hundred myofibres24, it remains unclear whether fetal or adult SCs 
are more regenerative in vivo, or whether directed differentiation 
of hPSC-SMPCs should seek to attain fetal-like or adult-like SCs.  
A better understanding of human SC biology and regenerative 
potential from multiple stages of development could enable deri-
vation of more myogenic hPSC-SMPCs. Cell replacement is a 
 promising therapy for many muscle diseases, including Duchenne 
muscular dystrophy (DMD), a degenerative muscle disease caused 
by lack of dystrophin. Autologous transplantation of CRISPR 
(clustered regularly interspaced short palindromic repeats)–Cas9 
(CRISPR-associated protein 9)-corrected hiPSC-SMPCs25 for 
patients with DMD could repopulate diseased or damaged myo-
fibres with donor SMPCs or SCs to restore muscle function over the 
patient’s lifetime.

To improve our understanding of the developmental and func-
tional status of hPSC-SMPCs, we compared established directed 
differentiation protocols8–11 to muscle cells across multiple stages 
of human development, including fetal weeks 8–18 and adult SCs. 
Fetal muscle cells were also profiled to other musculoskeletal tissues 
by RNA sequencing (RNA-seq), enabling the identification of the 
muscle-specific receptors ERBB3 and nerve growth factor receptor 
(NGFR; also known as CD271). Our strategy enabled isolation of 
PAX7+ hPSC-SMPCs with robust engraftment in vivo, including the 
ability to restore dystrophin in mdx-NOD Scid gamma (NSG) mice, 
and could potentially improve the delivery of gene-editing therapies 
for skeletal muscle diseases. Importantly, this work improves our 
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understanding of human fetal muscle progenitors and provides a 
developmental identity of hPSC-SMPCs relative to equivalent cells 
in vivo.

Results
hPSC-SMPCs have reduced fusion efficiency compared to their 
human muscle-derived counterparts. To evaluate the myogenic 
potential of hPSC-SMPCs relative to fetal and adult SCs, multiple 
directed differentiation protocols were evaluated8–11, and two were 
selected for further analysis10,11. Both methods consistently genera-
ted muscle cells that expressed the myogenic transcription factors 
PAX7, MYF5, MYOD and MYOG, and spontaneously contracting 
myotubes (Supplementaty Fig. 1). hPSC-SMPCs were  dissociated/
replated and compared to equivalent numbers of muscle cells 
isolated from human fetal weeks 9, 14 and 17, and adult skeletal 
muscle tissues (Fig. 1a). Cells that were isolated from adult muscle 
formed myotubes most efficiently and contained the most nuclei 
(24.5 nuclei per myotube, P <  0.05). The fusion indices and nuclei 
per myotube from fetal weeks 14 and 17 were significantly greater 
than fetal week 9 and hPSC-SMPCs (P <  0.05), whereas week 9 
fetal muscle cells were not significantly different from hPSC- 
myotubes (P =  0.3).

In myogenic development, cells undergoing proliferation 
and differentiation co-exist26. To better understand the timing 
and  heterogeneity of myogenic transcription factor expression 
 during myotube differentiation, PAX7 and MYOD were evaluated 
(Fig. 1b). Indeed, all fetal muscle cultures contained PAX7+MYOD+ 
SMPCs. Myotubes derived from adult SCs expressed a PAX7+ or 
MYOD+ single nucleus, but few PAX7+MYOD+ nuclei were  present 
in adult cultures. hPSC-SMPCs from either directed differentiation 
method contained the largest fraction of PAX7+MYOD+ nuclei, 
and many MYOD+ nuclei were not contained within MYHC+ 
 myotubes. Together, these data indicate that hPSC-SMPCs ineffi-
ciently  differentiate to form myotubes and/or represent a distinct 
developmental stage.

hPSC-SMPCs have limited engraftment potential in vivo  
compared to human fetal myogenic progenitors. Directed differ-
entiation of hPSCs has yet to generate SMPCs with robust engraft-
ment potential in vivo. Previous reports show that cultured human 
fetal muscle cells also engraft inefficiently27. Notably, directly iso-
lated adult SCs engraft more efficiently than cultured SCs28, but 
engraftment of directly isolated human fetal muscle cells has never 
been tested. Thus, we used cultured and uncultured human fetal 
muscle cells (which were all directly isolated mononuclear cells) 
to benchmark hPSC-SMPC engraftment potential, and assessed 
whether the developmental state or culturing of fetal cells cor-
related with changes in engraftment. In parallel to cultured and 
uncultured fetal muscle cells, hPSC-SMPCs were transplanted 
into the tibialis  anterior of cardiotoxin-pretreated mdx-NSG mice, 
which are immunocompromised and lack dystrophin expression 
(Fig.  1c). At 30 days, several hundred hPSC-SMPCs, marked by 
human (h)-lamin A/C, were detected in the muscle. However, most 
hPSC-SMPCs had not fused with the host muscle (as marked by 
h-lamin A/C+spectrin+ and h-dystrophin+) nor did they reside 
in the SC position. Instead, most h-lamin A/C+ hPSC-SMPCs 
were found in the perimysium and epimysium of the host tibi-
alis anterior (Fig. 1c). By contrast, both cultured and uncultured 
fetal cells resulted in an increased number of h-dystrophin+ cells 
compared to hPSC-SMPCs (P <  0.05; Supplementary Table  1). 
Whereas  restoration of h-dystrophin+ myofibres by cultured fetal 
muscle was < 1% of the host tibialis anterior, uncultured fetal cell 
engraftment was significantly more efficient, restoring 10–15% of 
h-dystrophin+ myofibres in the host muscle, a level of dystrophin 
expression that has been reported to result in functional improve-
ment in mice29–31.

To evaluate the in vivo myogenic potential of hPSC-SMPCs com-
pared to cultured and directly isolated fetal muscle cells, we counted 
engrafted myofibres at 11 points (0–10 mm) throughout the tibialis 
anterior of mdx-NSG mice, and ranked all counts using Kruskal–
Wallis analysis of variance tests32 (Fig.  1c). Directly isolated fetal 
muscle cells had significantly higher engraftment efficiency than 
cultured fetal cells or hPSC-SMPCs (P <  0.0001). These data indi-
cate that generating SMPCs resembling directly isolated fetal muscle 
could improve the inferior engraftment potential of hPSC-SMPCs.

Enriching for HNK1−NCAM+ SMPCs increases myogenic cell 
numbers but does not increase myogenicity in vivo. To poten-
tially enrich for cells with increased myogenecity, we applied a 
previously described sorting strategy that removes HNK1+ cells  
(a neuroectodermal marker) and selects for neural cell adhesion mol-
ecule (NCAM; also known as CD56)8,33. NCAM is also expressed by 
human fetal muscle27 and adult SCs34. We isolated HNK1−NCAM+ 
cells and evaluated their myogenic potential using two directed dif-
ferentiation methods10,11. HNK1−NCAM+ enrichment increased 
PAX7 and MYF5 expression by ~1.7-fold compared to unsorted 
hPSC-SMPCs (P <  0.05; Fig. 2a). In both protocols, HNK1−NCAM+ 
SMPCs could be grown in skeletal muscle basal media 2 (SkBM-2, 
Lonza) with fibroblast growth factor 2 (FGF2), and when induced 
to differentiate, the number of MYHC+ cells increased compared to 
dissociated/replated SMPCs (P <  0.05; Fig. 2b).

hPSC line variability is known to greatly affect the propensity 
of in vitro differentiation35,36, and some reports suggest that DMD 
hiPSCs inefficiently differentiate to skeletal muscle in vitro33. After 
NCAM sorting, hiPSC-SMPCs from a wild-type, DMD and a previ-
ously generated CRISPR–Cas9-corrected DMD line25, could be dif-
ferentiated to produce equivalent numbers of myotubes (Fig.  2c). 
All hiPSC lines differentiated less well than the H9 hESC line. Thus, 
the absence or presence of dystrophin did not affect myogenic 
 differentiation in vitro.

We next evaluated whether sorting of HNK1−NCAM+ could 
improve the in vivo engraftment potential of hPSC-SMPCs. 
However, unlike in vitro, NCAM+ sorting did not improve engraft-
ment compared to unsorted SMPCs (Fig. 2d). Irradiation was unable 
to improve hPSC-SMPC engraftment potential (Supplementary 
Table 1). In summary, enriching hPSC-SMPCs for HNK1−NCAM+ 
does not increase the engraftment potential, despite modestly 
increasing the myogenic potential in vitro.

RNA-seq reveals that HNK1−NCAM+ hPSC-SMPCs are hetero-
geneous and more differentiated than fetal muscle progenitor 
cells. To better understand the functional differences between fetal 
myogenic cells, hPSC-SMPCs and their differentiated progeny, we 
performed RNA-seq on unsorted, directly isolated fetal muscle 
cells (which were all mononuclear), NCAM+ cultured fetal muscle 
cells and hPSC-SMPCs, and myotubes generated from both fetal 
muscle and hPSCs (Fig. 3a). Genes related to myogenic progenitor 
 identity, including PAX7 and MYF5, were enriched in cultured fetal 
muscle cells compared to hPSC-SMPCs (Supplementary Table 2). 
By contrast, hPSC-SMPCs demonstrated substantial enrichment 
of transcription factors and structural proteins related to myogenic 
differentiation, such as MYOG. Principle component analysis con-
firmed that hPSC-SMPCs clustered more closely with myotubes 
(Fig. 3b). Moreover, Gene Ontology analysis identified multiple cat-
egories associated with development that were enriched in NCAM+ 
hPSC-SMPCs, suggesting that this population contains embryo-
nic cell types. NCAM+ cultured fetal cells were also enriched for 
gene categories related to cell migration (Supplementary Table 2). 
Comparison of directly isolated fetal muscle cells to hPSC-SMPCs 
generated similar results, and Gene Ontology analysis revealed 
potential factors, including HGF (which encodes hepatocyte growth 
factor) and LIF (which encodes leukaemia inhibitory factor),  
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associated with supporting fetal muscle (Supplementary Table  3). 
Although evaluation of all mononuclear cells from directly isolated 
fetal muscle compared to cultured cells provided a comprehensive 
analysis of cells contained within the highest in vivo  myogenic 

potential (Supplementary Table  4), identification of potential 
 surface markers was not feasible because of contaminating cell 
types (such as endothelial and haematopoietic cells) present in the 
unsorted fetal muscle cell samples.
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Fig. 1 | hPSC-SMPCs have reduced in vitro and in vivo myogenic potential relative to fetal or adult SCs. a, Human muscle obtained from fetal weeks 9, 14 
and 17, an adult 25 years of age or hPSCs differ in their ability to form MYHC+ myotubes in vitro (red). PAX7 (white), MYOD (green) and DAPI (blue) are 
also shown. Scale bars, 200 μ m. Fusion index (the percentage of nuclei within MYHC+ cells containing ≥ 3 nuclei per total nuclei) and nuclei per myotube 
are greatest in adult and fetal muscle, whereas hPSCs primarily had ≤ 2 MYHC nuclei per mm2 (mean ±  s.e.m.; N =  3 adult, N =  5 fetal tissues and N =  3 
hPSC from independent directed differentiations; one-way ANOVA post-hoc Tukey: *P <  0.05). b, Co-localization of PAX7 (white) and MYOD (green) 
differ across developmental stages (shown by arrows). Pie charts show the proportion of PAX7 and MYOD expression in each cell type (N =  3 adult, N =  5 
fetal tissues and N =  3 hPSC from independent directed differentiations). Scale bars, 50 μ m. c, To quantify engraftment, we assessed the total number of 
human cells (h-lamin A/C+, red), as well as the number of fused human myofibres (h-lamin A/C+spectrin+, red) and h-dystrophin (green) 30 days post-
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anterior (N =  3 mice engrafted with uncultured fetal tissue, N =  4 mice engrafted with cultured fetal tissue and N =  4 mice engrafted with hPSC-SMPC; 
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*P <  0.05). Scale bars, 200 μ m.
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Muscle tissue-specific surface markers enable enrichment of  
myogenic cells from hPSC-SMPCs. To identify putative surface 
markers enriched on myogenic cells versus other skeletogenic 
lineages, we used the results of a Weighted Gene Co-Expression 
Network Analysis (WGCNA) performed across five fetal musculo-
skeletal tissues: muscle, bone, cartilage, ligament and tendon (Fig. 3c; 
accession code: GSE106292). In WGCNA, as modules of genes are 
defined based on their expression levels in each cell type, we chose 
candidate cell surface markers that were associated with myogenesis 
and/or enriched in the muscle module for further evaluation as pos-
sible markers of hPSC-SMPCs (Fig. 3c). We next screened candidate 
receptors for the ability to increase myogenic potential using the 
1006-1 CRISPR–Cas9-corrected DMD hiPSC line. Of the popula-
tions tested, cells positive for NGFR and ERBB3 were the most myo-
genic and were able to form myotubes more efficiently than NCAM+ 
cells in vitro (P <  0.05; Fig. 3d). Thus, we chose NGFR and ERBB3 as 
two candidate surface markers to improve  isolation of hPSC-SMPCs.

ERBB3 and NGFR surface marker levels demarcate a switch 
between primary and secondary fetal myogenesis and enrich 
for PAX7+ fetal muscle progenitor cells. RNA-seq identified two 

markers specific to week 17 fetal muscle that were capable of enrich-
ing hPSC-SMPCs. Based on our data, hPSC-SMPCs most closely 
resemble weeks 8–9 (late primary) muscle progenitors in their func-
tional capacity. We hypothesized that ERBB3+ and NGFR+ cells 
would be present throughout human  developmental myogenesis. As 
early as fetal week 8, a myogenic population of ERBB3+NGFR+ cells 
were identified that persisted throughout the time points examined 
(Fig. 4a and Supplementary Fig. 2). At weeks 8–9, the ERBB3+NGFR+ 
population enriched for several myogenic transcription factors 
(P <  0.05, N =  3). This is important because other known fetal 
markers, NCAM, MCAM (melanoma cell adhesion molecule, also 
known as CD146) and CD82, were either non-specific to muscle or 
not expressed at these time points, respectively. NCAM+MCAM+ 
and CD82 began to co-express with ERBB3+NGFR+ cells at fetal 
week 11.5 (Fig. 4 and Supplementaty Fig. 2).

By fetal week 17, two distinct ERBB3 subpopulations were 
identified containing myogenic activity (Fig.  4b). ERBB3+NGFR+ 
cells were enriched for PAX7 and MYF5 by 8–10-fold compared 
to ERBB3−NGFR− cells (P <  0.01, N =  5), whereas ERBB3+NGFR− 
cells were enriched for MYOD and MYOG by 40-fold (P <  0.05); 
NGFR+LowERBB3− cells weakly expressed myogenic transcription 
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factors, but did contain a population with some myogenic  potential. 
Primary and secondary fetal muscle progenitors could also be 
distinguished by their positivity for ERBB3 and NGFR, as expres-
sion of NGFR was much higher during weeks 8–9 (Supplementary 
Fig.  2). Thus, the combination of these markers distinguished 
fetal muscle progenitors at different stages of development and 
 differentiation. Upon sorting and differentiation to form myo-
tubes, the ERBB3+NGFR+ fraction reached close to 100% fusion 
efficiency within 4 days, whereas NGFR+LowERBB3− generated few 
myotubes (Fig. 4b). ERBB3+NGFR− cells did not proliferate or form 
 myotubes. We concluded that fetal ERBB3+NGFR+ cells are specifi-
cally enriched for PAX7-expressing myogenic progenitors during 
fetal myogenesis.

ERBB3 and NGFR enrich for PAX7 and myogenic capacity in 
hPSC-SMPCs. Based on ERBB3 and NGFR expression on fetal 
myogenic progenitors, we evaluated the ability of these markers to 
enrich hPSC-SMPCs. In all directed differentiation protocols tested, 
an ERBB3+NGFR+ SMPC population was detected as early as day 27 
(Supplemenary Fig. 3). By 50 days of directed differentiation, both 
protocols produced two distinct ERBB3 subpopulations, distin-
guished by NGFR expression, that resembled secondary myogenesis 
(Fig. 5). Sorting these subpopulations revealed that ERBB3+NGFR+ 
hPSC-SMPCs enriched for PAX7 and MYF5 by 20-fold compared 
to ERBB3−NGFR− cells (P <  0.001, N =  4), whereas ERBB3+NGFR− 
cells were enriched for MYOD and MYOG (P <  0.001). As expected, 
ERBB3+NGFR+ SMPCs could be induced to form homogeneous 
myotubes. These data demonstrate a striking similarity between 
the surface marker phenotypes of fetal myogenic progenitors and 
hPSC-SMPCs undergoing directed differentiation.

To test the versatility of these markers, four hPSC lines, including  
DMD hiPSCs and isogenic CRISPR–Cas9-corrected DMD hiPSCs, 
were evaluated. Across all lines, myogenic potential was highly 
enriched in the ERBB3+NGFR+ subpopulation, as defined by the 
expression of myogenic transcription factors and the differentia-
tion potential in vitro (Fig.  5). However, double positivity based 
on NGFR levels varied across cell lines. Of note, upon passaging, 
NGFR levels increase and are associated with decreased myogenic 
potential in fetal and hPSC-SMPCs. Thus, this previously unrecog-
nized combination of surface markers informs on the SMPC differ-
entiation state, in which the ERBB3+ fraction was consistently the 
most myogenic.

Transforming growth factor-β inhibition improves hPSC-SMPC 
differentiation and myotube fusion. Despite enabling myogenic 
enrichment, differentiation of ERBB3+NGFR+ populations isolated 
from hPSCs yielded myotubes that were often thinner and contained 
fewer nuclei than later-stage fetal or adult  counterparts. To under-
stand the basis for these differences, we further analysed the RNA-seq  
data comparing hPSC-myotubes and fetal  myotubes to their pro-
genitors. These data revealed that activators of  transforming growth 
factor-β  (TGF-β ) signalling decreased during the course of fetal myo-
tube differentiation (Fig. 6a). By contrast, hPSC-SMPCs had higher 
expression of TGF-β  signalling genes (for example, TGFB1, ACVR1B 
and MSTN), and hPSC myotubes failed to downregulate TGF-β   
signalling (MSTN, INHBA and TGFB2) relative to fetal myotubes.

To test the function of TGF-β  signalling in hPSC-derived myo-
tube differentiation, we manipulated TGF-β  during hPSC-SMPC 
to myotube formation. Compared to N2 media alone, the addition 
of TGF-β 1 completely inhibited myotube formation (P <  0.05). By 
contrast, TGF-β  inhibition (TGF-β i) using SB-431542 or A83-01  
significantly increased hPSC-myotube fusion and produced 
 morphology that was similar to late-stage fetal myotubes (Fig.  6 
and Supplementary Fig. 4). Single PAX7+ cells remained in hPSC- 
myotube cultures in the presence of either TGF-β 1 or TGF-β i 
(Fig. 6b), suggesting TGF-β i does not deplete PAX7+ SMPCs.

TGF-β  regulation of hPSC myotube differentiation is inde-
pendent of dystrophin expression. In two independent DMD and 
isogenic CRISPR–Cas9-corrected DMD hiPSC lines (1006 and 
1003), the fusion indices of hPSC-SMPCs increased by 2–5-fold 
with TGF-β i compared to no treatment (P <  0.05; Supplementary 
Fig. 4). These data demonstrate that inhibition of improper TGF-β  
levels during hPSC-SMPC differentiation can improve myogenesis 
in vitro.

TGF-βi promotes hPSC-myotube maturation in vitro. In mouse, 
TGF-β  signalling is a potent negative regulator of fetal muscle 
maturity22,37; however, TGF-β  has never been evaluated in human 
development. To test whether ectopic TGF-β  signalling inhibited 
hPSC-SMPCs from forming more mature myotubes, we measured 
embryonic (MYH3), fetal (MYH8), and adult (MYH1) myosins 
at both the RNA and the protein levels38. We found that without 
TGF-β i, hPSC-myotubes predominately expressed embryonic and 
fetal myosins. Although ERBB3+NGFR+ enrichment increased 
the expression of embryonic and fetal myosins relative to NCAM 
 sorting (P <  0.01), enrichment did not increase adult myosin expres-
sion (Supplementary Fig. 5).

Upon TGF-β i, the expression of all myosins increased in 
hPSC-myotubes, and the expression of MYH8 and MYH1 in 
ERBB3+NGFR+ hPSC-myotubes was similar to or higher than that 
of fetal myotubes, respectively (Supplementary Fig.  5). Western 
blot analysis confirmed that TGF-β i also increased MYH8 and 
MYH1 protein levels in hPSC-myotubes relative to adult myotubes 
(P <  0.05; Fig. 6c and Supplementary Fig. 7). Interestingly, TGF-β i 
was more effective at inducing myosin expression in hPSC-SMPCs 
than in fetal or adult myogenic progenitors, which is in agreement 
with mouse embryonic and fetal myogenic progenitors22.

As another measure of maturation, we evaluated ultrastructural 
changes in hPSC-myotube morphology relative to fetal myotubes 
by transmission electron microscopy. In the absence of TGF-β i, 
NGFR+ hPSC-myotubes displayed disorganized sarcomere pattern-
ing (Fig.  6d), whereas TGF-β i promoted the formation of better-
organized sarcomeres and Z-disk patterning. By contrast, untreated 
fetal myotubes showed limited organization. These data demon-
strate that TGF-β i facilitates hPSC-myotube maturity and additively 
increases the myogenicity of enriched hPSC-SMPC subpopulations.

In vivo engraftment of ERBB3+ hiPSC-SMPCs restores dystro-
phin to levels approaching uncultured fetal muscle. We hypoth-
esized that the lack of engraftment by NCAM+ hPSC-SMPCs was 
due to the immature nature and heterogeneity of transplanted 
cells. Thus, we tested whether ERBB3 or NGFR enrichment could 
improve engraftment in mdx-NSG mice. Single-marker enrich-
ment strategies using CRISPR–Cas9-corrected DMD hiPSC lines25 
were tested, as these cell lines may have more therapeutic rel-
evance. Compared to NCAM+ sorting, both NGFR+ and ERBB3+ 
SMPCs significantly increased the number of engrafted myofibres 
as shown by h-lamin A/C+spectrin+dystrophin+ positivity (P <  0.05; 
Supplemetary Table  1). These data demonstrate that ERBB3+ 
SMPCs are strongly enriched for cells that are capable of generating 
muscle in vivo.

As shown in Fig. 6, myotubes generated from enriched SMPCs 
are immature due to precocious TGF-β  signalling, and TGF-β i addi-
tively increased SMPC myogenicity. Co-delivery of TGF-β i  during 
injection and for 2 weeks following transplantation increased the 
numbers of h-lamin A/C+spectrin+dystrophin+ myofibres in all 
SMPCs subpopulations tested (Supplementary Table  1). Mice 
injected with ERBB3+ hiPSC-SMPCs and treated with TGF-β i, 
improved the maximum number of h-dystrophin+ fibres to 137 ±  22 
per cross-section (Fig. 7a). Across all points measured, this repre-
sented a 50-fold greater engraftment than NCAM+ cells that were 
also treated with TGF-β i (P <  0.001). A percentage of h-lamin A/C+ 
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cells also remained positive for myogenic or non-myogenic  markers 
after engraftment in mdx-NSG mice at 30 days (Supplementary 
Fig. 6).

To evaluate how our hPSC-SMPC enrichment and maturation 
strategy compared with the in vivo myogenic potential of cultured 
or directly isolated fetal muscle cells, we quantified the number of 
engrafted myofibres at intervals throughout the tibialis  anterior of 
mdx-NSG mice, using Kruskal–Wallis ranks tests (Fig. 7b). ERBB3+ 
hPSC-SMPCs enabled engraftment that surpassed  cultured fetal 
muscle (P <  0.003) and approached levels equivalent to directly 

isolated fetal cells (P =  0.43). Together, these results demon-
strate a major advance in the ability to obtain engraftable SMPCs  
from hPSCs.

Discussion
For many cell lineages, human development serves as a pivotal guide 
to generate equivalent progenitor cells from hPSCs39,40. Profiling 
hPSC-SMPCs to human fetal muscle established that directed differ-
entiation produces embryonic myocytes that are less functional than 
human fetal or adult SCs. The best-described marker for isolating  
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hPSC-SMPCs, NCAM, is expressed on many cell types during 
development, including neural cells, muscle progenitors, myotubes 
and other mesodermal progenitors41, and is not sufficient for pro-
genitor enrichment in directed differentiation cultures. Enrichment 
of muscle progenitors using the surface markers identified in this 
study and targeting dysregulated signal pathways identified in RNA-
seq data, enabled the maturation of hPSC-SMPCs with significantly 
greater myogenic potential in vitro and in vivo.

As we found that hPSC-SMPCs are embryonic, we evaluated 
progenitors from primary and secondary human myogenesis to 
identify more relevant enrichment markers. We demonstrated that 
ERBB3+NGFR+ expression enriches for PAX7+ and MYF5+ cells 
during the first and second trimesters of human development, 

including at time points when other surface markers cannot distin-
guish fetal muscle progenitors42. Shifts in ERBB3+NGFR+ expression 
levels reliably demarcated transitions between early and late waves 
of human fetal myogenesis, and correlated with the establishment of 
primary limb myofibres or maturation of secondary fetal myofibres. 
ERBB3+NGFR+ expression was also able to demarcate progenitors 
from more-differentiated MYOD+ cells; thus, expression levels of 
this marker combination may serve as an important tool for study-
ing human SMPC biology. Upon searching a recent fetal data set, we 
found that ERBB3 is also expressed by human fetal MCAM+ cells42. 
Likewise, we found that these markers enrich for myogenic SMPCs 
from heterogeneous hPSC cultures across multiple directed differ-
entiation protocols10,11,13,19.

h-Dystrophin

SMURF2
ACVR1B
TGFB2
INHBA
BMP2
MSTN
NOG
ID1
TGFB1
TGFBI

–1 1

a b MYHC/DAPI

Raw Z-score

hPSC-SM
PC

hPSC-m
yo

tube

Cultu
red fe

tal

Fe
tal m

yo
tube

Zoom overlay with PAX7

hPSC-SMPCs Adult
N2 media N2 mediaSB-431542 TGF-β1

N2 m
edia

SB-4
31542

TGF-β
1

N2 m
edia

SB-4
31542

TGF-β
1

Ladder

MYH1
223 kDa

MYH8
223 kDa

Loading

2.0
1.5
1.0
0.5
0.0

Re
la

tiv
e 

O
D

 n
or

m
al

iz
ed

to
 to

ta
l l

oa
di

ng

MYH8 MYH1
*

*

*

8

6

4

2

0

hPSC-myotube
N2 media

hPSC-myotube
+SB-431542

Fetal myotube
week 17

c d

Fig. 6 | inhibition of tGF-β signalling induces hPSC skeletal muscle maturation. a, Heatmap of TGF-β  signalling genes reveals high levels of TGF-β  in 
hPSC myotubes as determined by RNA-seq FPKM (fragments per kilobase of transcript per million mapped reads) values. b, ERBB3+ SMPCs from 1006-1 
CRISPR–Cas9-corrected DMD hiPSCs were differentiated in N2 media alone (top row), with recombinant TGF-β 1 (middle row) or in the presence of the 
TGF-β  inhibitor SB-431542 (bottom row; N =  6). hPSC-myotubes were stained with MYHC, h-dystrophin, PAX7 and DAPI. Scale bars, 200 μ m. Zoom 
images show no change in PAX7 expression with either treatment, but an increase in myotube formation was seen with TGF-β i. c, Western blot analysis 
showing that SB-431542-treated hPSC-SMPCs have an increased expression of MYH1 and MYH8 compared to N2 media alone or after treatment with 
recombinant TGF-β 1 (N =  2 from independent myotube experiments; Student’s t-test: *P <  0.05). Ponceau S-stained gel is shown for loading control. 
Ladder and unprocessed blots are included in Supplementary Fig. 7. OD, optical density. d, Transmission electron microscopy of fetal week 17, or NGFR+ 
hPSC-myotubes with or without TGF-β i demonstrates increased sarcomere organization and Z-disk patterning after SB-431542 treatment (from two 
independent myotube experiments). Scale bars, 3 μ m (top) and 1.67 μ m (bottom).

NAtuRE CEll BioloGY | VOL 20 | JANUARY 2018 | 46–57 | www.nature.com/naturecellbiology54

© 2017 Nature America Inc., part of Springer Nature. All rights reserved.

http://www.nature.com/naturecellbiology


ArticlesNature Cell Biology

Although ERBB3 has been identified in the initial phases of adult 
mouse SC activation43,44, the mechanism by which ERBB3 regulates 
muscle progenitors during human fetal myogenesis prior to adult 

SC generation or quiescence, and in hPSC-SMPCs, is unknown. 
In mouse development, deficiencies in neuregulin-1 signalling, 
the  primary ligand of ERBB3, result in loss of self-renewal of 
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into mice per group; Kruskal–Wallis ranks tests: *P <  0.05), and the maximum number of engrafted myofibres in a single cross-section (one-way ANOVA 
post-hoc Tukey: *P <  0.05). Scale bars, 100 μ m. CTX, cardiotoxin. b, CRISPR–Cas9-corrected ERBB3+ SMPCs plus TGF-β i engraft equivalent to uncultured 
(directly isolated) fetal muscle cells. Graphs show the mean ±  s.e.m. number of engrafted myofibres from multiple cross-sections along the length of the 
muscle (N =  3 fetal SMPCs and N =  4 ERBB3+ independent enriched SMPCs from directed differentiation engrafted mice per group; Kruskal–Wallis ranks 
tests: *P <  0.05). Scale bars, 200 μ m.
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fetal  muscle progenitors45 and suggest that ERBB3 signalling may 
 regulate the balance of fetal myogenic cell fate by preventing pre-
cocious SMPC differentiation. We hypothesize that neuregulin-1 
and ERBB3  signalling may also have important roles in specifica-
tion and support of PAX7 cells, including in hPSC-SMPC cultures. 
In mouse studies, muscle progenitor cells expressing ERBB3 or 
NGFR are responsive to paracrine signals secreted by neural crest 
or neuronal cells45,46. During hPSC directed differentiation, SMPCs 
may be supported by a local microenvironment that includes three- 
dimensional cellular structures and neuronal cells47. As several bio-
logical processes associated with neuronal cells and transmission 
of neural impulses were identified by RNA-seq in hPSC-SMPC 
 cultures, we expect that neuronal cells are important for hPSC myo-
genesis throughout directed differentiation.

A critical bottleneck to all hPSC directed differentiation pro-
tocols is the need to mature progenitors towards functionally 
relevant cell types. In mouse development, activation of TGF-β    
signalling prevents embryonic muscle progenitor cells from 
undergoing  secondary myogenesis37,48. In a similar manner, we 
found that  several members of the TGF-β  superfamily were dys-
regulated in hPSC-myotubes compared to human fetal myotubes. 
Our data  provide multiple lines of evidence that TGF-β i is a major 
driver of hPSC maturation towards secondary or tertiary myogen-
esis. Additional strategies or factors that promote SMPC transition 
to SCs will be required, as TGF-β i is only important for enhancing 
the maturation of differentiated myotubes in vitro or myofibres 
in vivo.

DMD is a devastating muscle disease caused by out-of-frame 
mutations in the gene encoding dystrophin. We have shown that 
CRISPR–Cas9-mediated genetic deletion of DMD hiPSCs can 
restore the dystrophin reading frame25. However, targeting muscle 
stem cells with CRISPR–Cas9 in vivo is inefficient49. Correction of 
patient-derived hiPSCs ex vivo and subsequent differentiation to 
a human SC equivalent offers one potential route for the delivery 
of SMPCs resulting in dystrophin restoration after transplantation. 
We have shown that directly isolated human fetal muscle cells can 
restore several hundred dystrophin+ myofibres to levels specu-
lated to be required for functional clinical gain29–31. We also dem-
onstrated proof of concept that CRISPR–Cas9-corrected DMD 
hiPSC-SMPCs can be directed to differentiate and restore dys-
trophin in mdx-NSG mice to levels approaching those of directly 
isolated fetal cells. It will be important to understand differences 
in PAX7+ cell states during development, as fetal cells maintain 
PAX7 expression independent of the adult SC niche23. Identifying 
ways to expand and support PAX7+ cells from fetal, adult or  
hPSC-SMPCs without activating MYOD, leading to loss of self-
renewal, will be required to develop a cell replacement therapy for 
diseases including DMD50.

In summary, directed differentiation protocols that more closely 
model human development may better recapitulate cell-specific 
lineages and, therefore, lead to better in vitro models or improved 
clinical use. We used human fetal myogenesis to identify previously 
unreported candidates for enriching and maturing hPSCs myo-
genic activity in vitro and in vivo. Furthering our understanding of 
human developmental myogenesis will provide inroads to regenera-
tive approaches for muscle diseases including in combination with 
gene-edited patient-derived hiPSCs.

Methods
Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/s41556-017-0010-2.
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Methods
hPSC lines and cell culture techniques. All hPSC work was approved by the 
Embryonic Stem Cell Research Oversight (ESCRO) Committee. H9 hESCs were 
obtained from WiCell under material transfer agreement (MTA). Fibroblasts were 
taken from patient skin biopsies at the Center for Duchenne Muscular Dystrophy 
(CDMD) and were reprogrammed to derive 1002 (wild type), 1006 (DMD) and 
1003 (DMD) hiPSC lines, as previously described25. To establish a corrected DMD 
hiPSC (1006-1 or 1003-49), CRISPR–Cas9 gene-editing was used to remove 
exons 45–55 and restore dystrophin expression, as previously described25. Four 
independent hPSC lines and two isogenic CRISPR–Cas9-corrected hiPSC lines 
were used to replicate all findings.

hPSCs were grown and maintained on hESC-qualified matrigel-coated 
plates in mTESR medium (Stem Cell Technologies) containing 0.4% penicillin/
streptomycin (P/S; Hyclone), as previously described19,25. All cell lines were tested 
for mycoplasma and were negative for mycoplasma contamination.

Directed differentiation protocols to generate SMPCs. Method 1 (ref. 11) and 
method 2 (ref. 10) were selected to evaluate the developmental and functional status 
of hPSC-SMPCs. Method 1 is used for all figures throughout the paper. Method 
2 was included in Figs. 1, 2 and 5 and Supplementary Fig. 3. Other directed 
differentiation protocols13,19 also confirmed the effects of TGF-β  inhibition on 
myotube differentiation (SB-431542; 10 µ m) and ERBB3+NGFR+ enrichment of 
hPSC-SMPCs.

Myogenic gene expression of PAX3, PAX7, MYF5, MYOD, MYOG and 
MYH3 were measured at multiple time points by quantitative PCR (qPCR) 
(Supplementary Fig. 1). Day 50 resulted in the greatest myogenic gene expression 
for both methods. By day 50 of method 1, muscle cell contraction was observed 
in all four independent cell lines tested. Directed differentiation using method 2 
generated cells expressing skeletal muscle markers by day 27 (Fig. 5); however, to 
keep comparisons consistent, day 50 was used for analyses.

Dissociation of skeletal muscle cells from fetal and adult tissues. Human adult 
skeletal muscle between 25 and 67 years of age were obtained from donor autopsy 
of quadriceps provided by the National Disease Research Interchange (NDRI), and 
human fetal skeletal muscle weeks 8–18 were obtained from Novogenix, Inc. or the 
UCLA Center for AIDS Research (CFAR) Gene and Cellular Therapy Core using 
institutional review board (IRB)-approved de-identified and consented human fetal 
tissues. Use of human tissues was IRB exempt by the UCLA Office of the Human 
Research Protection Program (IRB no. 15-000959). Skeletal muscles were dissected 
from quadriceps, but whole limbs were taken from human fetal tissue weeks 8–9, 
as the musculature at this stage is not well established. Muscle was cleaned in 
DMEM/F12 media that contained Ca2+ and Mg2+, 0.4% P/S, 0.2% Primocin 
(Invivogen) and minced in digestion buffer containing 500 U per ml collagenase II 
(Worthington). Muscle tissue were incubated in digestion buffer at 37 °C, 5% CO2 
and titrated every 10 min until dissociated cells could pass through p1000 pipettes. 
Digested tissues were diluted in PBS and filtered through 100 µ m meshes to remove 
debris. Tissue were centrifuged at 600 g for 5 min, and re-suspended in sterile PBS 
containing 2% fetal bovine serum (FBS) for cell counting.

Analyses of hPSC-SMPCs from directed differentiation or muscle progenitors 
from tissues in vitro. hPSC-SMPCs from day 50 cultures were dissociated 
using TrypLE (Life Technologies) and gently titrated to break apart large three-
dimensional structures. hPSC-SMPCs were then filtered through 100 µ m meshes to 
acquire single cells. hPSC-SMPCs from methods 1 and 2 were pelleted and seeded 
at 100,000 cells per well in 24-well plates in SkBM-2.

SCs from human adult quadriceps represented only 1− 2% of all cells. Thus, 
adult SCs were sorted for CD45−CD31−NCAM+, as previously described34. For 
FACS gating, adult cells were first sorted on 4,6-diamidino-2-phenylindole 
(DAPI)− to remove dead cells. Forward scatter and side scatter were used to 
remove debris and doublets. SCs were sorted using BD FACSAriaII cell sorters in 
the Jonsson Comprehensive Cancer Center (JCCC) at UCLA. SCs were collected in 
SkBM-2 and plated at 5,000–25,000 cells per 24-well plates. SCs were grown to 70% 
confluence in SkBM-2.

hPSC-SMPCs, fetal and adult muscle cells were induced to differentiate in N2 
media for 7 days. To evaluate muscle progenitor or SC ability to differentiate and 
fuse to form myotubes, cultures were immunostained with MYHC, MYOD and 
PAX7, or isotype controls. Primary end point measurements included: (1) the 
number of myotubes per square millimetre defined as MYHC+ cells containing ≥ 3 
nuclei, (2) the number of myocytes per square millimetre defined as MYHC+ cells 
containing ≤ 2 nuclei, (3) the number of nuclei contained within each myotube or 
myocyte, and (4) the fusion index defined as nuclei in myotubes as a percentage 
of the total nuclei population. At least three random × 10 images (0.621 mm2) were 
taken per well, and images were used to count end point measurements using 
ImageJ. Image quantification data were then evaluated using one-way analysis of 
variance (ANOVA) with post-hoc Tukey to calculate significance (P <  0.05).

Assessment of population heterogeneity and timing of cell sorting to improve 
hPSC-SMPC directed differentiation and expansion. To identify lineage 
heterogeneity, candidate markers were evaluated between days 35 and 50 of 

directed differentiation (method 1) and between days 24 and 50 (method 2). FACS 
analysis was used to assess mesenchymal, neuronal, neural crest, cardiac muscle, 
haematopoietic and endothelial cell lineages via the expression of CD73 and 
platelet-derived growth factor receptor-α  (PDGFRα ), N-cadherin, HNK1, vascular 
endothelial growth factor receptor 2 (VEGFR2), CD45 and CD31, respectively. Of 
these markers, HNK1+ neural crest cells were most abundant (Fig. 2a), and HNK1+ 
cells were subsequently removed from all experiments, including Figs. 2–7 and 
Supplementary Figs. 3–6.

To identify the most appropriate time point to enrich hPSC-SMPCs, a pilot 
study that contained three independent wells of FACS-sorted HNK1−NCAM+ 
SMPCs from days 35, 40 and 50 (method 1), and from days 24, 30 and 50  
(method 2) was conducted. For method 1, sorted cells at day 50 produced the 
greatest number of MYHC+ cells, and for method 2, days 30 and 50 produced the 
greatest number of MYHC+ cells.

To evaluate PAX7 expression, sorted hPSC-SMPCs were seeded on 12-mm 
round bottom coverslips (GG-12-PLL, Neuvitro) coated with poly-l-lysine and 
matrigel. Sorted hPSC-SMPCs were allowed to settle for 3 h and then fixed and 
immunostained for PAX7 or mouse IgG1 isotype. Alternatively, cells were collected 
in SkBM-2 and immediately lysed for qPCR, and PAX7 gene expression was 
measured (Fig. 2a).

Use of growth factors to improve hPSC-SMPC directed differentiation or after 
sorting. To improve directed differentiation, candidate growth factors FGF2 (20 ng 
per ml), HGF (200 ng per ml), insulin-like growth factor 1 (IGF1; 100 ng per ml), 
and combinations were tested51. At day 50, myogenic genes PAX7, MYF5, MYOD, 
MYOG and MYH3 were measured by qPCR and expressed as fold change versus 
day 35 of directed differentiation. The addition of IGF1, but not HGF, increased the 
expression of myogenic markers. Subsequently, IGF1 was added to N2 media in 
all experiments (Figs. 2–7 and Supplementary Figs. 3–6). We found that SkBM-2 
media (containing epidermal growth factor (EGF), insulin, dexamathesone and 
10% FBS) was better able to support PAX7+ cells after passaging. The addition of 
FGF2 in SkBM-2 further helped to decrease MYOD and MYOG expression  
(data not shown). Subsequently, FGF2 was added to SkBM-2 media in experiments 
(Figs. 2–7 and Supplementary Figs. 3–6).

Engraftment procedures. Mdx/C57BL10 mice were crossed to NSG mice. Each 
pup was bred and genotyped for homozygosity (mdx-NSG) using Transnetyx. 
Mdx-NSG mice were housed in the Humanized Mouse Core at UCLA, an 
immunocompromised core facility. All animal work was conducted under 
protocols approved by the UCLA Animal Research Committee (ARC) in the  
Office of Animal Research Oversight (OARO). Mdx-NSG mice 6–8 weeks  
of age were subjected to a muscle injury by intramuscular injection of 50 µ l  
of 10 µ m cardiotoxin (Naja Mossambica-Mossambica, Sigma), 24 h before  
cell injections.

To prepare cells for transplantation, hPSC-SMPCs were dissociated using 
TrypLE and titrated to break apart three-dimensional structures. SMPCs were 
filtered through 100 µ m meshes, centrifuged at 600 g, and resuspended in Hank’s 
Balanced Salt Solution (HBSS) at 1 ×  106 cells per 5 µ l. FACS-sorted hPSC-SMPCs 
were expanded in SkBM-2 plus FGF2 for less than three passages, or < 7 days to 
prevent precocious MYOD activation. Cultured fetal muscle were dissociated from 
tissue and cultured in SkBM-2 plus FGF2 for three passages before engraftment. 
Directly isolated fetal muscle cells were dissociated as described, and immediately 
transplanted. Pelleted cells were kept at 4 °C and transported to the Mouse Core. 
Mice were anaesthetized using 2% isofluorane, and 5–10 µ l of cells in solution were 
injected into the tibialis anterior using Hamilton micro-syringes.

For irradiation experiments, a custom chamber was built using 3-cm thick 
cerrobend shielding block, which allowed mouse hind limbs to be selectively 
irradiated. Mice were subjected to 18-gray gamma irradiation over a 12.2-min 
period using a 137Cs irradiator. Mice were anaesthetized with ketamine during 
the procedure and treated with 500 cc saline daily to control for weight loss. 
Cardiotoxin was performed 24 h post-irradiation, and cells were injected 48 h 
post-irradiation. We did not observe an increase in HNK1−NCAM+ hPSC-SMPC 
engraftment following irradiation (N =  9 mice; Supplementary Table 1).

For engraftment experiments using TGF-β i, 10 μ m SB-431542 was added  
to cell suspension in HBSS and co-delivered during cell injections. 30 μ l of  
10 μ m SB-431542 was injected intramuscularly every third day for 2 weeks post-
engraftment. As a control, HBSS was injected at corresponding time points.  
All mice survived engraftment procedures and TGF-β i treatment.

After 30 days, mdx-NSG mice were euthanized, and the tibialis anterior 
muscles were dissected and immediately embedded in optimal cutting  
temperature (OCT) compound and flash-frozen in isopentane cooled by liquid 
nitrogen. Embedded muscles were stored at − 80 °C until sectioned in 9–10 µ m 
slices using a Leica microcryotome (LSXII). To determine the position of each 
cross-section for cell engraftment quantification, 1,200 µ m of tibialis anterior 
muscle was removed and 20 sections were collected on positively charged 
microscope slides in 50 µ m intervals, and 300 µ m of tissue was collected for RNA 
or western blots. Serial quadrants were collected until the entire tibialis anterior 
was sectioned. Microscope slides were kept in boxes covered with aluminum foil 
covered at − 20 °C.
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Immunofluorescence staining for engrafted muscle tissues. Immunofluorescence 
staining was performed as previously described52. For a list of antibodies and 
concentrations used see Supplementary Table 6. The human dystrophin antibody 
MANDYS106 was kindly supplied by G. Morris53.

Sample collection for RNA-seq and sequencing analyses. Week 17 fetal muscle 
cells were directly isolated from limb muscles, and RNA was immediately 
collected. Alternatively, cultured week 17 fetal skeletal muscle cells after two 
passages were labelled with CD45−CD31−NCAM+, or hPSC-SMPCs after 
50 days of directed differentiation were labelled with HNK1−NCAM+ (H9 line, 
method 1), and enriched by FACS. RNA was immediately isolated using RNeasy 
Microkits (Qiagen). NCAM+-sorted fetal muscle cells or hPSC-SMPCs were also 
differentiated to myotubes in N2 media for 7 days and lysates were collected for 
RNA. All samples were collected in duplicate, N =  2. RNA was taken to the UCLA 
JCCC for sequencing on the Illumina HiSeq 3000 using KAPA amplification.

Samples were aligned in TopHat (v2.0.8b)54 to the human genome (hg19, 
University of California, Santa Cruz (UCSC)) and Ensembl Homo Sapiens GTF 
file (GRCh37). The average alignment rate per sample was 88.82%, and average 
reads aligned per sample was 15,365,455. Cufflinks (v2.1.1)55 was used to assess 
gene expression per sample, and Cuffdiff from Cufflinks was used to evaluate 
differential gene expression. Genes with a false discovery rate (FDR) Q-value 
threshold of 0.05 were considered significant. These genes were submitted to the 
Database for Annotation, Visualization and Integrated Discovery (DAVID)56,57 
to find biological meaning among the samples. Select Gene Ontology terms are 
shown (Fig. 3), and all Gene Ontology P <  0.05 are included in Supplementary 
Tables 2–4. Heatmaps were created in R version 3.2.3, using packages ‘gplots’  
and ‘pheatmap’. Data were loaded into Gene Expression Omnibus (GEO;  
http://www.ncbi.nlm.nih.gov/geo/) with the accession number GSE87365. Gene Set 
Enrichment Analysis (GSEA)58 was used to determine whether an a priori defined 
set of genes was significant between groups. Gene set permutation was used.

Utilization of WGCNA from fetal musculoskeletal tissues to identify candidate 
cell surface markers. The raw sequencing data for the muscle-specific gene set 
that were used to generate the WGCNA in Fig. 3c across musculoskeletal tissues 
are available in GEO using the accession number GSE106292. WGCNA data were 
deposited in GSE106292. To identify muscle-specific cell surface receptors, we used 
a WGCNA data set of fetal week 17 musculoskeletal tissue including: chondrocytes 
(Lin–CD146–BMPR1B+), osteoblasts (Lin–ALP+), myoblasts (Lin–CD56+CD146) 
and ligament and tendon (Lin–) isolated and purified by flow cytometry (Fig. 3c). 
WGCNA produced a list of > 400 genes associated with muscle-specific receptors 
or membrane proteins. To identify candidate enrichment markers, genes were 
cross-referenced to known myogenic markers in PubMed (National Center for 
Biotechnology Information (NCBI)). From these data, NCAM, MCAM, integrin  
α 7 (ITGA7), ERBB3, NGFR, CXC-chemokine receptor type 4 (CXCR4) and 
integrin α M (ITGAM; also known as CD11B) were selected for further analysis. 
Although not enriched in the fetal muscle module, c-MET and CD82 (ref. 42) were 
included in the analyses.

Enrichment of ERBB3+NGFR+ hPSC-SMPCs and human fetal muscle. Human 
fetal muscle at weeks 9–18 were dissociated as described, or hPSC-SMPCs 
were taken from directed differentiation. Cells were filtered through 100 µ m 
meshes, washed in PBS and re-suspended in FACS buffer (2% FBS in PBS) at a 
concentration of 5 ×  106 cells per ml. Human Fc block was used to prevent non-
specific binding, but additional brilliant violet (BV) dye blocking was not used. In 
samples containing BV antibodies, far-red live/dead cell viability dye (Thermo-
Fisher L10120) was used, instead of DAPI, to prevent fluorescent spillover. In 
all FACS experiments, fetal and hPSC-SMPCs were stained for ERBB3, NGFR, 
MCAM59, CD82 and NCAM, and lineage negative markers CD235a, CD45 
and CD31 were used to exclude non-muscle cells. Samples were labelled with 
antibodies for 45 min at 4 °C, filtered through 40 µ m tubes, and analysed by the 
Becton Dickinson Fortessa, or sorted using an ARIA-II flow cytometers in the 
UCLA Broad Stem Cell Research Center Flow Cytometry Core. Fluorescence 
minus one (FMO) controls were used as gating controls in all experiments. Samples 
were analysed in FlowJo-OSX version 10.

For hPSC-SMPC experiments, 200,000 ERBB3+NGFR+ cells were typically 
isolated per 6-well plates of directed differentiation culture, but as few as 10,000 
cells could be successfully cultured. Cells were collected in SkBM-2 plus FGF2, 
seeded on matrigel-coated culture plates, and were allowed to recover from 
FACS for 3–5 days. Cells were then passaged for in vitro experiments, engrafted 
for in vivo experiments, or cryopreserved using 10% DMSO in 90% FBS. 
Four directed differentiation protocols were tested for their ability to enrich 
HNK1−ERBB3+NGFR+ SMPCs10,11,13,19. Although variability in myogenic potential 
exists, in all protocols, ERBB3+NGFR+ cells were the most myogenic (Fig. 5). When 
using a single marker, ERBB3 was best able to enrich for muscle progenitors with 
in vitro and in vivo myogenic potential (Fig. 7).

We assessed for myogenic activity in vitro for up to 10 passages or in vivo 
for < 4 passages. Longer culturing periods decreased myogenic activity in vitro 
and in vivo. Upon culturing, we found that double-positive ERBB3+NGFR+ cell 
populations increased NGFR positivity (ERBB3+NGFR+High) by FACS analysis. 

When sorted on ERBB3+NGFR+High, both cultured/passaged week 17 fetal cells 
and passaged hPSC-SMPCs were enriched for myogenic markers, but expressed 
significantly higher levels of MYOG compared to uncultured fetal muscles or non-
passaged hPSC-SMPCs. Thus, ERBB3+NGFR+High-expressing cultured cells activate 
after continuous passaging, suggesting that these muscle progenitors cannot be 
expanded or supported as myogenic cells for long periods.

TGF-β regulates skeletal muscle differentiation and maturation across three 
independent hPSC lines. To test the effects of TGF-β  on SMPC differentiation, 
small-molecule inhibitors of TGF-β  signalling (SB-431542 (ref. 60) and A83-01 
(ref. 61)) were evaluated. SB-431542 was more potent than A83-01 (1–20 µ m, data 
not shown), and SB-431542 (10 µ m) is shown in Figs. 6 and 7 and Supplementary 
Figs. 5 and 6. Recombinant TGF-β 1 (10 ng per ml, Peprotech) was also evaluated. 
NCAM+ or ERBB3+ hPSC-SMPCs were differentiated for 5–7 days in N2 media 
with or without TGF-β i (Supplementary Figs. 5 and 6). To evaluate maturation 
status, wild-type hiPSC-SMPCs (1002), fetal weeks 14 and 17 muscle progenitors, 
and adult SCs were cultured in parallel. Three subpopulations of hPSC-SMPCs, 
negatively sorted for HNK1−, were tested: NCAM+, ERBB3+ and double-positive 
ERBB3+NGFR+. All muscle cells were treated with TGF-β i (SB-431542, 10 µ m) 
or TGF-β  (10 ng per ml) in N2 media containing IGF1 for 7 days (Supplementary 
Fig. 6). Cells were immunostained or evaluated by qPCR.

Transmission electron microscopy. NGFR+ hPSC subpopulations and fetal muscle 
cells were seeded on electron microscopy (EM)-grade plastic coverslips coated in 
matrigel 1:50, and differentiated with or without TGF-β i for 7 days. Cells were fixed 
in 4% paraformaldehyde and 1% glutaraldehyde overnight. Cells were taken to the 
UCLA Electron Microscopy Core Facility for processing using a Reichert Ultracut 
ultramicrotome. Cells were imaged using a JEOL 100CX transmission electron 
microscope.

RT-PCR validation and primers. Primers were designed using NCBI primer blast 
or based on published work. Primers (10 µ m) were validated using cells known 
to express the genes described in Supplementary Table 5. Complementary DNA 
(cDNA) concentrations were 5-fold serially diluted starting at 5 ng µ l–1. Primers 
with 0.9–1.1 efficiency were used for experiments. See Supplementary Table 5 for 
primer sequences.

Statistics and reproducibility. Experiments were repeated at least three times 
with similar results unless a different number of repeats is stated in the legend. 
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. No statistical method was used to 
predetermine sample size. All images for myotube counts were randomly selected 
for quantification. Both male and female mdx-NSG mice were selected at random 
for engraftment experiments.

We used four independent hPSC lines to validate the reproducibility of findings 
of this study. hPSC lines shown in figures are as follows: Fig. 1: H9; Fig. 2: H9, 
CDMD 1002, CDMD 1006 and CDMD 1006-1; Fig. 3: H9 and CDMD 1006-1; 
Fig. 5: H9, CDMD 1002, CDMD 1003 and CDMD 1003-49; Fig. 6: 1006-1; Fig. 7: 
1006-1; Supplementary Fig. 1: H9; Supplementary Fig. 3: H9; Supplementary Fig. 5: 
CDMD 1006 and CDMD 1006-1; and Supplementary Fig. 6: CDMD 1002.

To quantify cell engraftments, all h-lamin AC+spectrin+ and h-dystrophin+ 
myofibres from > 10 cross-sections were counted. Plots were made by distributing 
counts along the recipient muscle length from distal (knee) to proximal (foot), 
where y =  N of engrafted myofibres and x =  location in millimetres. Plots were then 
statistically compared using non-parametric Mann–Whitney U-tests (two samples) 
or Kruskal–Wallis tests (three or more samples), which allows for the analysis 
of non-parametric (distribution independent) data in which engrafted cells are 
unevenly distributed at points distant from the injection site, and enables the 
comparison of three or more samples32.

Life Sciences Reporting Summary. Further information on experimental design is 
available in the Life Sciences Reporting Summary.

Data availability. RNA-seq data that support the findings of this study have been 
deposited in the GEO under accession codes GSE87365 (for data referring to 
Figs. 3a,b and 6) and GSE106292 (for data referring to Fig. 3c). Flow cytometry 
data have been deposited in Flowrepository.org under the accession code FR-FCM-
ZYD9. Source data have been provided as Supplementary Table 7. All other data 
supporting the findings of this study are available from the corresponding author 
on reasonable request.
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    Experimental design
1.   Sample size

Describe how sample size was determined. Sample sizes were chosen based on pilot studies of the experiment being 
performed. Please see supplemental methods pages 4, 5, and 7.  For comparisons 
between hPSC-SMPCs and fetal or adult muscle, drastic differences were 
immediately apparent and thus for studies a small sample size (N=3-5) was 
sufficient to determine differences.  For in vivo experiments, using HNK1-NCAM+ 
sorted hPSC-SMPCs little to no engraftment was observed.  Across cell lines, we 
engrafted 18 mice with HNK1-NCAM+ sorted hPSC-SMPCs, see table S1.  Once new 
subpopulations were discovered, we observed large differences in the abilities of 
NGFR and ERBB3+ hPSC-SMPCs to engraft.  Thus 3-6 animals were enough to reach 
statistical significance.   

2.   Data exclusions

Describe any data exclusions. No data were excluded from the analyses. In instances where cells did not engraft 
in the mice, these are still reported in the data table S1.  

3.   Replication

Describe whether the experimental findings were 
reliably reproduced.

While, line-to-line variability is observed in experimental results. We have reliably 
reproduced the significant findings of this study across multiple cell lines and 
directed differentiation protocols as highlighted in the supplemental information 
Figure S5. 

4.   Randomization

Describe how samples/organisms/participants were 
allocated into experimental groups.

Treatment groups were processed identically throughout all experiments so that 
each group had equal probability of responding to treatment and to limit bias of 
results.  For transplantation studies 50% males and 50% female mdx-NSG mice 
were used. Mice were selected at random for engraftment experiments. All 
animals were housed in the same area and no preference was given to which 
mouse received a given treatment/transplantation.

5.   Blinding

Describe whether the investigators were blinded to 
group allocation during data collection and/or analysis.

Depending on the experiment, analyses were performed in a blinded fashion. 
Microscope slides labels were covered with tape and recorded as i.e. A, B, C, etc.  
Scoring of image quantification data was recorded so that multiple users could 
reevaluate data and derive the same results.  For animal studies, sectioning and 
staining were blinded with animal numbers. After image quantification of h-Lamin 
AC and h-Dystrophin, key was used to identify groups. Investigators were blinded 
to analysis on image quantifications.

Note: all studies involving animals and/or human research participants must disclose whether blinding and randomization were used.
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6.   Statistical parameters 
For all figures and tables that use statistical methods, confirm that the following items are present in relevant figure legends (or in the 
Methods section if additional space is needed). 

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement (animals, litters, cultures, etc.)

A description of how samples were collected, noting whether measurements were taken from distinct samples or whether the same 
sample was measured repeatedly

A statement indicating how many times each experiment was replicated

The statistical test(s) used and whether they are one- or two-sided (note: only common tests should be described solely by name; more 
complex techniques should be described in the Methods section)

A description of any assumptions or corrections, such as an adjustment for multiple comparisons

The test results (e.g. P values) given as exact values whenever possible and with confidence intervals noted

A clear description of statistics including central tendency (e.g. median, mean) and variation (e.g. standard deviation, interquartile range)

Clearly defined error bars

See the web collection on statistics for biologists for further resources and guidance.

   Software
Policy information about availability of computer code

7. Software

Describe the software used to analyze the data in this 
study. 

We used GraphPad PRISM 6.0 to perform statistical comparisons.  FlowJo was used 
for FACS analyses.  ImageJ was used to assist with image quantification.   For RNA-
SEQ samples were aligned in TopHat (v2.0.8b) to the human genome (hg19, UCSC) 
and Ensembl Homo Sapiens GTF file (GRCh37). Cuffdiff from Cufflinks was used to 
evaluate differential gene expression.  For additional information on all software 
used please see extended experimental procedures.

For manuscripts utilizing custom algorithms or software that are central to the paper but not yet described in the published literature, software must be made 
available to editors and reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). Nature Methods guidance for 
providing algorithms and software for publication provides further information on this topic.

   Materials and reagents
Policy information about availability of materials

8.   Materials availability

Indicate whether there are restrictions on availability of 
unique materials or if these materials are only available 
for distribution by a for-profit company.

There are no restrictions on the availability of the material.  

9.   Antibodies

Describe the antibodies used and how they were validated 
for use in the system under study (i.e. assay and species).

All antibodies used in this study are commercially available and are described in 
Supplementary Table 6.

10. Eukaryotic cell lines
a.  State the source of each eukaryotic cell line used. Cell lines used included hESC line: H9 (Wicell), and hiPSC lines: CDMD 1002, CDMD 

1003, CDMD 1006 and CRISPR/Cas9 Corrected hiPSC lines: CDMD 1003-49 and 
CDMD 1006-1 (generated in the Pyle lab).  Human skeletal muscle myoblasts 
(HSMM) were purchased from Lonza.  

b.  Describe the method of cell line authentication used. All hPSC lines were validated by karyotype analyses and teratoma formation.

c.  Report whether the cell lines were tested for 
mycoplasma contamination.

Yes, all cell lines were tested and were mycoplasma free.  

d.  If any of the cell lines used are listed in the database 
of commonly misidentified cell lines maintained by 
ICLAC, provide a scientific rationale for their use.

No commonly misidentified cell lines were used.  
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    Animals and human research participants
Policy information about studies involving animals; when reporting animal research, follow the ARRIVE guidelines

11. Description of research animals
Provide details on animals and/or animal-derived 
materials used in the study.

Mdx/C57BL10 mice were crossed to Nod scid gamma (NSG) mice. Each pup was 
bred and genotyped for homozygosity (mdx-NSG) using Transnetyx. Mdx-NSG mice 
were housed in the Humanized Mouse Core at UCLA, an immunocompromised 
core facility.  Both males and females were used equally.  All animal work was 
conducted under protocols approved by the UCLA Animal Research Committee in 
the Office of Animal Research Oversight. Mdx-NSG mice ages 6-8 weeks were used 
for cell injections.  

Policy information about studies involving human research participants

12. Description of human research participants
Describe the covariate-relevant population 
characteristics of the human research participants.

Human adult skeletal muscle between 25-67 years of age were obtained from 
donor autopsy of quadriceps provided by the National Disease Research 
Interchange (NDRI), and human fetal skeletal muscle were obtained from 
Novogenix, Inc. or the UCLA CFAR Gene and Cellular Therapy Core using IRB 
approved de-identified and consented human fetal tissues in accordance with 
institutional guidelines.  Use of human tissues was IRB exempt by the UCLA Office 
of the Human Research Protection Program (IRB #15-000959).  
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