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Abstract

Satellite cells (SCs), the adult Pax7-expressing stem cells of skeletal muscle, are essential

for muscle repair. However, in vitro investigations of SC function are challenging due to
isolation-induced SC activation, loss of native quiescent state, and differentiation to myoblasts.
In the present study, we optimized methods to deactivate /n vitro expanded human myoblasts
within a 3D culture environment of engineered human skeletal muscle tissues (“myobundles”).
Immunostaining and gene expression analyses revealed that a fraction of myoblasts within
myobundles adopted a quiescent phenotype (3D-SCs) characterized by increased Pax7 expression,
cell cycle exit, and activation of Notch signaling. Similar to native SCs, 3D-SC quiescence

is regulated by Notch and Wnt signaling while loss of quiescence and reactivation of 3D-

SCs can be induced by growth factors including bFGF. Myobundle injury with a bee toxin,
melittin, induces robust myofiber fragmentation, functional decline, and 3D-SC proliferation. By
applying single cell RNA-sequencing (scCRNA-seq), we discover the existence of two 3D-SC
subpopulations (quiescent and activated), identify deactivation-associated gene signature using
trajectory inference between 2D myoblasts and 3D-SCs, and characterize the transcriptomic
changes within reactivated 3D-SCs in response to melittin-induced injury. These results
demonstrate the ability of an /n vitro engineered 3D human skeletal muscle environment to
support the formation of a quiescent and heterogeneous SC population recapitulating several
aspects of the native SC phenotype, and provide a platform for future studies of human muscle
regeneration and disease-associated SC dysfunction.
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1. Introduction

Satellite cell function is an essential aspect of skeletal muscle growth and repair [1-3].
Mechanistic studies of SC behavior and function, such as the roles of Notch activation in
maintaining SC quiescence and self-renewal [4,5], MAPK signaling in SC activation [6-8],
and canonical Wnt signaling in SC differentiation [9,10] have relied on the use of mouse
models, which although highly valuable, may not fully reflect SC function in human muscle,
especially in disease and aging [11-13]. Recently, single-cell RNA-sequencing (SCRNA-seq)
studies of human muscle tissue samples have demonstrated a large diversity of resident
muscle cells including the existence of two distinct SC populations expressing Pax7 [14],

a transcription factor associated with regenerative potential in adult muscle [1]. While /n
vitro studies could provide additional insights in the human SC homeostasis and injury
response, enzymatic muscle dissociation to isolate SCs induces their immediate exit from
quiescence (activation), followed by loss of Pax7 expression, proliferation, differentiation
[15,16], and, eventually, replicative senescence [17]. To be able to study human SCs in their
native quiescent state /n vitro, isolated activated SCs must be deactivated without inducing
irreversible senescence. Critical to this objective is the ability to recapitulate the cellular,
chemical, and physical aspects of the native SC microenvironment (niche) to which SCs are
acutely sensitive [18].

Previously, culture of human SCs in a “quiescence media” on integrin-coated collagen

| fibers that acted as a niche mimetic yielded reversible SC quiescence for only 3-4

days, likely because of the lack of key constituents of the native SC niche, such as

the myofibers [19]. The presence of myotubes in 2D cultures enables the formation of
Pax7+ ‘reserve cells’ (RCs) that possess certain characteristics of quiescent SCs [20,21].
RCs have been used /n vitroto study the effects of glucose [22] and Notch [23] and

Whnt [24] pathways in SC formation and quiescence. Additionally, recent advances in
tissue engineering methodologies have enabled the development of biomimetic, 3D skeletal
muscle tissues containing a pool of Pax7+ cells that allow studies of muscle injury
response [25-32]. Several years ago, we optimized a method for engineering functional

3D human skeletal muscle tissues (‘myobundles’) made from primary myoblasts expanded
in 2D culture [25,33-35]. By two weeks of 3D culture, the myobundles harbor a pool of
Pax7+ SC-like cells abutting aligned differentiated myofibers and demonstrate physiological
responses to electrical and acetylcholine stimulation [25], drugs [25,34], exercise [33],

and inflammatory factors [35]. Considering that the formation of myobundles requires
phenotypic transitions of 2D-expanded myoblasts into both functional myofibers and Pax7+
SC-like cells, we reasoned that this system would allow us to study in detail the process

of human myoblast deactivation, whereby a quiescent SC phenotype is attained via cell
cycle exit and programming into a homeostatic state, as well as transcriptional changes
during SC activation in response to injury. Furthermore, while the function of native SC
niche in homeostasis and muscle repair is supported by a number of resident non-muscle
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cells (e.g. vascular, neuronal, fibrogenic, immune cells) [36,37], we sought to reveal specific
roles that muscle fibers, a critical niche constituent, have in human SC maintenance and
injury-induced activation by utilizing human myobundles made from purified myogenic
cells.

To enable these studies, we first optimized conditions to maximize the formation of
myobundle-hosted Pax7+ cells (3D-SCs), and characterized their expression of myogenic
regulatory factors, cell cycle, and Notch signaling genes relative to the starting population of
2D-expanded myoblasts. We then evaluated the functional roles of Notch and Wnt signaling
in deactivation of 2D myoblasts into 3D-SCs and identified a robust injury method for
3D-SC re-activation. We subsequently applied scRNA-seq analysis - for the first time in
engineered skeletal muscle tissues - to reveal 3D-SC heterogeneity reminiscent of that found
in native human skeletal muscle [14], define and characterize the deactivation process from
2D myablasts to 3D-SCs, and reveal transcriptional changes within the activated 3D-SC
population reflective of native SC activation /n vivo [37-40]. Together, our results provide a
foundation for the future /in vitro studies of human SC formation, quiescence, heterogeneity,
and re-activation in various pathophysiological contexts.

Results

2.1. Optimizing 2D myoblast purity to increase Pax7+ cell density in 3D myobundles

Traditionally, engineered 3D skeletal muscle tissues made from primary muscle cells

are constructed using a heterogeneous cell population containing both myoblasts and non-
myogenic cells [25,31,33]. While non-myogenic cells such as fibroblasts [41], endothelial
cells [42], and fibro-adipogenic progenitors [43] play important roles in regulating the

SC microenvironment /n vivo, dissociated cells from different muscle donors contain
varying proportions and makeups of non-myogenic cells, making it challenging to assess
consequences on SC quiescence and function. Furthermore, in the context of in vitro
myogenesis, the non-myogenic cells may interfere with fusion and early formation of
myotubes that are necessary for homing of SCs [44]. We therefore sought to test the effects
of using a pure population of CD56* myogenic cells [45-47] on the formation of Pax7+
SCs within myobundles. Magnetic-activated cell sorting (MACS) of CD56" myaoblasts from
muscle biopsies (Fig. 1a) yielded highly pure myogenic cells across multiple donors (91

+ 4.8% Pax7+, mean £ SEM) (Fig. 1b and c). Subsequent continuous expansion of these
cells in 2D culture using standard growth media [25] significantly reduced Pax7+ cell
fraction (Fig. 1b and c), as previously shown [17]. We then generated myobundles using
CD56™ cells expanded for 5 passages and incorporated at 0%, 30%, or 100% of the starting
cell mixture—a heterogeneous muscle population initially composed of approximately 66%
CD56™ cells (Fig. 1d). This increase in starting CD56" cell fraction yielded an increase in
Pax7+ cells in 1-week differentiated myobundles (Fig. 1e and f) without effects on tetanic
force generation (Fig. 1g, mean absolute force for all groups pooled: 3.87 + 0.15 mN) or
twitch amplitude, time-to-peak tension, and half-relaxation time (Fig. 1h-k). These results
suggested that increasing the purity of the starting myoblast population increased the Pax7+
percentage in 3D myobundles and that the Pax7+ cell pool within myobundles could be
formed in the absence of non-myogenic CD56cells.
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2.2. Optimizing 2D myoblast expansion to increase Pax7+ cell density in myobundles

To improve the expansion capacity of CD56* myoblasts in long-term 2D culture
(Supplementary Fig. 1a), we evaluated the treatment with 10 uM p38 inhibitor SB203580
(p38i), which was previously shown to increase PAX7 expression and engraftment
potential of human myoblasts, but was only applied for up to 1 week /n vitro [48]. We
found that p38i-treated human myoblasts proliferated more rapidly than vehicle control
(DMSO)-treated cells to undergo a 216-fold cell expansion between passages 3 and 5
(Supplementary Fig. 1b). Despite increased myoblast proliferation, p38i-treatment did

not enhance PAX7 gene expression (Supplementary Fig. 1c), in contrast to previous
findings in short-term culture [19]. To more accurately assess the gene expression of the
Pax7+ cell pool in the myobundles, we enzymatically dissociated 1-week differentiated
myobundles and strained the resulting cell lysate through a 30 um filter to enrich for small
mononuclear cells while removing differentiated myofibers. Relative to vehicle (DMSO) or
p38i-expanded myoblasts, mononuclear cells isolated from corresponding 3D myobundles
showed significantly enhanced PAX7 expression (Supplementary Fig. 1c). Additionally,
compared to vehicle control, p38i treatment during 2D expansion significantly increased
the fraction of Pax7+ cells in myobundles by 33 + 0.07% (mean + SEM, Supplementary
Figs. 1d and e). Furthermore, after 1 week of 3D differentiation, myobundles derived from
p38i-expanded myoblasts exhibited reduced force production, likely due to the inhibitory
effects of p38i on differentiation during 2D expansion [49,50] that persisted during 3D
differentiation in myobundles (Supplementary Fig. 1f). Collectively, these studies showed
that a Pax7+ cell pool within engineered 3D myobundles can be amplified by chronic p38i
treatment during 2D myoblast expansion.

2.3. Cell cycle arrest and myogenic regulatory factor expression during myobundle
formation and differentiation

To further determine how 3D myobundle environment influences deactivation of p38i-
expanded CD56* myoblasts, we isolated mononuclear cells from myobundles at different
time points of culture and characterized them for markers of cell cycle arrest, expression

of myogenic regulatory factors, and Notch signaling-associated genes [51] (Fig. 2a).
Immunostaining analyses revealed that similar to quiescent SCs /n vivoand in contrast to
2D expanded cells, Pax7+ cells in 1-week differentiated myobundles were non-proliferative
(Pax7+/Ki67-) (Fig. 2b) and negative for downstream markers of myogenic commitment,
MyoD and MyoG (Fig. 2c-d). Furthermore, M-cadherin, a cell-cell adhesion protein, was
expressed at the interface of Pax7+ cells and myofibers similar to observations in vivo

[52] (Fig. 2e). We then assessed gene expression in 2D myoblasts and mononuclear cells
isolated from 3D myobundles at 4 days of growth culture (G4), 4 days of differentiation
(D4), and 7 days of differentiation (D7) (Fig. 2f). We found that expression of proliferation
genes MKI67, E2F, and CCNBI1 declined with the transition from 2D to 3D growth and
differentiation (Fig. 2f), consistent with immunohistological findings (Fig. 2b). This exit
from cell cycle was associated with a progressive increase in 2AX7 gene expression in

3D mononuclear cells (Fig. 2f) as well as time-dependent changes in MYF5and MYOD1
expression (Fig. 2f), suggestive of a heterogeneous and dynamic nature of the mononuclear
cell population in myobundles. In addition, gene expression of downstream Notch signaling
targets, HESZ and HE Y1, was found to progressively increase (Fig. 2f). Collectively, these
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results suggested that upon transition to a 3D culture and switch to differentiation media,

a subset of 2D-expanded, already activated myogenic cells did not undergo fusion and
further differentiation into myofibers, but instead deactivated to acquire a quiescent Pax7+
SC-like phenotype, likely maintained by niche-mimetic interactions with abutting myofibers
via M-cadherin junctions and upregulated Notch signaling. We therefore termed this pool of
deactivated SC-like cells in myobundles as 3D-SCs.

2.4. Notch and Wnt signaling in 3D-SC deactivation and maintenance of the quiescent

State

During both postnatal muscle development [9] and injury-induced regeneration [53], Notch
and Whnt signaling pathways play determining roles in SC self-renewal vs. commitment
[10,54]. Specifically, activation of Notch signaling is critical for preserving the SC pool
[4,5], while constitutive activation of canonical Wnt signaling diminishes the SC pool
during muscle regeneration due to precocious differentiation [53,55]. To determine if 3D-SC
formation is similarly reduced by disruption of these pathways during myoblast deactivation,
we applied 3 UM gamma secretase inhibitor (DAPT) to inhibit the Notch pathway or 3

UM GSK3 beta inhibitor (CHIR 99021) to stabilize beta-catenin and activate the canonical
Whnt pathway during the first week of myobundle differentiation (Fig. 3a). Inhibiting

Notch with DAPT or activating Wnt with CHIR significantly reduced 3D-SC density in
myobundles (Fig. 3b and c). Assuming that the two drugs did not induce significant death to
mononuclear cells, these findings suggest that disrupting the Notch or Wnt pathway prevents
myoblast deactivation and acquisition of 3D-SC quiescence, leading instead to extensive
myoblast fusion into myofibers. To further determine if perturbing these pathways would
similarly impair the maintenance of 3D-SC quiescence, we treated 1-week differentiated
myobundles with DAPT or CHIR during the second week of differentiation when 3D-SCs
had been already established (Fig. 3d). Interestingly, each molecule significantly decreased
the Pax7+ cell fraction (Fig. 3e and f), suggesting that similar to native SCs, quiescent
3D-SCs also rely on Notch activation to actively maintain quiescence [56,57] and remain
sensitive to Wnt-induced commitment [9,55,57]. Collectively, these studies demonstrated
critical roles of Notch and Wnt signaling in the formation and maintenance of a quiescent
3D-SC pool in myobundles.

2.5. Growth factor response of 3D-SCs in myobundles

In addition to being quiescent, SCs need to remain responsive to extracellular cues to

exit quiescence and activate. Hepatocyte growth factor (HGF), Wnt7a, and basic fibroblast
growth factor (bFGF) can broadly stimulate SC activation and proliferation /7 vivo [58-61].
To test 3D-SC responsiveness to these mitogenic growth factors 7n vitro, myobundles were
differentiated for 1 week to allow 3D-SC formation and cell cycle exit, followed by 1-week
treatment every other day with 0.5 uM EdU and HGF (10 ng/ml) [62], Wnt7a (50 ng/ml)
[63], or bFGF (20 ng/ml) [64]. Interestingly, HGF treatment did not significantly increase
cellular EAU incorporation (Fig. 3g and h), which may be attributed to either sequestration
of HGF by matricellular proteins and proteoglycans [65] inside myobundles or the need
for injury-induced release of proteases to activate the HGF [66]. Unlike HGF, both Wnt7a
and bFGF significantly increased the EdU incorporation in myobundles, which contained
both activated 3D-SCs that co-expressed Pax7 and EdU as well as EdU+/Pax7-cells that
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presumably differentiated (and lost Pax7 expression) after initial activation (Fig. 3g and
h). Together, these studies suggested that similar to native SCs /n vivo, 3D-SCs within
the myobundle environment remain sensitive to mitogenic growth factors and capable of
re-entering the cell cycle.

2.6. Comparison of 3D-SCs with 2D culture-derived reserve cells

2.7.

Reserve cells (RCs) form during myoblast differentiation in 2D culture and, similar to
3D-SCs, have been shown to exit the cell cycle, reduce MyoD expression, and increase Pax7
expression [21,67]. We thus preliminarily compared RCs and 3D-SCs generated from p5
myoblasts (Supplementary Fig. 2a) across several metrics including gene expression, ability
to rapidly activate and proliferate, and capacity to generate functional muscle fibers. After

1 week of differentiation, RCs and 3D-SCs represented a significantly reduced proportion
of Pax7+ cells compared to 2D p5 myoblasts and had withdrawn from the cell cycle, as
shown by a lack of Pax7+/Ki67+ co-expression (Supplementary Figs. 2b-c). Compared to
RCs, 3D-SCs showed increased expression of PAX7, SPRY1, and NOTCH3and decreased
expression of £2F gene (Fig. 3d), and, unlike RCs, had higher HE Y1 expression than p5
myoblasts (Fig. 3d) [51,56]. Another key function of SCs /n vivo is their ability to activate
in response to tissue disruption [68]. To mimic this process, we isolated RCs and 3D-SCs
from their respective tissue environments and plated them in growth media on culture
plates. After 4 days in growth media, 3D-SCs expanded 3.8-fold vs. 2.1-fold-expanded

RCs, suggesting that 3D-SCs more robustly re-activated in response to mitogenic stimulus
(Supplementary Fig. 2e). We then utilized p5 2D-expanded myoblasts, RCs, and 3D-SCs

to construct myobundles and assess their function. After one week of differentiation, the 3
myobundle groups exhibited similar cross-sectional areas (Supplementary Figs. 2f and g)
with p5 myoblast-derived myobundles producing the greatest force (Supplementary Figs. 2h
and i). Notably, 3D-SC—derived myobundles produced greater tetanic force than RC-derived
myobundles (Supplementary Figs. 2h and i). Together, these preliminary comparisons
suggest that 3D-SCs and RCs have functional differences which remain to be studied in
more detail in the future.

scRNA-seq characterization of cellular heterogeneity during myoblast deactivation in
myobundles

To better understand temporal changes in the transcriptome and cellular heterogeneity
during the myoblast deactivation in myobundles, we performed scRNA-seq analysis of

the following cell populations: passage 5 2D p38i-expanded CD56* myoblasts used to

make myobundles (2D), and mononuclear cells isolated after 3 and 9 days of myobundle
differentiation (D3 and D9) (Fig. 4a). We used Seurat v3.2.2 [69] analysis package for count
normalization and expression analysis and via the Louvain clustering method [69] identified
7 cell clusters corresponding to transcriptionally distinct states acquired during the myoblast
deactivation (Fig. 4b-e). Specifically, the 2D myoblasts consisted of 2 dominant populations:
1) the differentiating population with higher expression of 7ANN11, TTN, TNNCI, and
MYOG and 2) the proliferative population with higher expression of MK167, CCNBLI,
TOPZA, and CENPF (Fig. 4d,f). This finding is consistent with the presence of cycling
Ki67+ and non-cycling Ki67-human myoblasts observed in 2D culture as well as similar
distinction identified using sScCRNA-seq in primary mouse myaoblasts [39]. The 2D myaoblasts
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also contained a small non-proliferative myonuclei cluster characterized by no PAX7and
low MYOD1 expression paired with higher expression of MYOG, MEF2C, TNNT3, DES,
CKM, and MYL1(Fig. 4d and e), which likely originated from prematurely differentiated
myoblasts.

In 3D myobundle culture, we also identified a distinct population of committed muscle
progenitor cells (MPCs) lacking PAX7and expressing MYODI1, MEF2C, and TNNT3
(Fig. 4c and d) as well as the myonuclei cluster identified in 2D myoblasts. Furthermore,
the D3 experimental group revealed a critical intermediary cluster of deactivating cells
which showed both: 1) upregulation of quiescence markers NOTCHS3, SPRY1, APOE, and
PAX7and 2) downregulation of activation markers CCNDI1 and DES relative to the 2D
differentiating and proliferative myoblast clusters (Fig. 4d and e).

Recent scRNA-seq studies have identified the existence of distinct SC subpopulations within
both native homeostatic mouse [39] and human [70,71] muscles. Notably in uninjured
human muscles, De Micheli et al. identified a “quiescent” and an “activated” population. In
D9 myobundles, we similarly found clusters which based on their transcriptomic signature
were termed quiescent (qSC) and activated (aSC) 3D-SCs. Consistent with descriptions of
native human quiescent SCs, the myobundle-derived gSCs demonstrated strong expression
of quiescence markers PAX7, SDC2[14,72], FN1[71], SPRY1[56], and NOTCH3[48]

as well as low expression of MYODI and cell cycle genes (Fig. 4d,g). Compared to

the qSC cluster, the aSC cluster exhibited reduced PAX7, FIEY1, APOC1, CDKNIC,

and SPRY1 expression with increased expression of activation and differentiation markers
ACTAZ, ACTCI1, TPM1, DES, and HES6[73,74]. Similar to De Micheli et al. we also
found relative upregulation of inflammatory markers /L 32and TNFRSF12A within the aSC
population (Fig. 4d,g). To further determine if the distinction between myobundle D9 qSC
versus aSC clusters was similar to the “quiescent” versus “activated” clusters identified De
Micheli et al. [14], we compared the overlap in differentially expressed genes (pagj < .05,
[logoFCI>0.25, minimum expressing cell percentage 10%). Of the 1588 genes identified in
De Micheli’s “quiescent” versus “activated SCs [14] and 242 genes identified in D9 qSC
versus aSC, a significant overlap of 63 genes was found (hypergeometric test, p~1.0e-4),
suggesting that the 3D-SCs within myobundles recapitulate multiple aspects of native human
SC heterogeneity.

2.8. Correlation of quiescent 3D-SCs in myobundles with native human SCs

To assess the similarity of the quiescent 3D-SCs with native human SCs, we integrated

our dataset with previously published human scRNA-seq datasets [14,75,76] using Seurat
v3 mutual nearest neighbors batch correction [69], and calculated the Spearman’s rank
correlation for the top 2000 highly variable genes. We found that compared to 2D myoblast
clusters, the 3D deactivating and gSC clusters demonstrated consistently higher correlation
with native SCs (Fig. 5a). To further focus the analysis to genes known to be involved in
SC quiescence, we used two previously described transcriptional signatures of quiescence
identified in mouse SCs [77,78], mapped the genes to human homologs, and tested for
enrichment of these signatures using gene set enrichment analysis (GSEA). While 2D
myoblasts showed negative enrichment for these clusters, the deactivating cluster and gSCs
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in myobundles demonstrated progressive and significant enrichment for the SC quiescence
signature (g < 0.05) (Fig. 5b). Interestingly, the deactivating cell cluster demonstrated
correlation (Fig. 5a) and gene set enrichment (Fig. 5b) similar to the qSC cluster, suggesting
the quiescence signature of 3D-SCs was established rapidly during early myobundle
differentiation.

2.9. Trajectory inference on deactivation of 2D myoblasts to quiescent 3D-SCs

With the goal of further characterizing the deactivation process from 2D myoblasts to qSCs
in myobundles, we performed pseudotime analysis of the 2D myaoblast, D3 deactivating, and
D9 gSC clusters using Slingshot [79]. The inferred trajectory bridged these clusters in the
order: proliferative myoblasts, differentiating myoblasts, deactivating cells, and gSCs (Fig.
5c¢). Following the lineage assembly, pseudotime values were computed for each cell by
projecting them onto principal curves [79]. To identify genes differentially expressed along
this deactivation lineage, we applied the method used by Saelens et al. and constructed a
random forest model to generate a pseudotime model [80]. The top 50 genes identified

by the model’s feature importance metric were used to generate a heatmap (Fig. 5d).
Forty-three of these genes were associated with activation, being expressed by proliferative
and differentiating myoblasts, whereas 7 genes were associated with quiescence having high
expression in deactivating cells and gSCs. When comparing these genes to descriptions

of early activation and quiescence from /n situ fixed mouse SCs [81], 21 of 43 activation
genes and 3 of 7 quiescence genes were found to overlap. Genes highly expressed early

in the pseudotime, corresponding to proliferative and differentiating myoblast clusters,
spanned glycolytic metabolism (PKM [39]), proliferation (DEK, TOP2A, CENPF[82,83]),
differentiation (CKB, DES, TNNI1, TNNT2, MYL6B, KLHL41 [84]), calcium-mediated
signaling (CALM1 [85]) as well as cell motility (STMNI [86,87]) and cytoskeletal
structure (ACTCI1, ANKRDI1, TUBA1B, JPT1, S100A6[88]), which are associated with
SC activation [89,90]. In addition, genes coding heat shock proteins, which are associated
with SC stress response and activation83, were reduced with deactivation. Further, the
histone variant H2AF.Z, associated with active transcription at the Myod locus in activated
and differentiating mouse SCs84 85 was downregulated across the deactivation trajectory
(Fig. 5d and e). Interestingly, several ECM-related genes associated with skeletal muscle
and the SC niche /in vivo— FNI1[91], COL3A1[92], COL4A1[92], COL5A1[93], and
COL6A1[94] — increased progressively during the deactivation process, suggesting qSCs
may be remodeling their microenvironment and establishing a SC niche [51] (Fig. 5d-¢). In
immunostaining, collagen V expression appeared to increase across 2D, D3, and D9, but
remained confined intracellularly (Fig. 5f), suggesting secretion, assembly, and remodeling
of this protein may require extended time scales or additional microenvironmental factors.
Late-stage deactivation was also associated with upregulation of SC markers APOE[51,95],
APOCI [14], and negative cell cycle regulators (COKNICand TPTI) [14]. To confirm

if the differences in APOCI and APOE gene expressions were maintained at the protein
level, immunostaining intensity was compared via flow cytometry (Fig. 5g-j). Comparing
the fold change in median fluorescence intensity (MFI) between stained (1°+2° antibody)
and sample controls (2° antibody only) (Fig. 5h,j) revealed that both ApoE and ApoC1 were
strongly increased in the D3 and D9 relative to 2D cells (Fig. 5h,j). Together, these studies
revealed that myoblast deactivation in myobundles involved progressive transcriptomic
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changes reflective of cell cycle exit, metabolic downregulation, cytoskeletal and extracellular
remodeling, and acquisition of quiescent SC markers.

2.10. Structural and functional characterization of myobundle injury by melittin

2.11.
injury

Rapid SC activation in response to injury is a key aspect of SC function and is critical for
timely muscle regeneration /n vivo [1]. Previous studies have reported activation of resident
Pax7+ cells in 3D engineered rat and human muscles [26,27,31,32,96]. We evaluated the
ability of bee venom (melittin, 10 pg/ml for 6 h), previously shown to induce skeletal

muscle damage [97-99], to induce myobundle injury and 3D-SC activation (Fig 6a). Two
days post injury (2DPI) by melittin, we consistently observed myofiber disruption and
3D-SC proliferation (Pax7+/Ki67+ cell increase, Fig. 6b and c), as well as deficits in

twitch and tetanic contraction without effect on twitch kinetics (Fig. 6d, Supplementary Fig.
3). Additionally, we examined the 2-day response of myobundles to other injury-inducing
agents, such as notexin (NTX), cardiotoxin (CTX), and the calcium ionophore A23187.
While these treatments significantly reduced tetanic forces and slowed down twitch kinetics
(Supplementary Figs. 4a-d), they exhibited a limited ability to induce myofiber disruption
and 3D-SC proliferation in comparison to melittin (Supplementary Figs. 4e and f vs. Fig.
6¢). We also found that by 5 and 7 days post melittin injury (5DPI and 7DPI), the percentage
of proliferating Pax7+/Ki67+ cells was significantly reduced—which may indicate an early
return to quiescence, 3D-SC death, or premature differentiation—and was not accompanied
by recovery of tetanic force (Supplementary Figs. 5a-c). Taken together, the melittin-induced
fiber fragmentation, muscle loss, and functional deficit in myobundles reproduced multiple
aspects of muscle injury /n vivo [100] and revealed that 3D-SCs are capable of injury-
induced activation, cell cycle re-entry, and return to quiescence, similar to native SCs.

scRNA-seq characterization of the 3D-SC activation in response to myobundle

To further examine the transcriptomic signature of the 3D-SC activation in response to
melittin, myobundles were injured on day 7 of differentiation and mononuclear cells were
collected at 2DPI and 5DPI and analyzed by scRNA-seq (Fig. 6a). We found that in response
to myobundle injury, the proportion of aSCs was increased (Fig 6e and f), either from a
conversion of gSCs to aSCs and/or expansion of existing aSCs. Compared to aSCs and
gSCs, a population of committed MPCs possessed higher expression of differentiation
markers KLH41, MYODI1, MYOG, and CKB (Fig. 6g). Notably, the committed MPCs
peaked at 2DPI and were diminished by 5DPI suggesting further differentiation to myotubes
or apoptosis between these timepoints (Fig 6e and f). To further uncover the underlying
mechanisms of the increased aSC population in response to injury, we applied gene set
enrichment analysis (GSEA) to compare aSCs from D9 versus the combined injured
timepoints (2DPI and 5DPI) using the Gene Ontology (biological processes and Hallmark)
and Reactome Pathway annotations and illustrated both selected annotations (Fig 6h) and
the full list of enriched terms (Supplementary Tables 4a-c) with g < 0.05. In comparison

to the uninjured aSC cluster, the injured (2DPI and 5DPI) aSC clusters demonstrated
significant enrichment for pathways consistent with those previously described for SC
activation and muscle repair in mice, including: MAPK [6], FGF [8], Wnt [10], and TNF
[38,101] signaling as well as glycolysis [39,40,102], proliferation [103], DNA repair [104],
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and myogenesis [103]. Together, these studies revealed transcriptomic underpinnings of the
muscle-autonomous, injury-induced human 3D-SC activation, which would be difficult to
study in native human muscle.

3. Discussion

In the presented work, we optimized the formation of quiescent 3D-SCs within tissue-
engineered human myobundles, demonstrated the roles of Wnt and Notch signaling in
3D-SC formation and maintenance, and developed a protocol to activate 3D-SCs by
injuring myobundles with a bee toxin. We also for the first time applied SCRNA-seq

analysis to tissue-engineered skeletal muscle to track and transcriptionally characterize the
human myoblast deactivation process, formation of the quiescent 3D-SC pool, and injury-
induced activation. Through these studies, we showed molecular evidence for phenotypic
heterogeneity within the homeostatic 3D-SC pool resembling that reported for native human
SCs /n vivo [14]. As the starting population for these studies was CD56™ myogenic cells, our
results provide new insights into muscle-autonomous regulation of human SC quiescence,
deactivation, and re-activation.

While CD56* cells have been used to engineer human muscle tissues [27,105-107], the
effect of myogenic cell purity on the formation of quiescent Pax7+ cells, to our knowledge,
has not been previously reported. We found that the Pax7+ 3D-SC formation in myobundles
was increased with use of higher fraction of CD56" cells (Fig. 1e and f), likely due to
increased early-fusion events that permitted Pax7+ cell homing to myotubes, as we observed
in engineered rat muscle [44]. Additionally, we found that p38 inhibition significantly
accelerated human myoblast proliferation during long-term 2D expansion, while preserving
Pax7 expression (Supplementary Figs. 1b and c), and increased the abundance of 3D-SCs
(Pax7+ cell fraction) within myobundles (Supplementary Figs. 1d and €). Importantly, such
obtained 3D-SCs exhibited key features of native quiescent SCs including elevated PAX7
expression and Notch signaling relative to 2D myaoblasts (Fig. 2f), cell cycle arrest (Fig.
2b,f), potential to form functional myofibers (Supplementary Figs. 2h and i), and the ability
to re-activate in response to growth factors (Fig. 3g and h) and muscle injury (Fig. 6b

and c). Unlike a combination of biomaterial-based niche and multiple small molecules

that maintained /n vitro SC quiescence for up to 4 days [19], the human myobundle

system contained a cell-based niche consisting of differentiated myofibers that supported the
formation and maintenance of 3D-SC quiescence through Notch activation (Figs. 2f, 3a-f).
These results not only confirmed the role of Notch signaling in the /n vitro formation of
quiescent SCs [23], but also suggested additional roles of Notch in human SC maintenance
in vitro as observed in native mouse muscle [4,5]. Formation and maintenance of human
3D-SCs in myobundles were also disrupted by activation of canonical Wnt signaling,
consistent with the studies in mice showing Wnt interference with Notch signaling [9] and
SC depletion during regeneration [55].

Compared to RCs formed during 2D myoblast differentiation, 3D-SCs showed higher
PAX7, SPRY1, and NOTCH23 expression (Supplementary Fig. 2d), faster re-activation and
proliferation (Supplementary Fig. 2e), and greater functional output when used to form
myobundles (Supplementary Figs. 2h and i). Interestingly, in our study, RCs did not show
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significantly higher PAX7 expression compared to 2D myaoblasts, as previously reported
[21], potentially due to use of P5 rather than PO-P1 myoblasts. In general, we expect that
in vitro conditions can induce a spectrum of SC-like states that vary in similarity to the
native SC phenotype observed in homeostatic muscle /7 vivo. 1t would be of interest to
further compare RCs and 3D-SCs for their engraftment potential /7 vivo and for expression
of miRNA repressors of myogenic progression in DDX6+ messenger ribonucleoprotein
(mRNP) granules [108-110] to establish if 3D-SCs attain a phenotype more mimetic of
native SCs.

Our RNA-seq analysis identified 7 distinct cell clusters including 2 populations of cultured
myoblasts, proliferative and differentiating (Fig. 4f), which align with scRNA-seq-based
description of proliferative and differentiated primary mouse myoblasts [39]. Previous
scRNA-seq work has also identified several subpopulations of SCs in native mouse
[39,111,112] and human [14,71] muscles. Although the overlap and relationship between
the subpopulations across studies remains poorly understood, the gSC and aSC populations
identified in the myobundle system respectively resembled the human PAX7+/DLK1+
(MuSC1) and PAX7'9%MYF5+ (MuSC2) populations identified by De Micheli et al. [14].
Specifically, consistent with the differences in MuSC1 vs. MuSC2 [14], the myobundle-
derived gSCs in our study expressed greater PAX7, SPRY1, CDKNIC, EGFR, DAGI,
TCF4, COL4A1/2, and HEY relative to aSCs. Mirroring the MuSC2 population, aSCs
expressed elevated levels of inflammatory markers (/L32and TNFRSF12A), VAMPS,
DES, EIF5A, and RAN. These results suggest that myobundle derived 3D-SCs are able

of recapitulating important aspects of SC heterogeneity observed in native human muscle.
We also noted high levels of FOS, JUN, and EGR1 in both qSCs and aSCs compared

to 2D proliferating and differentiating myoblast populations (Supplementary Figs. 6a-c).
Previously, high expression of these genes has been observed in SC clusters of other SCRNA-
seq datasets [70] and identified as artifacts of the enzymatic dissociation during sample
preparation [81,113]. Future studies should examine various /n vitro pre-fixation strategies
[81] to limit activation of 3D-SCs induced by tissue dissociation.

An essential feature of muscle regeneration is SC deactivation and return to homeostatic
quiescent state [114,115]; however, this process remains poorly understood despite being
critical for preserving the SC pool and maintaining the regenerative potential of skeletal
muscle between repeated injuries [103,116]. Our analysis identified a transcriptional
trajectory of human myoblast deactivation in myobundles, reflective of a reduction in
myoblast proliferation, metabolism, cytoskeletal reorganization, and differentiation (Fig. 5d
and e), negative cell cycle regulation and ECM remodeling (Fig. 5d-f), and final acquisition
of a homeostatic state characteristic of quiescent SCs /in vivo [36,93,94,117]. Specifically,
along the deactivation trajectory, we found increased PAX7 expression, decreased expression
of the oncogene DEK[83], increased MYF5 expression suggestive of poised activation
[108], increased expression of negative regulators of cell cycling (COKNIC[51]) and FGF
signaling (SPRY1[118]), and increased Notch activation (HESI) [5]. The transcriptional
changes identified here highlight the role of muscle-autonomous mechanisms in myoblast
deactivation and may serve as a blueprint for future studies in mouse and human models of
SC deactivation.
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In mouse models, muscle regeneration studies traditionally apply toxins to damage the
skeletal muscle and induce a regenerative response [119]. Here, we identified the bee venom
melittin treatment to induce myobundle functional deficit, myofiber disruption, and 3D-SC
activation, without functional recovery (Fig. 6b-d, Supp. Fig 5c). Previously, engineered
human skeletal muscles have been injured using CTX without measurement of active force
[26,96] or BaCl, where tissues recovered functionally following injury [27], potentially due
to a smaller tissue size or differential effects of BaCl, vs. melittin. In our study, CTX,

NTX, and A23187 injury all induced functional deficit, similar to melittin, but showed
limited myofiber disruption and 3D-SC activation (Supplementary Figs. 4d-f vs. Fig. 6b-d).
Importantly, in studying the melittin-induced injury response by scRNA-seq analysis, we
observed an increasing proportion of aSCs relative to qSCs, and transcriptomic changes
consistent with native mouse SC injury-induced activation including: increased MAPK
signaling [6], glycolytic metabolism [39,40,102], and myogenesis [103]. Unexpectedly, the
aSC cluster did not show strong expression of individual cell cycling genes (i.e. MKI167,
CCND1) despite significant enrichment for proliferation-associated terms such as “Mitotic
Anaphase” gene set (Fig. 6h) and Ki67 protein expression observed in immunostaining
(Fig. 6b and c). This suggested that while proteins were still expressed at 2 days post-
injury, proliferation-associated genes were already down-regulated. Accordingly, 3D-SC
proliferation concluded by 5-7 days post-injury as determined by immunostaining for Ki67
(Supplementary Figs. 5a and b). This relatively short proliferation phase compared to SCs
in vivo [112] corresponded with a lack of myobundle recovery (Supplementary Fig. 5¢), and
suggests that additional non-muscle cell types, such as macrophages and fibro-adipogenic
progenitors (FAPs) [120-124], biochemical cues presented by muscle-specific ECM [125],
and/or exogenous factors [126-128] may be necessary for robust regenerative response of
human muscle. These intrinsic and extrinsic regulators of SC function [129], if incorporated
in the 3D myobundle system, may also restore the native levels of Pax7 expression in
deactivated myoblasts, known to rapidly decline during /in vitro cell expansion [130].

In summary, we have shown that the 3D environment of engineered human myobundles
provides a homeostatic niche for the formation of a Pax7+ cell pool that shares several
characteristics with native human SCs, including expression of quiescence markers, Notch
pathway utilization, and bi-population heterogeneity. Using this /in vitrotissue-engineered
system, we transcriptionally characterized muscle-autonomous processes of human myoblast
deactivation, SC formation, and reactivation upon injury. This work lays a foundation for
further exploration of human SCs at the epigenetic level and for investigations of SC
function in models of muscle regeneration [32] and niche dysregulation [131,132].

4. Materials and methods

4.1.

Human SC isolation and magnetic-activated cell sorting

Human skeletal muscle samples were obtained from surgical discards using protocols
approved by the Duke University Institutional Review Board. Donor information, surgical
discard source, and experiment attribution is described in Supplementary Table 1. Freshly
harvested human muscle was immediately minced with scissors and digested in DMEM with
2 mg/ml collagenase (Worthington-Biochem, cat# LS11004174), 2% v/v dispase (Corning,

Biomaterials. Author manuscript; available in PMC 2023 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wang et al.

Page 13

cat #: 354235), and DNase | (Bio-rad, cat# 7326828) for ~90min at 37 °C on a rocker.

The isolated cells were further sheared from fibers using a syringe and strained through 100
pum and 30 pm cell strainers. For heterogeneous cultures, these cells were directly plated

for downstream use. For CD56™" cell enrichment, heterogenous suspensions were sorted
using magnetic-activated cell sorting (MACS) for CD56" per manufacturer instructions
(Miltenyi Biotec, cat# 130-050-401). Briefly, dissociated cells were incubated in CD56*
MACS beads for 20min at 4 °C, then sorted on a MACS column, and washed 3 times with
MACS buffer (0.2% BSA), yielding ~100-200 k cells per gram of muscle tissue. The sorted
cells were subsequently plated at 10 cells/mm? for downstream expansion and myobundle
construction. Freshly plated cells were considered p0 with each round of replating after
trypsinization adding to the passage number. During expansion, cells were cultured in 2D
growth media (GM: low-glucose (1 g/L) DMEM (Sigma, cat# D6046), 10% FBS (Hyclone,
cat# SH30071), dexamethasone (Sigma, cat# D4902), EGF (Prospecio, cat# CYT-217), and
penicillin 64 mg/L (Sigma, cat# P7794)) without or supplemented with 10 uM p38 inhibitor
(p38i) SB203580 (LC labs S-3400).

4.2. Fabrication and culture of tissue-engineered human myobundles

4.3.

Myobundles were formed within polydimethylsiloxane (PDMS) molds containing two semi-
cylindrical wells (7-mm long, 2-mm diameter), cast from 3D-machined Teflon masters,

as previously described [25,33]. PDMS molds were coated with 2% (w/v) pluronic F-127
(Invitrogen) for 1 h at room temperature to prevent hydrogel adhesion. Laser-cut Cerex®
frames positioned around the two wells were used to anchor the ends of the myobundles
and facilitate handling. A cell solution (7.5 x 10° cells in 17.2 pL media per bundle + 2

pL of 50 U/mL thrombin in 1% BSA in PBS) and a gelling solution (3 pL media +10

uL Matrigel + 10 uL of 15 mg/mL fibrinogen in PBS) were prepared in separate vials on

ice for up to eight myobundles per vial. Gelling solution was added to the cell solution,
mixed thoroughly, and injected into the PDMS wells to polymerize at 37 °C for 30 min.
Resulting myobundles were cultured dynamically on a rocker in 3D growth media (GM
supplemented with 1.5 mg/mL 6-aminocaproic acid (ACA, Sigma)) for 4 days. The media
was then switched to differentiation media (DM) consisting of a custom low-glucose, low
amino acid (LAA) media to mimic physiological amino acid concentrations (as described in
Ref. [133]), with 1x N2 serum supplement (Thermo Fisher), and 2 mg/mL ACA [134]. The
media was exchanged every other day.

Isolation of mononuclear cells from myobundles

To isolate mononuclear cells (predominantly 3D-SCs), myobundles were minced with
scissors in a 37 °C enzymatic digestion solution of 2% v/v dispase (Corning, cat #: 354235)
and 15 mg/ml collagenase type Il (Worthington-Biochem, cat# LS11004174) for 3-5 min.
Subsequently, the solution was gently pipetted 5-6 times using a syringe with a 23G needle
and incubated in the 37 °C water bath for 5-8 min for further digestion. This solution with
enzymatically dissociated myobundles was further diluted in PBS and strained twice through
30 um strainers to remove myofiber fragments and then the obtained cells were resuspended
for further use. The total isolation time spanned approximately 30 min. For replating studies,
isolated cells were seeded at 40,000 cells/well (6-well plate) in GM with p38 inhibitor at
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10 puM for 4 days before quantifying fold change in cell numbers. For select experiments,
replated cells were expanded for two passages before myobundle fabrication.

4.4. Reserve cell formation and isolation

4.5.

4.6.

To derive reserve cells (RCs), myoblasts were plated in 12-well or 6-well plates at P5 and
expanded in growth media (same as 3D growth media) for 4 days to confluence, followed
by differentiated for 5-7 days in differentiation media (LAA media with N2). To isolate
the RCs, cultures were briefly trypsinized (0.025% for 3 min) to release single cells from
the wells. To further reduce myotube contamination, cells were strained through a 100 pm
and 30 um strainers before downstream RNA isolation or continued culture. For replating
studies, cells were seeded at 40,000 cells/well (6-well plate) in GM with p38 inhibitor at
10 puM for 4 days before quantifying fold change in cell numbers. For select experiments,
replated RCs were expanded for two passages before myobundle fabrication.

Isometric force measurements in myobundles

Contractile properties of myobundles were measured using a custom, temperature-controlled
force measurement setup described previously [25,33,135]. Briefly, single myobundles were
anchored on one end to an immobilized PDMS block and on the opposite end to a suspended
PDMS float connected to a force transducer. Tissues were stimulated using 40 VV/cm, 5 ms
electrical pulses via parallel platinum electrodes to generate twitch (single pulse) and tetanic
(20 Hz for 1 s) contractions. A computer-controlled motorized linear actuator (Thor labs)
connected to the PDMS float was used to stretch myobundles to a length (1.12 x culture
length) that yielded the maximum generated force. Recorded force traces were analyzed

for peak twitch or tetanus amplitude, time to peak twitch, and half-relaxation time using a
custom MATLAB program [25,33,135].

Immunohistochemistry

Cell monolayers were fixed in 4% paraformaldehyde in PBS for 10 min and myobundles
were fixed in 2% paraformaldehyde in PBS overnight at 4 °C [44]. Following fixation,
samples were washed in PBS followed by blocking in 5% chick serum with 3% Triton-X
10. Primary and secondary antibodies (Supplementary Table 2) were applied overnight at

4 °C. Images were acquired using the Zeiss 880 inverted confocal microscope. For images
of cryo-sectioned myobundles, fixed tissues were oriented in OCT relative to cutting plane
either longitudinally (Fig. 3g) or cut in half and oriented perpendicularly for cross-sectional
images (Supplementary Fig. 2f), frozen using liquid nitrogen, and cut in 10 um sections.

4.7. Small molecule, growth factor, and injury administration to myobundles

For Wnt activation (CHIR99021 at 3 uM, Tocris Cat#:4423) and Notch inhibition (DAPT

3 UM, Cayman Cat #:13197), treatments were applied every other day with media changes
during either the first or second week of differentiation. For growth factor treatments, HGF
(10 ng/ml), Wnt7a (50 ng/ml), bFGF (10 ng/ml), or vehicle (1:2000 of 0.1% BSA) were
applied every other day during the second week of differentiation. For EdU experiments,
0.5 uM EdU was co-administered with growth factors. For injury experiments, myobundles
were treated for 6 h in 500 ul volume of media in 24-well dishes with melittin (10 pg/ml for
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6 h, Sigma: M2272), cardiotoxin (0.4 pM for 6 h, latoxan: L8102), notexin (1 pg/ml for 6 h,
latoxan: L8104), or A23187 (80uM for 1 h, Cayman: 11016).

4.8. RNA extraction and quantitative RT-PCR

4.9. Single

RNA was isolated using RNeasy Plus Micro Kit (Qiagen), followed by RNA reverse-
transcription using the iScript cDNA Synthesis Kit (Bio-Rad). Quantitative RT-PCR for
muscle-related genes was performed with iTaq Universal SYBR Green Supermix (Bio-Rad)
according to manufacturer’s instructions and primers listed in Supplementary Table 3. The
delta-delta (dd) Ct method was used for data quantification. dCt was determined by Ct (gene
of interest) — Ct (housekeeping gene: RPL13). ddCt was calculated by dCt (condition) — dCt
(control), with fold change being 2-ddct,

cell RNA-sequencing library construction

Cells were prepared for sScRNA-seq analysis from a single continuous experiment (1 donor)
during which samples were generated at the end of 2D culture before myobundle formation
as well as at D3, D9, 2DPI, and 5DPI during myobundle culture. At each time point, cells
were incubated in a freezing media (10% DMSO, 90% FBS) and stored in liquid nitrogen.
At the end of the experiment, all samples were simultaneously processed and loaded onto
the 10x Genomics Chromium Controller Single-Cell Instrument (10x Genomics) using the
Chromium Single Cell 3° Reagent V3 Kit. Cells were mixed with reverse transcription
reagents, gel beads, and oil to generate single-cell gel beads in emulsions (GEM) for reverse
transcription (RT). After RT, GEMs were broken and the single-stranded cDNA was purified
with DynaBeads. cDNA was amplified by PCR and the cDNA product was purified with the
SPRIselect Reagent Kit (Beckman Coulter). Sequencing libraries were constructed using
the reagents provided in the Chromium Single-Cell 3" Library Kit following the user

guide (https://support.10xgenomics.com/single-cell-gene-expression/library-prep). SSRNA
libraries were sequenced with the DNBseq platform by BGI Genomics.

4.10. Single cell RNA-sequencing data processing and analysis

The Cell Ranger v3 software (10x Genomics) was used to demultiplex cellular barcodes

to produce raw 3’ end read profiles for individual cells, and then to perform alignment
against hg38 reference genome, filtering, barcode counting, and UMI (unique molecular
identifier) counting, producing a feature-barcode matrix per sample. The downstream
analysis with R package Seurat (v3.2.2) [69] was applied to perform quality control and
subsequent analyses on the gene expression matrices produced by Cell Ranger. Specifically,
we performed standard visualizations for number of genes per cell (nFeature_RNA),
number of unique molecular identifiers per cell (nCount_RNA), and percent mitochondrial
transcripts (Supplementary Fig. 6) before filtering, data clustering, and differential gene
expression analysis. Cells were first filtered to retain those with >1000 UMIs, <5% mapping
to mitochondrial genes, and >200 genes per cell. After standard normalization, variable
features were identified using the “vst” method to select the top 2000 genes. Using cells
from all conditions, clustering in Seurat (Louvain) was conducted with resolution 0.5. Cells
from two clusters exhibiting both low nFeature_RNA (genes per cell) and nCount_RNA
(number of molecules per cell), indicative of dead/dying cells, were filtered out. Differential
gene expression between clusters was identified using the “Find-Markers” function with
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default parameters. Due to limited sizes of acquired muscle biopsies, we were not able

to isolate enough human SCs to both use directly for scRNA-seq analysis and expand

for downstream myobundle experiments. Therefore, to compare the 3D-SCs formed in
myobundles with native, freshly isolated human SCs, we integrated our dataset using

mutual nearest neighbors batch correction [69] with previously published human scRNA-seq
datasets [14,75,76].

Trajectory analysis of SCRNA-seq was performed using Slingshot [79]. From the clusters
generated from Seurat, the 2D myoblast clusters, D3 transition cluster, and quiescent

SC cluster were selected using cells only from the 2D, D3, and D9 timepoints. Next,
Slingshot was run on first 4 principal components of PCA, and a lineage was generated
using the quiescent SC cluster as the ending cluster. To illustrate trends in gene expression
across pseudotime, we generated a heatmap and individual gene expression plots with
locally estimated scatterplot smoothing (LOESS) lines. To identify important genes in the
pseudotime analysis, a random forest model was trained on the top 300 highly variable
genes (which captured 95.6% of the total variance) with a 90-10 train-test split. Given the
pseudotime range (0-91) and median (57.71), the model showed strong performance on
the held-out validation set with a coefficient of determination (R?) and mean absolute error
(MAE) of 0.990 and 1.36.

Gene set enrichment analysis (GSEA) with FDR cutoff 0.05 was conducted within
Clusterprofiler [136], including GO term analysis of the “Biological Process” sub-level and
Reactome pathway databases. For the Hallmark gene set annotations, the msigdbr library
[137] was analyzed within Clusterprofiler.

For analyzing enrichment of quiescence gene sets, gene lists were acquired from 2 previous
studies [77,78] and tested for enrichment using Clusterprofiler. For Garcia-Prat et al. [78],
genes were mapped to human orthologs using the biomaRt [138]. For the correlation
heatmap, SCRNA-seq from GSE130646 [75], GSE147457 [76], and GSE143704 [14] were
processed, randomly downsampled to 400 cells per cluster, integrated using Seurat anchors
(Seurat v3.2.2) [69], and the spearman’s correlation was calculated on the highly variable
genes. For the comparisons to the De Micheli et al. dataset [14], differentially expressed
genes (llogoFCI>0.25 and minimum expression in at least 10% of the cells) from the D9
timepoint between the gSC and aSC clusters were compared with De Micheli et al.’s MuSClI
(Pax7*/DLK1*) and MuSC2 (PAX7'°%/MYF5*) clusters.

For the hypergeometric test, the significance in overlap was determined between 2 sets of
differentially expressed genes: 1) D9 gSC versus D9 aSC and 2) De Micheli et al. MuSC1
(PAX7" DLKI") versus MuSC2 (PAX7°% MY5") [14]. Differentially expressed genes were
determined based on the cutoffs: [log,FCI>0.25, minimum cell expressing percentage >10%,
and pagj < .05. The background number of genes (9290 genes) was restricted to include only
transcripts expressed in at least 10% of cells.

4.11. Statistics

Data are expressed as mean £ SEM. For comparisons between 2 groups, Welch’s #test
was applied. For multiple comparisons, an ANOVA was used followed by post-hoc testing
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with Tukey’s honestly significant difference (HSD). Measurements related to contractile
function (tetanic forces and twitch kinetics) represent individual myobundles. For histology,
independent measurements indicate independent myobundles or separated 2D cultures. For
gPCR analysis a single independent measurement was considered: 3D-SCs isolated from 4
to 8 myobundles, RCs isolated from 2 to 3 separated culture wells, or separated 2D cultures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. CD56-based myoblast purification to increase formation of Pax7+ cellsin myobundles.
a, Schematic of experimental flow from primary muscle cell isolation to 2D culture

(unsorted or CD56" MACS enrichment) and myobundle construction. b,c, Representative
images of Pax7 staining in expanded CD56™ cells (nuclei stained with DAPI) at specified
passages (b) and corresponding quantification (c, n = 3-6 coverslips per passage per

donor, N = 3 donors). d, Representative flow cytometry analysis of muscle cell population
expanded for 5 passages from muscle biopsy, highlighting the CD56™" cell fraction. e,f
Representative whole bundle stains of 1-week differentiated myobundles with varying ratios
(1:0, 7:3, and 0:1) of initial heterogeneous cells to CD56" cells stained for Pax7 and F-actin
(e) and corresponding quantification of Pax7 cell fraction normalized to 1:0 group (f, N

=1 donor, n = 9-22 myobundles per group). g, Tetanic force of 1-week differentiated
myobundles normalized to 1:0 group (N = 1 donor, n = 4-10 myobundles per group). h,
Representative twitch force trace from 1-week differentiated myobundles comprised with
varying ratios (1:0, 7:3, and 0:1) of initial heterogeneous cells to CD56™ cells normalized
to the mean twitch force of 1:0 myobundles and quantified twitch force (i), time to peak
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tension (T2P, j), and half-relaxation time (1/2 RT, k) (N = 1 donor, n = 6-10 myobundles per
group). Data: mean + SEM. *p < .05, **p < .01, ***p < .001; ns, not significant.
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Fig. 2. Cell cyclearrest and gene expression in transition from 2D expansion to 3D myobundle
culture.
a, Schematic of experimental timeline (2D expansion for 5 passages with p38i followed by

3D culture). GM: 3D growth media, Diff: 3D differentiation media, G4 day 4 in growth
media, D4,7, days 4,7 in differentiation media). b, Representative images of Pax7 and Ki67
staining in 2D-expanded passage-5 CD56" myablasts and D7 myobundles with myofibers
stained with F-actin (DAPI-stained nuclei are blue). c-e, Representative images of D7
myobundles showing expression of transcription factors Pax7, MyoG, and MyoD, and cell
adhesion molecule M-cadherin (M-cad). f, Gene expression in cells isolated from passage 5
expanded 2D cultures (2D) or myobundles (G4, D4, D7) normalized to RPL13 and shown
relative to 2D group (N = 1 donor, n = 3-17 samples per group, 1 sample = cells from 4 to 8
myobundles or separate 2D cultures). Data: mean + SEM. *p < .05; **p < .01; ***p <.001.
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Diff: 3D differentiation media). b, Representative images of whole-mount myobundles
treated with DMSO (vehicle control), DAPT (3 um), or CHIR (3 pm) during the first week
of 3D differentiation stained for Pax7 and F-actin. ¢, Quantification of normalized Pax7+
cell fraction from whole myobundle stains (N = 1 donor, n = 4-15 myobundles per group).
d, Schematic diagram of experimental design and treatment timing. e, Representative images
of whole-mount myobundles treated with DMSO, CHIR, or DAPT during the second week
of 3D differentiation stained for Pax7 and F-actin. f, Quantification of normalized Pax7 cell
fraction from whole myobundle stains (N = 1 donors, n = 5-12 myobundles per group).

0, Representative longitudinal sections of 14-day myobundles stained for EdU, Pax7, and
F-actin after 1 week of treatment with specified growth factors. h, Quantification of EdU +
percentage of nuclei (N = 2 donors, n = 6-13 myobundles per group). Data: mean = SEM.
*p <.05; **p <.01; ***p < .001; ns, not significant.
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Fig. 4. scRNA-seq clustering and marker analysis.
a, Schematic diagram of experimental layout. b, UMAP plot of cells isolated from all

conditions. Each dot represents 1 cell, which is assigned to a distinctly colored cluster as
identified by clustering analysis. ¢, UMAP plot split by each analyzed cell population (at
different days of 2D and 3D culture) with cells colored by cluster. d, Dot plots displaying
gene expression for each cluster with dot size representing percentage of cells expressing the
gene and color representing average level of gene expression. e, UMAP plot with expression
of selected genes associated with SC quiescence, activation, and myogenesis. f, Violin

plots of the differentiating myoblast and proliferative myoblast clusters for differentiation
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and proliferation markers (pagj < .01). g, Violin plots for the quiescent 3D-SC (qSC)
and activated 3D-SC (aSC) cluster from the D9 condition for quiescence, activation,
differentiation, and inflammatory markers (p,gj < .01).
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Fig. 5. Transcriptomic characterization of myoblast deactivation.
a, Heatmap of Spearman’s correlations between published human scRNA-seq clusters and

proliferative myoblast, differentiating myoblast, deactivating cells, and qSC clusters. b,
Normalized enrichment scores from GSEA of clusters using published mouse SC quiescence
signatures by Pietrosemoli et al. [77] and Garcia-Prat et al. [78] as gene sets (g < .05).

¢, PCA plot for the proliferative myoblast, differentiating myoblast, deactivating cells, and
gSC clusters from the 2D, D3, and D9 conditions with arrow delineating the trajectory
generated by Slingshot. d, Heatmap of the top 50 important genes and their expression
across pseudotime. e, Expression plots for selected genes across pseudotime with locally
estimated scatterplot smoothing (LOESS) fit (black). f, Representative 2D, D3, and D9
cultures stained for Pax7, collagen V (Col V), and F-actin. g, APOCI gene expression plot
across pseudotime with LOESS fit. h, Flow cytometry fluorescence intensity histograms
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for ApoC1 protein with faint colors representing unstained controls (2° antibody only)
and darker colors representing stained 2D, D3, and D9 samples (1°+2° antibody) and
corresponding fold changes in the median fluorescence intensity (MFI) of stained vs.
unstained samples. i-j, APOE gene and protein expression data analogous to that shown
in g-h.
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Fig. 6. Response of Myobundles and 3D SCstoinjury.
a, Schematic diagram of experimental layout. DPI, days post-injury. b-d) Representative

images of 1-week differentiated myobundles uninjured or injured by melittin and stained
for Pax7, Ki67, and F-actin 2 days post-injury (b) and corresponding quantifications of
percent Pax7+ Ki67+ nuclei (c, N = 2 donors, n = 20 myobundles per group) and tetanic
force normalized to uninjured control (d, N = 3 donors, n = 44-60 myobundles per group).
e,f UMAP plot of gSCs, aSCs, and committed MPCs at D9, 2DPI, and 5DPI (e) and
corresponding proportions of each subpopulation within the total cell number (f). g, Violin
plots of selected genes for the gSC and aSC clusters across all timepoints. h, GSEA of
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the 2DPI and 5DPI versus D9 aSC cluster with selected Gene Ontology and Reactome
annotations (g < 0.05). Data: mean = SEM. *p <.05; **p <.01; ***p < .001.
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