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CELL BIOLOGY

Piezo1 regulates the regenerative capacity of skeletal
muscles via orchestration of stem cell

morphological states

Nuoying Ma"?, Delia Chen’, Ji-Hyung Lee', Paola Kuri3, Edward Blake Hernandez’, Jacob Kocan’,
Hamd Mahmood’, Elisia D. Tichy’, Panteleimon Rompolas3’4, Foteini Mourkioti

Muscle stem cells (MuSCs) are essential for tissue homeostasis and regeneration, but the potential contribution of
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MuSC morphology to in vivo function remains unknown. Here, we demonstrate that quiescent MuSCs are mor-
phologically heterogeneous and exhibit different patterns of cellular protrusions. We classified quiescent MuSCs
into three functionally distinct stem cell states: responsive, intermediate, and sensory. We demonstrate that the
shift between different stem cell states promotes regeneration and is regulated by the sensing protein Piezo1.
Pharmacological activation of Piezo1 is sufficient to prime MuSCs toward more responsive cells. Piezo1 deletion
in MuSCs shifts the distribution toward less responsive cells, mimicking the disease phenotype we find in dystro-
phic muscles. We further demonstrate that Piezo1 reactivation ameliorates the MuSC morphological and regen-
erative defects of dystrophic muscles. These findings advance our fundamental understanding of how stem cells
respond to injury and identify Piezo1 as a key regulator for adjusting stem cell states essential for regeneration.

INTRODUCTION

The ability of cells to communicate with their microenvironment
and coordinate their activity is fundamentally important in multi-
cellular organisms both during tissue development and homeosta-
sis. In addition, while we know more about interactions between
ligands and receptors in a cell (1), we know less about how the right
type of cells respond to the right type of signals in a more complex
environment [discussed in (2)]. In recent years, mechanical stimuli,
stiffness, and filopodia have emerged as a mean of influencing cell
behavior either in vitro or among various organisms in vivo (2-6).
Yet, we have a limited mechanistic understanding of how stem cells
sense their local microenvironment to control maintenance, shape
biological processes, and repair tissues.

Skeletal muscles have a remarkable capacity to regenerate, due to
the presence of adult progenitor cells, called muscle stem cells
(MuSCs; also known as satellite cells), which have the ability to
self-renew, restore, and repair damaged myofibers (7). Therefore,
studying MuSCs has been an informative stem cell mammalian
model system over the years to understand how stem cell behavior
and plasticity can be altered in response to injury and other tissue
signals (8). MuSCs lie in a quiescent state on the surface of the mus-
cle fiber between the basal lamina and the sarcolemma (9). Pax7 is
the most used marker of adult MuSCs (8), and Pax7" cells are both
necessary and sufficient for adult muscle repair (10). MuSC func-
tion is severely affected in chronic muscle diseases, such as in
Duchenne muscular dystrophy (DMD) (11-14). Since their discov-
ery 60 years ago (9), much has been learned regarding the role of
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MuSCs in homeostasis, regeneration, and disease. The potential
function of MuSCs during development, and their proximity to
capillaries in adult muscles (15), and the need for ghost fibers to
promote differentiation of myogenic progenitors in mice (16) have
provided further insights. However, with a few recent exceptions
(15-17), the majority of MuSC studies use either histological analy-
sis of skeletal muscle sections (3, 12, 17-20) or single-fiber isolation
procedures ex vivo (21-23), both of which disrupt muscle integrity.
As a result, the potential functional contribution of MuSC mor-
phology to muscle homoeostasis and its regulation during regener-
ation and disease in intact adult muscles remain unknown.

To assess MuSC structural complexity and performance within
their natural environment, we generated a mouse model that per-
mits their visualization in unperturbed mouse muscles at the single-
cell level (17). We found that adult MuSCs in their endogenous
position are a morphologically heterogeneous population and ex-
hibit sophisticated, cellular axon-like protrusions that extend across
and along the muscle fiber and differ in number and length, even
under quiescence. We found that dynamic regulation of these pro-
trusions coincides with a transition between the different functional
phases of muscle regeneration, with cells with less protrusions be-
ing more adaptive and the first to respond to injury, while cells with
more protrusions are more dormant and reduce their protrusion
length at a later phase of regeneration. Our data reveal that differen-
tial protrusion number, length, and complexity are associated with
distinct MuSC functional subtypes and that these protrusions are
used to decipher the microenvironment and coordinate the func-
tion of MuSCs during muscle regeneration.

The impact of microenvironmental stiffness on MuSC activation
(5) as well as the importance of mechanoregulation of stem cells
across different contexts from development to differentiation are
becoming increasingly appreciated (3, 4, 24). Emerging evidence in
other fields implicates an interplay between the mechanosensing
pathway Piezol and the cytoskeleton to modulate physiological
processes (25). Piezol is an important mediator of various aspects
of mechanotransduction and mediates cell fate determination in
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mesenchymal stem cells (26) and osteoblasts (27). However, it is
currently unknown whether Piezo1 can regulate MuSC morphology,
remodeling, and function. Here, we explored these principles with
regard to MuSCs, investigated the effects of pharmacological activa-
tion of Piezol on MuSC heterogeneity, and generated Piezol condi-
tional MuSC knockout mice. We found that Piezol defines MuSC
subtypes and coordinates the MuSC transition toward cells with less
protrusions in homeostasis and regeneration. The physiological im-
portance of our findings was further highlighted by our demonstra-
tion that, in muscular dystrophy, protrusion length is aberrantly
regulated, Piezol levels are low, and the number of cells with few
protrusions is reduced. Pharmacological reactivation of Piezol
ameliorates the aberrant morphology of diseased MuSCs and boosts
muscle regeneration in dystrophic mice. Therefore, MuSCs have
protrusions that establish their stem cell state and Piezol is neces-
sary for their transition toward more activated stem cell forms, such
as the ones that are impaired in diseased conditions.

RESULTS
Quiescent MuSCs exhibit variability in protrusions within
their natural environment
While previous histological and single-fiber isolation data have been
extensively used to study MuSCs, the full range of morphological
properties of stem cell populations has not been directly characterized
in vivo. We recently generated a Pax7EGFP reporter mouse that uses
the endogenous Pax7 promoter to drive expression of enhanced green
fluorescent protein (EGFP) and demonstrated that Pax7-driven EGFP
is a dynamic marker of MuSC stemness in vitro (17). To further
characterize MuSCs in their endogenous location, the hindlimb tib-
ialis anterior (TA) muscles were visualized by two-photon micros-
copy to identify EGFP" quiescent MuSCs, while muscle fibers were
assessed by second-harmonic generation (SHG) imaging of sarco-
meres (Fig. 1A). We found that quiescent MuSCs do not exist as
round cells in vivo but instead exhibit elongated axon-like cytoplas-
mic extensions that we termed “protrusions,” which vary in number
and length (Fig. 1B and movie S1). Most of the MuSCs have two
protrusions (Fig. 1C); however, a significant number of cells have 0,
1, 3, 4, or =5 (Fig. 1, B and C). Notably, when MuSCs are isolated
from the Pax7EGFP muscles, protrusions are no longer visible
(fig. S1A), suggesting that these structures disassemble quickly in
response to skeletal muscle disruption. Further characterization of
EGFP-expressing Pax7 cells within skeletal muscles revealed that
while 86% of these MuSCs have nonbranching protrusions, the re-
maining 14% have one, two, and sometimes three or more branches
(Fig. 1, D and E). In addition, the total protrusion length is positive-
ly correlated with the increase in the number of protrusions per cell
(Fig. 1F). Together, these data demonstrate that quiescent MuSCs
are a morphologically heterogeneous population in vivo. To reveal
the spatial placement of the “axon-like” MuSCs on muscle fibers, we
quantified the orientation of cells and found that MuSCs with zero
and one protrusions tend to align parallel across the muscle fiber. As
the number of protrusions increases, cells change their orientation
and tend to align more perpendicularly to the myofiber (Fig. 1G).
These data provide direct evidence that quiescent MuSCs do not uni-
formly align across the fiber in their endogenous environment, add-
ing another layer of topological heterogeneity to adult MuSCs.
Protrusions from other cell types are thought to mediate local
communication between adjacent cells through physical contact
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(2, 15). To investigate whether MuSC protrusions extend to other
nuclei on the fiber, we generated a mouse (Pax7EGFP; RosanTnG)
in which muscles bear green MuSCs (EGFP) and red nuclei (tdTomato)
(fig. S1B). Notably, we observed that the vast majority of cells
with one and two protrusions are in close proximity to other nuclei
on the fiber (fig. S1C). However, the cells with more than four pro-
trusions rarely reside near nuclei, but instead, their protrusions ex-
tend across and along the sarcomeres of the muscle fiber. These
data suggest that cells with fewer than three protrusions likely par-
ticipate in cell-to-cell communication, while cells with four or more
protrusions extend toward the muscle fiber, possibly “sensing” the
muscle environment. We also found that MuSCs with an increased
number of protrusions have a larger surface area (Fig. 1H), while
MuSCs with zero protrusions are more circular (Fig. 1I). These data
suggest that the increased number of protrusions is used by quies-
cent cells in uninjured conditions to probe the muscle environment.
Similar MuSC distribution and protrusion metrics were observed
whether we looked in the middle of TA (Fig. 1) or the muscle area
close to the tendon (TA myotendinous area; fig. S2, A to F). More-
over, analysis of the Pax7EGFP soleus muscle showed similar MuSC
and protrusion distribution (fig. S2, G to L), suggesting that these
parameters do not vary considerably between fast-twitch and slow-
twitch leg muscles under steady-state conditions. Overall, this
comprehensive characterization of cells in quiescence (Fig. 1J)
establishes an original framework to study the function of MuSCs in
their native environment following injury of healthy muscles as
well as in degenerating diseased muscles before and after thera-
peutic treatment.

Cellular protrusions in adult uninjured muscles are not used
to mobilize MuSCs

Cellular protrusions in other cell types, including cancer cells un-
dergoing metastasis, can promote cellular migration (28). While
MuSCs can undergo migration in isolated myofibers in vitro (29),
previous attempts to assess migration in vivo found that MuSCs do
not migrate within an approximately 6-hour time frame (16). How-
ever, it remains unclear whether quiescent MuSCs in uninjured
muscles are able to migrate over a longer time period. To assess
their migratory behavior, we directly monitored MuSCs in a spatio-
temporal manner within anesthetized Pax7EGFP animals (fig. S3A).
A major challenge of imaging deep skeletal muscle of the lower leg
is that it requires a skin incision to expose the deeper tissue layers,
leading to both inflammatory and wound-healing responses (30).
In contrast, the ear muscle is anatomically very close to the skin and
provides a technical imaging advantage, as there is no need for a
skin incision (fig. S3, B and C), thereby avoiding tissue disturbances
or wound-induced chemoattractant signals (31) that could influ-
ence cell mobilization in the underlying muscle. Moreover, the in-
tact skin has an anatomically characteristic pattern of hair follicles
that can be used for orientation during imaging studies (32). By
using the clusters of hair follicles as a landmark (fig. S3, D and E),
we were able to pinpoint the exact region of interest in muscles and
image it at different time points (fig. S3, F and G). This unique im-
aging method revealed that quiescent MuSCs remain in a relatively
fixed position on the fibers under steady-state conditions over an
8-day duration (fig. S3, F and G). As the protrusion length in the
majority of these quiescent adult MuSCs remains unaltered during
this time period, we conclude that, in uninjured muscle fibers, pro-
trusions do not promote MuSC migration.

20f 14



SCIENCE ADVANCES | RESEARCH ARTICLE

A B

MuSCs with different number of protrusions

0 1 2 3 4 25
Number of protrusions/cell

E Protrusion branches F Total protrusion length (sum) G MuSC orientation
100 10 0.
%] L
L3 -
4] 5 0.4 ]
S 20 £ g0 2 g
= 28, 5 03 2
® 10 35 T 02 =
g 20 0.1
0 0 b d T . T T T 0-0 T T T T T T
0 1 2 23 0 1 2 3 4 25 0 1 2 3 4 25
Number of branches per cell Number of protrusions per cell Number of protrusions per cell
H MuSC area (cell body) I 070 MuSC shape O 1
85 . . ;
£ g E : T
270 S 065 ! : o | &
© = ' ' 8
o £ : : 3
5 < 0.60 : : T 5
55 . i
? @ : : = |°
] 3 : ' I
= 40 T | E— T T T = 0.55 T T I T T . T T
0 1 2 3 4 25 0 1 2 3 4 25 0
Number of protrusions per cell Number of protrusions per cell
J

0-1 protrusions 2-3 protrusions

Pax7EGFP (MuSCs) Fibers (SHG)

24 protrusions

Fig. 1. Adult MuSCs are a morphologically heterogeneous population in vivo. (A) Schematic representation of TA muscle imaging using two-photon microscopy.
MuSCs are green (EGFP), and sarcomeres are marked by SHG in red. Scale bar, 10 um. (B) Representative images of quiescent MuSCs with zero, one, two, three, four, and
five or more protrusions. Scale bar, 10 um. (C) Quantification of MuSCs with different numbers of protrusions shows that the majority of cells have two protrusions, fol-
lowed by cells with one and three; n =3 mice (2 months old; both legs, a total of six TA adult muscles); N> 600 cells per muscle were analyzed. (D) Representative images
of quiescent MuSCs with branched protrusions. Scale bar, 10 um. (E) Analysis shows that the majority of MuSCs have protrusions with no branches (0) and only a small
percentage of cells have branches. (F) Total sum protrusion length is correlated with the increased number of protrusions per cell. (G) Orientation analysis of MuSCs shows
that not all cells are aligned the same. Schematic representation of the cell alignment is shown on the right. (H) MuSC area quantification shows that cells are larger as the
number of protrusions increases. (I) Analysis of nuclear shape of quiescent MuSCs. Nuclear shape ranges from a line (0) up to a complete circle (1), as shown on the right
of the graph. (J) Schematic representation (top) and representative images (bottom) of three examples of quiescent MuSC subtypes. Scale bars, 10 um.
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MusSC protrusions are dynamically regulated upon skeletal
muscle injury
Following injury, normally quiescent MuSCs are activated, proliferate,
and either self-renew or differentiate, fuse, and ultimately reconstitute
skeletal muscles (33). Because MuSCs play a pivotal role during muscle
regeneration, we next sought to explore whether the MuSC subtypes
we identified have distinct responses after injury. To this end, we in-
duced muscle injury in the TA of Pax7EGFP mice with notexin and
imaged their muscles at different times after injury (Fig. 2A). Analysis
of MuSCs within the injury area (fig. S4A, white line) revealed that, af-
ter muscle damage, MuSC protrusions are reduced in length and that
the MuSC population phenotype shifts toward cells with less protru-
sions at day 2 (d2) (Fig. 2C) and even more pronounced by d3 (Fig. 2D),
a time point when proliferation peaks after injury (34), and results in a
population of MuSCs that have predominantly zero to two, with very
few remaining cells with more than 3. Analysis of muscle areas adjacent
to the injury (fig. S4A, yellow line) revealed a similar shift of MuSC
types toward cells with fewer protrusions (fig. S4B), suggesting that
MuSC protrusions are dynamic and readjust their length in response to
injury even from a distance. To gain insight into the cell cycle dynamics
of MuSC subtypes within the injury, we used the Ki67-red fluorescent
protein (RFP) line, which has been previously used to visualize actively
proliferating cells in vivo (35). We first bred Ki67-RFP with Pax7EGFP
mice to generate double Pax7EGFP/Ki67-RFP mice and then imaged
their muscles at d3 after injury (fig. S5, A and B). Our analysis showed
that predominantly cells with few protrusions are proliferative (fig.
S5C), further indicating that cells with more protrusions represent pu-
tative quiescent stem cells, while cells with few protrusions are the more
“active” MuSC population. Together, these data demonstrate that there
is a distinct function of the different MuSC types, with cells with few
protrusions primed to be the “first line” responders that are ready to
proliferate immediately following injury. Coupled with data shown
above, these results indicate that cells with few protrusions are initially
dormant, and they become activated later during the regeneration pro-
cess, shifting toward a morphological cell state with less protrusions.
As regeneration proceeds, MuSCs down-regulate Pax7, and either
differentiate or self-renew and reexpress Pax7 (33, 36). By d21 after
injury and as tissue restoration progresses, EGFP" cells again exhibit a
wide range of MuSC states, including cells with more protrusions
(Fig. 2E), showing that protrusions reappear in self-renewing MuSCs
of regenerated myofibers. By d30, the distribution of the different
MuSCs types returned to that found in preinjured muscles (Fig. 2,
F and B). These data demonstrate that the dynamic regulation of
MuSC protrusions concurs with the transitions between different
functional phases during skeletal muscle regeneration (Fig. 2G). Col-
lectively, our analyses demonstrate a dynamic retraction of MuSC pro-
trusions in regenerating muscle fibers, with cells with few protrusions
predominantly responding first, while cells with more protrusions re-
duce their protrusion length progressively and get activated at a later
phase. As tissue healing continues and stem cell self-renewal occurs at
later stages of regeneration, cellular protrusions reappear and restore
homeostatic MuSC morphological heterogeneity, after a single or after
repeated injuries (fig. S4C). Thus, our data indicate that MuSC protru-
sions are not static structures but instead adapt to distinct regeneration
phases, further supporting a coordinating role in muscle restoration.

Cell protrusions in Gajert MuSCs adjust to a transitional state
It was previously shown that systemic signals can influence MuSCs
to adapt to a “primed” or Gajert State that enables them to quickly
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increase functional ability (37). On the basis of the morphological
changes of MuSCs in response to injury, we hypothesized that
MuSC protrusions are also regulated in Gjert cells. To test this
hypothesis, we injured one leg of Pax7EGFP mice with notexin and
imaged the contralateral uninjured TA muscle (fig. S6A). MuSCs at
the distal site show a shift toward cells with few protrusions (fig.
S6B), analogous to that observed in MuSCs adjacent to the injury
(fig. S4B). These findings further demonstrate that damage increases
the proportion of MuSCs with few protrusions even at sites distal
to the injured areas, consistent with the notion that these cells are
more “adaptive” cells. While the total number of cells per muscle
volume, the number of branches, and the orientation of the Gajert
cells remain unchanged (fig. S6, C to E), there is a notable reduction
in the overall protrusion length (fig. S6F) and a shift toward a
less elongated shape in the Gajert cells compared to quiescent cells
(fig. S6G). These findings further suggest that reduction in protru-
sion length promotes a more circular shape, in accordance with the
fact that Gjere cells are in an adaptive state ready to respond rapidly
to a subsequent injury (37). Together, these data reveal that MuSC
protrusions are delicate structures that respond to various levels
and degrees of damage. Even after systemic injuries, MuSCs re-
spond by shifting to a transitional, primed state characterized by an
increased distribution of cells with few protrusions, further sup-
porting our previous injury data (Fig. 2) that cells with zero to one
protrusions are cells prepped to attain an active state.

MuSCs can be classified into responsive, intermediate,

and sensory cells

On the basis of the various morphological and functional characteris-
tics of the protrusions analyzed, we classified quiescent MuSCs into
three different subtypes (table S1): (i) “Responsive” cells are smaller
and rounder, with zero or one protrusion, that are aligned along the
fiber. These are the primed, more active cells and the first ones to re-
spond to an injury. (ii) “Sensory” cells, which are larger, less round
cells that are not aligned along the fiber and have four or more pro-
trusions, extended in all directions of the fiber and are more “dormant”
cells that respond to injury at a later phase. (iii) “Intermediate” cells,
which display intermediate sizes, are usually elongated, are not always
aligned along the fiber and have two or three protrusions, and seem to
be in between the above states. On the basis of our data, upon injury,
sensory cells respond later, by losing their protrusions and transition-
ing toward intermediate and then responsive cells. This categorization
of MuSCs’ properties establishes a more defined context to investi-
gate sensing pathways that could affect the transition from one state
to another in response to injury.

Piezo1 regulates the morphological heterogeneity of MuSCs
and is required for proper transition of MuSC subtypes
during regeneration

Piezol is an emerging mechanosensing protein that acts as an im-
portant mediator of various aspects of mechanical signaling and cell
fate regulation in osteoblasts (27) and axon regeneration (38). Al-
though Piezol is expressed in MuSCs (39), its role in MuSC regulation
has never been studied. To examine the effect of Piezol in MuSC
morphological heterogeneity, we treated Pax7EGFP mice with a widely
studied activator of Piezol, called Yodal (Fig. 3A) (40). First, we
confirmed that injection of Yodal does not affect the overall organ
metrics (fig. S7, A to D). Next, we analyzed MuSC subtypes be-
tween uninjected Pax7EGFP mice and Pax7EGFP mice injected with
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Yoda1. (D) MuSCs from mice injected with Yoda1 are less elongated. n = 3 to 4 mice (2 to 3 months old) were analyzed, and N > 600 cells per animal. Two-way ANOVA was

used for analyses, followed by Sidak’s multiple comparisons test. *P < 0.05, **P < 0.01,

dimethyl sulfoxide (DMSO) (fig. S7E) and found that DMSO alone
has no effect on MuSC states. However, comparison of Pax7EGFP
mice injected with either DMSO or Yodal revealed that while the
total number of cells per volume remained unchanged (fig. S7F),
MuSCs from Yodal-injected mice shift to a primed state characterized
by an increased distribution of responsive cells and a reduction of
intermediate cells (Fig. 3B), had a reduced protrusion length (Fig. 3C),
and were more circular in shape (Fig. 3D). These data demonstrate
that pharmacological activation of Piezol shifts MuSCs toward a
transitional activated state similar to Gajerr MuSCs (fig. S6), mor-
phologically evident by the increased percentage of responsive cells,
even in the absence of a regenerative signal.

To investigate whether Piezol is necessary and sufficient for the
transition between functional MuSC subtypes, we generated mice
in which Piezo1 is conditionally deleted in MuSCs. Specifically, mice
carrying a floxed allele of Piezol (41) as well as the Ai9 allele (42) to
track and image cells (tdTomato ") were crossed with Pax7"RT2Cr mjce
(43) to generate Piezol MuSC-specific knockout (Piezo1MuSCKO)
mice (fig. S8A). While ablation of Piezol in MuSCs had no effect on
overall muscle morphology (fig. S8B) or total cell numbers per vol-
ume (fig. S8C) under steady-state conditions, the total length of
MuSC protrusions was increased (Fig. 4A, fig. S8D, and movie S2)
and cells were more elongated (Fig. 4B), consistent with an expansion
of cell surface area that could potentially be used to explore their
environment. Under uninjured conditions, quiescent and immotile
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***P < 0.001, and ****P < 0.0001.

MuSC populations were composed of significantly fewer responsive
cells and more intermediate cells (Fig. 4C) with abnormal, spikey,
and thick protrusions (Fig. 4D), indicative of alterations in the mor-
phological shift of MuSCs. These data suggest that Piezol affects the
morphological heterogeneity of cells at the progenitor level.

To examine whether the changes we observed in protrusion
complexity, length, and MuSC subtypes can influence the regenera-
tion potential of Piezo1™"“"XO muscles, we performed intramuscular
notexin injury on young control and Piezo1™*5“*© mice (Fig. 4E)
and imaged their muscles by two-photon microscopy. Consistent
with our previous data (Fig. 2D), the majority of control MuSCs are
predominantly responsive bl)<1 d3, with very few sensory cells (Fig. 4F).
In contrast, in Piezo1™"5“*© muscles, there are significantly more
sensory and intermediate cells and fewer responsive cells at d3 after
injury (Fig. 4F), demonstrating a clear impairment of Piezo1™"¢-X0
MuSCs to transition toward more active responsive cells upon injury.
To address whether the defect in MuSC subtype regulation in
Piezo1M"5“KO MuSCs is caused by MuSC proliferation changes, we
injured control and Piezo1™*“*° mice with notexin and pulsed
in vivo with the nucleotide analog 5-ethynyl-2’-deoxyuridine (EdU)
to label cells undergoing DNA replication (fig. S8E). While in un-
injured muscles there were no proliferation differences, we observed
significant reduction of the portion of MuSCs that were EdU" in
Piezo1M"5¢XO (fig. 88, F and G). These data demonstrate that the
absence of Piezol in MuSCs leads to a lower rate of proliferation
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Fig. 4. MuSC-specific deletion of Piezo1 blocks transition of MuSCs toward responsive cells. (A) Increased protrusion length in all types of Piezo1""*“¥° MuSCs un-
der steady-state conditions. (B) Cells are elongated in Piezo1 MuSC-KO compared to control muscles under steady-state conditions. (C) Reduced number of responsive cells
and increased number of sensory cells in Piezo1"“*° muscles under steady-state conditions. (D) Representative images of Piezo1"““*C MuSCs show the complexity of
the protrusions in these cells. Scale bars, 10 um. (E) Schematic representation of seven intraperitoneal tamoxifen (Tam) injections and then notexin (ntx) injection 3 weeks
after the last tamoxifen injection. Imaging of the TA muscle at d3 post-notexin injury using two-photon microscopy of control (gray) and Piezo1 MuSCKO (red) mice.
(F) Significantly reduced number of responsive cells and excessive number of sensory cells (red columns) in Piezo1"““*0 muscles at d3 after injury, a time point that
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used for analyses, followed by Sidak’s multiple comparisons test. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

upon injury, which eventually contributes to an overall impairment
of muscle regeneration over time (fig. SSH). Together, these data
demonstrate that Piezol is sufficient to prime MuSCs toward more
responsive, active cells and is necessary for the proper maintenance
of the morphological heterogeneity of MuSC states and cell prolif-
eration that tunes muscle homeostasis and regeneration.

Dystrophic muscles exhibit dysregulated MuSC subtypes, with
lower Piezo1 levels and longer, more complex protrusions

In muscle diseases such as DMD, unrelenting, repetitive muscle
damage elicits a constant need for regeneration (44). We and others
have previously shown that although DMD is initiated by a struc-
tural genetic defect, it develops progressively into a stem cell disease
due to improper MuSC activation (12, 45). To allow for visualization

Ma et al., Sci. Adv. 8, eabn0485 (2022) 18 March 2022

of dystrophic MuSCs at the single-cell level, we crossed mdx mice
carrying the dystrophin mutation (46) with the Pax7EGFP reporter
mice (17). To determine the morphology of the protrusions in dys-
trophic MuSCs, we imaged whole muscles of young mdx/Pax7EGFP
mice and found an increased number of EGFP™ cells with more
complex appearance (Fig. 5A; fig. S9, A and B; and movie S3),
mirroring the complexity of Piezo1M"5“% MuSCs. To investigate
whether Piezo1 levels might be affected in dystrophic cells, we per-
formed quantitative real-time polymerase chain reaction (QRT-PCR)
in isolated MuSCs. Dystrophic MuSCs exhibit markedly reduced
Piezol levels compared to controls (Fig. 5B), indicating a severe
defect of Piezol signaling in diseased MuSCs. Further analysis of
the MuSC states revealed a significant decrease of responsive cells
and an increase in sensory cells (Fig. 5C), suggesting a delay in the
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Fig. 5. Impaired regulation of MuSCs’ protrusions and improper MuSC state distribution in muscular dystrophy. (A) Representative maximum intensity projections
of an uninjured Pax7EGFP (left) and dystrophic (mdx/Pax7EGFP) muscle (right) at 3 months old. Note the increased number and complexity of protrusions in the dystro-
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means + SEM. *P < 0.05, **P < 0.01, and ****P < 0.0001.

transition from sensory to intermediate to responsive cells, sim-
ilar to what we observed in Piezo1M"“¥© regenerating muscles.
Furthermore, all dystrophic MuSC types have longer (Fig. 5, D and E),
more branched, and thicker protrusions (fig. S9, D and E), indica-
tive of a failure to properly regulate protrusions in chronic dystro-
phic conditions. As a result of the increased number and length
of protrusions, dystrophic MuSCs also appear as more elongated
(Fig. 5F) and slightly misoriented (fig. S9C) compared to quiescent
MuSCs, similar to the expanded cell surface and elongated cells we
observed in MuSCs from Piezo1™*5“° muscles. Together, these data
demonstrate that the reduced levels of Piezol in diseased MuSCs
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coexist with an improper adjustment of protrusion length and fail
to adequately regulate MuSC states in dystrophic muscles during
repetitive injuries.

Activation of Piezo1 restores MuSC subtype distribution

in dystrophic muscles

Because Piezol levels are reduced in dystrophic MuSCs, and MuSCs
from Piezo1™"“X® and dystrophic mice display similar phenotypes
(Figs. 4 and 5), we hypothesized that activation of Piezol pathway
could alleviate the dystrophic MuSC morphology and function. To
test this hypothesis, we used the known pharmacological activator
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of Piezol, Yodal (38), which we previously demonstrated increases  morphology of a healthy muscle (Fig. 6B, fig. S10C, and movies S4
the percentage of responsive cells (Fig. 3B). mdx/Pax7EGFP mice and S5). Analysis of MuSC states revealed a significant increase in
were treated with either DMSO or Yodal (Fig. 6A), and their mus-  responsive cells (Fig. 6C), suggesting a restoration in the transition
cles were imaged by two-photon microscopy at d15 after treatment.  from sensory to intermediate to responsive cells. Moreover, all MuSC
First, we confirmed that DMSO alone had no effect on either the types have shorter (Fig. 6D) and less complex protrusions (Fig. 6E)
MusSC states (fig. SI0A) or the complexity of the individual dystro- ~ with reduced branches (fig. S10E), indicative of restoration of proper
phic MuSCs (fig. S10B). To determine the overall morphology of regulation of protrusions in chronic dystrophic conditions. As a
the protrusions, we imaged whole muscles of mdx/Pax7EGFP mice result of the decreased number and length of protrusions, dystro-
treated with either DMSO or Yodal. We found that while the total ~ phic MuSCs from Yodal-treated animals also appear as less elon-
number of EGFP” cells remains unchanged (fig. S10D), the protru-  gated (Fig. 6F) compared to dystrophic MuSCs from DMSO-treated
sions in the treated dystrophic muscles more closely resembled the  dystrophic mice. When we examined the muscle cross sections of
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Fig. 6. Amelioration of dystrophic MuSC morphological defects after pharmacological activation of Piezo1. (A) Experimental scheme for pharmacological activa-
tion of Piezo1 in dystrophic mice. Two-month-old male mdx/Pax7EGFP mice were injected with either DMSO or Yoda1 for five consecutive days per week for 2 weeks (d1
tod5 and d8 to d12), and their TA was imaged at d15. (B) Representative maximum intensity projections of mdx/Pax7EGFP treated with DMSO (left) and dystrophic (mdx/
Pax7EGFP) muscle treated with Yoda1 (right) at 2 months old. Note the reduced complexity of protrusions in the Yoda1-treated compared to the DMSO-treated muscles.
Dystrophic MuSCs are shown in green. Scale bars, 60 um. (C) Shift toward more responsive cells in Yoda1-treated dystrophic muscles compared to DMSO-treated muscles.
(D) Protrusion length was brought down in all types of dystrophic MuSCs treated with Yoda1. (E) Representative images of dystrophic MuSCs from muscles treated with
Yoda1 show the diminished complexity of the protrusions in these cells. Dystrophic cells are green (EGFP), and sarcomeres are marked by SHG in red. Scale bars, 10 um.
(F) Cells with zero to two protrusions in dystrophic muscles treated with Yoda1 are less elongated, better resembling the MuSC shape of a physiological muscle. n=4 to
5 mice (2 months old) were analyzed per condition, and N > 600 cells per mouse. Data in (C), (D), and (F) were analyzed by two-way ANOVA, followed by Sidak’s multiple
comparisons test. Values are presented as means + SEM. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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treated mice, we found evidence of improved regeneration in the
Yodal-treated dystrophic muscles, as shown by the increased fiber
size as well as the number of fibers with centralized nuclei (fig. S10,
F and G). Together, these data demonstrate that reactivation of
Piezol in dystrophic muscles restores protrusion length, better reg-
ulates MuSC heterogeneity, and promotes proper function during
repetitive injuries (fig. SI0H).

DISCUSSION

MuSCs are essential for muscle homeostasis and regeneration, but
their morphological and functional characterization has primarily
been carried out through histological and single-fiber isolation anal-
ysis. Here, using a dynamic mouse line to follow stemness (17), we
visualized quiescent MuSCs in their natural muscle environment by
two-photon microscopy and found that MuSCs are morphological-
ly heterogeneous, exhibiting a variety of axon-like protrusions. The
majority of MuSCs display two protrusions, followed by cells with
three and one protrusions, respectively. The lack of visible protru-
sions in isolated MuSCs suggests that they are very fragile and sen-
sitive to environmental cues, consistent with previous observations
(15) as well as with stem cell extensions in other organisms, which
are visible only in vivo (47). One of the most well-characterized
cellular extensions present on stem cells in many systems, including
muscles, is the primary cilium, a single very short unbranched
extension (48). However, the protrusions described here for adult
MuSCs are long extensions that vary in both number and length,
and a significant portion of MuSCs in adult uninjured muscles have
branched protrusions, suggesting that protrusions and cilia are like-
ly to be two distinct structures.

On the basis of the morphology and behavior of the protrusions,
we classified adult quiescent MuSCs into three categories with dis-
tinct morphological and functional properties: responsive, interme-
diate, and sensory cells. We found that responsive cells are round
and more primed, with zero or one protrusion; sensory cells are
larger cells, in a more genuine, stem cell-like state and have four or
more longer protrusions that extend in all directions of the fiber;
and intermediate cells have two or three protrusions and are in be-
tween the other two states. Although some indications of cellular
extensions were previously introduced (15, 49, 50), the extensive
and full-range characterization of the MuSC protrusions in unin-
jured and regenerating muscles we report here has never been
performed before. While cellular protrusions have been described
in stem cells of other organisms and in other mammalian tissues
(15, 47, 51-53), there is little information regarding the exact func-
tion of such extensions in adult stem cells in this emerging field (2).
Because of the loss of these fragile extensions upon isolation, con-
ventional transplantation experiments or transcriptomic analysis
in isolated cells cannot be used to gain insights into the molecular
pathways and/or function of morphological distinct MuSC states.

To further investigate whether changes in the protrusions cor-
relate with altered MuSC function and to determine whether MuSC
protrusions may contribute to skeletal muscle healing, we studied
their behavior under injury conditions. We found that newly char-
acterized primed cells with fewer protrusions, we designated as re-
sponsive cells, are the first MuSC type to respond and participate in
regeneration, followed by the transformation of cells in a more gen-
uine stem cell state with more protrusions, we designated as sensory
cells. These alterations occur following both local and systemic
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injury, further demonstrating that MuSCs undergo a timely adap-
tive response following injury. It has been reported that MuSCs with
higher Pax7 levels are less primed for myogenic commitment at
the transcription level and take longer to enter the cell cycle (36).
Our study provides evidence that sensory cells (with more pro-
trusions) respond to injury later than responsive MuSCs (with fewer
protrusions), presumably because it takes them longer to transition
toward intermediate and responsive cells. The dynamic transition
of MuSCs during early activation is consistent with a previous re-
port showing changes in mechanoproperties and cytoskeleton signaling
before cell cycle signaling (3). The differential timing of responsive
and sensory cells during regeneration that we observe is consistent
with the notion that not all quiescent MuSCs are functionally equivalent,
with responsive cells (fewer protrusions) being more primed cells, as
shown both in the injury and their response in the Gajers phase, while
sensory cells (more and longer protrusions) are more dormant and
intermediate cells are in between these states. These data suggest a
hierarchical cascading quiescence model, in which the responsive cells
facilitate a rapid response to injury, while sensory cells only partici-
pate in high-demand injury situations, where they lose protrusions
and transition toward intermediate and responsive cells. Overall, con-
trary to the idea that quiescence is simply a passive and dormant state,
our results reveal that quiescent MuSC populations represent a col-
lection of morphological heterogeneous states with different functional
capabilities. These findings provide a detailed morphological hetero-
geneity in MuSCs in their endogenous environment and lay the ground-
work for future spatial molecular analysis of the different MuSC
states using methods recently developed for other tissues (54, 55).
Adult stem cells often reside in specialized microenvironments,
called niches, that specify stem cell identity (56). While we found that
MuSC protrusions do not mobilize cells under steady-state condi-
tions, we suspect that they may play an important role in sensing both
the niche environment and the surrounding muscle. In support, at
a later stage of regeneration where self-renewal occurs and MuSCs
return to their niche to preserve progenitors for response to future
injuries (33), the protrusions reappear, and the morphological het-
erogeneity is restored as in preinjured muscles. Consistent with the
notion that protrusions are important to specify stemness and proper
identity at the niche, lack of protrusions in isolated MuSCs are associ-
ated with a reported loss of stemness and rapid differentiation in vitro
(33), which hinders MuSC stem cell maintenance in cultures. Protru-
sions act as an effective and specific form of cell communication in a
variety of cell types (2). Our analysis showed that responsive MuSCs
are in close proximity to other nuclei on the myofibers. As such, the
proximity between MuSC protrusions and endothelial cells could
regulate stem cell quiescence via Notch signaling (15) or be used for
communication with other progenitor cells within skeletal muscles,
i.e., fibroadipogenic progenitors, which provide functional support to
MuSCs (57). It is possible that disruption of such communication via
improper regulation of MuSC protrusions could contribute to the in-
complete regeneration seen in diseased muscles (58). Future investi-
gation of additional intrinsic and extrinsic regulators or other sensors
that could be responsible for preserving MuSC protrusions, in combi-
nation with extracellular matrices that mimic the living architectural
muscle cues (59) and retain cell-matrix interactions, including nerve
injuries that were recently shown to affect MuSC morphology (60),
would allow direct assessment of the essential communication be-
tween MuSC states, the niche, and the surrounding environment,
including the neuromuscular and myotendinous junctions.
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Pharmacological approaches to interfere with the generation of
cytoskeletal protrusions in vivo are unlikely to be tenable as skeletal
muscle fibers consist of the same cytoskeletal molecules and will
also be affected. Instead, here, we found a critical role for the sens-
ing protein PIEZO1 in regulating the morphological heterogeneity
of MuSCs using both mouse genetic and pharmacological ap-
proaches. Since its original identification (41), the importance of
Piezol has been revealed in various tissues (61-63). Yet, there is
only a limited understanding of how Piezol acts in stem cells and
how it shapes biological processes [discussed in (25)]. The work
presented here demonstrated that Piezol is essential for maintain-
ing MuSC states and regulating protrusion length and cell shape in
both homeostatic and dystrophic muscles. We show that pharma-
cological activation of Piezo1, via Yodal, is sufficient to shift MuSCs
to a transitional, primed state that is characterized by an increased
distribution of responsive cells and promotes an adaptive, more active
MuSC state. Although detecting expression levels in whole muscles
while preserving the morphological heterogeneity of MuSCs is still
a challenge, we postulate that Piezol may be expressed at very low
basal levels in sensory cells, which have long protrusions extending
along and across the fiber, allowing them to sense the surrounding
environment. However, upon ablation of Piezol in MuSCs, there is
a clear shift in distribution toward fewer responsive cells that be-
comes more profound at d3 after injury, whereas the number of
sensory cells is significantly increased and disproportional com-
pared to d3 control MuSC states. These data further suggest that in
the absence of Piezol, MuSCs lengthen their protrusions to better
perceive their injured immediate microenvironment and reduce
their proliferation rate at the cost of delaying muscle regeneration,
in agreement with previous reports (64, 65) and consistent with the
idea that inactivation of proper cell channels impedes a transition
from a resting state to an activated state (3, 25, 27).

The importance of Piezol in muscle disease is further displayed
by studying young dystrophic muscles in their endogenous envi-
ronment. We propose that although dystrophic MuSCs perceive
muscle damage, they do not properly “sense” it due to their lower
Piezol levels. As a result, they expand their protrusions and elon-
gate their shape to counterbalance this inability to transmit infor-
mation. An alternative hypothesis might be that Piezol provides a
feedback signal that “informs” these cells when they have stretched
enough. In this case, a reduced feedback signal due to the lower lev-
els of Piezol would lead to elongation and protrusion expansion.
Either way, we suggest that under the high regenerative demands in
the diseased muscles, dystrophic cells are unable to channel the in-
formation in a timely manner, leading to the reported improper
MuSC activation in dystrophic muscles (12). To test this assertion,
we next asked whether temporary pharmacological activation of
Piezol was sufficient to reverse the defective morphology of dystrophic
MuSCs. Our data revealed that administration of Yodal restores MuSC
state distribution, shortens protrusion length, and alters stem cell
shape to more closely resemble a healthy MuSC, while muscle re-
generation is boosted. The duration of the effects of such a treat-
ment on MuSCs and whether additional boosts or different doses
might be necessary to maintain MuSC morphology and function in
dystrophic muscles over a longer period of time remain to be tested.
Moreover, Piezol is a bona fide mechanosensitive channel that me-
diates Ca** signaling in various cell types (25-27, 39, 60, 65). Thus,
we cannot exclude that microenvironmental changes in other muscle
cells and/or myofibers may also influence MuSC function and
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morphology. Nevertheless, the data presented here provide proof of
principle of the therapeutic potential of Yodal in restoring MuSC
heterogeneity in dystrophic muscles.

In summary, we demonstrated a unique morphological hetero-
geneity of adult MuSCs and revealed that regulation of MuSC sub-
types and protrusion length play a fundamental role in skeletal
muscles in health and disease. This work constitutes a pioneering
step in defining new structural and behavioral properties of MuSC
progenitors and demonstrates that the underlying molecular mech-
anism involving the sensing pathway Piezol is critical for preserv-
ing a healthy morphological heterogeneity of the stem cell pool and
maintaining the regeneration potential of skeletal muscles. Our study
provides essential and fresh insights for addressing crucial questions
regarding the biology and communication of stem cells with their
environment in physiological and pathological conditions and presents
a therapeutic target for treating muscular dystrophy. Given the
emerging interest of protrusions on stem cells in other systems
(47, 53, 66), the findings and molecular mechanism presented here
for MuSCs are likely to be relevant for other adult stem cell popula-
tions with cellular extensions in different tissues and organisms.

MATERIALS AND METHODS

Animals

Adult Pax7EGEP (17) mice were bred with either mdx*® mice (The
Jackson Laboratory, stock no. 002378) to generate double mdx*"";
Pax7EGFP or RosanTnG mice (The Jackson Laboratory, stock no.
023035) to generate double Pax7EGFP; nTnG mice. Ki67-RFP mice
(The Jackson Laboratory, stock no. 029802) were bred with the
Pax7EGFP mice to generate the double Pax7EGFP;Ki67-RFP mice
(fig. S4A). Piezo1™" mice (The Jackson Laboratory, stock no. 029213)
were crossed to Ai9™™ mice (The Jackson Laboratory, stock no. 007909)
and Pax7ERT2Cre mice (The Jackson Laboratory, stock no. 017763) to
create the trigle Pax7ERT2Cre;Piezol1™/*; Ai9™/F mice (called
Piezo1M*5“XO) To induce Cre expression, mice were injected with
250 pl of tamoxifen (Sigma-Aldrich; 20 mg/ml in ethanol/corn oil in a
1:10 ratio) intraperitoneally every second day for a total of seven
injections, starting at 6 or 8 weeks of age. Genotyping was performed
by PCR as described in (17). For all experiments, mice of the same
sex and similar age were compared. The age of mice for each experi-
ment is reported in the figure legends. Animals were housed and
bred in a local animal facility at a 12-hour dark/12-hour light cycle, and
their use and care were approved by the University of Pennsylvania
according to Institutional Animal Care and Use Committee guidelines.

Muscle injury

To define MuSC number and protrusion status, the TA muscles of
Pax7EGFP and genetically modified mice bred to Pax7EGFP mice
were injured with notexin (10 ug/ml; Latoxan) at the ages indicated
in each experiment. In the case of multiple injuries, a second injec-
tion of notexin was performed 1 week after the first injury and mus-
cles were analyzed 10 days after the last injury. For Gajerxr MuSCs,
the TA of one hindlimb was injured once with 10 ul of notexin, and
3 days after injury, the TA muscle of the contralateral leg was ana-
lyzed as described below (see the “Image analyses” section).

Yoda1 injections
Yodal (Tocris Bioscience) was dissolved in DMSO at 40 mM as
stock, diluted in 5% ethanol, and injected at 5 umol/kg of body
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weight. Control mice were injected with equal volume of vehicle
(DMSO diluted in 5% ethanol). Yodal or vehicle was injected intra-
peritoneally for five consecutive days per week for 2 weeks (d1 to
d5 and d8 to d12). At d5, mice were harvested, and tissues were
collected for further evaluation. All investigators involved in data
collection were blinded to both genotype and group of mice.

Method details

Muscle isolation

Mice were euthanized by CO, asphyxiation, followed by cervical
dislocation. The TA muscles were freshly dissected. Samples were
then fixed in 4% paraformaldehyde (PFA)/1x phosphate-buffered
saline (PBS) for 2 hours on a rocker mixer at 4°C and rinsed and
stored in 1x PBS solution at 4°C in the dark.

Muscle histology

Muscles were dissected and fixed in 4% PFA/PBS and incubated
overnight in 30% sucrose before being embedded in optimal cutting
temperature embedding compound (Tissue-Tek; Sakura Finetek USA)
and frozen in chilled 2-methylbutane. Cryosections were cut at a
thickness of 10 um. Sections were stained with hematoxylin and
eosin and/or trichrome staining using standard procedures.
Immunofluorescence staining

Tissue cryosections were permeabilized in 0.5% Triton X-100/PBS
for 10 min, washed with PBS, and incubated with blocking solution
[1% bovine serum albumin (BSA)/PBS/0.1% Triton X-100] for 1 hour
at room temperature. Primary antibody for laminin (1:200; anti-
laminin B2, clone A5, EMD Millipore Corp.) was incubated over-
night at 4°C in antibody dilution buffer (1% BSA/PBS/0.1% Triton
X-100). Slides were then incubated with secondary antibody [Alexa
Fluor 647-conjugated goat anti-rat (1:300; Thermo Fisher Scientific)]
in antibody dilution buffer for 1 hour in the dark. Slides washed with PBS,
and coverslips were mounted with ProLong Gold with 4’,6-diamidino-
2-phenylindole (DAPI) (Thermo Fisher Scientific). Sections were
imaged with a Nikon Ni wide-field epifluorescence microscope equipped
with a 20x Plan Apo objective and Nikon Elements software.
Two-photon microscopy

Fixed muscles were mounted on a custom-made glass chamber and
immersed in 1x PBS, and a coverslip was lowered from the top to close
the chamber. High-resolution serial optical sections were collected
from the top of the muscle after the collagen deposition layer, using
a Leica SP* Confocal/Multiphoton Microscope system equipped
with a Chameleon Vision II Sapphire laser. A 910-nm laser was fo-
cused through a 20x HCX APO L Lens. The following acquisition
settings were used for the collection channels: High Voltage (HV):
550/525 V, gain: 1/1, offset: 3/4%. Emission light was collected
with a fluorescein isothiocyanate [Bandpass (BP) 525/50] filter, and
muscle fibers were marked via SHG in blue channel. Serial optical
sections were collected in 1.5-um steps for a total range of 100- to
200-pum depth, flattened, and normalized to the volume scanned.
For imaging of live animals, mice were anesthetized using a ketamine/
xylazine mixture [ketamine (100 mg/kg) and xylazine (10 mg/kg)],
administrated by intraperitoneal injection, and the skin in the ear
and head was depilated. The mouse was placed on a heated stage,
and the head and the ear were supported by a custom-made stage. A
glass coverslip was placed against the skin in the junction region
between the head and the ear. Distinctive inherent landmarks in
the skin were used to navigate back to the original field of view and
visualize the same follicles in separate experiments. Anesthesia
was maintained throughout the course of the experiment with
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vaporized isoflurane delivered by a nose cone. The setup for in vivo
microscopy was centered on an AxioTech-Vario 100 microscope
(Olympus), equipped with light-emitting diode (LED) excitation light
for fluorescence epi-illumination. Microscopic images were obtained
with a water-dipping objective (20, numerical aperture of 0.5) and
acquired with an AxioCam HSm camera and AxioVision 4.6 soft-
ware. Serial optical sections were acquired in 2-pum steps to image a
total depth of ~150 pum of tissue.

Image analyses

Acquired optical sections from two-photon microscopy were ana-
lyzed in Fiji. To define MuSC number in the TA muscle, acquired
optical sections were stacked in Fiji, and MuSCs were counted and
normalized to the volume stacked. To quantify the length and num-
ber of the protrusions of MuSC, between 150 and 600 MuSCs per
image were analyzed using the Simple Neurite Tracer (SNT) plugin
in Fiji. MuSC circularity/aspect ratio, circularity, and orientation
ratio were measured using set measurements and the angle tool in
Fiji. N = number of cells analyzed per mouse can be found in the
figure legends. At least two independent investigators blindly ana-
lyzed all data. Cells were defined as misaligned with myofiber if the
angle between the cell body and myofiber is greater than a 15-degree
angle, and the ratio is calculated as the number of cells misaligned
divided by the total number of cells per cell type.

MusSC isolation

Pax7EGFP mice were sacrificed, and the TA, quadriceps, and gas-
trocnemius muscles were dissected from both hindlimbs. Muscle
was finely minced and placed in a C tube (Miltenyi) containing
0.15% collagenase in 10 ml of Dulbecco’s modified Eagle’s medium
(DMEM). Tubes were loaded into MACS Dissociator (Miltenyi),
and the manufacturer’s muscle-01 program was run. Tubes were
incubated at 37°C for 30 min, subjected to the muscle-01 program
again, and incubated at 37°C for an additional 30 min. Seventy-five
microliters of 2% collagenase (Sigma-Aldrich) and 75 pl of dispase
(4.8 U/ml; Roche) were added, and tubes were vortexed at maxi-
mum speed before a 30-min incubation at 37°C. Cells were passed
through a 21-gauge needle until all muscles were broken apart. The
remaining cell slurry was filtered through a 40-um cell strainer that
was prewet with 10 ml of cold myoblast medium (DMEM:F12; 15%
fetal bovine serum and 1x anti-anti), the strainer was rinsed with an
additional 10 ml of cold myoblast medium, and cells were pelleted
at 300g at 4°C. Cells were incubated with 1 ml of 1x red cell lysis
buffer (Thermo Fisher Scientific) for 5 min at room temperature,
and 9 ml of cold fluorescence-activated cell sorting (FACS) buffer
[1% BSA, 2.5% goat serum, and 2 mM EDTA (pH 8.0) in 1x PBS]
was added. Cells were spun, and cell pellets were resuspended in
1 ml of FACS bulffer. Before FACS, 1 pg of the viability dye DAPI
was added to each sample. Live GFP-positive MuSCs were isolated
using an Aria II sorter equipped with a 100-um nozzle. DAPI was
excited with a 405-nm laser, and dead cells were identified using a
450/40 bandpass filter. GFP was excited with a 488-nm laser, and
Pax7EGFP MuSCs were identified with a 530/30 bandpass filter.
Quantitative real-time polymerase chain reaction

RNA was isolated from FACS-sorted MuSCs using an RNeasy Plus
Micro kit (Qiagen), according to the manufacturer’s instructions.
Complementary DNA (cDNA) was generated with the ProtoScript
IT First-Strand cDNA Synthesis Kit (New England Biolabs). gRT-
PCR was carried out on a QuantStudio 6 instrument (Applied Bio-
systems) using TaqMan primers and TagMan Universal PCR
Master Mix. Reactions were carried out in quadruplicate. The
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number of animals used per experiment is indicated in the figure
legends. Gene expression was determined using the AAC; method.
Primers were purchased from Applied Biosystems and included
Piezol-FAM (Mm012415449_m1) and GAPDH-VIC (4352339¢).
Quantification and statistical analyses

Values are presented as means + SEM. n = number of mice per geno-
type. N = number of cells analyzed per mouse. Significance was deter-
mined using unpaired Student’s t tests with Welch’s correction or
two-way analysis of variance (ANOVA) using GraphPad Prism 7
software. Specific details on mouse numbers, age, and statistics can be
found in the figure legends. All data were blindly analyzed by at least
two independent investigators. *P < 0.05, **P < 0.01, ***P < 0.001, and
¥**%¥D < 0.0001; n.s., not significant.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abn0485

View/request a protocol for this paper from Bio-protocol.
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