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SUMMARY

One major challenge in realizing cell-based therapy for treating muscle-wasting disorders is the difficulty in obtaining therapeutically
meaningful amounts of engraftable cells. We have previously described a method to generate skeletal myogenic progenitors with excep-
tional engraftability from pluripotent stem cells via teratoma formation. Here, we show that these cells are functionally expandable
in vitro while retaining their in vivo regenerative potential. Within 37 days in culture, teratoma-derived skeletal myogenic progenitors
were expandable to a billion-fold. Similar to their freshly sorted counterparts, the expanded cells expressed PAX7 and were capable of
forming multinucleated myotubes in vitro. Importantly, these cells remained highly regenerative in vivo. Upon transplantation, the
expanded cells formed new DYSTROPHIN" fibers that reconstituted up to 40% of tibialis anterior muscle volume and repopulated the
muscle stem cell pool. Our study thereby demonstrates the possibility of producing large quantities of engraftable skeletal myogenic cells

for transplantation.

INTRODUCTION

Satellite cells, also known as muscle stem cells, are the pri-
mary cells responsible for muscle regeneration (Giinther
etal., 2013; von Maltzahn et al., 2013). Satellite cells reside
between the basal lamina and the sarcolemma of muscle fi-
bers (Mauro, 1961), are normally quiescent, and express
the transcription factor Pax7 (Schultz et al., 1978; von
Maltzahn et al., 2013). In response to muscle injuries, satel-
lite cells are activated, reenter the cell cycle, rapidly prolif-
erate, differentiate into myoblasts, and fuse to form
multinucleated myofibers (Cooper et al., 1999; Snow,
1977). In addition, some satellite cells become quiescent
again and repopulate the muscle stem cell pool (Zammit
etal., 2004). Satellite cells have tremendous in vivo regener-
ative capability. A single satellite cell is capable of regener-
ating damaged skeletal muscles by reconstituting both the
fiber and the muscle stem cell compartments (Collins et al.,
2005; Sacco et al., 2008). Therefore, transplantation of
healthy satellite cells is a promising approach for treating
skeletal muscle-wasting disorders such as Duchenne
muscular dystrophy.

Generating sufficient engraftable cells is a major chal-
lenge for realizing cell-based therapy (Blau and Daley,
2019). Satellite cells are scarce, representing only 1% to
2% of mononuclear cells in skeletal muscles (Roth et al.,
2000). A therapeutically meaningful amount of satellite
cells is thereby unlikely to be obtained from small skeletal
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muscle biopsies. This problem can be theoretically solved
by in vitro expansion of satellite cells. However, the robust
regenerative potency of satellite cells is lost once they are
isolated and grown in cultures. For mouse satellite cells, a
3-day culture led to a 10-fold decrease in engraftment po-
tential (Montarras et al., 2005; Sacco et al., 2008). Cultured
canine myoblasts produced poorer engraftment compared
with freshly isolated satellite cells (Parker et al., 2012). Hu-
man myoblasts expanded in vitro also showed low engraft-
ment efficiency and failed to replenish the muscle stem cell
pool after transplantation into Duchenne muscular dystro-
phy patients (Gussoni et al., 1992; Mendell et al., 1995).
Optimization of the culturing conditions can alleviate
this problem to a certain extent. Satellite cells cultured in
hydrogels or artificial niches that resemble the elasticity
of the native skeletal muscle environment had improved
engraftability (Gilbert et al., 2010; Quarta et al.,, 2016).
Similarly, modulation of the Notch and p38 signaling path-
ways restored the regenerative potential of cultured satel-
lite cells after transplantation (Charville et al., 2015; Parker
et al., 2012). However, these approaches were usually per-
formed within a relatively short period of time in cultures.
The validity of long-term in vitro expansion of engraftable
skeletal myogenic cells remains unresolved.

Pluripotent stem cells (PSCs), including embryonic stem
cells (ESCs) and induced pluripotent stem cells (iPSCs),
possess great promise for cell therapy targeting degenerat-
ing muscles (Chal and Pourqui¢, 2017). PSCs have
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theoretically unlimited proliferative potential, thereby al-
lowing generation of sufficient skeletal myogenic proge-
nies for transplantations. Currently there are two main
approaches to derive skeletal myogenic cells from PSCs
in vitro (Chal and Pourquié, 2017; Jiwlawat et al., 2018).
Overexpression of skeletal myogenic transcription factors
such as PAX3 or PAX7 can efficiently differentiate PSCs
into skeletal myogenic progenitors that engraft to form
force-generating muscle fibers (Darabi et al., 2012; Filareto
et al.,, 2013). On the other hand, non-transgenic ap-
proaches employ various growth factors and small mole-
cules to direct skeletal myogenic differentiation from
PSCs (Chal et al., 2015; Shelton et al., 2014). However, skel-
etal myogenic cells derived from monolayer differentiation
do not reliably engraft without further purification, mak-
ing evaluation of the functionality of the regenerated mus-
cles difficult (Hicks et al., 2018). Also, whether monolayer
differentiation-derived skeletal myogenic cells can be
passaged and expanded while maintaining their already
modest engraftability remains unclear (Al Tanoury et al.,
2020).

We recently developed a novel method to differentiate
mouse PSCs into skeletal myogenic progenitors via tera-
toma formation (Chan et al., 2018). On a cell-to-cell basis,
teratoma-derived skeletal myogenic progenitors are func-
tionally similar to endogenous satellite cells in forming
muscle fibers. Also, these teratoma-derived cells repopulate
the muscle stem cell pool and are responsive to subsequent
injuries for a secondary regeneration. Here, we show that
teratoma-derived skeletal myogenic progenitors are readily
expandable in vitro while retaining significant parts of their
robust in vivo regenerative capacity.

RESULTS

Teratoma-derived skeletal myogenic progenitors are
expandable in vitro

We have previously reported that mouse PSC-derived tera-
tomas are rich in skeletal myogenic progenitors with excep-
tional regenerative potency (Chan et al., 2018). Because itis
more feasible to expand a purified skeletal myogenic popu-
lation than to perform a large-scale differentiation opera-
tion followed by a massive purification step for each
transplant, it is imperative to explore the in vitro expand-
ability of teratoma-derived skeletal myogenic progenitors
(Figure 1A). We first induced teratoma formation by im-
planting EGFP-labeled mouse ESCs (E14-EGFP ESCs) into
irradiated and cardiotoxin-injured tibialis anterior (TA)
muscles of NSG-mdx*“" mice as previously described
(Chan et al., 2018). At 4 weeks, teratomas were harvested
and EGFP* (teratoma-derived) skeletal myogenic progeni-
tors, defined as lineage-negative (Lin") (CD31™ and

CD457, i.e., non-endothelial and non-hematopoietic,
respectively), a7-integrin*, and VCAM-1* (7" VCAMY),
were isolated by fluorescence-activated cell sorting (FACS)
(Figures 1A and S1A) (Chan et al., 2018). We then plated
and cultured these freshly sorted cells in a pro-proliferation
medium (Figure 1A). Teratoma-derived skeletal myogenic
progenitors maintained a steady growth and were ampli-
fied by 9 orders of magnitude within 37 days over eight pas-
sages (Figure 1B). We subsequently compared the skeletal
myogenic characteristics of the passage 8 cells (expanded
cells) with their freshly sorted counterparts (fresh cells).

We first determined whether the expression of a7 and
VCAM was altered during the expansion process (Figures
1C and S1B). From the time points we investigated (up to
day 37, or passage 8), most cells stably expressed o7
(98.1%-99.1%, 95% confidence interval; n = 3 indepen-
dent experiments). This suggested that our culture system
promoted a predominately skeletal myogenic population
with limited non-myogenic potential (e.g., brown adipo-
cytes [Seale et al., 2008]). Among the a.7* population, a ma-
jority (=75%) were also VCAM™ (Figure 1D), suggesting a
muscle stem cell signature (Chan et al.,, 2013). Indeed,
compared with a7* VCAM™ resorted cells, a.7* VCAM®* cells
sorted from passage 8 cultures expanded more readily and
had a higher expression of muscle stem cell factor Pax”
but a lower expression of skeletal muscle specification fac-
tors Myodl and Myog (Figure S1C and S1D). Importantly,
a7" VCAM* resorted from passage 8 cultures engrafted
more reliably than a7* VCAM™ cells (Figure S1E). On the
other hand, a7 VCAM™ cells may represent a skeletal
myogenic-committed subpopulation that was differenti-
ating into myoblasts (Giordani et al., 2019).

Expanded teratoma-derived a7* VCAM" cells remain
highly skeletal myogenic

Quiescent satellite cells in adult skeletal muscles express
the transcription factor PAX7 (von Maltzahn et al., 2013).
We observed comparable expression of the PAX7 protein
in both freshly sorted and expanded teratoma-derived
a7 VCAM™ cells, suggesting that the expanded cells re-
mained mostly undifferentiated (Figure 2A). In contrast,
PAX7 was significantly reduced in endogenous satellite
cells after in vitro expansion for eight passages (Figures
S2A and S2B).

Once isolated and in culture (or in response to injury
in vivo), satellite cells become activated and begin to express
the skeletal myogenic specification factor MYOD1 (Brack
etal., 2008; Tierney et al., 2016). Indeed, after 3 days of cul-
ture, cells in both groups started to express MYOD1 (Fig-
ure 2B). A majority of them were PAX7" MYOD1* (fresh,
92.7% = 0.6%; expanded, 96.4% + 1.3%; n = 3 independent
experiments, p > 0.05), indicating a predominately acti-
vated/proliferating population as expected. Notably, a
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Figure 1. Teratoma-derived skeletal
myogenic progenitors are expandable
in vitro

(A) Schematic of in vitro expansion of tera-
toma-derived skeletal myogenic progenitors.
Four-week EGFP-labeled mouse ESC-derived
teratomas were harvested and FACS sorted for
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small but significant subpopulation of cells remained in an
inactivated PAX7* MYOD1~ state (fresh, 5.0% + 0.6%;
expanded, 1.6% =+ 0.7%; n = 3 independent experiments,
p < 0.05). PAX7~ MYOD1*-committed myoblasts were
also observed (fresh, 2.4% =+ 0.3%; expanded, 2.0% =
0.6%; n = 3 independent experiments, p > 0.05).

We next probed the skeletal myogenic differentiation po-
tential of these cells. In serum-depleted conditions, prolif-
erating skeletal myogenic progenitors differentiated into
myosin heavy chain-positive (MHC*) myoblasts, which
subsequently fused into multinucleated myotubes. We
found that both freshly sorted and expanded cells were
equally adept at developing into myoblasts and fusing
into myotubes (Figure 2C).

In culture, single satellite cells are capable of forming in-
dividual colonies (Seale et al., 2001). To test the clonality of
teratoma-derived skeletal myogenic progenitors, we seeded
single freshly sorted and expanded cells by FACS into
96-well plates and cultured them in a medium that sup-
ports both proliferation and differentiation (Ippolito
et al., 2012). After 8 days, we observed a similar clonal effi-
ciency between the two groups (Figure 2D). Nevertheless,
colonies from freshly sorted cells appeared to consist of
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dent experiments.
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See also Figure S1.
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more myonuclei than expanded cells (Figure 2D). There-
fore, on a cell-to-cell basis, freshly sorted cells and
expanded cells have comparable proficiency in forming
MHC* colonies, although colonies from the latter cells
were at a smaller size. Altogether, our results showed that
in vitro expansion did not fundamentally alter the skeletal
myogenic nature of teratoma-derived a7* VCAM™ cells.

Expanded teratoma-derived skeletal myogenic
progenitors engraft and differentiate into muscle
fibers upon transplantation

To assess the in vivo regenerative potential of expanded
teratoma-derived a7* VCAM™" cells, we performed intra-
muscular transplantations (Figure 3A). We transplanted
the freshly sorted or the expanded teratoma-derived
skeletal myogenic progenitors into the TA muscles of
NSG-mdx*“Y mice (Arpke et al., 2013). These animals are
immunocompromised (from the NSG background) and
their muscles lack dystrophin (from the mdx*“¥ back-
ground), thereby allowing allogeneic cell transplantations
and identification of donor-derived fibers (DYSTROPHIN™).
Also, the TA muscles were irradiated and cardiotoxin-
injured to create a permissive environment for cell
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Figure 2. In vitro characterization of expanded teratoma-derived skeletal myogenic progenitors
(A) Immunoblots (top) and quantification (bottom) showing that both freshly sorted and expanded cells expressed the muscle stem cell

transcription factor PAX7 (two independent samples from each group are shown). Data are shown as the mean + SEM of five independent
experiments.

(B) Immunostaining (left) and quantification (right) showing the expression of PAX7 and MYOD1 in 3-day cultures of freshly sorted and
expanded cells. Scale bar represents 50 um. Data are shown as the mean + SEM of three independent experiments.
(C) Immunostaining (top) of MHC in freshly sorted and expanded cells cultured in differentiation medium. Scale bar represents 200 pm.

Quantification of differentiation (bottom left) and fusion in MHC™ myotubes (bottom right) from three independent experiments. Data are
shown as the mean + SEM.

(D) Clonal analysis (top) showing that both single freshly sorted and expanded cells were capable of forming MHC" skeletal myogenic
colonies. Scale bar represents 200 pm. Quantification of clonal efficiency (bottom left) and clonal size distribution (bottom right) from
three independent experiments and 170 single cells per experiment. **p < 0.01. Data are shown as the mean + SEM.

a7, a7-integrin; V, VCAM-1; MHC, myosin heavy chain.

See also Figure S2.

transplantation (Chan et al., 2018). We transplanted into  harvested from adult muscles (Figures 3B, 3C, and S2A).
each TA 40,000 cells, a number we have previously deter- Freshly sorted teratoma-derived a7* VCAM™ cells displayed
mined to be functionally equivalent to the amount of robust fiber engraftment, regenerating ~80% of the TA
endogenous PAX7" satellite cells in a single TA muscle muscle. This level of engraftment is almost equivalent to
(Brack et al., 2005; Chan et al., 2018), and evaluated fiber endogenous satellite cells freshly isolated from adult
engraftment after 4 months (Figures 3B and 3C). Asadirect muscles. Intriguingly, expanded teratoma-derived skeletal
comparison, we also transplanted freshly isolated and myogenic progenitors also produced a significant number
expanded (day 37, or passage 8) endogenous satellite cells of DYSTROPHIN™ fibers, reconstituting >40% of the total
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Figure 3. Expanded teratoma-derived skeletal myogenic progenitors engraft and form new muscle fibers

(A) Schematic of evaluation of the engraftability of freshly sorted and expanded teratoma-derived skeletal myogenic progenitors.

(B) Freshly sorted (far left) and expanded (middle left) teratoma-derived skeletal myogenic progenitors engrafted and formed DYSTOPHIN*®
fibers 4 months post-transplant. In contrast, freshly sorted adult satellite cells (middle right) engrafted, but their expanded counterparts
(far right) did not. The whole TA muscle is outlined (top, scale bar represents 500 pm), and magnified images are shown (bottom, scale bar
represents 50 pum). Representative images from four to nine biological replicates.

(legend continued on next page)
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muscle volume. This is particularly exciting, as endogenous
satellite cells rapidly lost their engraftment capability (to
~5%) once they were in culture (Figures 3B and 3C and
Montarras et al., 2005; Sacco et al., 2008).

The remarkable engraftment potential of teratoma-
derived skeletal myogenic progenitors that have been
cultured for 37 days (passage 8) prompted us to determine
whether these cells remain engraftable if they were
expanded to a longer time point. To address this, we
cultured teratoma-derived skeletal myogenic progenitors
in a dish for 79 days to passage 18. These passage 18 cells
expanded readily, were mainly a7* VCAM*, expressed
PAX7, and were capable of differentiating into multinucle-
ated myotubes (Figures S3A-S3D). Remarkably, passage 18
cells remained highly regenerative in vivo, with an engraft-
ment level similar to passage 8 cells (Figures S3E and S3F).

The above results were obtained using E14 ESCs. To
evaluate whether the expandability of teratoma-derived
skeletal myogenic progenitors is also applicable to other
PSC lines, we tested C57BL/6N-PRX-B6N #1 ESCs and
Pax7-ZsGreen iPSCs (Chan et al., 2018). We found that
teratoma-derived o7" VCAM" cells obtained from these
PSC lines were expandable (at least up to passage 8) and re-
mained highly skeletal myogenic in forming myotubes
in vitro and in regenerating new muscle fibers after trans-
plantation (Figures S4A-S4H).

Newly formed fibers in muscles transplanted with
expanded teratoma-derived skeletal myogenic
progenitors are functional

Adult skeletal muscles consist of multiple fiber types,
including slow-twitch (MHC-I) and fast-twitch (MHC-Ila
and MHC-IIb) isoforms. To determine the maturity of the
regenerated muscles, we evaluated their fiber type compo-
sition. Immunostaining of the newly formed muscles re-
vealed that all of these adult myosin isoforms were present
at varying degrees in DYSTROPHIN™ fibers derived from
both freshly sorted and expanded cells (Figures 3D and
S41). Measurement of individual fiber cross-sectional area
also showed similar fiber size distributions between the
two cell groups (Figure S4]).

Innervation of newly formed fibers is essential to their
maturation and longevity. We undertook staining with
a-bungarotoxin, which binds to the nicotinic acetylcho-
line receptors in the post-synaptic membrane of the neuro-
muscular junction. We observed a close proximity of
a-bungarotoxin immunostaining to DYSTROPHIN™* fibers
derived from both freshly sorted and expanded cells, sug-
gesting a potential presence of neuromuscular junctions
in these newly formed fibers (Figure 3E).

Next, we evaluated whether the expanded cells were
capable of endowing functional improvement to the trans-
planted muscles. Four months post-transplant, we per-
formed physiological assessment to the transplanted TA
muscles in situ. Comparing with the PBS-injected control
muscles, we observed a significant improvement in
maximal tetanic force, specific force, and fatigue time in
muscles transplanted with expanded teratoma-derived
skeletal myogenic progenitors (Figure 3F). These results
indicated that the regenerated muscles were functional
and capable of force generation.

Expanded teratoma-derived skeletal myogenic
progenitors repopulate the muscle stem cell
compartment upon transplantation

The long-term maintenance of the regenerated muscles is
ultimately determined by the ability of the transplanted
cells to reconstitute the muscle stem cell pool. We first per-
formed immunostaining on sections of the transplanted
muscles with antibodies against EGFP (donor cells), PAX7
(satellite cells), and laminin (sarcolemma). We readily
observed EGFP" PAX7™ cells under the muscle basal lamina
(laminin™) from both freshly sorted and expanded cell
transplantations (Figure 4A). This indicated that the trans-
planted cells adopted a satellite cell fate and repopulated
the muscle stem cell niche.

We wished to further quantify the extent to which tera-
toma-derived skeletal myogenic progenitors reconstituted
the muscle stem cell compartment. We evaluated the
mononuclear fraction of the transplanted muscles by
FACS for signs of muscle stem cell contribution. Remark-
ably, the cultured cells gave rise to as many 7% VCAM*

(C) Quantification of fiber engraftment (DYSTROPHIN® fibers) in transplanted TA muscles (n = 4-9 biological replicates). Data are shown as

the mean + SEM. **p < 0.01; ns, not significant.

(D) Newly formed DYSTROPHIN* muscle fibers derived from freshly sorted and expanded cells consisted of slow-twitch (MHC-I) and fast-
twitch (MHC-IIa and MHC-IIb) fibers (representative images from six biological replicates). Scale bar represents 50 pum.

(E) Potential presence of neuromuscular junctions as revealed by close proximity of a-bungarotoxin staining to newly formed
DYSTROPHIN® fibers derived from freshly sorted and expanded cells (representative images from three biological replicates). Scale bar

represents 50 pum.

(F) In situ physiological assessment revealed functional improvement 4 months after transplantation of expanded teratoma-derived
skeletal myogenic progenitors (n = 5-9 biological replicates). *p < 0.05, **p < 0.01 versus PBS (vehicle). ESCs, embryonic stem cells; a7,

a.7-integrin; V, VCAM-1; CSA, cross-sectional area.
See also Figures S2-S4.
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mononuclear cells as the freshly isolated teratoma cells
(Figure 4B). These reisolated EGFP* o7" VCAM®' cells
expressed PAX7 (Figure 4C) and were capable of differenti-
ating into MHC* multinucleated myotubes upon
subsequent culture (Figure 4D). Altogether, our results
demonstrate that teratoma-derived skeletal myogenic pro-
genitors have an unprecedented level of in vitro expansion
potential while maintaining a very high potency for mus-
cle regeneration after transplantation.

Several factors may contribute to the engraftability of
expanded teratoma-derived skeletal myogenic
progenitors

As illustrated above, expanded teratoma-derived skeletal
myogenic progenitors had an engraftment capacity supe-
rior to that of expanded adult satellite cells cultured in
the same conditions (Figures 3B and 3C). The difference
in engraftability might be due to relative PAX7 expression,
as in vitro expansion over eight passages reduced PAX7
levels in adult satellite cells but not in teratoma-derived
skeletal myogenic progenitors (Figures 2A and S2B). Cell
senescence might also be a contribution factor, as
p21WAl/CIPl gtarted to emerge in the expanded but not in
the freshly isolated teratoma-derived a.7* VCAM™ cells (Fig-
ure S5A). On the other hand, both freshly isolated and
expanded teratoma-derived skeletal myogenic progenitors
had similar profiles in myotube formation potential (Fig-
ure 2C) and cell-cycle stages (Figure SSB).

To gain further insights into why teratoma-derived skel-
etal myogenic progenitors have such a high expandability
and functionality, we performed an RNA-sequencing
(RNA-seq) experiment using four groups of skeletal
myogenic cells: fresh teratoma-derived (Ty), expanded
(day 37/passage 8) teratoma-derived (Tg), fresh satellite
(Sp) (all three engraftable), and expanded (day 37/passage
8) satellite cells (Sg) (much less engraftable) (Figure 5A).
From principal-component analysis, it is intriguing to see
that the three engraftable populations are relatively spread
out and that the two expanded cell populations are very
close to each other, even though one is engraftable and
the other is not (Figure 5B). Comparisons between the three
engraftable populations (Ty, Ty, and Sg) and the non-en-
graftable population (Sp) revealed 240 upregulated genes
and 283 downregulated genes (Figures 5Cand 5D; Table S1).

We reasoned that factors that regulate engraftability may
have their expression directly correlated to engraftment
potential, that is, samples with the best engraftment would

contain the highest level of engraftment-promoting genes
and vice versa. We therefore calculated the Pearson correla-
tion coefficient between engraftment and gene expression
and looked for genes with a positive correlation (r > 0.9)
(Figure S5C; Table S2). From this analysis, we found Spry1
(Sproutyl) expression to be highly correlated to engraft-
ment: it is minimally expressed in Sy (minimal engraft-
ment), moderately expressed in Tg (modest engraftment),
and highly expressed in Sg and Ty (both have the best
engraftment) (Figure 5E). Importantly, Sproutyl has been
reported as a key regulator of satellite cell quiescence and
self-renewal (Shea et al.,, 2010). Also, satellite cells that
lack Sprouty1 were previously shown to undergo apoptosis
during muscle regeneration (Shea et al., 2010), which may
explain why cultured satellite cells that minimally express
Sproutyl do not engraft reliably (this study and Sacco et al.,
2008). Altogether, Sproutyl, Pax7, and cell senescence
might contribute to the engraftability of expanded tera-
toma-derived skeletal myogenic progenitors.

DISCUSSION

Differentiation of PSCs into skeletal myogenic cells that
can reliably engraft has been difficult. We have previously
shown that skeletal myogenic progenitors obtained from
PSC-derived teratomas have exceptional in vivo regenera-
tive potency in forming new fibers and repopulating the
muscle stem cell pool (Chan et al., 2018). Here, we have
further extended these findings in showing that tera-
toma-derived skeletal myogenic progenitors are capable
of tremendous in vitro expansion without losing their
remarkable regenerative power after transplantation.

We have provided multiple lines of in vitro and in vivo ev-
idence in showing that expanded teratoma-derived skeletal
myogenic progenitors have muscle stem cell characteris-
tics. The expanded cells were PAX7*, expressed the muscle
stem cell surface markers 7 and VCAM, and were capable
of forming MHC" colonies with multinucleated myotubes
from single cells (i.e., clonal). Most importantly, the
expanded cells remained highly engraftable. When cul-
ture-expanded cells were transplanted, they differentiated
into new force-generating fibers with adult myosins, and
developed into PAX7* muscle stem cells residing under
the basal lamina. These results suggest that the expanded
teratoma-derived skeletal myogenic progenitors retain a
muscle stem cell identity.

(C) Reisolated a.7* V* EGFP* cells (from [B]) from expanded cell-transplanted TA muscles expressed PAX7 (representative images from three

biological replicates). Scale bar represents 50 pum.

(D) Reisolated a7 V* EGFP* cells (from [B]) differentiated into multinucleated MHC™ myotubes in cultures (representative images from

four to six biological replicates). Scale bar represents 200 pum.
a7, a7-integrin; V, VCAM-1.
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Figure 5. RNA-seq analysis to discover factors that might regulate the engraftability of skeletal myogenic progenitors

(A) Schematic of samples used for RNA-seq analysis: freshly isolated (T¢) and expanded (Tg) teratoma-derived skeletal myogenic pro-
genitors and freshly isolated (S¢) and expanded (Sg) adult satellite cells (n = 2 biological replicates from each group).

(B) Principal-component analysis. Note that the transcriptomes of the three engraftable cell populations (Tg, Te, and Sg) are relatively
spread out and the two expanded cell populations (Tg and Sg) are very close to each other.

(legend continued on next page)
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It should be noted that although the expanded teratoma-
derived skeletal myogenic progenitors remained highly
regenerative, their fiber engraftment potency was reduced
somewhat compared with the freshly sorted teratoma cells.
This modest reduction in engraftability could not be
adequately explained by most in vitro assays, as cells from
both groups were comparably potent in expressing the
pro-myogenic factors PAX7 and MYOD1 and in differenti-
ating into multinucleated MHC* myotubes. In fact, these
in vitro features are common to skeletal myogenic popula-
tions obtained via various PSC differentiation methods,
even though their in vivo regenerative potentials differ sub-
stantially (Chal et al., 2015; Charville et al., 2015; Gilbert
etal., 2010; Hicks et al., 2018; Montarras et al., 2005; Parker
etal., 2012; Quarta et al., 2016; Shelton et al., 2014). So far,
the field lacks an in vitro assay that accurately predicts the
in vivo engraftability of a putative skeletal myogenic popu-
lation derived from PSCs. Among the in vitro experiments
we have performed, we found in the clonal assay that the
freshly sorted and the expanded teratoma-derived cells
behaved somewhat differently. In the clonal assay, single
cells were individually sorted and seeded by FACS, and
their ability to survive, self-renew, proliferate, and differen-
tiate into MHC" colonies was collectively evaluated after
8 days in culture. We found that although single cells
from both groups had similar cloning efficiencies, colonies
developed from the freshly sorted cells were generally
larger in size. We reasoned that the proficiency in fiber
engraftment from the transplanted cells is governed not
only by their potential to express the relevant myogenic
factors and undergo proper differentiation but also by their
ability to survive in the transplanted muscle milieu. In this
regard, the harsh environment in the irradiated and cardi-
otoxin-damaged muscles is no more unforgiving to the
transplanted cells than the stress induced by FACS isolation
and the foreign culture conditions is to the single cells.
Therefore, the in vitro survival/self-renewal capacity of a
testing cell population as revealed in the clonal assay might
correlate with its in vivo engraftment efficiency (Stuelsatz
et al., 2015). We reason that clonal analysis might be an
effective predictor of engraftability after transplantation.

Large-scale expansion of skeletal myogenic progenitors
with high regenerative potential is important for cell ther-
apy applications (Blau and Daley, 2019). Recent clinical tri-
als on cell therapy for treating muscular disorders tested
tens to hundreds of millions of cells (Gussoni et al., 1992;

Karpati et al.,, 1993; Mendell et al., 1995; Périé et al.,
2014; Skuk et al., 2006, 2007). For example, in a 2014 ocu-
lopharyngeal muscular dystrophy trial, an average of 178
million myogenic cells were focally injected to achieve
improvement in swallowing (Périé et al., 2014). However,
in vitro expansion of muscle stem cells is difficult because
of the dramatic loss of regenerative capacity after in vitro
culture (Gussoni et al., 1992; Mendell et al., 1995; Montar-
ras et al., 2005; Sacco et al., 2008). Published methods to
optimize the culture conditions to enhance engraftability
are so far limited to short-term expansion, and the regener-
ative potency of the expanded cells thus derived is rela-
tively modest (Charville et al.,, 2015; Cosgrove et al.,
2014; Parker et al., 2012; Quarta et al., 2016). Our study
shows that skeletal myogenic progenitors obtained from
PSC-derived teratomas can overcome this problem. Over
a 37-day culture, teratoma-derived skeletal myogenic pro-
genitors maintained a steady growth and expanded over
1 billion-fold, and remarkably, the expanded cells still
reliably engrafted. It is conceivable that these cells could
grow even longer in culture. Transplantation of 40,000
expanded cells regenerated more than 40% of the recipient
muscle. This level of engraftment from muscle cells in
culture is unprecedented—a 3-day in vitro culture of endog-
enous satellite cells dramatically diminished their engraft-
ability by >10-fold, resulting in a modest 300 fibers even
though 100,000 cells were transplanted (Montarras et al.,
2005). Furthermore, our RNA-seq revealed factors such
as Sproutyl, which may regulate the engraftability of
expanded teratoma-derived skeletal myogenic progenitors.
These factors might be potential candidates to promote
in vitro expansion of endogenous muscle stem cells with
preserved engraftability. We are currently investigating
whether the teratoma method to produce expandable
and engraftable skeletal myogenic cells is also applicable
to human PSCs.

In the current study, we have demonstrated the func-
tional expansion of an engraftable skeletal myogenic pop-
ulation. The possibility of culturing muscle stem cells over
a prolonged period of time enables extensive genetic
manipulation, which in turn is fundamental to combining
gene and cell therapies to treat muscle disorders (Amoasii
et al., 2018; Konieczny et al., 2013). Further investigations
to address the molecular mechanisms underlying the high
regenerative capacity and in vitro expandability of tera-
toma-derived skeletal myogenic progenitors would provide

(C) Venn diagrams showing differentially expressed genes (fold change >1.25, adjusted p < 0.05) that are commonly upregulated (left) or
downregulated (right) in the three engraftable cell populations (T, Tg, and Sg) versus the non-engraftable cells (Sg).

(D) Heatmap showing the 240 upregulated and 283 downregulated genes from (C).

(E) Expression of upregulated genes with a Pearson correlation coefficient of >0.9 (gray lines) in the four cell populations. Expression of

Spry1 is shown in red. See text for details.
See also Figure S5 and Tables 1 and S2.
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valuable insights to functionally expand endogenous mus-
cle stem cells in vitro.

EXPERIMENTAL PROCEDURES

Details can be found in the

procedures.

supplemental experimental

Animals

All animal procedures were performed according to the University
of Minnesota Institutional Animal Care and Use Committee guide-
lines and approved protocols.

Teratoma formation, cell transplantation, and
engraftment evaluation

Recipient NSG-mdx*“" mice with their hindlimbs irradiated and
TA muscles cardiotoxin-injured were used for both teratoma for-
mation and skeletal myogenic cell transplantations. For teratoma
formation, 250,000 ESCs were injected into the TA muscle. Tera-
tomas were harvested 4 weeks later. For cell transplantations,
40,000 freshly isolated or cultured/expanded cells derived from ter-
atomas or adult muscles were transplanted into the TA muscle.
Transplanted muscles were harvested and analyzed 4 months later.

RNA-seq analysis

Paired-end 150-bp sequencing libraries were created using the
SMARTer Stranded Total RNA-Seq Kit v.2-Pico Input Mammalian
Kit (Clontech, Mountain View, CA). Differentially expressed genes
were identified with fold change >1.25 and adjusted p < 0.05.

Data and code availability
The accession number for the data reported in this paper is GEO:
GSE182508.
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Supplemental information can be found online at https://doi.org/
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