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% Check for updates Skeletal muscle stem and progenitor cells including those derived from
human pluripotent stem cells (hPSCs) offer an avenue towards personalized
therapies and readily fuse to form human-mouse myofibres in vivo.
However, skeletal muscle progenitor cells (SMPCs) inefficiently colonize
chimeric stem cell niches and instead associate with human myofibres
resembling foetal niches. We hypothesized competition with mouse
satellite cells (SCs) prevented SMPC engraftment into the SC niche and
thus generated an SC ablation mouse compatible with human engraftment.
Single-nucleus RNA sequencing of SC-ablated mice identified the absence
of atransient myofibre subtype during regeneration expressing Actcl.
Similarly, ACTC1" human myofibres supporting PAX7* SMPCs increased in
SC-ablated mice, and after re-injury we found SMPCs could now repopulate
into chimeric niches. To demonstrate ACTC1" myofibres are essential to
supporting PAX7 SMPCs, we generated caspase-inducible ACTC1 depletion
human pluripotent stem cells, and upon SMPC engraftment we found a 90%
reductionin ACTCI" myofibres and a100-fold decrease in PAX7 cell numbers
compared with non-induced controls. We used spatial RNA sequencing
toidentify key factors driving emerging human niche formation between
ACTC1" myofibres and PAX7* SMPCs in vivo. This revealed that transient
regenerating human myofibres are essential for emerging niche formation
invivo to support PAX7 SMPCs.

Skeletal muscle is one of the most regenerative organs duetothe pres-  nicheiscomposed of dynamic ligand and receptor signalling between
ence of anendogenous muscle stem cell called the satellite cell (SC)**.  the myofibre sarcolemma, SC and the laminin-rich basal lamina that
SCs are supported within anatomically defined specialized compart-  enables SC quiescence®’. Muscle injury disrupts the SC niche induc-
ments, termed niches, that regulate the balance of self-renewaland ingaregeneration cascade beginning with rapid activation of SCs to
differentiation, similar to other highly regenerative tissues®>. The SC  proliferative myoblasts, which turn on fusion-capable genes to form
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new skeletal myofibres, that will contain hundreds of myonuclei®’. As
new skeletal myofibres form, a subset of SCs re-enter the niche and
revert from a proliferative to quiescent state, ensuring an SC pool for
continual future regenerative events'",

The ability to establish new SC niches is essential for long-term
cell therapies, in which transplanted muscle stem cells must balance
the formation of new muscle fibres and maintain the stemcell pool>*.
More recently, small-molecule-mediated directed differentiation of
human pluripotent stem cells (hPSCs) to skeletal muscle progenitor
cells (SMPCs) has opened up the potential for personalized cell thera-
pies and disease modelling for devastating muscle diseases from an
in vitro cell source™ " including in concert with gene editing'®'"’. We
have demonstrated that hPSC SMPCs fuse to form hundreds of new
myofibres in vivo after gene editing®; however, so far retention of
human PAX7 cells after transplantation of hPSC SMPCs has proven
challenging. Many reports show a high-magnification image of one
or a few PAX7 cells following transplantation®>%, but to fully restore
muscle function will probably require at least 8-15 engrafted PAX7
cells per 100 myofibres, similar to endogenous SC levels in adult***,
Determining how transplanted SMPCs take up position in SC niches
may enable support of PAX7 cells to improve long-term cell therapies
for skeletal muscle diseases. The emerging SC niche (that is, the first
myofibres that form uponengraftment that support PAX7 SMPCs) may
also serve as an in vivo model to improve our basic understanding of
human regeneration, similar to elegant studies of early development
in mouse®?°.

Our laboratory generated a single-cell atlas of the human limb
transcriptome from embryogenesis through adulthood, which deter-
mined the developmentalidentity of hPSC SMPCs in silico”. We found
hPSC SMPCs most closely align with human SMPCs between weeks 7
and12,adevelopmental time period that coincides with the transition
from embryonic to foetal myogenesis, a period when foetal skeletal
muscle is undergoing rapid growth to establish myofibres and foetal
myoblasts are genetically maturing®®?°. SMPC behaviour markedly
differs from SCs including differences in mitotic activity*°, receptor
expression® and extracellular matrix (ECM) composition®’. Inmouse,
SMPCs migrate across and take up position under the myofibre basal
lamina to establish the first niches late in foetal development®**, but
the mechanisms by which human SMPCs form niches and transition
from progenitor to SCs to enable SC maintenance during human devel-
opment or after transplantation is unknown.

In this Article, we focused on the ability to retain PAX7 cells and
reside in SC niches after transplantation in vivo. We used human foe-
tal SMPCs and adult SCs to benchmark in vivo niche occupancy and
repopulate muscle after re-injury, the hallmark assay for measuring
SC self-renewing potential in vivo'2. We found that transplanted cells
across all developmental states and from hPSCs had the ability to form
multinucleated chimeric (mouse-human) myofibres; however, unlike
adult SCs, SMPCs did not enter the chimeric mouse niche efficiently.
Instead, transplanted SMPCs formed large regions of human-only
myofibres and PAX7 cells formed niches with these newly formed
human-only myofibres.

In the mouse embryo, it has been shown that hPSC-derived line-
ages are inefficient at forming niches within interspecies chimeras,
but deletion of key niche genes can create a competitive niche to sub-
stantially extend hPSC donor chimerism™*. Here we applied a similar
concept by generating an immunocompromised inducible Pax7 SC
ablation mouse model to study human SMPC niche formation in the
absence of mouse SCs. In this model, we found an increase in human
donor-derived PAX7 cells fromboth SCs and SMPCs but predominantly
with human niches and not chimeric niches. However, upon re-injury
in the Pax7-ablation model we now begin to see an increase in both
human and chimeric niche occupancy demonstrating the emerging
human myofibre niche supports PAX7 cells required for repopulation
ability. Using Pax7-ablated and control mice asamodel system to study
new niche formation, we identified a transient regenerating ACTC1*
myofibre thatis required for new niche formation during regeneration
thatis absentin Pax7-ablated mice. Spatial RNA profiling of engrafted
stem cells and fibresidentified key human skeletal muscle niche genes
enabling ACTC1" myofibre support of human PAX7 cells in vivo. We
generated stable hPSC lines with a caspase 9-inducible kill switch to
deplete ACTC1" myofibres during engraftment, which we found abol-
ished humanPAX7 cellsinvivo, demonstrating these ACTC1" myofibres
are akey component of the emerging niche needed to support human
PAX7 hPSC SMPCs. In summary, this work identifies how emerging
niches occur on newly regenerated myofibres in vivo and provides a
new model for understanding early human stem cell niche formation
using SMPCs.

Results
SMPCs associate with human-only myofibres in vivo
We previously showed hPSC SMPCs can engraft and regenerate hun-
dreds of dystrophin*myofibresinimmunocompromised mouse models
of Duchenne muscular dystrophy (mdx-NSG) following cardiotoxin
(CTX) injury?°. We have continued to improve myogenic potential
by supplementing survival/maturation factors during directed dif-
ferentiation of hPSCs in vitro, as well as reducing culture time of
ERBB3*NGFR'PAX7* hPSC SMPCs before engraftment (Fig. 1a and
Extended Data Fig. 1a—-c). In vivo, we show that, while hPSC SMPCs
fused with mouse skeletal muscle to form hundreds of multinucleated
chimeric myofibres (maximum number 75-230 per cross sectional area
(CSA), N=7 mice), hPSC SMPCs also generated about twice as many
human-only myofibres (maximum number 140-450 per CSA), which
occupied large regions of engrafted skeletal muscle (Supplementary
Video1). Myofibre size as measured by Imaris software and exclusivity
of human nuclei marked by human lamin AC were used to distinguish
and quantify chimeric and human-only myofibres in transverse and
longitudinal sections (Fig. 1a and Extended Data Fig. 2a).

An effective cell therapy must maintain the muscle stem cell pool.
Yet so far retention of human PAX7 cells after transplantation of hPSC
or foetal SMPCs has proven challenging. Thus, we were encouraged
to find 20 or more human PAX7" hPSC SMPCs within 0.15 mm? (20x).
Atotal of 127 human PAX7’ cells were counted and categorized on the
basis of proximity to human-only myofibres, chimeric myofibres,

Fig.1|HPSC SMPC engraftment produces chimeric and human-only
myofibres, and PAX7’ cells associate predominately near human-only
myofibres. a, Top: schematic of hPSC directed differentiation to skeletal muscle
invitro and engraftmentin vivo. Left: region of hPSC SMPCs 30 days post
engraftment (1.44 mm?) showing insets (rotated 90°) of chimeric and human-
only myofibre phenotypes. Human-specific antibodies lamin AC (red) mark
human nuclei, and dystrophin (green) mark human myofibres, 4’,6-diamidino-2-
phenylindole (DAPI) (nuclei, blue). Scale bar, 200 pm. Right: Imaris was used to
quantify myofibre cross-sectional area as one parameter of chimeric and human-
only myofibres. Scale bar, 100 pm. Graph shows mean + standard deviation

of engrafted human and human-mouse myofibres over the length of mouse

TA muscle (N =7). Histogram shows cross-sectional area of Imaris-identified

myofibres using human dystrophin. b, 20x images were quantified for number
of human PAX7 cells, chimeric myofibres, human-only myofibres, total human
cellsand mouse SCs (PAX7 green or dystrophin green depending on image; lamin
ACand spectrin, red; DAPI, blue). Scale bar, 50 pm. To quantify location of PAX7
cells, numbers were then quantified using 20x images (0.15 mm?) were separated
into four regions: (A) fields of view containing >50 human-only myofibres, (B)
fields of view containing >10 chimeric muscle myofibre, (C) mouse myofibres,
interstitial space and epimysium, and (D) dense numbers of human cells but few
fused myofibres. Graph shows mean + standard deviation of six to ten images
from eachregion, N =3 mice were quantified; statistics were performed using
one-way ANOVA with post-hoc Tukey test, *P < 0.05.
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Fig.2|Stem and progenitor cells generate different niches, and the ability to
enter the niche changes as development proceeds. a. Human skeletal muscle
tissues show foetal and adult PAX7 + SMPC/SCs in niches compared with hPSC
SMPC engraftment. Immunofluorescentimages show PAX7 (green), spectrin
(red), laminin (grey) and 4’,6-diamidino-2-phenylindole (DAPI) (blue). Engrafted
hPSC SMPCs are also stained with lamin AC (red) to identify humancells. N=3
human tissue samples. Scale bar, 20 pm. b, Over time, PAX7 SMPCs associate
within the basal lamina niches through association with human-only myofibres,
which generate myofibre bundles integrated with spectrin cross bridges
(arrows). Scale bar, 10 pm (left). Phenotypically, hPSC SMPC niches resemble

PAX7 Lamin AC Spectrin Laminin DAPI

Inside chimeric niche
Out chimeric niche
Inside human niche
Out human niche

No niche, interstitial

foetal SMPC niches in vivo with formation of spectrin cross bridges within the
myofibre bundles. Scale bar, 5 pm (right). ¢, Dynamics of SC niche occupancy
by PAX7* SCs and SMPCs 30 days post engraftment. Immunofluorescent images
show representative location of PAX7 cells in chimeric SC niches, outside of
chimeric SC niches, near human myofibres, or no niche interstitial space. Shown
are PAX7 (green), lamin AC and spectrin (red), laminin (grey) and DAPI (blue).
Scale bar, 5 pm. Graph of percentage mean + standard error of the mean shows
thatadult SCs are better able to reside in niches of chimeric myofibres, while
hPSC and foetal SMPCs are less efficient. N = 6 adult, N=9 foetal, N =14 hPSC
SMPC engrafted tissues.

interstitial space or regions with high numbers of human lamin AC cells
but few myofibres (Fig. 1b). We found regions containing the greatest
numbers of human-only myofibres also contained 98% of all engrafted
PAX7 hPSC SMPCs. In contrast, regions containing only lamin AC,

but few or no human-only myofibres, did not contain PAX7 cells. We
also evaluated chimeric myofibre regions, and found these regions
contained the other 2% of PAX7 cells (P< 0.05, Fig. 1b and Extended
Data Fig. 2b). We also evaluated hPSC SMPC engraftment in another
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more severe model of muscular dystrophy, the mdx-DBA/2-NSG mice
(Extended Data Fig. 2b). We similarly found that hPSC SMPCs form both
human-only and chimeric myofibres, but PAX7* cells predominately
associated with the human-only myofibres (Fig. 1b). These data sug-
gested that human-only myofibres were better at supporting PAX7
SMPC retention than chimeric myofibres or other regions within the
skeletal muscle microenvironment.

Invivo niches from SMPCs resemble early foetal niches

Recent work from our lab has shown that directed differentiation of
hPSCs generates embryonic or foetal-like skeletal muscle in vitro”” and
we hypothesized that engrafted hPSC SMPCs would produce similar
immature skeletal muscle in vivo. To understand the developmental
trajectory of transplanted PAX7" hPSC SMPCs, we compared PAX7 cells
and their niches with human skeletal muscle tissues from embryonic
weeks 9-11, foetal weeks 16-20 and adult years 25-40 (Fig. 2a). We
found embryonic and foetal myofibres were ~30-fold smaller than
adult myofibres, and this was similar to the small human-only myofi-
bres observed after hPSC SMPC transplantation. PAX7* cellsin human
embryonic week 10 tissues closely associated with the sarcolemma of
embryonic myofibres that clustered together but lacked basal lamina
expression of laminin. As myofibres matured from the embryonic to
foetal stage, PAX7" cells associated with the sarcolemma became
encompassed by laminin, demonstrating the emergence of human
niches (Fig. 2a). Here the interior sarcolemma lacked a laminin-rich
basal lamina, but formed spectrin® cross bridges, which are a known
hallmark of myogenic fusion®. Similarly, several engrafted hPSC
myofibres could be found in regions undergoing potential fusion in
myobundles marked by spectrin that were encompassed by laminin
basal lamina. Both foetal week 20 tissues and engrafted hPSCs con-
tained PAX7" SMPCs within these myobundles (Fig. 2b). These data
suggested hPSC SMPCs formed niches that more closely resembled
afoetal week 20 phenotype upon engraftment in vivo. This was dif*-
ferent than adult SC niches/myofibres, which are primarily in homeo-
static state where all spectrin® sarcolemma was closely juxtaposed to
alaminin-rich basal lamina.

SMPCs and SCs differ in niche occupancy in vivo

We next set out to compare niche acquisition ability of human mus-
cle stem and progenitor cells. We performed fluorescence-activated
cell sorting enrichment on embryonic/foetal SMPCs (weeks 8-20,
Lin-ERBB3*NGFR") or adult SCs (years 25-60, Lin-CD82'NCAM") dis-
sociated from primary human tissues and immediately transplanted
human cells into mdx-NSG mice. These data were used to determine
whether niche acquisition resembled the endogenous niches from
which the stem and progenitor cells were derived.

We first tested engraftment efficiency across a range of foetal
SMPC numbers, from10,000 to 500,000. Foetal SMPCs (weeks 17-20)
produced >100 human myofibres per cross section when 500,000
foetal SMPCs were transplanted, but at lower densities, foetal
SMPCs did not restore dystrophin efficiently and only 0-1PAX7 cells
remained at day 30 (Extended DataFig.3). Due to embryonic tissue size

(weeks 8-10) we could only obtain 50-75,000 embryonic SMPCs, and
these formed myofibres poorly upon engraftment and no PAX7 cells
were found, which could have been related to survival or immaturity
as seen in other stem cell systems¥. In contrast, adult SCs fused to
form dystrophin* myofibres and retained 5-20 PAX7" SCs per cross
section at 30 days in vivo with as few as 5,000 transplanted SCs
(Fig.2cand Extended DataFig. 3). Furthermore, more than 80% of PAX7*
adult SCs were located in human-mouse chimeric myofibre niches
30 days post engraftment. Thus, chimeric niche acquisition is not a
species compatibility issue (Fig. 2c). Foetal SMPC ability to colonize
niches wasintermediate between hPSC and adult SCs as we found that
~20% foetal SMPCs were associated with small human-only myofibres
and ~30% were found inside chimeric myofibres. In contrast, 80% of
PAX7* hPSC SMPCs were associated within clusters of human-only
myofibres and less than 5% were found within chimeric niches
(Fig. 2c). These data suggest that both foetal and hPSC SMPCs can
associate with human-only myofibres and ability for niche entry differs
across development and adult.

SC-ablated mice enable human PAX7 retention

As it was unclear why human PAX7" hPSC and foetal SMPCs were less
able to form niches with chimeric myofibres, we tested two hypoth-
eses related to niche entry and regeneration illustrated in Fig. 3a. We
generated a new inducible Pax7 ablation dystrophin model by cross-
ing dystrophic mdx-NSG mice to Pax7-Cre/Ert2 mice and Rosa-DTX
mice. When these mice are treated with tamoxifen (TMX), expres-
sion of Pax7-driven Cre recombinase removes LoxP stop codons to
induce expression of diphtheria toxin (DTX) resulting in SC death®**
(Fig.3b). Thus, inthis model, regeneration and niche formation would
preferentially occur from transplanted human cells as competition
with mouse SCs was removed. Pax7-DTX mice were evaluated for SC
ablation following 7 days of TMX-infused chow, which we found was
sufficient to ablate greater than 80% of endogenous Pax7 SCsrelative to
non-ablated controls (Fig. 3b). Following CTX- or BaCl,-induced injury
oftibialis anterior muscles, Pax7 ablation resulted in decreased weight
and cross-sectional area, demonstrating that Pax7 cells are required
for muscle repair, but did not result in complete loss of all myofibres
(37 mgversus 62 mg, P < 0.05) (Fig. 3b). We noted a subset of myofibres
underwent hypertrophy after Pax7 ablation, growing up to four-fold
larger than non-ablated controls, demonstrating myofibres are phe-
notypically influenced by loss of Pax7 SCs and their niches (P < 0.05,
Fig.3b and Extended DataFig. 4a).

We next tested the ability of human foetal SMPCs to engraft and
residein the niche of Pax7-ablated mdx-NSG mice. We found a two-fold
increase in PAX7" foetal SMPCs 30 days post engraftment (P < 0.05,
Fig.3c). We evaluated the location of foetal PAX7* SMPCs and surpris-
ingly found these were less in mouse SC niches, and more associated
with small human fibres upon mouse SC ablation (P < 0.05, Fig. 3d).
While in some cases engrafted foetal SMPCs fused with mouse to form
chimeric myofibres in mdx-NSG Pax7-ablated mice, we found foetal
SMPCs predominately formed small human-only myofibres. Interest-
ingly, adult SC engraftment in Pax7-DTX mice also followed a foetal

Fig.3|Pax7-ablation model enables evaluation of human stem cell niche
formation in the absence of mouse Pax7 cell competition. a, Cartoon
depicting hypotheses for SMPC association with human-only myofibresin

the Pax7-ablation model (Pax7-ablation (DTX) mdx-NSG). Top: the occupied
niche hypothesis predicts SMPCs cannot home to chimeric niches occupied by
endogenous satellite cells, and the regenerative niche hypothesis predicts mouse
SCs take up position in chimeric niches during regeneration. Bottom: engraftable
Pax7 ablation mouse shows expected results for occupied niche and regenerative
niche hypotheses. b, Cartoon of ablation mouse model generation and Pax7
cellnumbers (white boxes) in Pax7-ablated and non-ablated control mice after

7 days of TMX treatment (resulting in Pax7 ablation or DTX), mean + standard
deviation, N=5mice, t-test *P=0.0003. Tibialis anterior muscles of Pax7-ablated

mice are atrophic; some individual myofibres of Pax7-ablated muscle undergo
hypertrophy as measured by haematoxylin and eosin staining. ¢, Human foetal
SMPCsincrease PAX7" numbers in Pax7-ablation mice. Representative images
show co-staining of human nuclei (red), PAX7 cells (green) and 4’,6-diamidino-
2-phenylindole (DAPI). White boxes indicate human PAX7 cells, and yellow
boxesindicate mouse Pax7 SCs. Mean + standard deviation of human PAX7
cells are quantified from Pax7-ablated and non-ablated mice, N = 5 per group,
t-test, *P<0.0004. d, Location of foetal PAX7* cells are quantified 30 days post
engraftment. Scale bar, 50 um. Inset shows that human PAX7 foetal SMPCs are
associated with small human-only myofibres relative to non-ablated controls,
N=5pergroup, t-test, *P=0.034.
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Fig. 4 |Lack of regeneration in Pax7-ablated mice is associated with
decreased Actcl' myofibres. a, Regenerative ability is lost in Pax7-ablated mdx-
NSG mice 8 days post injury (dpi) as shown by lack of eMyHC (left, green) and
Pax7 (right, green). Inset shows mouse Pax7 SCs (asterisk) associate with small
myofibres during regeneration. N = 3 mice. Scale bar, 50 um. b, Schematic of
experimental groups show timingin days (D) of TMX treatment resulting in Pax7
ablation (DTX) and injury (BaCl,) of Pax7-ablated mdx-NSG mice used for snRNA-
seq. UMAP of combined samples identifies 21 cell populations; abbreviations

are defined in Supplementary Table1(N =4). c, Left: graph shows percentage

of allmyonuclear (grey) and mononuclear (white) populations in response to

injury or Pax7 ablation. Left centre: graphs show percentage of mononuclear

cell types; boxes show enlarged view of satellite cells (SC.1) and myocytes (MC).
Right: graphs show percentage of myonuclear populations; boxes show enlarged
view of Car3*Myh4* myonuclei (11B.2) and ActcI*"Myh4* myonuclei (I1B.3). Bottom:
UMAPs show spatial relationships and key genes of satellite cell, myocyte

and myofibre populations during muscle regeneration. d, Gene Ontology of
upregulated genes in ActcI* myonuclei (I1B.3) is shown (g < 0.05). UMAPs of key
upregulated genes in [IB.3 myonuclei are shown. CellChat analysis shows laminin
signalling pathway network between populations with specific interaction
between IIB.3 myofibres and SC.1,SC.2 and MB.1.

trajectory where adult SCs were more likely to be found near small
human-only myofibres (Fig. 5a,b and Extended Data Figs. 4b and 6c).
Together, these datapointto theideathat, in the absence of mouse Pax7
SCs, human-only myofibres are left in amuscle microenvironment that
promotes a developmental or regenerative-like paradigm that enables
the support of engrafted PAX7 SMPCs.

Myofibres that support SC niches are lost upon SC ablation
While it is well known that Pax7 cells are essential for myofibre forma-
tion**, itisless clear how the SC niche and regeneration are affected
by the absence of Pax7 cells. Therefore, we set out to identify which
genes or populations were missing in the myofibres of Pax7-ablated
mice. Mouse SC niches are re-established in parallel with new myofi-
bre formation 7-10 days post-injury (dpi)'>*>. Thus we selected this
timepoint post injury to study niche formation, which we confirmed
by embryonic myosin heavy chain (eMyHC) expression and increased
mouse Pax7 SCsin mdx-NSG mice 8 dpi, and these cell types were both
lostin mdx-NSG Pax7-DTX mice (Fig. 4a). We performed single-nucleus
RNA sequencing (snRNA-seq) on Pax7-ablated muscle compared with
non-ablated and regenerating muscle 8 dpi, and used recently pub-
lished datasets as a starting point to identify new and known popula-
tionsinourablation models** . In total 14,300 nuclei were sequenced,
enabling identification of several population shifts between regen-
erating, non-ablated and Pax7-ablated myofibres (Fig. 4b, deposited
as GSE241368).

Seurat analysis identified a total of 21 populations including
10 myonuclear and 11 mononuclear populations (Supplementary
Table 1). We found a two-fold influx in mononucleated cells in regen-
erating mdx-NSG mice 8 dpi, which included immune, stromal and
myogenic populations (Fig. 4c).In contrast, Pax7 ablation had ablunted
influx of mononucleated cells 8 dpi. Macrophages and /tga7'Vim*
myoblasts (MB.2, described by ref. 46) were the only mononuclear
populations to increase in Pax7-ablated mice. Seurat analysis identi-
fied a Pax7*Myod1™ SC population (SC.1) which as expected was elimi-
nated in Pax7 ablated muscle (0.1% ablated versus 5.6% non-ablated). In
non-ablated muscle, Myod1'Ki67* myoblasts (MB.1, 0.6% versus 4.5%)
and Myog*Myh3" myocytes (MC, 1.3% versus 4.2%) increased 8 dpi
compared with no injury, respectively, but upon Pax7 ablation the
regenerative response of myoblasts (0.7% versus 2.6%) and myocytes
(0.6% versus 1.4%) was diminished 8 dpi, validating that regeneration
was absent following Pax7 ablation (Fig. 4c).

We also found several changes in myonuclear populations. As
sequencing was performed using tibialis anterior, the majority of myo-
nuclei were fast-twitch glycolytic type IIB myofibres (Myh4*,59-70%),
while aminority of myofibres were type 11X (Myhl,24-33%) or typelIA
(Myh2,3-4%) (Supplementary Table 1). Type IIB myofibres were subdi-
vided into four populations identified as follows: IIB.1, a homeostatic
Mpyh4 subcluster; 1IB.2, marked by the high-glycolytic-capacity genes
(Car3, Pkbfb3 and Amy1I); lIB.3, marked by sarcomere assembly genes
(Actcl, Tmod1 and Myhbp3); and 11B.4, which expressed mitotic inhibi-
tion (Trp63and Gadd45a) and myogenic growth genes (FstI and Igfnl).
Upon Pax7 ablation, Car3*1IB.2 myonucleiincreased by 2.4-fold relative
to non-ablated controls, suggesting these are longer lasting and less
regenerative myofibres (Fig. 4c). Innon-ablated mice, uponinjury the
percentage of all type IIB myofibre populations decreased, except for
ActcI'1IB.3myofibres, whichincreased at 8 dpi and was two-fold greater
thanPax7-ablated muscle, suggesting ActcI marked a regenerative myo-
nuclear population. Uniform Manifold Approximation and Projection
(UMAP) reduction of myogenic regenerative response highlights that
Actcl* myofibres are intermediary between Myog"Myh3" myocytes and
more mature Myh4" myofibres (Fig. 4c).

Since Actcl was the highest-enriched gene in 1IB.3 myonuclei, we
confirmed withimmunostaining that Actcl protein expression overlaps
withtiming of SC niche establishment during mouse muscle regenera-
tion (Extended DataFig. 6a).In contrast, while embryonic myosin protein
is co-expressed on Actcl” myofibres, the Myh3RNA expression is gone at
8 dpi. Thus, Actcl expression may be longer lasting than Myh3and may
mark a myofibre important for supporting new SC niche formation.
Our snRNA-seq analysisidentified 134 upregulated genes expressed by
Actcl’ (1IB.3) myofibres, which included genesimportant for sarcomere
formation, nucleotide and lipid metabolism, mitochondrial energet-
ics and calcium regulation (for example, Tnnt3, Eya4, Prkag3, Ampd1
and Casql). These myofibres also expressed membrane-associated
gene signatures related to Notch, Integrin and Jak/Stat signalling
(Fig. 4d, Extended Data Fig. 5 and Supplementary Table 2). We used
CellChatanalysis* to analyse ligand-receptor niche interactions, which
identified increased laminin signalling between Actcl* myofibres and
mouse Pax7* SCs compared with other myofibre populations (Fig. 4d).

ACTC1" myofibres enable repopulation in SC-ablated mice
As the ActcI” gene was the highest-expressed candidate found in
our snRNA-seq data in regenerating mouse satellite cell niches, we

Fig. 5| ACTClis expressed by human-only myofibres and increased in Pax7-
ablated mice, enabling improved SMPC repopulation after injury. a, SMPC
engraftment after 30 days show that human-only myofibres, but not chimeric
myofibres express ACTC1 (green). N = 4 engrafted tissues. Scale bar, 100 pm.

b, Human-only myofibres, but not chimeric myofibres, express regenerative
signature as shown by ACTCL. SC niches form near small regenerating myofibres,
which enables PAX7 cells to remain. Scale bar, 100 um. Mouse TA express high
levels of Myh4, which is not expressed by human, enabling further identification
of human-only and chimeric myofibres. ACTC1 expression is reduced in chimeric
Myh4*spectrin‘lamin AC" myofibres. ¢, Cartoon of repopulation experiments is
shown. Top: representative images show fibre size in noinjury or after re-injury

(dystrophin (green), lamin AC/spectrin (red) or PAX7 (green). Insets show PAX7
location near other PAX7 foetal SMPCs. Fibre size is quantified using Imaris in
non-injured or re-injured muscle. Bottom: graphs quantify mean + standard
deviation repopulation ability after re-injury, and dots represent individual
images used for quantification; 10-15images per sample, N =3 adult, N = 4 foetal
biological replicates per timepoint. PAX7* SMPC/SCs and total human nuclei

are quantified from the same image sets. t-test, *P < 0.05 between PAX7* SMPC/
SCsin chimeric or human-only myofibre niches. Data show that foetal SMPCs
cannot repopulate after re-injury, but adult SCs can repopulate in mdx-NSG mice;
however, in Pax7-ablated mdx-NSG mice in re-injury (D60 + RI) foetal SMPCs can
repopulate both chimeric and human-only myofibres. t-test, *P < 0.006.
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evaluated if ACTC1 shares common functions with the human-only  in the emerging niches formed by hPSC SMPCs. Indeed, we found
myofibres supporting PAX7* SMPC engraftment. ACTClis alsoknown that human-only myofibres from hPSC and foetal SMPCs strongly
tobe expressed during foetal skeletal muscle development*®, which  expressed ACTC1 following engraftment, but in myofibres that we
further supported the likelihood that ACTC1 would be important identified as chimeric, ACTC1 was not expressed at 30 days (Fig. 5a
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and Extended Data Fig. 6b). To further demonstrate that ACTC1 was
expressed by human-only myofibres, but not chimeric myofibres,
we took advantage of mouse-specific myosin expression Myh4 in
tibialis anterior (TA), which human skeletal muscle does not express.
Staining confirmed the presence of chimeric myofibres (lamin
AC'spectrin‘Myh4") and human-only myofibres (ACTC1'Myh4°), in
whichthe smallest human myofibres had the greatest ACTC1 expres-
sion (Fig. 5b). ACTC1" human myofibres were more prominent when
engrafted in mdx-NSG Pax7-DTX mice, and moreover adult SCs now
predominately formed ACTCI" human-only myofibresin Pax7-ablated
mice, suggesting that, when mouse regenerationisimpeded, human
SC niche formation initially occurs with regenerating human-only
myofibres (Extended Data Fig. 6¢).

Since we found that SC niche formation is predominantly occur-
ring near human-only fibres in mdx-NSG Pax7-DTX mice we set out to
evaluate whether these niches were functional. The hallmark in vivo
assay for evaluating true muscle stem cell potential is the re-injury
assay, in which PAX7 cells must regenerate new myofibres as well as
maintain the stem cell pool. After 30 days, engrafted muscles are
re-injured using CTX, which damages myofibres but preserves PAX7 cell
regeneration ability*. As controls for re-injury, day 30 and uninjured
day 60 engraftedtissues are used. We found human adult SC and foetal
SMPCs were able to form dystrophin* myofibres and retainsome PAX7*
cells at all timepoints, but engraftment dynamics were very different
across mouse models (Fig. 5c and Extended Data Fig. 7a). Inmdx-NSG
mice, adult SCs where able to sustain PAX7* SC numbers in chimeric
niches followinginjury, but foetal PAX7* SMPCs decreased by >2-fold,
and the ratio of PAX7 foetal SMPCs in chimeric niches decreased by
43% (Fig. 5¢c). After re-injury, 1in 3 transplanted adult SCs expressed
PAX7, whereas only 1in 15 foetal SMPCs expressed PAX7 (Extended
Data Fig. 7b). In contrast, in the mdx-NSG Pax7-DTX mice, we found
afterre-injury there wasanotableincreasein the ability of foetal SMPCs
torepopulate both human-only and chimeric niches (Fig. 5¢c). We also
found several instances where two or more PAX7* foetal SMPCs were
within 5 pmofeach other, whichis suggestive of daughter foetal SMPCs
derived from acommon parent following re-injury (Fig. 5c). These data
showthat theincreasein ACTCI" human-only myofibresinthe mdx-NSG
Pax7-DTX mice can support SC niche formation and repopulation
after re-injury.

Spatial analysis identifies key emerging niche pathways

To better define the ACTCI1" niche supporting human PAX7 cells, we
optimized spatial RNA sequencing (RNA-seq) and evaluated the niche
inbothlong-term engraftment and after re-injury (Fig. 6a). Todo this,
we used the Nanostring GeoMx platform, which enables cell type and
location specific analysis of gene expression at single antibody resolu-
tion. GeoMx allows for region of interest (ROI) selection and segmenta-
tionon PAX7 cellsand ACTC1*and ACTC1 myofibres (Supplementary
Tables 3 and 4). In brief, we engrafted foetal SMPCs for up to 4 months
andinduced aninjuryinasubset of engrafted mice midway at 2 months.
We then mounted flash-frozen muscle sections on microscopeslides,

hybridized a whole transcriptome human RNA oligo library onto the
muscle, and stained with morphology markers ACTC1, PAX7,lamin AC
and spectrin to identify human muscle engrafted in mouse. After ROI
selection and segmentation, the RNA oligos are photocleaved and col-
lected for sequencing (V=44 ROls, Extended Data Fig. 10, deposited as
GSE243875). Principal component analysis (PCA) found distinct clus-
tering of cell types including ACTC1" and ACTCI” myofibres (Fig. 6b),
and our data confirmed arobust repopulation ability by foetal SMPCs
in mdx-NSG Pax7-DTX mice that was sustained through 4 months
(Fig. 6¢). Atthe time of re-injury, we identified unique gene signaturesin
the ACTC1" myofibres, whichincluded increased embryonic and foetal
myosins, ECM development and cell adhesion. In contrast the ACTC1™
myofibres had higher expression of metabolism genes and maturation
genes. We additionally performed DEG analysis of PAX7 foetal SMPCs
after repopulation versus PAX7 foetal SMPCs that remained over a
4-month time period (Supplementary Table 5). Foetal PAX7 SMPCs
that had undergone repopulation expressed many genes that could
be unique candidates associated with new niche formationincluding
NOTCH4,ITGBI1, FGFRI and MEGFI10 as well as stem cell maintenance,
chromatin organization and negative regulation of cell proliferation
(Fig. 6¢,d). We then used CellChat analysis to predict receptor-ligand
interactionsbetween the ACTC1" myofibres and the PAX7 foetal SMPCs
identified potential candidates associated withemerging nichesinclud-
ing robust association of DAG1 on PAX7 cells and LAMAS as well as
LAMCI1 on ACTCl-positive myofibres. Interestingly, THBS4 was a top
candidate on ACTC1" myofibres interacting strongly with receptors
on PAX7 cells including integrins and with other myofibres through
CD36, aregulator of lipid metabolism and fatty acid uptake (Fig. 6d).
Thus, spatial analysis revealed several potential interacting pathways
supporting emerging niche formation in vivo in addition to ACTCI.

ACTC1" myofibres are essential for PAX7 in emerging niches

To definitively prove that ACTC1 myofibres are critical for support-
ing PAX7 cells, we followed recent approaches that have introduced
aninducible suicide gene in hPSCs***'. HPSCs are uniquely able to be
genetically manipulated while retaining pluripotency and ability to
differentiate into downstream lineages. We engineered an inducible
apoptosis systemthatincluded aFKBP12linked to a caspase 9 (iCasp9)
and aself-cleaving T2A peptide immediately following ahomology arm
ofthelast 3’ base pairin the ACTCI gene (Extended Data Fig. 8a). Treat-
ment with the bio-inert small molecule AP1903 induces cross-linking
of the drug-binding domains of this chimeric protein, whichin turn
dimerizes caspase 9 and activates the downstream executioner
caspase 3 molecule, resulting in gene-specific cellular apoptosis™
(Fig. 7a). To determine the optimal conditions for inserting iCasp9 by
homology-directed repair, we tested 17 conditions in H9 and H1 hPSC
linesincluding 3 guide RNA (gRNA) targets, lipo-STEM and nucleofec-
tion, and compared homology-directed repair protocols described by
Skarnesetal., to the protocol provided by Lonza (ref. 53 and Extended
DataFig. 8b). We confirmed the presence of inserted iCasp9 in both
H9 and H1 lines following nucleofection (Fig. 7a) and proceeded to

Fig. 6 | Spatial transcriptomics identifies interaction of ACTC1' myofibres
with PAX7 SMPCs in the emerging niche. a, Cartoon workflow of spatial
transcriptomics on engrafted human/mouse tissue. Photocleavable RNA oligo
probes are collected on ROIs for sequencing. Tissues used for spatial RNA-seq
included foetal SMPCs engrafted in PAX7-ablated (or DTX) mdx-NSG mice for 60
or120 days, and re-injury with CTX at 60 days. b, PCA plot showing clustering
of engrafted human cells (PAX7*, PAX7") and myofibres (ACTC1*, ACTC1"). Each
dotrepresents asequenced ROI (N =43). ¢, Top left: images taken on GeoMX

of day 60 engrafted foetal SMPCs show ACTC1"and ACTC1 myofibres. GeoMx
applied masks to ROIs used for sequencing. Right: volcano plot of ACTC1*

and ACTC1 myofibres. Red dots represent differential expressed genes, and
selected key genes are shown. For all volcano plots differential gene expression
(DGE) between ROIs was determined using GeoMx linear mixed model (LMM)

statistical tests with Benjamini-Hochberg (BH) correction P < 0.05. Bar graphs
show Gene Ontology of selected pathways upregulated by ACTC1" and ACTC1”
myofibres. Bottom left: PAX7 in the re-injury group and regions used for selecting
single PAX7 cells for sequencing. d, Volcano plot of human foetal PAX7* SMPCs
after re-injury or no-injury 120 days after engraftment. Red dots represent
differentially expressed genes, and selected key genes are shown. Graphs show
Gene Ontology of foetal PAX7* SMPCs undergoing repopulation after re-injury

of selected pathways related to the SC niche comparisons between two groups.
For comparing different cell types or treatments to generate volcano plot data,
LMM statistical tests with BH correction were performed. Neg. reg., negative
regulation. Right: CellChat analysis show predicted sender (bottom) and receiver
(top) ligand and receptor interactions between foetal PAX7* SMPCs and ACTC1*
and ACTC1 myofibres from spatial RNA-seq of engrafted tissues.
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a Spatial transcriptomics of PAX7 and niche + re-injury in Pax7-knockout mice
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single-cell cloning in 384 wells. Of these, 108 clones survived, and we
found2 clones that contained a heterozygous insertion foriCasp9. We
performed sequencing to confirm an exact match for our engineered
iCasp9 vector within the ACTCI locus (Extended Data Fig. 8c).

We next performed directed differentiation of ACTC1-iCasp9
hPSCs to generate SMPCs for engraftment. We used Pax7-ablated
mdx-D2NSG Pax7-DTX mice as these mice readily enable human-only
myofibre formation. Two weeks following engraftment, mice were
treated with AP1903 (10 uM in100 plsaline) or control (0.1% dimethyl
sulfoxide in saline) every two weeks for 90 days. Similar to previous
results, in non-treated mice we found hundreds of hPSC myofibres
that were able to engraft over approximately 6 mm? of mouse TA,
and we counted up to 90 PAX7* hPSC SMPCs associated with hPSC
myofibres within a 1.5-mm? region of tissue (Fig. 7b and Extended
Data Fig. 9a). AP1903 treatment induced a ~90% reduction in hPSC
myofibres, as we found fewer than 20 myofibres per cross section in
treated mice. Remarkably the apoptosis of ACTC1 myofibres resulted
inanalmost complete elimination of PAX7 cellsinthe AP1903-treated
mice. We counted a total of 269 human PAX7 cells in five regions of
control mice and only 5 PAX7 cells within the same engrafted regions
of AP1903-treated mice (Fig. 7b,c). However, in the AP1903-treated
groups there were hundreds of remaining lamin AC" cells that were
neither myofibres nor PAX7".

We further validated the iCasp9 system using GeoMx spatial
sequencing on engrafted hPSC muscle cells with and without AP1903
treatment (ROI, N=59). Spatial analysis showed an abundance of cell
death-related pathways including several upregulated caspase genes
inthe AP1903-treated muscles but notin control muscles (Fig. 7c,d and
Supplementary Table 6). We compared the remaining hPSC lamin AC*
cells (called hPSC PAX7") with hPSC PAX7* cells, and these expressed
genes enriched in non-stem cell or non-myogenic related cell fate
change including POSTN, CDHI11 and PDGFRA, suggesting that in the
absence of human myofibres these cells change fate to other mesoderm
lineages, whereas the PAX7" cells expressed key stem cell genes such as
ITGA7, NOTCH3 and CDH15 (Extended Data Fig. 9 and Supplementary
Table 7). Tobetter define how the hPSC SMPCs are interacting with the
emerging fibres we compared the PAX7 cells with the hPSC myofibres
in vivo again using spatial RNA-seq. We also discovered that key stem
cell signalling and adhesion pathways are turned on demonstrating
maintenance of stem cell fate in this model when ACTCI-positive fibres
are present, indicating support of human PAX7 cells by these emerg-
ing niches (Fig. 7d). To verify this, we performed CellChat analysis and
found that hPSC myofibres send several signals through embryonic
laminins and delta ligands (LAMAI and DLK1) that are predicted to
interact with receptors (NOTCH3, FGFR4, DAG1, ITGA7 and CD44) on
the hPSC PAX7" SMPCs (Fig. 7e and Supplementary Table 8). These
identified key stemness pathways are turned on, which could be key
to supporting hPSC PAX7 cells in emerging niches.

Discussion
The ability to efficiently support human PAX7 cells after engraftment
remains a major roadblock to translating cell therapies for skeletal

muscle. We demonstrate that the formation of human-only myofibres
following transplantation is a key source of niche emergence from
transplanted human cells, which has previously been overlooked.
Human-only myofibres have a 50-fold better ability to support trans-
planted PAX7 cells and can be identified by expression of the foetal
skeletal muscle actinisoform ACTC1. The ACTC1" hPSC myofibres form
niches that phenocopy late-stage foetal myogenesis, which enables the
generation of human niches that support PAX7 cells from hPSCs. To
demonstrate that ACTC1" myofibres are key to supporting stemness
from PAX7* hPSC SMPCs, we developed iCasp9 suicide hPSClines where
we took advantage of the power of hPSCs with genetic engineering to
evaluate this question. We demonstrate that ablation of the ACTC1
myofibres results in substantial PAX7 loss. Using multiple functional
studies, we conclude that transplanted human SMPC/SCs formniches
using skeletal muscle regeneration pathways and do not appear to
‘home’ to empty niches like the haematopoietic stem cell system®*. We
show reciprocation between the myofibre and stem cell; when mouse
Pax7" SCs are ablated, the regenerative Actcl' myofibres are lost, and
conversely when ACTC1' emerging myofibres are eliminated, the PAX7
hPSC SMPCs are lost. We also have identified unique gene signatures
including ligands and receptors found on foetal and hPSC myofibres
that may support de novo niche formation and could improve our abil-
ity to translate human PAX?7 cells for cell and regenerative therapies.

Our new engraftment model specifically eliminated mouse SCs
toevaluate SMPC niche formationin the absence of SCs. Interestingly,
in Pax7-ablated mice we found increased numbers of PAX7" hPSC and
foetal SMPCs, but rather thanresiding in empty chimeric mouse niches,
SMPCs increased association with ACTC1'Myh4~ human-only myofi-
bres at 30 days. We also found that PAX7* foetal SMPCs and adult SCs
now predominantly formed niches with ACTC1" human myofibres in
Pax7-ablated mice, suggesting that in this environment PAX7 SMPCs/
SCs prefer association with regenerative myofibres even though our
ablationand injury model still contained hundreds of mouse myofibres
(Extended Data Fig. 4c). We show that foetal and hPSC SMPCs can main-
tain PAX7" expression for several months in vivo when associated with
ACTCI' myofibres, and when re-injury is applied after 60 days foetal
PAX7*SMPCs are now better able to engraftinto both human-only and
chimeric niches, suggesting association with these niches enables an
increase in functional maturation.

Our approach is a more precise ablation model compared with
long-standing practices in the field, which has removed competition
withthe endogenous SCs by irradiation aimingtoincrease niche occu-
pancy from engrafted donor human or mouse cells. Muscle irradia-
tion studies are confounded by precise dosing and timing regimens
required, and high doses of radiation reduce donor mouse-to-mouse
engraftment® . In our hands and others, irradiation did notimprove
human muscle cell engraftment into mouse®. Further, irradiation
damages cells in the microenvironment, which orchestrates muscle
regeneration and supports SC niche formation®~*, and studies have
not fully investigated the extent to which radiation regimens affect the
myofibre regenerative response. We also cannot rule out that the for-
mation of human-only myofibres willbeincreased close to the injection

Fig.7| ACTCl s essential for emerging niche formation and support of
hPSCPAX7 SMPCs. a, Cartoon showing iCaspase9 vector (iCasp9) insertion
immediately in 3’ of ACTCllocus of hPSCs. AP1903 causes iCasp9 activation

and gene-specific cell death. PCR products show insertion of iCasp9 across

two hPSClines (H1and H9). b, Top: Pax7-DTX (ablated) Mdx-D2-NSG mice were
treated with TMX, and hPSC SMPCs transplanted into Pax7-ablated tissues. Mice
were treated six times every two weeks with AP1903 over 90 days, N =5 cross
sections. Left: images taken on the GeoMx of 90-day engrafted hPSC SMPCs
show regions of transplantation with or without AP1903 treatment. Zoom shows
morphology markers and masked ROl overlays. Single PAX7 cells and myofibres
were collected for spatial RNA-seq. ¢, Graph show mean + standard deviation

of PAX7 counts from cross-sectional area and a decrease in AP1903-treated

mice; t-test,*P=0.0005, N =5 cross sections. ACTC1 expression counts were
obtained from Q3 normalized outputs from ROIs on GeoMX; **P < 0.003, N=13
untreated, N=8 AP1903.d, Top: volcano plot of all human ROls in control and
AP1903-treated group highlightincreased caspase activity in AP1903-treated
mice. Bottom: volcano plot in control mice shows genes upregulated hPSC
PAX7* SMPCs compared with hPSC myofibres. Red dots represent differentially
expressed genes, and selected key genes are shown. For comparing different cell
types or treatments to generate volcano plot data, linear mixed model (LMM)
statistical tests with Benjamini-Hochberg (BH) correction were performed.

e, CellChat analysis show predicted sender (bottom) and receiver (top) ligand
and receptor interactions between hPSC PAX7 SMPCs and hPSC myofibres from
spatial RNA-seq of engrafted tissues.
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site, and therefore would increase the probability of local association To understand the mechanisms of failed regeneration and
with human PAX7 cells. However, this finding is also interesting and  niche formation in Pax7-ablated mice, we performed snRNA-seq in
could inform on cell numbers needed to support PAX7 SMPCs upon  Pax7-ablated and control mice with and without injury. Similar towork

engraftment and the need for multiple injections per muscle.
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muscle regeneration defects inacute-injury models. Of the remaining
myofibres in the Pax7-ablated mouse muscle, our sequencing data
findincreased numbers of highly glycolytic Car3" myofibres, but most
striking was the reduction of the regenerative ActcI* mouse myofibres
marked by several genes involved with sarcomere assembly (Tmod1,
Myhpb3 and Tnnt3), which suggests that niche formation occurs in
parallel with construction of sarcomeres. Notable niche genes identi-
fiedinthe ActcI" myofibres thatinteract with laminininclude ltgbipb2,
whichbindsintegrins expressed by SCs during niche formation®, and
Tmem38a, which regulates heterochromatin and repositions select
genes to the nuclear periphery of the myofibre, which happens to
include key regulators of SC migration such as Vcam1. It also brings in
Nidogen, ageneinvolvedinrepositioning of laminin binding and that
we found expressed by human foetal and hPSC myofibres in vivo®.

Although itis well understood how mouse regeneration occurs
afterinjury, this work develops ahuman model to study regeneration
leading to new emerging niche formation in vivo. We took advan-
tage of spatial RNA-seq to investigate differentially expressed genes
between ACTC1" and ACTC1 myofibres and ligand-receptor pairs
interacting with genes expressed on foetal SMPCs. One of the unique
identified pathways expressed on engrafted ACTC1" foetal myofibres
was Thrombospondin 4 (THBS4), which enhances attachment of dys-
trophin-glycoprotein and integrin complex to stabilize the muscle
membranes®* and is predicted to interact with ITGB1 expressed on
foetal SMPCs. We also performed spatial RNA-seq on engrafted hPSC
SMPCs and myofibres, and identified key in vivo niche genes includ-
ing CD44 expressed by PAX7+hPSC SMPCs which is activated during
regeneration and foetal development®, and is predicted to interact
with Collagen 6 expressed by hPSC myofibres, which promotes autono-
mous niche formation through ECM production®. Other key identified
interactionsin our analysis that may also be critical to supporting PAX7*
SMPCsinclude multiple NOTCH signalling pathways that are sending
andreceivinginboth directions from hPSC SMPCs and myofibres. We
also found Dystroglycan 1 (DAG1) on hPSC SMPCs interacting with
laminin 111 (LAMA1) expressed by hPSC myofibres. One caveat to the
use of GeoMx for spatial RNA-seq is the close, but not perfect, precision
of morphology marker segmentation, and we do find some muscle
genes in the PAX7 SMPC datasets due to their close spatial proximity
demonstrating further validations will be required. To avoid this, the
datasets we focused on comparing hPSC SMPCs with myofibres to
identify enriched genes such as CD82, FGFR4 and CERCAM, and these
may represent key targets to modulate forimproved support of PAX7
cell engraftmentin future studies.

The significance for identification of the ACTC1" myofibres for
initiating niche formation could have both basic and therapeutic
applications. Many labs have highlighted that both regenerating adult
myofibres and developing foetal myofibres support PAX7 cellnumbers
at orders of magnitude greater per unit area than adult myofibres in
homeostasis®’. It would be interesting to determine whether myofi-
bresinhomeostasis could support additional PAX7 cells if stimulated
by myofibre genesinvolved in emerging SC niche formation. Actc1 has
previously been shown to be highly expressed in foetal skeletal mus-
cle®®, and overexpression of Actcl has been used to rescue defects in
skeletal actin myopathies thatincreased the expression of regenerating
markers such as embryonic myosin®. Similarly, we found mouse SCs
during regeneration also clustered near newly formed Actcl” myofi-
bres. Looking to other stem cell niche systems such as dental pulp” and
hair follicle™, stem cell density in the niche is far greater thanin skeletal
muscle, suggesting the upper limit to stemcell density in niches found
inbiological systems could be increased. Regulation of the mouse Pax7
cell number set point has been demonstrated via Wnt4 knockdown’?,
and increasing the SC number set point could have exciting implica-
tions for muscle regeneration and establishing niches from hPSCs.

Our results highlight that SMPCs that do not associate with human
myofibres lose PAX7 expression. Loss of stemness also occurs for

mouse SCs when displaced from the myofibre niche”. Thus, myofibres
areimportant tosupportthe stemcell state.In the absence of myofibres
inMyf5/MyoD double-null mice, satellite cells canadopt mesenchymal
or alternative somatic lineages after injury, but the double-null satel-
lite cells were retained when myofibres were present and uninjured.
This observation suggests that myofibres contribute to maintaining
theidentity of satellite cells having the ability to adapt non-myogenic
cells”™”. Similarly, usingiCasp9 inhuman ACTC1 myofibres, we found
that hPSC SMPCs adopted alternative cell fates when not associated
withmyofibres (Extended Data Fig. 9). PAX7 lamin AC" cells expressed
high levels of mesenchymal (PDGFRA and POSTN) and mesodermal
(CDH11I) genes. Both the lack of niche association and the immaturity
of hPSC SMPCs may also result inincreased plasticity, similar to work
showing that foetal SMPCs have plasticity to form both bone/muscle
without niches””.

Theinvivo microenvironment has been shown toimprove matura-
tion of mouse embryonic stem cells following overexpression of Pax3
orPax7 (iPAX)””and hPSC SMPCs in vivo’®, but all are largely foetal and
not equivalent to quiescent adult SCs. Recent work has also shown
that maturation can be enhanced by epigenetic modulation in other
stem cell systems’**°. We evaluated hPSC SMPCs in vivo compared
with engrafted foetal or adult SCs and tissues, and our work suggests
that hPSC SMPCs do mature in vivo from an embryonic week 7-12 to
alater foetal week 17-20 stage, but do not fully mature to quiescent
adult SCs. How human SMPCs become quiescent SCs in the niche is
an exciting direction that could require lineage tracing to follow SC
and niche dynamics over time in vivo. Interestingly, we find that the
myofibre populations between engrafted foetal and hPSC myofibres
and foetaltissues are more dissimilar than are the PAX7* cells (Extended
DataFig.10), and thus the myofibres may be one of the mostimportant
targets for PAX7* SMPC maturation, including approachesto enhance
innervation.

Insummary, we developed a new muscle stemcell ablation mouse
model compatible with engraftmentand demonstrated that emerging
niche formation from hPSCs forms similar to the process of regenera-
tion. This work has globalimplications for cell therapies and provides
anew model systemto study how to support human regeneration and
niche emergence. Further, this new system could provide aplatform to
screen for new regulators of niche formation and the key regulators of
stem cell-niche interactions supporting PAX7 cells in vivo.
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Methods

Our research complies with all relevant ethical regulations. All hPSC
research was approved by the hSCRO committee (2006-009-17), all
biosafety was approved by IBC (BUA-2019-128-012-CR), all animal work
was approved by the ARC (ARC-2006-119) and all foetal and human tis-
sueresearchwas approved as exempt by theinstitutional review board
(IRB;20-000197). All foetal and human tissues came de-identified with
no patientinformation. Consents were obtained according tothe ABR
consent forms (foetal tissue) and NIH NDRI Tissue repository forhuman
cadaver tissue. There was no participant compensation.

hPSC culture, directed differentiation into SMPCs and
derivation of BLIhPSClines

To improve myogenic potential, we revised the directed differentia-
tion from previously described protocols™*. Inbrief, hPSC lines were
independently optimized using seeding density and CHIR99021 con-
centration, and all directed differentiation medium changes were
based on morphology and metabolic rate rather than set time points
described below. Revisionsincluded addition of transforming growth
factor-B inhibitor (TGFi) in vitro during the final week of myogenic
differentiation to improve myotube formation and support SMPCs
and addition of insulin-like growth factor-1 (IGF-1) in the final 3 weeks
to support SMPC survival and specification. TGFi was removed from
invivo experiments as previously reported®.

All hPSC experiments were performed with ESCRO approval,
and hPSCs were obtained from WiCell and the UCLA stemcell-
core. hPSC lines used in this study included H9 (WA09, NIH 0062)
(Figs.1,2and 4 and Extended Data Figs.1-3 and 6), H9 with a PAX7-GFP
reporter® (Figs. 1, 2 and 4 and Extended Data Figs. 1-3 and 6), H9
withaluciferase reporter (Figs. 2 and 4 and Extended Data Figs.1-4),
CDMD 1002 and CDMD 1006-1 (ref. 19) (Figs. 1 and 2 and Extended
DataFigs.1-3) and WTC-11 (Coriell, AICS-0054-091) (Figs.1and 4 and
Extended Data Figs. 1, 2 and 6). To generate the luciferase reporter,
an EFla-LUC-Puro lentivirus was used to infect hPSCs (H9 and H9
PAX7-GFP) in OptiMEM containing protamine sulfate. Three days
after infection, hPSCs were selected by progressively increasing the
puromycin concentration for 2 weeks. hPSCs were then single-cell
dissociated in CloneR and allowed to form clonal colonies. Six colo-
nies from H9 and four colonies from H9 PAX7-GFP were generated
and karyotyped (Cell Line Genetics). Normal, non-differentiated
colonies were selected (two H9 clones and one H9 PAX7-GFP clone)
and sequenced by LAM PCR (Creative Biogene) to determine viral
integration sites.

hPSC lines were dissociated in TrypLE and plated at 275,000~
475,000 cells per well of a six-well plate in mTESR containing 10 pM
ROCK inhibitor for 1 day to allow for recovery (day 1). hPSCs were
then treated with 8-10 uM CHIR99021 (Tocris, 4423) in E6 medium
for 2-3 days to induce mesoderm formation. E6 medium was used to
generate mesodermal Pax3’ cells for 7-10 days. StemPro-34 medium
containing 10% StemPro-34 supplement, 5 ng ml™ basic fibroblast
growth factor (bFGF),2 mM L-glutamine, 0.45 mM monothioglycerol,
10.7 pg ml transferrin and 0.4% penicillin-streptomycin was used to
expand Pax3' cells for 6-8 days. E6 medium was then added to cells
for 3 days, and 10 ng ml™ IGF-1 was added to the E6 medium for 7-10
days to enable specification of Pax7* cells. N2 medium (1% N2 supple-
ment, 1% insulin-transferrin-selenium (ITS, Gibco), 10 ng mI"' IGF-1and
0.4% penicillin-streptomycin) was added to cells for 5-7 days, and N2
medium containing TGFi (SB431542; 5 uM) was added for 5-7 days to
differentiate hPSC SMPCs.

At the end of directed differentiation, hPSC SMPCs were
prepared for FACS by dissociation in TrypLE and titrated to break
apart three-dimensional structures. Cells were filtered through
100-pm meshes, washed in PBS and resuspended in FACS buffer
(2% FBS in PBS). hPSC SMPCs were labelled with antibodies against
HNKI1 (BioLegend, 359603), ERBB3 (BioLegend, 324705) and NGFR

(BD Biosciences, 562123) (1.5 pl per 1 x 10° cells) and far-red viability
dye (ThermoFisher, L10120; 0.3 pl per 1 x 106 cells) for 45 min at 4 °C
andsorted onaBD FACSAriall. Fluorescence minus one (FMO) controls
were used for all gating controls. Samples were sorted and culturedin
skeletal muscle basal medium-2 (SkBM-2, Lonza).

Husbandry and generation of mouse strains

To generateimmunocompromised mice for human muscle cell engraft-
ment, NOD-SCID-Gamma (NSG) mice (Jackson Laboratory, 005557)
were crossed to C57BL/6) (C57; Jackson Laboratory, 000664), mdx
C57BL/10 (mdx; Jackson Laboratory, 001801) or mdx-DBA/2 mice.
mdx-DBA/2 mice were a kind gift from the laboratory of M. Spencer
generated by crossing mdx to DBA/2) mice (Jackson Laboratory,
000671), which are deficient in Ltbp4 and Anxa6. Pups were continu-
ally backcrossed to parental C57 or mdx strains for 5-8 generations
to create >90% congenic strains while retaining mutant /2 and SCID
alleles. Genotyping was performed using Transnetyx. All animal work
was conducted under protocols approved by the UCLA or UC Irvine
ARC in the Office of Animal Research Oversight. Mice were housed in
A+-rated barrier facilities in sterile cages with standard 12-h light and
12-hdark cycles.

Congenichomozygous C57-NSG, mdx-NSG and mdx-DBA/2-NSG
mice were used for engraftment studies or further crossed to gener-
ate Pax7 ablation models. C57-NSG, mdx-NSG and mdx-DBA/2-NSG
mice were crossed to Rosa-DTA mice (Jackson Laboratory, 009669)
or Pax7-Cre/ERT2 mice (Jackson Laboratory, 017763). Both Rosa-DTA
and Pax7-Cre/ERT2 mice were crossed to C57-NSG, mdx-NSG and
mdx-DBA/2-NSG strains for 3-5 generations before the start of Pax7
ablation experiments. Congenic homozygous Pax7-Cre/ERT2 males
were then crossed to homozygous Rosa-DTA females, and hetero-
zygous F, Pax7°"/"T; Rosa®™"T mice were used for Pax7 ablation
studies. Equal numbers of male and female mice were used at random.
All mouse experiments were conducted when mice were between
5-10 weeks of age.

Assessment of mouse Pax7 ablation

Ablation of endogenous SCs was achieved using 400 mg ml™ tamoxifen
chow (Envigo) or mice were injected intraperitoneally (i.p.) with100 pl
of 5 mg ml™ dihydroxytamoxifen (Sigma) diluted in 90% peanut oil
and10% ethanol. Pilot studies tested 3, 7 or 14 days of tamoxifen chow
and 1, 3 or 5 days of dihydroxytamoxifen i.p. injections (n =3 mice
per group). Non-transgenic Pax7<"T; Rosa"""T mice were used as
controls. Mice were killed immediately following treatment or 5 days
after tamoxifen washout. Tissue was dissected and immunostained
for Pax7 (DSHB), laminin and DAPI to count satellite cell numbers.
Laminin and H&E staining were also used to measure myofibre and
muscle cross-sectional area. Multiple tissue sections and images
were taken for each mouse. We found that 7 days of chow, or 3 days
ofi.p.injections, followed by a 5-day washout period was sufficient to
ablate up to 90% of satellite cells compared to non-transgenic controls
(n=5mice).

Engraftment protocol and preparation of hPSC and foetal
SMPCs and adult SCs
Human adult tissues were provided irregularly from donor cadavers
from NDRI. Allfoetal tissues were IRB exempt and were obtained from
ABRorthe UCLA tissue core.Lin'ERBB3"NGFR’ cells from embryonic/
foetal weeks 9-20 or Lin"CD82*NCAM" adult SCs from years 30-60
were enriched from primary tissues using FACS and immediately trans-
planted into mouse models. Primary SMPCs and SCs were dissociated
as described”, washed in Hank’s Balanced Salt Solution (HBSS) and
concentrated at1x10*-1x10° cells per 5 pl of HBSS.

After sorting, hPSCSMPCs were cultured and expanded in SkBM-2
plus bFGF for as short a time as possible (2-3 days) before engraft-
ment to prevent loss of PAX7 expression. hPSC SMPCs in culture were
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dissociated using TrypLE, pelleted at 300g and resuspended in HBSS
at1x10°cells per 5 pl. This allowed us to obtain at least 1 million cells
per mouse for engraftment. Mouse models aged 6-8 weeks were sub-
jected to amuscle injury by intramuscular injection of 50 pl of 10 pM
cardiotoxin (Sigma) or 1.2% barium chloride, 24 hbefore cell injections.
Pelleted cells were kept at4 °C and transported to the UCLA Humanized
Mouse Core. Mice were anaesthetized using 2% isoflurane, and
5-10 pl of cells in solution were injected into the TA muscle using
Hamilton microsyringes.

For Pax7 ablation studies, mice were given tamoxifen chow for
7 days and allowed a washout period of 5 days before engraftment.
On day 4 of washout, mice were given a cardiotoxin or barium chlo-
ride injection to induce muscle injury. Non-transgenic mdx-NSG
mice served as controls. For some Pax7 ablation studies, we also used
MACS-enriched (CD45 CD235a") foetal SMPCs. For Pax7-knockout
studies, after notice was received that adult clinical samples had
arrived, mice were giventamoxifen for 4 days withwashout for1day and
adult SCs were expanded in SKkBM-2 for 5-7 days before engraftment.

Quantification of human PAX7 in engrafted samples

Using a microcryotome, 1,200 pm of TA muscle was removed; 20 sec-
tions were collected on positively charged frosted microscope slidesin
50-umintervals, and 300 um of tissue was collected for RNA or western
blots. In this manner, we calculated that each quadrant contained
1,300 pum of muscle tissue. Quadrants were collected until the entire
TA was sectioned. Thus, we could determine the position of each
cross-section for downstream analysis of cell engraftment. Microscope
slides were keptin aluminium foil-covered boxes at -20 °C.

To quantify cell engraftment, all human lamin AC*spectrin®
and human dystrophin® myofibres from at least 11 cross-sections
were counted. To calculate the maximum number of engrafted
fibres, the cross-section containing the greatest number of human
lamin AC'spectrin‘dystrophin* myofibres was averaged with other
cross-sections containing the greatest number of human myofibres
from all mice within a treatment group (n = 3-7). The maximum
engrafted human myofibre average +s.e.m. was then used to compare
to other treatment groups by one-way ANOVA with post hoc Tukey’s
test for multiple comparisons (P < 0.05).

To quantify PAX7" cells, we first identified regions containing
human lamin AC* nuclei. We then captured images of all human
PAX7' cells in this region at x20 magnification (0.15 mm?; Zeiss
Axio-Observer). Data are represented as total PAX7" cells per image,
rather than total PAX7" cells per cross-sectional area of a whole tis-
sue, as high-magnification images were required to quantify niche
location (that is, within basal lamina) and quantification required
multiple fluorescence channels to confirm human PAX7 origin and
enabled multiple users to quantify our large image library. At least
twoindependent users quantified data from each high-magnification
image to determine the numbers and locations of PAX7* and lamin
AC'regions, and thus using the percentages of PAX7* cells was amore
robust quantification method.

Slides were co-stained for lamin AC and spectrin to mark engrafted
human myofibres and PAX7" cells were designated as associated with
chimeric or human-only myofibres from 18 independentimage regions
(n=5engrafted mice; Fig. 1). We next identified engrafted lamin AC*
locations and categorized these into four regions: (1) interstitial space,
withinendomysial regions but with few engrafted myofibres; (2) dense
lamin AC" regions, with fields of view containing >100 human cells but
few myofibres; (3) chimeric myofibres, with greater than half the field of
view occupied by chimeric myofibres; and (4) human-only fibres, where
thefield of view contained >50 human-only myofibres (Supplementary
Fig.2). Afteridentification of regions, atotal of 15-18 images containing
PAX7" cells from n = 3 mice were quantified; statistical analyses were
performed using one-way ANOVA. GraphPad v.6.0 software was used
tograph and calculate significance at P<0.05.

Immunofluorescent staining protocol for engrafted muscle
tissues

To performstaining, sections onslides were thawed from -20 °C freez-
ers and washed in PBS containing 0.2% Tween-20 (PBST). Slides were
fixed in 4% paraformaldehyde (PFA) for 10 min and washed with PBST.
Sections were then blocked in 10% goat serum in 0.2% gelatin, 3% BSA
and 0.1% Tween-20 for 90 min at room temperature. Sections were
immunostained with human-specific antibodies to spectrin (1:80;
Leica, NCL-SPEC1), lamin AC (1:120; Vector Laboratories, VP-L550) and
dystrophin (1:6; DSHB, MANDYS106) to positively identify engrafted
human cells and examine whether they were capable of fusing to restore
human dystrophinexpression. Sections were alternatively stained with
antibodies recognizing human PAX7 (10 ug mI™%; DSHB), lamin AC, spec-
trin and laminin (1:150; Sigma, L9393) to identify human SMPCs and
SCsresiding in the satellite cell position. Antibodies to ACTC1 (1:100;
Sigma, A9357), Myh3 (1:100; DSHB, BF-45), Myh4 (1:100; DSHB, BF-F3)
and M-cadherin (1:100; BD Biosciences, 61110) were used to identify
regenerative myofibres. Slides were washed and tissues were coun-
terstained and mounted with DAPI (Vector Laboratories) and imaged
using aNikon Eclipse 600 or Zeiss Axio-Observer 1. High-magnification
images were obtained on a Zeiss LSM 880 confocal microscope.

Immunofluorescent staining protocol for paraffin-embedded
sections

Muscle tissues dissected from human specimens were placed in 2% PFA
overnight. Tissues were taken to the Translational Pathology Core Labo-
ratory (TPCL) at UCLA forembedding. To deparaffinize tissues, slides
were immersed in xylene followed by serial dilutions of 100% to 50%
ethanol and distilled water. For antigenretrieval, slides were placedina
jar containing sodium citrate and then placed inahot pressure cooker
atlow pressure for 10 min. Slides were washed and blocked using 10%
goat serumwith 3% BSA and 0.1% Tween-20 in PBS for 90 min at room
temperature. Primary antibodies were added overnight at4 °C.Slides
were washed, and horseradish peroxidase (HRP)-conjugated secondary
antibodies were added for 45 min. After washing, fluorophore-specific
TSA working solution (PerkinElmer) was added for 10 min. For multi-
plex staining, HRP was quenched using H,0, for 15 min (Supplementary
Figs.3and 7). Slides were washed and tissues were counterstained and
mounted with DAPI (Vector Laboratories) and imaged.

Single-nucleus RNA-seq

mdx-NSG Pax7 DTA mice were given tamoxifen chow for 7 days to
ablate SCs. After 3 days of washout with normal chow, 50 pl barium
chloride was injected into the TA muscles. Non-injured ablated
mdx-NSG Pax7 DTA and injured mdx-NSG mice served as controls.
Eight days after injury, mice were killed and TA muscles were pre-
pared for single-nucleus RNA-seq. To prepare nuclei, we used the
custom-developed ‘Frankenstein’ protocol for nuclear isolation from
fresh and frozen tissue and muscle prepared as described by 10x
Genomics. Prepared myonuclei were stained with DAPI and taken to
the UCLA JCCC flow core, and myonuclei were sorted on the On-Chip
FlowCell Microfluidic Chip-Based Gentle Cell Sorter. Nuclei were col-
lectedin10x RT buffer, and the concentration of the nuclei was adjusted
t01,000 nuclei per pl. Following quality control on the D1000 Screen-
Tape, nuclei were prepared for 2 x 50-bp paired-end sequencing on
the NovaSeq 6000 at the UCLA Technology Center for Genomics &
Bioinformatics.

Atotal of 1.43 billionreads on 14,302 nuclei were generated (aver-
age of 100,000 reads per nucleus). FASTQ files for each sample were
processed independently with the default pipeline in Cell Ranger
Single-Cell Software Suite 3.0.2 by 10x Genomics. We used areference
genome built against mouse mm10 (sequence: GRCm38 Ensembl 93).
Quality control, normalization, filtering, data visualization and
differential expression tests were performed in Seurat (v.3.2.2)
(Ref. 82) with minimal custom modification to the standard workflow.
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The datasets were analysed independently and then integrated using
the standard Seurat integration workflow for SCTransform-normalized
data. Forindividual datasets, cells expressing fewer than 200 and more
than 2,000 genes were filtered out. Moreover, cells with >5% of UMIs
mapped to mitochondrial genes were removed. After SCTransform
normalization, we performed PCA on the gene expression matrix.
Respectively, we used the first 30,30, 18 and 23 PCs for mdx-NSG mice,
mdx-NSG mice 8 days after injury, Pax7-ablated mice and Pax7-ablated
mice 8 days after injury for clustering and visualization. Once analysis
was performed independently, integration analysis was performed
using the Seurat integration workflow with 35PCs and UMAP resolution
of 1.9. A Wilcoxon rank-sum test of 1IB.3 compared to gene averages
of all populations from single-nucleus RNA-seq, with 0.25 min.pct,
0.25 logfc.threshold, was used to generate functional annotation of
11B.3 myofibre populations.

ACTC1knock-in method

Togenerateaninducible ACTC1-expressing suicide cell line, we used
both the H1 and H9 lines for CRISPR-mediated homology-directed
repair. For nucleofection, hPSCs were single-cell dissociated and
500,000 hPSCs were nucleofected using an Amaxa 2D Nucleofec-
tor (shock program B-016) along with purified spCas9 (IDT), gRNAs
(sequences provided in Supplementary Fig. 8) and template ACTC1
knock-in plasmid (6-10 pg; VectorBuilder). For the protocol from
Skarnes et al.>>, we included HDR enhancer (IDT) and cultured cells
at32°Cfor 2 days following nucleofection, while cells on the Lonza
protocol was placed immediately at 37 °C without HDR enhancer.
hPSCs were recovered with mTESR Plus and CloneR (Stemcell
Technologies). We also tested LipoStem (ThermoFisher), which
was used to lipofect a plasmid containing two gRNAs (sequences
land2) and spCas9 alongside the template ACTC1 knock-in plasmid
into small adherent hPSC colonies. When cells reached confluence,
hPSCs from all conditions were dissociated and split for isolation
of genomic DNA (Zymogen) and cryostorage. Genomic DNA was
used to screen for presence of the correct genomic insertion using
primers designed to amplify through both homology arms (Sup-
plementary Fig. 8). We found that nucleofection and gRNA-1 from
both protocols worked for both the H1 and H9 lines, but we moved
forwards with the parental lines from Skarnes et al. because the
bands for these cells appeared to be more pronounced. Following
visualization of the correct band on a 1% agarose gel, the band was
gel extracted (Zymogen, D4007) and Sanger sequenced to verify
the correct insertion. We then thawed H1 and H9 parental cryovi-
als and FACS sorted DAPI-negative single hPSCs into four 96-well
tissue culture plates containing mTESR Plus and CloneR. Small to
medium-sized colonies were visible in 108 of the 384 wells after 1
week, and clonal colonies were splitinto 24-well plates, expanded and
split for genomic DNA isolationand cryostorage. Extensive PCR geno-
typing and sequencing using multiple primer pairs were used to iden-
tify two hPSC clones (clones 9 and 25in H9) with the correct knock-in
(Supplementary Fig. 8c).

We proceeded to directed differentiation of hPSCs into SMPCs
with both knock-in clonal lines, and one line was able to produce a
highyield of PAX7"SMPCs based on FACS enrichment of ERBB3"'NGFR*
cells, real-time PCR analysis and in vitro myotube fusion. Sorted SMPCs
were expanded for 3 daysinvitro after sorting and then approximately
1 million SMPCs were injected into 6-week-old mdx-D2-NSG
Pax7-ablated mice that were pretreated with barium chloride. Two
weeks following engraftment, mice were injected i.p. with AP1903
(10uMin100 plsaline) or control (0.1% DMSO insaline) every 2 weeks for
90 days (six total injections). Mouse human-transplanted tissues were
then dissected and mounted on microscope slides, and we proceeded
tosame-day GeoMx spatial RNA-seq. A total of 59 ROIs were sequenced,
including18 regions containing PAX7" cells, 23 regions containing hPSC
myofibres and 18 regions containing human lamin AC'PAX7 cells.

GeoMx spatial RNA-seq

Slide preparation. Spatial RNA-seq was performed using human skel-
etalmuscle tissues (limb) or mouse tissues (TA) engrafted with human
cells. We determined that freshly sectioned muscle tissues yielded the
best RNA quality; thus, tissues were flash-frozeninisopentane-chilled
liquid nitrogen and sectioned at 10 pm for same-day RNA-seq analysis.
Toidentify engrafted regions, TA muscle sections were collected every
500 um on Superfrost Plus slides for tissue adherence, which allowed
ustoavoid the suggested baking steps at 65 °C (Nanostring) to further
improve RNA quality. Muscle sections were first washed with DPBS and
fixed with 4% PFA for 30 min. To expose RNA targets, we empirically
determined that tissues needed to be treated with 0.025 pg ml™ pro-
teinase K for 5 min at 37 °C as higher concentrations cleaved antigen
binding sites. For in situ hybridization, human whole-transcriptome
RNA probes (Nanostring) were applied to the tissues, which were then
covered with aGrace Bio-Labs HybriSlip and incubated ina hybridiza-
tionchamber at 37 °C overnight. The following day, the HybriSlips were
removed in 2x SSC-T buffer and tissue slides were washed twice for
25 minwithasolution composed of 4x SSC and deionized formamide.
Washing and staining of slides were performed using Grace Bio-Labs
silicon coverslips to avoid hydrophobic pen usage. To add morphology
markers, we blocked with buffer W for 30 min and then added primary
antibodies, including antibodies to PAX7 (DSHB; 1:30), spectrin (1:80),
lamin AC (ThermoFisher; 1:80) and ACTCI1 (Sigma; 1:150), diluted
in buffer W, for 90 min. Tissues were washed three times with DPBS,
and secondary antibodies conjugated to Alexa Fluor 532, 594 and
647 were added (at a 1:250 dilution) alongside Sytol3 nuclear dye
(Nanostring; 1:15) in DPBS for 60 min. Tissues were washed in DPBS
and taken to the GeoMx machine for scanning and selection of ROlIs.

RNA probe collection. Selection of ROIs and segmentation were based
onfluorescenceintensity for PAX7" cells (PAX7*lamin AC*), myofibres
(spectrin‘lamin AC'ACTC1*) and non-myogenic human cells (lamin
AC*, negative for other markers). The GeoMx platform photocleaves
and collects RNA probes within segmented ROIs for sequencing. A list
of all 125 ROIs collected for sequencing is shown in Supplementary
Fig.9b. We sequenced at twice the recommended coverage (200 reads
per um?) for a total read count of 161 million reads.

Analysis. FASTQ files were aligned to a human reference genome
(hg38),and datawere uploaded to the GeoMx platformto begin analy-
sis. Wefirst ranageneral quality control, and allROIs passed the quality
control analysis. Tofilter the data, we filtered at 1% of the limit of quan-
tification and higher than the user-defined value of 2 and normalized
using the quartile-3 (Q3) method. To compare different cell types or
treatments to generate volcano plot data, linear mixed model (LMM)
statistical tests with Benjamini-Hochberg correction were performed.
The .csv files from GeoMx analysis served as the input for generating
volcano plots in R Studio using the EnhancedVolcano program. PCA
and UMAP plots were generated using modified custom scripts on
the GeoMx platform.

Statistics and reproducibility

Please seeindividual Methods sections for sample sizes and how statis-
tical analysis was performed for each experiment. Unless noted other-
wise, all statistical ¢ tests used were parametric, unpaired and two tailed.
Allone-way ANOVA analyses were corrected for multiple comparisons
and assumed a Gaussian distribution. GraphPad Prism version 9.3.1
was used to generate graphs and statistics. In general, randomization
and blinding were performed where possible. For imaging of PAX7,
regions were first blindly selected in the lamin AC fluorescence chan-
neland PAX7 cellimages were then captured without predetermining
PAX7 locations. All image data were quantified by two or more users,
and individual cells such as PAX7" cells were marked on the original
image so that multiple users could verify niche occupancy and PAX7
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positivity. For GeoMx spatial RNA-seq, users were blinded to engraft-
ment efficiency until images were scanned through the platform. To
increase reproducibility, four hPSClines were used in this study, includ-
ing H9, H9 with a PAX7-GFP reporter, H9 with a luciferase reporter,
H9 with aniCas9 gene, CDMD 1002 and CDMD 1006-1, and WTC-11.
We also used two separate dystrophic mouse models (mdx-NSG and
mdx-DBA/2-NSG) to confirm the presence of the human-only myofi-
bres. Litter-and age-matched mice were selected at random for engraft-
ment and re-injury experiments, and analyses between groups such
as foetal versus adult engraftment were performed with blinding. No
animals or data points were excluded from the study. No statistical
method was used to predetermine sample size, but sample sizes for
engraftment are similar to those reported in previous publications'.
In general, data distribution was assumed to be normal, but this was
notformally tested. The one set of experiments where data distribution
was not assumed to be normal was in the engraftment distribution of
SMPCs into mouse skeletal muscle. For these experiments, we sec-
tioned multiple regions throughout the muscle and report engraftment
efficiency across the entire length of the muscle (Fig.1aand Extended
Data Fig. 3b) or we report engraftment efficiency as the maximum
number of engrafted myofibres from the cross-sectional region with
the greatest engraftment, and these regions were used for statistical
comparison (Extended Data Fig. 7a). For spatial RNA-seq data, all ROIs
were validated by the user in addition to the software algorithms pro-
vided by the GeoMx DSP segment. If pixel intensities led to inaccurate
segmentation, these data were excluded.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Single-nucleus RNA-seq data that support the findings of the studies
in Pax7-knockout mice have been deposited in the Gene Expression
Omnibus (GEO) under accession code GSE241368. Spatial RNA-seq
code data that support the findings of the engraftment studies have
been depositedin GEO under accession code GSE243875. Source data
areprovided with this paper. All other data supporting the findings of
thisstudy are available from the corresponding author onreasonable
request. Source data are provided with this paper.

Code availability

Spatial RNA-seq code datathat support the findings of the engraftment
studies have been deposited in GitHub at https://github.com/mbhick-
slab/Spatial RNA_Seq_Myogenic_Engraftment and can be accessed
for further analysis in GeoMx software or in R progamming software.
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Extended Data Fig. 1| See next page for caption.

Nature Cell Biology


http://www.nature.com/naturecellbiology

Article

https://doi.org/10.1038/s41556-023-01271-0

Extended Data Fig. 1| Directed Differentiation of hPSCs to Skeletal Muscle in
vitro and invivo. Related to Fig. 1a. a. Timeline shows stages and small molecules
used for directed differentiation of hPSCs to skeletal muscle in vitro. Range

of days for each stage indicates variance in hPSC lines and switching media
conditions is based on morphology. FACS enrichment (black hourglass) shows
example FACS plot of ERBB3+NGFR+ enrichment. b. Timeline shows expansion of
ERBB3+NGFR+hPSC SMPCs and differentiation to secondary myotubes (MYHC,

red) and PAX7 cells (white). c. Timeline shows hPSC SMPCs expansion in SkBM2
followed by engraftment (star) into mdx-NSG mice. FACS enriched of populations
ERBB3-NGFR-, ERBB3-NGFR+, ERBB3+NGFR-, and ERBB3+NGFR+ engraftment
potential after 30 days and show improved engraftment by ERBB3+NGFR+in
vivo. ERBB3+NGFR+show two phenotypes related to myofiber fusion showing
human-only myofiber formation (top) or chimeric myofiber fusion (bottom).
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Extended Data Fig. 2| HPSC PAX7+ cells associate predominately near
human-only myofibersin two dystrophic mouse models. Related to Fig. 1b.
a.Left. Longitudinal sections show all nuclei (DAPI) in human-only myofibers are
Lamin AC+ (red) and nearby PAX7+ hPSC SMPCs (green). Lines show beginning
and end of myofiber (Spectrin, red). Right. Representative longitudinal image
show Dystrophin+ (green) human-only myofibers and nearby neuronal bundles
(laminin, grey). b. Hematoxylin and eosin staining of mdx-NSG and mdx-D2-NSG
tissue show levels of muscle degeneration. Fluorescent images show PAX7+

cells (green) associate predominately near human-only myofibers (Spectrin+
LaminAC+, Red) in both mdx-NSG and mdx-D2-NSG mice. Inset shows zoomed in
region of the engrafted hPSC skeletal muscle niche. Graphs quantify mean + SEM
20X images (0.15mm?) containing PAX7 cells for number of human PAX7 cells,
chimeric myofibers, human-only myofibers, and total human nuclei. A total of
15-18 images containing PAX7+ cells were quantified; statistics comparing PAX7
location performed using t-test, N=6, * = P=0.02for PAX7 and *=P= 0.0008 for
human only myofibers.
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Extended Data Fig. 3 | Optimization of human muscle stem and progenitor
cell engraftment. Related to Fig. 2. a. Cartoon depicts dissociation and
enrichment of primary adult stem cell (SC) and fetal progenitor cells (SMPCs)
for transplantation into mdx-NSG mice. FACS plot shows enrichment for
lineage negative (Lin-, CD45-CD235-PDGFRA-), SCs (CD82+CD56+), and fetal
SMPCs (ERBB3+NGFR+). b. Comparison of dose dependent engraftment
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different mice. Lamin AC (red), Dystrophin (green), DAPI (blue). Graph shows
mean + SEM quantification of Lamin AC+ Dystrophin+ myofibers across the TA
muscle in mdx-NSG mice. c. Comparison of 50,000 embryonic and fetal SMPCs
and adult SCs 30 days post engraftment, show adult SCs are more able to form
myofibers than fetal SMPCs at 50K engrafted cells.
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A Pax7-DTX skeletal muscle atrophies, yet some individual myofibers are hypertrophic
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Evaluation of mouse and human myofibers after Pax7 myofibers in mdx-NSG Pax7-DTX mice as measured by human Dystrophin+Lamin
ablation. Related to Fig. 3. a. Some individual myofibers of Pax7-ablated mdx- A/C+,N=4.c.Tibialis anterior muscles of Pax7 ablated mice are atrophic. Whole
NSG muscles undergo hypertrophy as measured by laminin and Imaris software, muscle cross sectional area (CSA) is decreased compared to non-ablated control
N =3. Histogram shows mean + SEM frequency/mm?in 500pm?increments; (cntl) mice. Graph shows mean +SD, *= P<0.018, N = 5. H&E staining of Pax7-
indicates myofiber sizes found only in Pax7-DTX mice. b. Representative images ablated and control mice 30 days post engraftment of 1 x 10° fetal SMPCs does

of engrafted human fetal SMPCs (10X) and adult SCs (20X) and into mdx-NSG notrescue weight loss, N =5/mice, *=P=0.025.

and mdx-NSG Pax7-DTX mice show increased formation of small, human-only
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Extended Data Fig. 5| UMAPs of key myogenic genes in mouse Pax7 ablation
and single nucleus RNA sequencing. Related to Fig. 4. Shown are representative
individual UMAPs from mdx-NSG mice including non-injured, 8 days post injury
(dpi), non-injured Pax7-ablated, and Pax7-ablated 8dpi. Notable gene expression

on populations include: Left. satellite cells (Pax7, Vcam1l, Notch3, CdhiS5),
myocytes (Myod]1, Itga7, Myh3, Ncam1), and Right. Type IIB myofibers (Myh4),
Type lIX myofibers (MyhI), and Type IIB.3 myofibers (Actcl, Prkag3, Casql,
Itgb1bp2, Tmem38a).

Nature Cell Biology


http://www.nature.com/naturecellbiology

Article https://doi.org/10.1038/s41556-023-01271-0

A Mouse SCs are supported near niche forming Actc1+ (11B.3) myofibers 8dpi

Uninjured
8 DPI
] W | Inset‘,"
Actc1 Myh4 Actc Myh4 Pax7 Laminin DAPI
B hPSC SMPCs engraft to predominantly form ACTC1+ myofibers
' 9 ‘
Overlay DAPI ACTC1 DAPI Lamin AC | Spectrin DAPI
C Adult SCs engraft to form ACTC1+Myh4- myofibers
in mdx-NSG-Pax7-DTX mice
Overlay DAPI

Extended Data Fig. 6 | Actclis increased on regenerating mouse myofibers small regenerating mouse myofibers. b. hPSC SMPCs engraft to predominantly

and marks ACTC1 human-only myofibers in Pax7-DTX mdx-NSG mice. Related form ACTC1+ myofibers. LaminAC/Spectrin (red), ACTC1 (green), DAPI (blue).
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Extended Data Fig. 7| Repopulation potential by adult stem and fetal show mean + SD of PAX7+ repopulation potential from fetal SMPCs and adult SCs
progenitor cells in mdx-NSG mice. Related to Fig. 5b. a. Myofiber formation at30days, 60 days * = P<0.0001, and after reinjury (day 60+RI) *=P< 0.0002.
of engrafted fetal SMPCs (500,000/injection, N=6) and adult SCs (30,000/ Inset shows representative locations of human (PAX7+LaminAC+) or mouse

injection, N=10). Graph shows mean + SEM max number of engrafted myofibers, (PAX7+LaminAC-) muscle cells relative to chimeric or human-only myofibers.
T-test, *=P=0.02.b. Representative images (top) and quantification (below)
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Extended Data Fig. 8 | Generation of aninducible apoptosis ACTC1 “kill
switch” hPSCline. Related to Fig. 7a. a. Vector Maps of ACTC1iCasp9 and
Multiplex CRISPR/Cas9 (VectorBuilder) used for transgene insertion. Table of
gRNA sequences, tracer sequence, 3’ and 5’ modifications forimproved RNA
stability were purchased from IDT. b. Gel shows all conditions used to knockin

iCasp9 vector into parental Hland H9 lines, N=17. Lipo-Stem protocol from TF:

Thermofisher, and nucleofection protocols from LZ: Lonza and SK: Skarns et
al., were used. 5’ genomic DNA to 3’ genomic DNA spanning the region with the

knockin was PCR'd. Asterisk indicates correct band size. c. After FACS sorted
single cell plating and clonal expansion, Clones were collected and PCR'd for
iCasp9insertion, N=108. Two heterozygous clones (C9 and C25) were identified
(asterisk). Clones were then PCR'd for sequencing. d. Sequencing results
(Retrogen) of parental, C9, and C25 clones show 100% alignment to expected
sequence. Inset shows DNA sequence spanning the 3’ end of ACTC1 gene, T2A
readthrough, and start of the iCasp9 transgene.
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Extended DataFig. 9| Cell fate of engrafted hPSC Lamin AC+PAX7-cellsinthe  were collected for spatial RNA sequencing. Volcano plot of PAX7+ and PAX7-
absence of ACTCI1+ myofibers. Related to Fig. 7b. Images taken on the GeoMx human cells. Red dots represent differential expressed genes, and selected key
of 90 day engrafted PAX7+ hPSC SMPCs and PAX7- hPSC SMPCs with or without genesare shown.

AP1903 treatment. Masked ROl overlays (arrows indicate PAX7) show cells that
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ROIs collected for spatial RNA sequencing

Fetal week 20 Tissue

Sample Myofibers PAX7+ PAX7-
Lamin A/C
Limb muscle 9 9 4
Engrafted Fetal
Sample ACTC1+ ACTC1- PAX7+ PAX7-
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Day 60 5 5 1 1
Day 120 1 4 3 3
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Lamin A/C
Control 15 12 9
AP1903 8 g 9
All ROIs combined (myofibers and PAX7)
0 g
O 10+
_E * Cell_ID
o O Fetal tissue: All MF
S 5- O Fetal tissue: PAX7+
o @ Fetal transplant: ACTC1-
N @ Fetal transplant: ACTC1+
© @ Fetal transplant: PAX7+
.. 0- © hPSC transplant: All MF
E\I) w “ @ hPSC transplant: PAX7+
5 @)
-5+

5

0

5 10

PC1: 31% variance

Extended Data Fig.10 | Regions of interest (ROIs) and combined data
collected for spatial RNA-Sequencing. Related to Figs. 6 and 7. a. Table shows
total number of ROIs used for spatial RNA seq from week 20 fetal tissues (N =

22), engrafted week 20 fetal SMPCs in mouse TA (N =42), and engrafted hPSC
SMPCsin mouse (N =59). ROIs are categorized by morphology markers at time of

collection. b. PCA plot comparing spatial RNA seq three samples (week 20 fetal
tissues, hPSC transplant, and fetal transplant) and two groups (PAX7+ SMPCs,
and myofibers). As fetal engrafted myofibers contained ACTC1+and ACTCI-
myofibers, these further separated. Plot show that PAX7 cells across tissues align
more closely than do myofibers across tissues.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
X] A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
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A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated
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Software and code

Policy information about availability of computer code

Data collection Data collection was performed using the following imaging platforms: Zeiss Axio Observer 1, a Nikon Eclipse 600, a Zeiss LSM 880 confocal
microscope, and an IVIS in vivo imager. We used the NovoSeq 6000 sequencer for both bulk RNA-Seq and single nuc RNA seq. The BD FACS
ARIA Il was used for all flow cytometry experiments.

Data analysis We used GraphPad PRISM 9.3.1 to perform statistical comparisons, which included one-way ANOVA for multiple sample comparisons, P<0.05
and t-test for comparison of two groups, P<0.05. FlowJo was used for FACS analyses and determining population percentages within gates.
Zeiss Zen Blue software, Nikon Elements, and Imaris by Bitplane were used for image quantification. For bulk RNA-SEQ samples were aligned
in HiSAT2 to the human genome (hg19, UCSC) and Ensembl Homo Sapiens GTF file (GRCh37). String Tie and DESEQ were used to evaluate
differential gene expression using a false discovery rate of 0.01. For single nucleus RNA Sequencing, data were aligned using Cell Ranger by
10X genomics to the human genome (hg19, UCSC). R studio packages Seurat and CellChat were used for analysis. NCBI DAVID was used for
functional annotation of differential gene expression. For additional information, please see extended experimental procedures.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All data is available upon request. All data will be uploaded to NIH NCBI Geo and https://aprilpylelab.com
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Sample sizes were chosen based on pilot studies of the experiment being performed. Please see supplemental methods. Across cell lines, we
engrafted mice with ERBB3+NGFR+ sorted hPSC-SMPCs N=7 for figure 1. For the re-injury engraftment studies, engraftment was performed
in N=6-14 mice. For bulk RNA-seq a total of 14 samples were evaluated (N=3 fetal week 10, N=3 fetal week 18, N=3 adult SC, N=5 hPSC SMPC).
The injury response in Pax7 knockout mice with or without injury was performed on N=5 mice. We then performed engraftment studies in
Pax7 knockout using N=12 mice for human fetal and N=4 mice for human adult satellite cells.

Data exclusions  Some Pax7 knockout mdx-NSG mice died from dehydration as a result of tamoxifen induced diphtheria toxin. These mice were excluded from
the studies. For human PAX7 counts (Figure 1) we included images containing at least 1 PAX7+ cells; however, in the supplement (Figure S2)
we further quantified all engrafted regions containing human cells regardless of PAX7 numbers.

Replication To determine if human only myofibers was observed in multiple mouse models, we included both mdx-NSG and a more severe dystrophic
mouse model mdx-D2-NSG mice. Throughout the study, we performed FACS enrichment and engraftment studies on over 20 biological
specimens from fetal and adult. All attempts at replication were successful.

Randomization Mice within a litter ages 6-8 weeks, were randomly selected for engraftment studies. For PAX7 cells counts, we randomly selected regions
with high numbers of human cells (marked by Lamin AC) and then imaged that region for PAX7. 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 equal numbers of male and female mdx-NSG mice were used at random. All animals were housed in the same area
and no preference was given to which mouse received a given treatment/transplantation.

Blinding Depending on the experiment, analyses were performed in a blinded fashion. Microscope slides labels were covered with tape and recorded
asi.e. A, B, C, etc. Scoring of all image quantification data was recorded so that multiple users could reevaluate data and derive the same
results. Flow cytometry and sequencing was performed by core personal who were blinded to the samples, labeled as AP1, AP2, etc. 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.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |:| ChlIP-seq
Eukaryotic cell lines |:| |Z Flow cytometry
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Antibodies

Antibodies used All antibodies used in this study are commercially available and are described in the methods.
Spectrin: Leica NCL-SPEC1
Lamin A/C: Vector VP-L550
Laminin: Sigma L9-393
ACTC1: Sigma A9357
MYH3: DSHB BF-45
MYH4: DSHB BF-F3
M-Cadherin: BD Biosciences 61160
Dystrophin: DSHB MANDYS106

Validation PCR primers were validated for efficiency using a 6 serial dilutions with 5-fold dilution curves. Only primers with >90% efficiency were
used. Antibodies were validated using human or mouse tissue positive controls and isotype negative controls. Human PAX7 cells
required the colocalization of 3 markers (Lamin AC, PAX7, and DAPI) to be scored. All antibodies were validated using isotype controls
and based on previous publications (see Hicks et al NCB 2018). Serial dilutions were used to identify signal to noise ratio.
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Eukaryotic cell lines

Policy information about cell lines
Cell line source(s) This study used primary cells and hPSCs. Adult human cells were obtained from tissue donations by NIH NDRI. Fetal human
cells were provided by ABR. Cell lines used included hESC line: H9 (Wicell) and UCLA stem cell core, a hPSC PAX7 reporter
line (generated in the Pyle lab), and a hPSC bioluminescent reporter line (generated in Pyle Lab).
Authentication All hPSC lines were authenticated by karyotype analyses and teratoma formation.

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

Commonly misidentified lines  No commonly misidentified cell lines were used.
(See ICLAC register)

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals Animals used were both male and female mice aged 6-8 weeks. We used mdx-NSG mice and mdx-D2-NSG mice generated in our
laboratory. These mice were backcrossed for several >5 generations to original mdx background while retaining Scid and L2
knockout. C57BL6J (C57)-NSG, Mdx-NSG, and Mdx-DBA/2-NSG were crossed to Rosa-DTA mice (Jax #009669) or Pax7-Cre/ERT2 (Jax
#017763) mice. Both Rosa-DTA and Pax7-Cre/ERT2 were crossed to C57-NSG, Mdx-NSG, and Mdx-DBA/2-NSG strains for 3-5
generations prior to the start of Pax7 ablation experiments. Congenic homozygous Pax7-Cre/ERT2 males were then crossed to
homozygous Rosa-DTA mice females, and heterozygous F1 Pax7 Cre/WT Rosa DTA/WT mice were used for Pax7 ablation studies. All
animals were kept in sterile housing maintained by the UCLA or UC IRVINE vet staff in A+ barrier facilities. They were given standard
12 hr dark/light cycles.

Wild animals No wild animals were used in this study.
Field-collected samples  No samples were collected in the field.

Ethics oversight All animal work was approved by the UCLA ARC 2006-119.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry

Plots

Confirm that:
The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.
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Methodology

Sample preparation Lin-ERBB3+NGFR+fetal weeks 9-20 or Lin-CD82+NCAM+ adult SCs years 30-60 were enriched from primary tissues




Sample preparation

Instrument
Software

Cell population abundance

Gating strategy

using FACS and immediately transplanted into mice models. Primary SMPC/SCs were dissociated as described (Hicks et al.,
2018), washed in HBSS, and concentrated at 1x104-1x106 cells/per Spls HBSS.

BD FACS ARIATI
DIVA

For adult CD82+CD56+ satellite cells represented 5-25% of the lineage negative (CD45-CD235-PDGFRa-CD31-) cell fraction
and 0.5-2% of the total population. For fetal week 17-18 ERBB3+NGFR+ progenitor cells represented 15-35% of the lineage
negative (CD45-CD235-PDGFRa-CD31-) cell fraction and 2-6% of the total population. For hPSC SMPC ERBB3+NGFR+
progenitor cells represented 10-30% of the lineage negative (HNK1-) cell fraction and 5-25% of the total population.

Cells were gated on FSC vs SSC for size and complexity; then sorted on FSC-H vs. FSC-A for singlet cells. Cells were then gated
on FSC vs live/dead viability dye. We then combined lineage negative antibodies into a dump channel. Lineage negative
muscle stem or progenitor cells were then sorted for double positive cell populations. Fluorescent minus one (FMO) gates
were used for all FACS experiments as gating controls.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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	Results

	SMPCs associate with human-only myofibres in vivo

	In vivo niches from SMPCs resemble early foetal niches

	SMPCs and SCs differ in niche occupancy in vivo

	SC-ablated mice enable human PAX7 retention

	Myofibres that support SC niches are lost upon SC ablation

	ACTC1+ myofibres enable repopulation in SC-ablated mice

	Spatial analysis identifies key emerging niche pathways

	ACTC1+ myofibres are essential for PAX7 in emerging niches
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