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Abstract

Human pluripotent stem cells (hPSCs) can be directed to differentiate into skeletal muscle
progenitor cells (SMPCs). However, the myogenicity of hPSC-SMPCs relative to human fetal or
adult satellite cells remains unclear. HPSC-SMPCs derived by directed differentiation are less
functional /n vitroand in vivo compared to human satellite cells. Utilizing RNA-SEQ, we
identified cell surface receptors ERBB3 and NGFR that demarcate myogenic populations,
including PAX7 progenitors in human fetal development and hPSC-SMPCs. We demonstrated that
hPSC skeletal muscle is immature, but inhibition of TGF-p signaling during differentiation
improved fusion efficiency, ultrastructural organization, and expression of adult myosins. This
enrichment and maturation strategy restored dystrophin in hundreds of dystrophin-deficient
myofibers after engraftment of CRISPR/Cas9-corrected Duchenne muscular dystrophy hiPSC-
SMPCs. The work provides an in-depth characterization of human myogenesis, and identifies
candidates that improve the /n7 vivo myogenic potential of hPSC-SMPCs to levels equal to
directly-isolated human fetal muscle cells.
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Introduction

Directed differentiation of human pluripotent stem cells (hPSCs), including human
embryonic stem cells (RESCs) and human induced pluripotent stem cells (hiPSCs), seeks to
recapitulate development to form cell lineages similar to human /n 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, and Parkinson's diseasel-3. However, for many
cell lineages, directed differentiation results in progeny that are heterogeneous and
functionally immature compared to cells derived during normal human development4-6.
Immature cells derived from hPSCs may function inappropriately, diminishing their utility
for modeling human disease and/or cell replacement therapies’.

While several directed differentiation protocols generate skeletal muscle cells from
hPSCs813, their developmental stage or functional similarity to fetal or adult human skeletal
muscle is unknown. Longstanding protocols used to differentiate skeletal muscle from
hPSCs require viral-mediated overexpression of transcription factors such as MYOD14:15,
PAX716, or PAX3Y7, limiting 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 myotomel8. Although recent studies have followed human
developmental cues to differentiate hPSCs to somites in vitrot%2010, none have generated
sufficient quantity or quality of skeletal muscle progenitor cells (SMPCs) or satellite cells
(SCs)from hPSCs.

SCs are endogenous skeletal muscle stem cells responsible for the formation of new muscle
and are indispensable for maintenance and repair?l, and are thought to arise during the
secondary wave of fetal myogenesis?2. Fetal muscle cells are unique from adult SCs in their
ability to retain Pax7 in a niche-independent, non-quiescent state3. While a single
transplanted SC can give rise to several hundred myofibers?4, it remains unclear whether
fetal or adult SCs are more regenerative /n 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
derivation 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/Cas9-
corrected hiPSC-SMPCs2° for DMD patients could repopulate diseased or damaged
myofibers with donor SMPCs/SCs to restore muscle function over the patient's lifetime.

To improve our understanding of the developmental and functional status of hPSC-SMPCs,
we compared established directed differentiation protocols®-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-SEQ, enabling
identification of muscle-specific receptors, ERBB3 and NGFR. Our strategy enabled
isolation of PAX7+ hPSC-SMPCs with robust engraftment /7 vivo, including the ability to
restore dystrophin in mdx-NSG mice, and could potentially improve delivery of gene-editing
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therapies for skeletal muscle diseases. Importantly, this work improves our understanding of
human fetal muscle progenitors and provides a developmental identity of hPSC-SMPCs
relative to equivalent cells /n vivo.

Results

HPSC-SMPCs have reduced fusion efficiency compared to their human muscle-derived
counterparts

To evaluate myogenic potential of hPSC-SMPCs relative to fetal and adult SCs, multiple
directed differentiation protocols were evaluated8-11, and two selected for further
analysis1®11, Both methods consistently generated muscle cells expressing myogenic
transcription factors (TFs) PAX7, MYF5, MYOD, and M YOG and spontaneously
contracting myotubes (Figure S1). 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 (Figure 1A). Cells isolated from adult muscle formed myotubes most
efficiently, and contained the most nuclei (24.5 nuclei/myotube, p<0.05). The fusion indices
and nuclei per myotube from fetal weeks 14-17 were significantly greater than fetal week 9
and hPSC-SMPCs (p<0.05), while week 9 fetal muscle cells were not statistically 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 TF expression during myotube
differentiation, PAX7 and MYOD were evaluated (Figure 1B). Indeed, all fetal muscle
cultures contained PAX7*MYOD* SMPCs. Myotubes derived from adult SCs expressed
PAX7* or MYOD? single nuclei, 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 suggest that hPSC-SMPCs inefficiently 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 differentiation of hPSCs has yet to generate SMPCs with robust engraftment
potential /n7 vivo. Previous reports show that cultured human fetal muscle cells also engraft
inefficiently?’. Notably, directly-isolated adult SCs engraft more efficiently than cultured
SCs?8, but engraftment of directly-isolated human fetal muscle cells has never been tested.
We therefore utilized cultured and uncultured human fetal muscle cells (all directly-isolated
mononuclear cells) to benchmark hPSC-SMPC engraftment potential, and assess whether
the developmental state or culturing of fetal cells correlated with changes in engraftment. In
parallel to cultured and uncultured fetal muscle cells, hPSC-SMPCs were transplanted into
the tibialis anterior (TA) of cardiotoxin-pretreated mdx-NSG mice, which are
immunocompromised and lack dystrophin expression (Figure 1C). At 30 days, several
hundred hPSC-SMPCs, marked by human (h)-LaminA/C, were detected in the muscle.
However, most had not fused with the host muscle (as marked by h-LaminA/C*Spectrin*
and h-Dystrophin*) nor did they reside in the SC position. Instead, most h-LaminA/C*
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hPSC-SMPCs were found in the perimysium and epimysium of the host TA muscle (Figure
1C). In contrast, both cultured and uncultured fetal cells resulted in increased number of
hdystrophin* cells compared to hPSC-SMPCs (p<0.05, Table S1). While restoration of
hdystrophin* myofibers by cultured fetal muscle was less than 1% of host TA, uncultured
fetal cell engraftment was significantly more efficient, restoring 10-15% h-dystrophin*
myofibers in host muscle, a level of dystrophin expression that has been reported to result in
functional improvement in mouse30:31.32,

To evaluate the /n vivo myogenic potential of hPSC-SMPCs compared to cultured and
directly-isolated fetal muscle cells, we counted engrafted myofibers at eleven points (0-10
millimeters) throughout the TA of mdx-NSG mice, and ranked all counts using Kruskal-
Wallis analysis of variance tests?? (Figure 1C). Directly-isolated fetal muscle cells had
significantly higher engraftment efficiency than cultured fetal cells or hPSC-SMPCs
(p<0.0001). These data suggest 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 potentially 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 molecule (NCAM)8:33. NCAM is also expressed by human fetal
muscle?’ and adult SCs34. We isolated HNK1"NCAM* cells and evaluated their myogenic
potential using two directed differentiation methods!0-11, HNK1"NCAM™ enrichment
increased PAX7 and MYF5 expression by approximately 1.7-fold compared to unsorted
hPSC-SMPCs (p<0.05, Figure 2A). In both protocols, HNK1"NCAM* SMPCs could be
grown in SkBM2+FGF2, and when induced to differentiate, the number of MYHC™ cells
increased compared to dissociated/replated SMPCs (p<0.05, Figure 2B).

HPSC line variability is known to greatly affect the propensity of in vitro differentiation35:36
and some reports suggest DMD hiPSCs inefficiently differentiate to skeletal muscle /n
vitro33. After NCAM sorting, hiPSC-SMPCs from wild type, DMD and a previously
generated CRISPR/Cas9-corrected DMD line2®, could be differentiated to produce
equivalent numbers of myotubes (Figure 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 on HNK1-NCAM™could improve the /n vivo engraftment
potential of hPSC-SMPCs. However, unlike /in vitro, NCAM™* sorting did not improve
engraftment compared to unsorted SMPCs (Figure 2D). Irradiation was unable to improve
hPSC-SMPC engraftment potential (Table S1). In summary, enriching hPSC-SMPCs for
HNK1"NCAM™* does not increase engraftment potential despite modestly increasing
myogenic potential /n vitro.
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RNA Sequencing reveals HNK1'NCAM*™ hPSC-SMPCs are heterogeneous and more
differentiated than fetal muscle progenitor cells

To better understand functional differences between fetal myogenic cells, hPSC-SMPCs, and
their differentiated progeny, we performed RNA-SEQ on unsorted, directly-isolated fetal
muscle cells (all mononuclear), NCAM?* cultured fetal muscle cells and hPSC-SMPCs, and
myotubes generated from both fetal muscle and hPSCs (Figure 3A). Genes related to
myogenic progenitor identity, including PAX7and MYFb5, were enriched in cultured fetal
muscle cells compared to hPSC-SMPCs (Table S2). In contrast, hPSC-SMPCs demonstrated
substantial enrichment of TFs and structural proteins related to myogenic differentiation,
such as MYOG. Principle component analysis confirmed hPSC-SMPCs clustered more
closely with myotubes (Figure 3B). Moreover, Gene Ontology (GO) analysis identified
multiple categories associated with development that were enriched in NCAM* hPSC-
SMPCs, suggesting that this population contains embryonic cell types. NCAM* cultured
fetal cells were also enriched for gene categories related to cell migration (Table S2).
Comparison of directly-isolated fetal muscle cells to hPSC-SMPCs generated similar results,
and GO analysis revealed potential factors, including HGF and L IF, associated with
supporting fetal muscle (Table S3). While evaluation of all mononuclear cells from directly-
isolated fetal muscle compared to cultured cells provided a comprehensive analysis of cells
contained within the highest /n vivo myogenic potential (Table S4), identification of
potential surface markers was not feasible because of contaminating cell types (endothelium,
hematopoietic) present in the unsorted fetal muscle cell samples.

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 utilized the results of a Weighted Gene Co-Expression Network Analysis
(WGCNA) performed across five fetal musculoskeletal tissues: muscle, bone, cartilage,
ligament and tendon (Figure 3C and Ferguson et al., Submitted). In WGCNA, as modules of
genes are defined based on their expression levels in each cell type, we chose candidate cell
surface markers associated with myogenesis and/or enriched in the muscle module for
further evaluation as possible markers of hPSC-SMPCs (Figure 3C). We next screened
candidate receptors for ability to increase myogenic potential using the 1006-1 CRISPR/
Cas9-corrected DMD-hiPSC line. Of the populations tested, cells positive for NGFR
(CD271) and ERBB3 were the most myogenic and able to form myotubes more efficiently
than NCAM™ cells in vitro (p<0.05, Figure 3D). Therefore, we chose these 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 capable of enriching
hPSC-SMPCs. Based on our data, hPSC-SMPCs most closely resemble week 8-9 (late
primary) muscle progenitors in their functional 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
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throughout the time points examined (Figures 4A and S2). At weeks 8-9, the ERBB3*NGFR
* population enriched for several myogenic TFs (p<0.05, N=3). This is important because
other known fetal markers, NCAM*MCAM™* 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 (Figure 4 and S2).

By fetal week 17, two distinct ERBB3 subpopulations were identified containing myogenic
activity (Figure 4B). ERBB3*NGFR* cells enriched for PAX7and MYF5 by 8-10-fold
compared to ERBB3"NGFR- cells, (p<0.01, N=5), while ERBB3*NGFR" cells enriched for
MYOD and MYOG by 40-fold (p<0.05); NGFR*-°ERBB3- cells weakly expressed
myogenic TFs, 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 expression of NGFR was much higher during weeks 8-9 (Figure S2). Thus,
the combination of these markers distinguished fetal muscle progenitors at different stages
of development and differentiation. Upon sorting and differentiation to form myotubes, the
ERBB3*NGFR™ fraction reached close to 100% fusion efficiency within 4 days, where as
NGFR*L9ERBB3- generated few myotubes (Figure 4B). ERBB3*NGFR" cells did not
proliferate or form myotubes. We concluded that fetal ERBB3*NGFR* cells are specifically
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 (Figure S3).
By 50 days of directed differentiation, both protocols produced two distinct ERBB3
subpopulations, distinguished by NGFR expression, that resembled secondary myogenesis
(Figure 5). Sorting these subpopulations revealed that ERBB3*NGFR* hPSC-SMPCs
enriched for PAX7and MYF5by 20-fold compared to ERBB3'NGFR" cells (p<0.001,
N=4), while 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
expression of myogenic TFs and differentiation potential /n vitro (Figure 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 unrecognized combination of surface markers informs
on the SMPC differentiation state, in which the ERBB3+fraction was consistently the most
myogenic.
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TGF-g 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 understand the basis for these differences, we
further analyzed the RNA-SEQ data comparing hPSC-myotubes and fetal myotubes to their
progenitors. These data revealed that activators of TGF-f signaling decreased during the
course of fetal myotube differentiation (Figure 6A). In contrast, hPSC-SMPCs had higher
expression of TGF- signaling genes (e.g. 7TGFB1, ACVR1Band MSTN) and hPSC
myotubes failed to downregulate TGF- signaling (MSTN, INHBA and TGFB2) relative to
fetal myotubes.

To test the function of TGF-B signaling in hPSC-derived myotube differentiation, we
manipulated TGF-f during hPSC-SMPC to myotube formation. Compared to N2 media
alone, addition of TGF-B1 completely inhibited myotube formation (p<0.05). In contrast,
TGF-p inhibition (TGF-Bi) using SB-431542 or A83-01 significantly increased hPSC-
myotube fusion and produced morphology similar to late stage fetal myotubes (Figures 6
and S4). Single PAX7* cells remained in hPSC-myotube cultures in the presence of either
TGF-B1 or TGF-Bi (Figure 6B), suggesting TGF-Bi does not deplete PAX7* SMPCs.

TGF-p regulation of hPSC myotube differentiation is independent 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-Bi compared
to no treatment (Figure S4; p<0.05). These data demonstrate that inhibition of improper
TGF-p levels during hPSC-SMPC differentiation can improve myogenesis /n vitro.

TGF-B inhibition promotes hPSC myotube maturation in vitro

In mouse, TGF-B signaling is a potent negative regulator of fetal muscle maturity2239;
however, TGF-B has never been evaluated in human development. To test whether ectopic
TGF-p signaling inhibited hPSC-SMPCs from forming more mature myotubes, we
measured embryonic (MYH3), fetal (MYH8), and adult (MYH1) myosins at both the RNA
and protein levels*°. We found without TGF-Bi, hPSC-myotubes predominately expressed
embryonic and fetal myosins. Although ERBB3*NGFR™* enrichment increased expression of
embryonic and fetal myosins relative to NCAM sorting (p<0.01), enrichment did not
increase adult myosin expression (Figure S5).

Upon TGF-Bi, expression of all myosins increased in hPSC-myotubes, and expression of
MYHS8and MYHIin ERBB3*NGFR™ hPSC myotubes equaled or surpassed that of fetal
myotubes, respectively (Figure S5). Western blot analysis confirmed that TGF-i also
increased MYH8 and MYHL1 protein levels in hPSC myotubes relative to adult myotubes
(p<0.05, Figures 6C and S7). Interestingly, TGF-Bi 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-Bi, NGFR* hPSC-myotubes displayed disorganized sarcomere patterning (Figure
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6D), while TGF-Bi promoted formation of better-organized sarcomeres and z-disk
patterning. In contrast, untreated fetal myotubes evidenced limited organization. These data
demonstrate that TGF-i facilitates hPSC-myotube maturity, and additively increases
myogenicity of enriched hPSC-SMPC subpopulations.

In vivo engraftment of ERBB3* hiPSC-SMPCs restores dystrophin to levels approaching
uncultured fetal muscle

We hypothesized lack of engraftment by NCAM* hPSC-SMPCs was due to the immature
nature and heterogeneity of transplanted cells. We therefore tested whether ERBB3 or
NGFR enrichment could improve engraftment in mdx-NSG mice. Single marker enrichment
strategiesusingCRISPR/Cas9-corrected DMD hiPSC lines?® were tested as these may have
more therapeutic relevance. Compared to NCAM™ sorting, both NGFR* and ERBB3™
SMPC:s significantly increased the number of engrafted myofibers as shown by h-LaminA/C
*Spectrin*Dystrophin® positivity (Table S1, p<0.05). These data demonstrated that ERBB3*
SMPCs are strongly enriched for cells capable of generating muscle /n vivo.

As shown in Figure 6, myotubes generated from enriched SMPCs are immature due to
precocious TGF-p signaling, and TGF-Bi additively increased SMPC myogenicity. Co-
delivery of TGF-Bi during injection and for two weeks following transplantation increased
numbers of h-LaminA/C*Spectrin*Dystrophin* myofibers in all SMPCs subpopulations
tested (Table S1). Mice injected with ERBB3* hiPSC-SMPCs and treated with TGF-Bi,
improved the maximum number of h-dystrophin+ fibers to 137+22 per cross section (Figure
7A). Across all points measured, this represented a 50-fold greater engraftment than NCAM
* cellsalso treated with TGF-Bi (p<0.001). A percentage of h-LaminA/C+ cells remained
positive for myogenic or non-myogenic markers after engraftment in mdx-NSG mice at 30
days (Figure S6).

To evaluate how our hPSC-SMPC enrichment and maturation strategy compared with in
vivo myogenic potential of cultured or directly-isolated fetal muscle cells, we quantified the
number of engrafted myofibers at intervals throughout the TA of mdx-NSG mice, using
Kruskal-Wallis rankstests (Figure 7B). ERBB3* hPSC-SMPCs enabled engraftment
surpassing cultured fetal muscle (p<0.003) and approached levels equivalent to directly-
isolated fetal cells (p=0.43).Together, these results demonstrate a major advance in the
ability to obtain engraftable SMPCs from hPSCs.

Discussion

Formany cell lineages, human development serves as a pivotal guide to generate equivalent
progenitor cells from hPSCs*1:42, Profiling hPSC-SMPCs to human fetal muscle established
that directed differentiation produces embryonic myocytes that are less functional than
human fetal or adult SCs. The best described marker for isolating hPSC-SMPCs, NCAM, is
expressed on many cell types during development including neural cells, muscle progenitors,
myotubes and other mesodermal progenitors3’ and is not sufficient for progenitor
enrichment in directed differentiation cultures. Enrichment of muscle progenitors using the
surface markers identified in this study and targeting dysregulated signal pathways identified
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in RNA-SEQ data, enabled maturation of hPSC-SMPCs with significantly greater myogenic
potential /n7 vitroand in vivo.

Since we found that hPSC-SMPCs are embryonic, we evaluated progenitors from primary
and secondary human myogenesis to identify more relevant enrichment markers. We
demonstrated 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 distinguish fetal muscle progenitors®3. Shifts in ERBB3*NGFR*
expression levels reliably demarcated transitions between early and late waves of human
fetal myogenesis, and correlated to the establishment of primary limb myofibers or
maturation of secondary fetal myofibers. 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 studying human SMPC biology.
Upon searching a recent fetal dataset, we found ERBB3 is also expressed by human fetal
MCAM* cells*3. Likewise, we found these markers enrich for myogenic SMPCs from
heterogeneous hPSC cultures across multiple directed differentiation protocols10:11:13.19,

While ERBB3 has been identified in the initial phases of adult mouse SC activation**4°, 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 signaling, the primary ligand of ERBB3, results
in loss of self-renewal of fetal muscle progenitors*® and suggests ERBB3 signaling may
regulate the balance of fetal myogenic cell fate by preventing precocious SMPC
differentiation. We hypothesize that NRG1 and ERBB3 signaling may also have important
roles in specification 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 cells#¢47. During hPSC directed
differentiation, SMPCs may be supported by a local micro-environment that includes three
dimensional cellular structures and neuronal cells*8.As several biological 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
myogenesis throughout directed differentiation.

A critical bottleneck to all hPSC directed differentiation protocols is the need to mature
progenitors towards functionally relevant cell types. In mouse development, activation of
TGF-p signaling prevents embryonic muscle progenitor cells from undergoing secondary
myogenesis3®49, In a similar manner, we found several members of the TGF-B superfamily
were dysregulated in hPSC-myotubes compared to human fetal myotubes. Our data provide
multiple lines of evidence that TGF-Bi is a major driver of hPSC maturation towards
secondary or tertiary myogenesis. Additional strategies or factors that promote SMPC
transition to SCs will be required as TGF-Bi is only important for enhancing maturation of
differentiated myotubes /in vitro or myofibers 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 frame2®. However, targeting muscle stem cells
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with CRISPR/Cas9 in vivois inefficient®. Correction of patient-derived hiPSCs ex vivo and
subsequent differentiation to a human SC equivalent offers one potential route for delivery
of SMPCs resulting in dystrophin restoration after transplantation. We have shown directly-
isolated human fetal muscle cells can restore several hundred dystrophin* myofibers to
levels speculated to be required for functional clinical gain30:31:32 We also demonstrated
proof of concept that CRISPR/Cas9-corrected DMD hiPSC-SMPCs can be directed to
differentiate and restore dystrophin 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 niche?3. Deriving methods to expand and support PAX7* cells from fetal, adult, or
hPSC-SMPCs without activating MYOD, and understanding regulation of self-renewal
potential, will be required to develop a cell replacement therapy for diseases including
DMD5L,

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

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. hPSC-SMPCs have reduced in vitro and in vivo myogenic potential relativeto fetal or
adult SCs

A. Human muscle obtained from fetal week 9-17, adult 25yrs or hPSCs differ in ability to
form MYHC* myotubes 77 vitro (red). PAX7 (white), MYOD (green) and DAPI (blue) are
also shown. Scale bar equals 200um. Fusion index (% of nuclei within MYHC™ cells >3
nuclei/total nuclei) and nuclei per myotube are greatest in adult and fetal, while hPSCs
primarily had <2 MYHC nuclei/mm?2; (mean + SEM; N=3 adultor N=5 fetal tissues, N=3
hPSC independent directed differentiations;One-way ANOVA posthoc 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 and N=5 fetal tissues, N=3 hPSC independent directed differentiations).
Scale bar equals 50um. C. To quantify engraftment, we assessed the total number of human
(h) cells (Lamin A/C*, red) as well as the number of fused human myofibers (H-LaminA/C
*Spectrin™, red) and H-dystrophin (green) thirty days post-engraftment. Graphs quantify the
mean + SEM number of fused human myofibers from multiple cross sections along the
length of the mdx-NSG TA muscle (N=3 uncultured fetal, N=4 cultured fetal, N=4 hPSC-
SMPC; where N=number of mice engrafted per group; Kruskal-Wallis ranks tests; *p<0.05),
and the maximum number of engrafted myofibers in a single cross section (One-way
ANOVA posthoc Tukey; *p<0.05).
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Figure 2. HNK1'"NCAM* increases myogenic cell numbers but does not increase myogenicity in
VIVO

A. HNK1'NCAM™* FACS sorted hPSC-SMPCs have increased PAX7 (red) and MYF5
expression compared to replated/unsorted day 50 SMPCs by immunofluorescence (IF) and
QPCR (Method 1; N=6 unsorted or N=5 NCAM hPSC-SMPCs from independent directed
differentiations; mean + SEM; two-tailed t-test; *p<0.05). Scale bar equals 100um. FACS
plots show mean + SD of HNK1" and HNK1"NCAM™ as percentage of live non-doublet
cells. B. HNK1"NCAM* cells show increased myotube differentiation when hPSC-SMCPs
are derived from two methods. C. HPSC myotubes differentiate independent of dystrophin
expression. IF shows MYHC (red) and DAPI. Scale bar equals 200um. Graph shows
quantification of myotube fusion from all hPSC lines, (N=3 independent hPSC-myotube
experiments, mean + SEM, two-tailed t-test of NCAM vs. unsorted for each hPSC line;
*p<0.05). D. HNK1"NCAM™* wild type, DMD and CRISPR corrected hPSC-SMPCs all
engraft inefficiently /in vivo. IF and quantification of H-LaminA/C*H-Spectrin* (red) and H-
dystrophin (green) are shown. Graphs quantify the maximum number of engrafted myofibers
in a single cross section (left; mean + SEM, two-tailed t-test; NS p>0.05), and the mean +
SEM of engrafted myofibers (N=7 mice per group) from multiple cross sections along the
length of the muscle (right; Mann-Whitney U-test; NS p>0.05).
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Figure 3. RNA-SEQ identifies unique gene signaturesin fetal and hPSC-derived muscle
A. Differential gene expression using CuffDiff of all profiled cell types are shown (N=2,

g<0.05, blue). B. Principal Component Analysis (PCA) analysis of the 5 cell types. Gene
lists and key biological processes upregulated in hPSC-SMPCs, cultured fetal, or directly-
isolated fetal muscle cells are shown in Tables S2-S4 (N=2; g<0.05). C. lllustration of
profiled fetal musculoskeletal tissue is shown. WGCNA identification of candidate cell
surface receptors enriched in fetal muscle cells versus other musculoskeletal tissues is
shown. D. CRISPR/Cas9-corrected DMD hiPSC-SMPCs (1006-1) were sorted on eight
candidate subpopulations and were fused /n vitro and stained for MYHC (red) and DAPI
(blue). Graph shows quantification of myotube differentiation (N=3 independent hPSC-
myotube experiments; mean £ SEM; One-way ANOVA posthoc Dunnett; *p<0.05).
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Figure 4. Increased myogenic ability residesin the ERBB3+NGFR+ fraction of human fetal
muscle during primary and secondary myogenesis

Five subpopulations of human myogenic cells were identified based ERBB3 and NGFR
expression during A. primary myogenesis (weeks 8-10) and B. secondary myogenesis (fetal
weeks 16-18).1F of fetal week 9 skeletal muscle tissue demonstrated establishment of the
limb myofibers, and week 17 tissue demonstrated maturation to multinucleated myofibers.
IF shows MYHC (red), PAX7 (green), and DAPI (blue). Scale bar equals 100um.FACS plots
of isotype controls and full stain (live, non-doublet CD45-CD31-CD235a- cells) show
ERBB3+NGFR+ populations lose NGFR+Hi positivity during the transition from primary
and secondary myogenesis. Statistical analyses of all fetal populations identified by FACS
are shown in Figure S2. Graphs show fold change of myogenic gene expression of
immediately sorted subpopulations compared to ERBB3-NGFR- cells (N=3 week 8-10
tissues and N=5 week 16-18 tissues; mean + SEM; One-way ANOVA posthoc Dunnett;
increase: *p<0.05, ** p<0.01, ***p<0.001). Sorted populations were expanded in SkBM-2
for 24 hours and induced to differentiate to myotubes in N2 media for 5 days, highlight
differences in /n vitro myogenic potential between progenitors and subpopulations at
different stages of human myogenesis. Myotubes were stained with MYHC (red) and DAPI
(blue) (N=3 independent hPSC-myotube experiments). Scale bar equals 200um.
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Figure 5. Increased myogenic ability residesin the ERBB3+NGFR+ fraction of SMPCsfrom
multiple hPSC lines and directed differentiation protocols

Up to four myogenic populations were identified based on ERBB3 and NGFR expression
after hPSC-SMPC directed differentiation. FACS gating of fluorescent minus one (F.M.O.)
controls and full staining demonstrate variability and need to optimize ERBB3+NGFR+
sorting strategies across multiple hPSC lines and directed differentiation protocols. Shown
are live non-doublet HNK1- cells from hESC, wild type, DMD and CRIPSR/Cas9 corrected
hiPSC lines after 50 days of directed differentiation from method 1, or 27 days of directed
differentiation from method 2 (method 1:N=5 H9, N=3 CDMD 1002, N=2 CDMD 1003,
N=3 CDMD 1003-49, method 2: N=2 H9; where N=number of independent directed
differentiations). Surface marker FACS analyses of hPSC-SMPCs from methods 1 and 2 are
shown in Figure S3. Graphs show fold change of myogenic gene expression of immediately
sorted subpopulations compared to ERBB3-NGFR- cells (N=3; mean £ SEM; One-way
ANOVA posthoc Dunnett; increase: *p<0.05, *** p<0.001). Sorted subpopulations were
expanded in SkBM-2 for 72 hours and induced to differentiate in N2 media for 5 days. IF
evaluating the myogenic potential of each sorted and differentiated population is shown
using MYH3 (red) and DAPI (blue) (N=3 independent hPSC-myotubes experiments). Scale
bar equals 200ums. ERBB3+NGFR+ mark the majority of myogenic cells. FACS plots
demonstrate in some protocols all ERBB3+ cells are positive for NGFR+.
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Figure 6. Inhibition of TGFP signaling induces hPSC skeletal muscle maturation
A. Heat map of TGF-p signaling genes reveals high TGF-B in hPSC myotubes as

determined by RNA-SEQ FPKM values. B. ERBB3* SMPCs from 1006-1 CRISPR/Cas9-
corrected DMD hiPSCs were differentiated in N2 media alone, with recombinant TGF-p1,
or in the presence of TGFp inhibitor SB-431542 (N=6). HPSC-myotubes were stained with
MYHC (red), H-Dystrophin (green), PAX7 (white), and DAPI (blue). Scale bar equals
200ums. Zoom images show no change in PAX7 expression with either treatment but an
increase in myotube formation was seen with TGFp inhibition. C. Western blot analysis
showing TGFp inhibitor SB-431542 treated hPSC-SMPCs have increased expression of
MYH1 and MYH8 compared to N2 media alone or after treatment with recombinant TGFp1
(N=2 independent myotube experiments; student t-test; *p<0.05). Ponceau S stained gel is
shown for loading control. Ladder and unprocessed blots are included in Supplementary
Figure 7. D. Transmission electron microscopy of fetal week 17 or NGFR* hPSC-myotubes
+ TGFpi demonstrate increased sarcomere organization and z-disk patterning after
SB-431542 treatment (N=2 independent myotube experiments). Scale bar equals 3ums (top).
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Figure 7. In vivo engraftment of CRI SPR/Cas9-corrected DM D hiPSC-SM PCs restores
dystrophin to levels approaching uncultured fetal muscle

A. CRISPR/Cas9-corrected DMD hiPSC-SMPCs were enriched for surface markers and
upon engraftment were co-delivered with the TGFBi (SB-431542). IF of h-Lamin A/C (red)
denotes human cells, and j-Spectrin (red) and h-dystrophin (green) denote areas fused with
mdx-NSG muscle fibers thirty days post engraftment. Graphs show the average + SEM
number of engrafted human+ myofibers from multiple cross sections along the length of the
muscle (N=3 NCAM, N=4 NGFR, N=4 ERBB3 engrafted mice per group; Kruskal-Wallis
ranks tests; *p<0.05, **p<0.01), and maximum number of engrafted myofibers in a single
cross section (One-way ANOVA posthoc Tukey; *p<0.05). B. CRISPR/Cas9-corrected
ERBB3* SMPCs plus TGFi engraft equivalent to uncultured (directly-isolated) fetal
muscle cells. Graphs show the mean + SEM number of engrafted myofibers from multiple
cross sections along the length of the muscle (N=3 fetal SMPCs, N=4 ERBB3* SMPCs
engrafted mice per group; Kruskal-Wallis ranks tests; *p<0.05).
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