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ABSTRACT Satellite cells (SCs), the resident adult stem cells of skeletal muscle, are required
for tissue repair throughout life. While many signaling pathways are known to control SC self-
renewal, less is known about the mechanisms underlying the spatiotemporal control of self-
renewal during skeletal muscle repair. Here, we measured biomechanical changes that ac-
company skeletal muscle regeneration and determined the implications on SC fate. Using
atomic force microscopy, we quantified a 2.9-fold stiffening of the SC niche at time-points
associated with planar-oriented symmetric self-renewal divisions. Inmunohistochemical anal-
ysis confirms increased extracellular matrix deposition within the basal lamina. To test wheth-
er three-dimensional (3D) niche stiffness can alter SC behavior or fate, we embedded isolated
SC-associated muscle fibers within biochemically inert agarose gels tuned to mimic native
tissue stiffness. Time-lapse microscopy revealed that a stiff 3D niche significantly increased
the proportion of planar-oriented divisions, without effecting SC viability, fibronectin deposi-
tion, or fate change. We then found that 3D niche stiffness synergizes with WNT7a, a biomol-
ecule shown to control SC symmetric self-renewal divisions via the noncanonical WNT/planar
cell polarity pathway, to modify stem cell pool expansion. Our results provide new insights
into the role of 3D niche biomechanics in regulating SC fate choice.

Monitoring Editor
Dennis Discher
University of Pennsylvania

Received: Feb 4, 2020
Revised: May 11, 2020
Accepted: May 26, 2020

This article was published online ahead of print in MBoC in Press (http://www

molbiolcell.org/cgi/doi/10.1091/mbe.E20-01-0078) on June 3, 2020. INTRODUCTION

These authors contributed equally to the work.

*Address correspondence to: Penney M. Gilbert (penney.gilbert@utoronto.ca).
Abbreviations used: AFM, atomic force microscopy; BaCl,, barium chloride; BCA,
bicinchoninic acid; BSA, bovine serum albumin; Cryo-FESEM, Cryo-field emission
scanning electron microscopy; ECM, extracellular matrix; EdU, 5-ethynyl-2’-
deoxyuridine; MYOD, myogenic differentiation 1; EDL, extensor digitorum lon-
gus; PBS, phosphate-buffered saline; PCP, planar cell polarity; PFA, paraformal-
dehyde; P/S, penicillin/streptomycin; SC, satellite cell; TA, tibialis anterior; 3D,
three dimensional; VANGL2, vang-like protein 2.

© 2020 Moyle et al. This article is distributed by The American Society for Cell
Biology under license from the author(s). Two months after publication it is avail-
able to the public under an Attribution-Noncommercial-Share Alike 3.0 Unported
Creative Commons License (http://creativecommons.org/licenses/by-nc-sa/3.0).
“"ASCB®,"” “The American Society for Cell Biology®,” and “Molecular Biology of
the Cell®" are registered trademarks of The American Society for Cell Biology.

Volume 31 July 21, 2020

Preserving the balance between stem cell commitment and self-re-
newal is critical for the long-term maintenance of tissues, none more
so than skeletal muscle, which contributes 30-40% of lean body
mass (Janssen et al., 2000). The main stem cell population in skeletal
muscle are satellite cells (SCs), a paired box transcription factor 7
(PAX7)-expressing cell located within an asymmetric niche between
the muscle fiber and the basal lamina (reviewed in Relaix and Zam-
mit, 2012). In response to injury, quiescent SCs activate, proliferate,
and give rise to myoblast progenitors, which coexpress PAX7 and
myogenic differentiation 1 (MYOD), before committing to differen-
tiation, losing PAX7 expression, and fusing into multinucleated mus-
cle fibers. Alternatively, some SCs retain PAX7*/MYOD- status and
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undergo self-renewal. Expansion of the SC stem cell pool requires
symmetric division of PAX7*/MYOD- cells, whereas asymmetric divi-
sion of DNA and segregation of cell fate determinants gives rise to
one stem cell and one myoblast. The PAX7*/MYOD™* myoblast then
produces commitment-determined daughter cells via subsequent
symmetric divisions that contribute to muscle regeneration (Shinin
et al.,, 2006; Conboy et al., 2007; Kuang et al., 2007; Rocheteau
et al., 2012; Dumont et al., 2015b). While this tightly regulated pro-
cess normally ensures a remarkable regenerative potential for mus-
cle, dysregulation is associated with disease (Dumont et al., 2015a;
Chang et al., 2016; Feige et al., 2018).

There have been a growing number of studies interrogating the
mechanisms that direct SC fate choice in recent years, with evidence
that intrinsic and extrinsic cues play significant roles (reviewed in
Dumont et al., 2015b). Importantly, the asymmetric nature of the SC
niche provides environmental signals that establish apicobasal cell
polarity and provides orientation cues (Kuang et al., 2008; Le Grand
et al., 2009; Bentzinger et al., 2013a; Gattazzo et al., 2014). Indeed,
extracellular matrix (ECM) proteins of the basal lamina juxtapose with
cadherins and the dystrophin glycoprotein complex of the myofiber,
resulting in the differential expression of adhesion proteins on the
basal and apical interfaces of the SC (reviewed in Feige et al., 2018).

There is some evidence to suggest that the orientation of a SC
division within the niche can determine whether a division is sym-
metric or asymmetric, ultimately regulating cell fate choice. Apico-
basal divisions (vertical to the basal lamina) are often associated with
asymmetric fate, with the self-renewing stem cell maintaining con-
tact with the basal lamina and the myoblast progenitor retaining
contact with the fiber (Kuang et al., 2007, Dumont et al., 2015a).
One regulator of this process is the PAR complex, which orients the
mitotic spindle pole; PARD3/PKC - expression on the apical side ac-
tivates p38/MAPK signaling in the myoblast (Troy et al., 2012),
whereas PARTb-dystrophin complexes localize to the opposite pole
(Dumont et al, 2015a). Other biochemical regulators include
NOTCH3 and NUMB (Conboy et al., 2003; Shinin et al., 2006;
Kuang et al., 2007). Conversely, symmetric cell divisions which result
in identical daughter cells usually occur in a planar orientation. In
self-renewing SC divisions, this is regulated by Wnt family member
7a (WNT7a) via the noncanonical Wnt/planar cell polarity (PCP)
pathway (Le Grand et al., 2009). Notably, Le Grand et al. (2009) offer
evidence that WNT7a binding the frizzled 7 receptor (FZD7) in the
myogenic factor 5 (MYF5) negative SC subpopulation polarizes
vang-like protein 2 (VANGL2) expression to opposite planar poles,
thereby increasing planar divisions and maintaining the stem cell
pool (Le Grand et al., 2009). However, this does not explain all sym-
metric division choices, and division orientation has not consistently
been linked to fate choice in vivo (Gurevich et al., 2016).

There are also a growing number of studies showing the impor-
tance of biophysical cues on SC fate; modulating matrix stiffness
alters SC potency following in vitro expansion (Gilbert et al., 2010),
whereas continual age-related muscle stiffness impairs progenitor
expansion (Lacraz et al., 2015). These processes are not mutually
exclusive. For example, Jagged1-specific Notch signaling syner-
gizes with a stiff matrix to inhibit myoblast differentiation (Safaee
et al., 2017). In addition, several ECM proteins (including Collagen,
Laminin, and Fibronectin) that tether SCs to the basal surface of
their niche contribute to polarity, fate determination, and, in the
case of Collagen, to mechanical stiffness (Bentzinger et al., 2013b;
Urciuolo et al., 2013; Lukjanenko et al., 2016; Tierney et al., 2016;
Rayagiri et al., 2018; reviewed in Thomas et al., 2015; Morrissey
et al., 2016). Furthermore, the membrane receptor integrin-B1
which forms a link between the ECM and the cytoskeleton (which is
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implicated in mechanotransduction) is required for the maintenance
of PAX7*/MYOD- self-renewing SCs (Rozo et al., 2016).

An important overarching feature of these studies is that cell po-
larity affects division orientation, which in turn regulates symmetric
versus asymmetric divisions to guide SC fate choice. However, our
understanding of the mechanisms regulating symmetric cell division
is limited, and the observation that the polarizing factor Vangl2 had
a stronger effect on symmetric division than Wnt7a suggests that
Wht7a-independent factors contribute to PCP (Le Grand et al.,
2009). One candidate could be mechanical stimuli, which has been
shown to regulate VANGL2 localization and global PCP during de-
velopment (Aigouy et al., 2010; Ossipova et al., 2015; reviewed in
Gray et al., 2011). Skeletal muscle is also a mechanically dynamic
environment, but despite this, studies directly comparing niche
forces to fate, and the mechanisms involved, are missing.

While the assessment of SCs in vivo provides a more accurate
understanding of cell fate choices within the native niche, a limitation
to studying the effects of altered niche stiffness arising from changes
in ECM deposition or organization is that biochemical cues also alter
in these pathological conditions (Conboy et al., 2005; Brack et al.,
2007), making it difficult to unpin any biophysical consequences. Fur-
ther, isolating fibers from regenerating muscle permits a retrospec-
tive analysis of cell orientation (Kuang et al., 2008) which assumes
that interacting cells are related. However, interpreting these find-
ings must be carefully done, as time-lapse microscopy experiments
on isolated fibers show that SCs are highly migratory and often inter-
act with unrelated “strangers” (Siegel et al., 2009, 2011). In addition,
ratios of planar versus apicobasal division orientations (captured via
time-lapse videos) differ between in vitro and in vivo contexts (Siegel
et al., 2009; Webster et al., 2016), highlighting the need to identify
additional layers of complexity in vitro to match in vivo outcomes.

Here, using atomic force microscopy to measure the stiffness of
the SC niche, we report that the SC niche stiffens during the repair
process. We then test the hypothesis that niche steric constraint, as
dictated by 3D environmental stiffness, plays a crucial role in deter-
mining division orientation, which ultimately influences SC self-re-
newal. To mimic the transient increase in stiffness observed in the
SC niche following an injury, we embedded myofiber-associated
SCs in 3D agarose gels, which enabled us to model healthy and in-
jured environments independent of cell:ECM interactions. With this
artificial 3D niche system, we show that increased stiffness signifi-
cantly favors SC divisions in the planar orientation without impacting
SC fate. We further show that a stiff 3D niche synergizes with WNT7a
to dictate the extent of self-renewal expansion divisions, thereby
indicating that biophysical niche cues modulate SC fate choice.

RESULTS

The SC niche stiffens during tissue regeneration

We and others have previously shown increased muscle stiffness
during regeneration (Urciuolo et al., 2013; Trensz et al., 2015; Safaee
et al., 2017), but whether this correlates to increased stiffness at the
level of the SC niche is less known. Since SCs are physically located
between the myofiber and the surrounding interstitium, they may
be acutely sensitive to local changes in the ECM. To characterize
changes of the SC niche during regeneration, we injected barium
chloride (BaCly) intramuscularly into the tibialis anterior (TA) muscle
and isolated single fibers from the adjacent extensor digitorum lon-
gus (EDL), which also undergoes regeneration, 7 d postinjury (Figure
1, A and B). Transgenic Pax7-zsGreen mice (Bosnakovski et al., 2008)
were used to visualize live SCs under the basal lamina. Atomic force
microscopy (AFM) measurements revealed an apparent Young's
modulus of 0.2 kPa in healthy muscle fibers, which aligns with basal
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The SC niche stiffens during tissue regeneration. (A) Schematic of atomic force microscopy (AFM) method
used to analyze the SC niche. Extensor digitorum longus (EDL) muscles were dissected from mice 7 d after
intramuscular BaCl, injection into the TA muscle (Regenerating/R), or from uninjured control mice (Quiescent/Q). The

EDL located beneath a BaCly-injected TA also undergoes regeneration. Single muscle fibers isolated from the EDL were
subjected to AFM analysis 12 h after harvest. Created with Biorender.com (B, E) Representative confocal images

of (B) Q and R fibers and (E) control and plasmin-treated fibers immediately fixed and immunostained for PAX7 (green,
identifying SCs), Laminin (red, identifying basal lamina), and Hoechst (blue, nuclei). Arrows indicate SCs. Scale bars,

20 pm. (C, F) Scatter plots of AFM measurements at 5 nN indentation from (C) Q and R muscle fibers and (F) control and
plasmin-treated fibers. (D, G) Bar graphs of the fold-change in stiffness of (D) Q and R muscle fibers and (G) control and
plasmin-treated fibers. Scatter plots indicate fiber Young’s Modulus (kPa)/ animal with lines showing the mean + SEM;
bar graphs show mean + SEM fold-change of the average stiffness/ animal. For (C + D) Q: N = 4 animals (total 4 fibers)

and R: N = 3 (total 6 fibers), **p < 0.005, Student'’s unpaired t test. (E + F) N = 3 animals for control (total 3 fibers) and
plasmin treatment (total 4 fibers). No significance (n.s.), Student’s paired t test. AFM measurements were taken at

multiple SC niche locations per fiber.

lamina measurements by others (Paszek et al., 2005). This increased
to 0.56 kPa for regenerating myofibers (Figure 1C; p =0.0043), cor-
responding to a 2.86-fold increase in localized stiffness in the regen-
erating niche relative to the uninjured control (Figure 1D; p =
0.0066). This correlated with a localized increase in Laminin 0.2 ex-
pression (Figure 1B), in line with previous reports showing increased
expression of other laminin isoforms (Rayagiri et al., 2018) in regen-
erating muscle. To verify that increased stiffness results from the de-
position of ECM proteins, live fibers were treated with plasmin for
1 h to degrade Laminin, Fibrin, Fibronectin and other ECM compo-
nents (Liotta et al., 1981; Pins et al., 2000). Plasmin treatment de-
creased the presence of Laminin 0.2 (Figure 1E) and trended toward
a reduction in niche stiffness fourfold compared with control fibers
(Figure 1, F and G). Together, these results reveal that the local SC
niche stiffens during regeneration owing, in part, to the contribution
of ECM components in the basal lamina.
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Tunable agarose hydrogels provide an inert
three-dimensional (3D) SC niche

To understand whether mechanical stiffness directly affects SC ac-
tivation and fate, we developed a methodology to embed disso-
ciated muscle fibers in 3D artificial niches using agarose gels of
varying concentrations that mimic measurements of bulk appar-
ent moduli acquired by measuring healthy and regenerating na-
tive tissues (Figure 2A; Supplemental Figure S1) (Engler et al.,
2004; Gilbert et al., 2010; Urciuolo et al., 2013; Lacraz et al., 2015;
Safaee et al., 2017). These stiffnesses were chosen as they more
accurately recapitulate the stiffness across live muscles when all
connective tissue layers are present, which is not the case in sin-
gle fiber preparations. Freshly isolated fibers were equilibrated
on agarose gels for 12 h at which point a top layer of agarose was
added, followed by an additional 36 h of culture, during which we
assessed the effect of mechanical stiffness on cell fate choice.
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Embedding fibers within a 3D artificial niche of tunable mechanical stiffness does not alter viability or
number of SCs/ fiber. (A) Schematic of experimental approach used to embed single fibers with associated SCs into 3D
soft and stiff artificial niches. EDL fibers are placed atop an agarose gel layer and embedded with a top layer 12 h after
isolation. SCs were tracked between 36 and 48 h after isolation. Created with Biorender.com (B) Representative
confocal images of ethidium homodimer (red) staining of live (top) and dead (bottom) SCs on fibers isolated from
Pax7-zsGreen transgenic mice to identify SCs embedded within soft or stiff 3D niches. Scale bar, 25 ym. (C) Bar graph of
average Young's modulus (kPa) of 0.5, 1, and 3% wt/vol agarose gels quantified using compression testing. N = 3 gels/
condition; **p < 0.005, ****p < 0.0001, one-way ANOVA with Tukey's multiple comparison. (D-F) Bar graphs showing
mean + SEM of soft (black) and stiff (gray) niches for (D) the percentage of viable Pax7-zsGreen* SCs that are devoid of

ethidium homodimer staining 36 h after isolation (24 h after embedding). N = 3 animals/ condition with 10 fibers
averaged per mouse (256 cells soft, 259 cells stiff), (n.s.) no significance, Student’s paired t test; (E) total number of
Pax7-zsGreen* SCs, N = 3 animals/ condition with 10 fibers averaged per mouse (256 cells soft, 259 cells stiff), (n.s.) no
significance, Student’s paired t test; and (F) percentage of Pax7-zsGreen® SCs that incorporated EdU between 36 and
48 h postisolation. N = 3 animals/ condition with 10 fibers averaged per mouse (149 cells soft, 130 cells stiff); *p < 0.05,

Student’s paired t test.

Agarose gels were chosen as they can be mechanically tuned via
weight/volume concentrations, allow for nutrient diffusion, and
are relatively inert, which enables the effect of niche stiffness to
be assessed separately from cell:ECM interactions (Evans and
Gentleman, 2014).

We used Cryo-field emission scanning electron microscopy
(Cryo-FESEM) to visualize the agarose gel network, which revealed
a loose porous structure at low concentrations and a tighter mesh at
high concentrations (Supplemental Figure S1D). While Cryo-FESEM
cannot identify exact mesh sizes, pore sizes visualized by Cryo-FE-
SEM correlate with mesh sizes measured using alternative tech-
niques (Wen et al., 2014). Compression testing revealed Young's
modulus values of 5.9, 9.8, and 21.7 kPa for 0.5, 1, and 3% agarose
gels, respectively (Figure 2C). We chose soft (0.5%) and stiff (3%)
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gels for artificial 3D niche experiments as they span the breadth of
physiological bulk muscle stiffness measurements reported in
healthy and regenerating tissue (Engler et al., 2004; Gilbert et al.,
2010; Urciuolo et al., 2013; Lacraz et al., 2015; Safaee et al., 2017).
As expected, cells in stiff niches remained circular in shape and were
less inclined to spread, in contrast to those cultured in soft 3D
niches (Supplemental Figure S1C). Importantly, increasing stiffness
did not affect SC viability; ethidium homodimer uptake revealed
84.8 and 84.5% viability in soft and stiff gels, respectively (Figure 2,
B and D). Artificial niche stiffness also did not alter the total number
of SCs per fiber but did result in a small increase in the ability to
enter the cell cycle, from 63.9% in soft to 66.1% in a stiff niche (p =
0.035), as shown by 5-ethynyl-2’-deoxyuridine (EdU) incorporation
(Figure 2, E and F).

Molecular Biology of the Cell
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cell is pseudo-colored purple and the “daughter” cell is in yellow. (B, D) Bar graphs of the average percentage of total
SC divisions that occur in (B) apicobasal or (D) planar orientation when fibers are embedded within soft (black) or stiff
(gray) 3D artificial niches. N =5 (soft) and N = 6 (stiff) animals, with > 50 division instances quantified for each condition;

***p =0.0002, Student’s unpaired t test.

A stiff 3D niche favors planar orientation SC division

To test whether niche stiffness alone affects the orientation of the
initial SC division, we conducted time-lapse microscopy on aga-
rose-embedded fibers between 36 and 48 h after isolation
(Figure 2A and Figure 3), a time frame when the first SC division
occurs in most fiber-associated cells (Le Grand et al., 2009; Siegel
et al.,, 2009, 2011). Images were captured every 30 min to iden-
tify the orientation of mother-daughter pairs (Figure 3, A and C).
Interestingly, a stiff niche reduced the incidence of apicobasal
divisions from the 71.9% observed in a soft niche down to 15.7%
(Figure 3B, p =0.0002). In contrast, planar division orientation,
where both mother and daughter cells retain contact with the fi-
ber, was more prevalent in stiff niches (28.1% soft and 84.3% stiff,
p =0.0002) (Figure 3D and Supplemental Videos S1 and S2), as
determined by two independent investigators. These results sug-
gest that SCs are more inclined to undergo apicobasal division
orientations when in the context of a soft 3D environment, in
contrast to a stiffened environment where they are primarily re-
stricted to divisions in the planar orientation. In other words,
niche physical properties are sufficient to influence SC division
orientation.

Volume 31 July 21, 2020

Niche steric constraint synergizes with WNT7a to boost
symmetric divisions

Orientation of SC division has been linked to division type and fate;
planar orientations are associated with symmetric divisions causing SC
cell pool expansion or amplification of progenitors, whereas apico-
basal orientations are associated with asymmetric division and differ-
ential cell fate (reviewed in Bentzinger et al., 2013a; Yin et al., 2013).
To determine whether niche constraint altered SC fate choice, fibers
embedded in soft or stiff niches were fixed 48 h postisolation and im-
munostained with antibodies for PAX7 and MYOD to distinguish be-
tween stem SCs (PAX7*/MYOD") and progenitor myoblasts (PAX7*/
MYOD") (Figure 4A, top and bottom panels, respectively). To focus
our analysis on SCs that were likely to have undergone division (and
thus had made a fate choice), we pulsed SCs with EAU between 36
and 48 h. As noted above, cell cycle entry was only slightly altered by
niche stiffness during this time window (Figure 2F). Despite increased
planar orientations of SCs in the stiff niche, we did not observe a dif-
ference in the proportion of EJU* SCs that expressed stem or pro-
genitor cell signatures (Figure 4B); the percentage of PAX7+/MYOD-
stem cells was 14.2 and 10.1% in soft and stiff niches, respectively.
This suggests that 3D niche stiffness alone does not affect SC fate.
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FIGURE 4: Niche steric constraint synergizes with WNT7a to boost SC symmetric stem cell pool divisions.

(A) Representative confocal images of SCs on fibers pulsed with EJU 36-48 h after isolation to identify cycling cells
(white) and immunostained for PAX7 (red) and MYOD (green) expression. The top panel shows a PAX7+/MYOD- stem
cell; the bottom panel shows a Pax7+/MyoD* progenitor. Scale bar, 50 pm. (B, C) Bar graph of the percentage of PAX7+/
MYOD* (filled) and PAX7*/MYOD- (striped) EAU* SCs in soft (black) and stiff (gray) 3D niches at 48 h after isolation

in (B) control growth media or (C) with the addition of WNT3a, WNT5a, or WNT7a between 36 and 48 h post isolation.
(D) Representative Western blot showing the expression of WNT3a, WNT5a, and WNT7a from TA whole lysates of
uninjured (CTR.) muscles or muscles collected 1-7 d post-BaCl; injury. BCA assay was used to quantify protein and
ensure equal loading. B-tubulin indicates relative changes in whole tissue cellular content at each time-point. (B, C) N=3
animals/condition with > 130 EAU* SCs/condition assayed; *p < 0.05, **p < 0.01, ***p > 0.001, ****p > 0.0001; (n.s.) no

significance; two-way ANOVA with Tukey’s multiple comparison.

Prior studies have shown that WNT7a expression is increased in
regenerating muscle and specifically promotes symmetric SC divi-
sion via the noncanonical Wnt/PCP pathway, boosting the stem cell
pool (Le Grand et al., 2009; Bentzinger et al., 2013b). However, in-
hibiting the PCP protein VANGL2 decreased basal symmetric SC
divisions, suggesting that multiple mechanisms may regulate PCP
independent of WNT7a (Le Grand et al., 2009). To determine if
niche stiffness provides an early mechanical cue that primes SCs for
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WNT7a-regulated fate decisions, we added recombinant WNT7a to
the culture media of myofiber-associated SCs in soft or stiff gels
between 36 and 48 h (Figure 4C). Due to the relatively large mesh
sizes of soft and stiff gels, we did not envisage diffusion to be im-
peded (Supplemental Figure S1D) (Narayanan et al., 2006). As ex-
pected, the addition of WNT7a increased the proportion of PAX7+/
MYOD- stem cells in soft niches compared with SCs cultured with-
out WNT ligands (Figure 4, B and C). However, SCs cultured in a stiff

Molecular Biology of the Cell



niche with the addition of WNT7a further increased the percentage
of stem cells, from 35.1% (soft) to 61.1% (stiff). The increased relative
percentage of PAX7*/MYOD- cells suggests that more symmetric
self-renewing divisions (where a stem PAX7*/MYOD- cell produces
identical PAX7*/MYOD- daughters) occurred, as opposed to sym-
metric divisions which resulted in two progenitor daughters (PAX7*/
MYOD?). This is in line with previous reports (Le Grand et al 2009).
Importantly, treatment with WNT3a and WNT5a ligands, that in-
duce canonical Wnt/B-catenin signaling in SCs (Otto et al., 2008; Le
Grand et al., 2009), did not alter the proportions of stem and pro-
genitor cells in stiff niches.

Finally, we tested whether a stiff niche amplified WNT7a-induced
PCP signaling through increased Fibronectin deposition, as it has
been shown that Syndecan4: FZD7 binding to Fibronectin regulates
WNT7a/PCP signaling in SCs (Bentzinger et al., 2013b). Consistent
with this report, we observed evidence of SC Fibronectin produc-
tion, but a stiff niche did not appear to further elevate local Fibro-
nectin levels (Supplemental Figure S2). Therefore, since we (Figure
4D) and others (Le Grand et al., 2009) find that WNT7a protein is
expressed at time-points associated with the emergence of nascent
muscle fibers, we propose that biophysical cues within the regen-
erative SC niche (Figure 1) may synergize with WNT7a/PCP signal-
ing to elicit a symmetric self-renewal division event prior to niche
repopulation, a conclusion consistent with the increased number of
quiescent SCs observed in muscle following a repair cycle (Shea
etal., 2010).

DISCUSSION

Studies have shown that both biochemical and biophysical cues can
regulate muscle SC regeneration, but little is known about how
these signals interact, or the molecular pathways involved in mecha-
notransduction. Here, we developed an in vitro artificial niche model
to mimic increased stiffness in regenerating muscle and to deter-
mine whether this biophysical cue directly contributed to cell fate
choice, independently of altered ECM expression and potential
ligand accessibility.

Extending on previous findings showing increased bulk muscle
stiffness in regenerating muscle (Urciuolo et al., 2013; Safaee et al.,
2017), we utilized AFM to probe isolated muscle fibers and provide
stiffness measurements at the resolution of the SC niche. Our AFM
measurements of 0.2 kPa at the SC niche in healthy live murine mus-
cle fibers are similar to previous observations (Lacraz et al., 2015;
Trensz et al., 2015), although stiffer values have been observed in rat
fibers with alternative processing (Ogneva et al., 2010). Interest-
ingly, we found that the regenerating SC niche was 2.9-fold stiffer
than homeostatic, due at least in part to increased ECM deposition
(Figure 1), further supporting the notion that the basal lamina re-
models following SC activation (reviewed in Gattazzo et al., 2014;
Evano and Tajbakhsh, 2018).

Using an artificial niche model to recapitulate altered mechanical
properties, we observed that a stiff niche vastly increased the pro-
portion of planar SC divisions (Figure 3D), with incidences compa-
rable to those reported during in vivo regeneration (Webster et al.,
2016), in contrast to observations of division orientation in uncon-
strained floating fiber cultures (Le Grand et al., 2009) or fibers em-
bedded in 2 mg/ml type | collagen (Siegel et al., 2009, 2011), which
is very soft (0.5 kPa for collagen gels; Joshi et al., 2018).

To assess the potential cell fate consequences of increased pla-
nar divisions, we quantified the relative expression of PAX7 and
MYOD in EdU* cells at 48 h after isolation, when most cells have
divided (Zammit et al., 2004; Siegel et al., 2011). Surprisingly, divi-
sion orientation alone did not affect the proportion of stem (PAX7*/
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MYOD-) and progenitor (PAX7*/MYOD") cell fates, suggesting that
division orientation per se does not directly determine cell fate, with
regard to PAX7/MYOD expression. While we acknowledge that this
is in contrast to some reports (reviewed in Feige et al., 2018), there
is evidence that asymmetric SC divisions are not orientation specific
to the myofiber in vivo during zebrafish muscle development
(Gurevich et al., 2016).

Nevertheless, there is growing evidence that mechanical and
biochemical cues at the SC niche act in tandem to guide cell fate
(Urciuolo etal., 2013; Rozo et al., 2016; Safaee et al., 2017; Baghdadi
et al., 2018; Eliazer et al., 2019) (reviewed in Dumont et al., 2015b;
Evano and Tajbakhsh, 2018). As the Wnt/PCP pathway has been
implicated in promoting planar-oriented symmetric self-renewal di-
visions (Le Grand et al., 2009), we reasoned that increased niche
stiffness might prime SCs for WNT7a-regulated fate decisions. In-
deed, we demonstrate that the combination of a stiff niche and
WNT7a augmented an increase to the proportion of symmetric self-
renewing divisions (Figures 3 and 4), suggesting that constraint of
cells within the SC niche is a biologically important feature of muscle
regeneration. Notably, our finding that ECM protein deposition in-
creases mechanical stiffness to prime SCs for symmetric cell divi-
sions aligns with a recent study showing that deposition of lam-
inin-111 at the basal lamina specifically induced planar-oriented
symmetric self-renewal divisions (Rayagiri et al., 2018). Collectively,
this demonstrates that remodeling of the niche provides both me-
chanical and biochemical cues that contribute to maintenance of
the SC pool.

Following large muscle injuries, increased stiffness at the level of
the niche and consequential planar-oriented divisions are expected
to occur during days 4-7 given that interstitial and basal lamina
ECM proteins continue to be upregulated in the niche (Figure 1 and
Safaee et al., 2017), and newly differentiated muscle fibers secrete
WNT7a (Figure 4D and Le Grand et al., 2009). Dysregulation of
these cues may alter the balance between self-renewal and pro-
genitor expansion fate. Indeed, loss of WNT7A from myofibers
leads to a reduction of the stem cell pool (Le Grand et al., 2009), and
one might speculate that this provides further evidence to support
the notion that the continually stiff SC environment of aged or
chronically injured muscle directly contributes to impaired regenera-
tion (Lacraz et al., 2015) (reviewed in Dumont et al., 2015b; Dinulovic
etal., 2017; Li et al., 2018).

It is possible that SC behavior may alter in our system compared
with the native context as a consequence of collagenase digestion
of the basal lamina during fiber isolation, or the continual stiffness
of an artificial hydrogel niche compared with the mechanically dy-
namic native environment which alters during contraction and relax-
ation. However, we believe that embedding SC-associated fibers in
artificial 3D niches recapitulates physiologically relevant biophysical
cues, as evidenced by comparable levels of planar divisions (over
80%) in the stiff niche to in vivo intravital imaging (Webster et al.,
2016). Consequently, the effect of biophysical cues is a variable that
should be taken into consideration when assessing SC fate in in vi-
tro studies. Furthermore, our analysis of cell fate was retrospective,
due to a lack of multigene reporter mouse strains to track cell fate
in real time. At this timepoint (48 h) it is possible that a second SC
division may have occurred in a small proportion of cells (Siegel
et al. 2011), although the number of SCs per fiber did not alter be-
tween conditions (Figure 2E). Consequently, we were unable to
track lineage relationships to quantitatively determine whether
rates of asymmetric and symmetric progenitor cell divisions were
affected by niche constraint. This would be an interesting avenue of
future research.
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In summary, this work highlights the importance of niche archi-
tecture in providing structural support in tandem with soluble cues
to direct cell division orientation and myogenic progression in a spa-
tiotemporal manner. This complements the data from Le Grand
et al. (2009) and provides evidence that biophysical cues contribute
an additional layer of cell fate control. The requirement for biochem-
ical cues in addition to orientation-modifying steric cues provides
further evidence that the regulation of cell fate is carefully controlled
by the combination of spatiotemporal cues, rather than one domi-
nant cue. This might explain why slight alterations in these environ-
mental cues at the SC niche have drastic consequences on muscle
regeneration.

MATERIALS AND METHODS

Animals

The Faculties of Medicine and Pharmacy Animal Care Committee of
the Division of Comparative Medicine at the University of Toronto
reviewed and approved all animal studies in this paper. C57BI/6N
wild-type mice were purchased from Charles River Laboratories
(Canada). Pax7-zsGreen reporter mice were a kind gift from Michael
Kyba (University of Minnesota) (Bosnakovski et al., 2008), and
Tg(CAG-EGFP) transgenic mice were purchased from Jackson Lab-
oratories (Okabe et al., 1997). Both lines were maintained in-house
by backcrossing mice to C57BI/6N, with a minimum of 10 genera-
tions of backcross into the C57BI/6N before use in our studies. All
mice used in these studies were female of 8-10 wk of age. For skel-
etal muscle injury studies, a single 30 pl injection of BaCl, (1.2% wt/
vol in distilled H,O; BioBasic) was delivered intramuscularly into the
center of the TA muscle of anesthetized recipient animals using a
100 pl insulin syringe (BD, 324702).

Muscle fiber isolation and plasmin treatment

Single myofiber preparations were performed as described in Moyle
and Zammit (2014). Briefly, the hind limbs of C57BI/6N or Pax7-zs-
Green mice were sprayed with 70% ethanol and the skin was re-
moved to expose the underlying muscle. The attached fascia was
then carefully removed and the distal tendons of both the EDL and
TA were cut and the toe and ankle, respectively. The TA was lifted
up and removed at the knee, before careful removal of the EDL by
cutting the proximal tendons at the knee. Care was taken to deli-
cately separate the EDL and prevent excessive stretching, which
damages the integrity of the muscle fibers. Dissected EDLs were
digested in DMEM (Thermo Fisher Scientific, 11995-065) containing
0.3 mg/ml of collagenase from Clostridium histolyticum (Sigma-
Aldrich, C9891) for 1 h at 37°C and 5% CO,, then rested for 30 min
in 60-mm tissue culture dishes containing warm DMEM + 1% wt/vol
penicillin/streptomycin (P/S; Thermo Fisher Scientific, 15140122)
that had been prewashed with 5% bovine serum albumin (BSA; Bio-
Shop, ALB001.50) to prevent fibers from sticking to the dish. Indi-
vidual fibers were separated by flushing the muscle with a heat-
polished wide-bore glass pipette topped with a rubber bung,
before being transferred to a secondary DMEM-containing dish us-
ing a narrow glass pipette, visualized with a stereomicroscope
(Leica, SYE). Plates containing healthy fibers were rinsed with fresh
DMEM to remove any debris and fibers were incubated in pre-
warmed fiber growth media, which consisted of Ham's F12 media
(Thermo Fisher Scientific; 11-765-054) + 20% fetal bovine serum
(FBS; Thermo Fisher Scientific, 10437028) + 1% P/S + 2.5 ng/ml ba-
sic fibroblast growth factor-2 (ImmunoTools, 11343625). The dish
was then placed in the tissue culture incubator for 12 h. Dead or
dying muscle fibers, as evidenced by shortened, contracted tubes,
were excluded from subsequent experimental protocols. For long-
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term experiments, growth media exchanges were performed every
2 days. For plasmin treatment, freshly isolated fibers were incubated
in growth media containing 1 nmol/l plasmin from human plasma
(diluted from 100 nmol/I solutions in 0.05 M Tris-HCI; Sigma-Aldrich,
P1867) for 1 h prior to atomic force microscopy measurements or
fixation in 4% wt/vol paraformaldehyde (PFA; BioShop, PAR070.500).

AFM

To facilitate muscle fiber attachment to microscope slides, charged
Superfrost Plus glass slides (Thermo Fisher Scientific, 12-5550-15)
were coated with 50 pg/ml rat tail collagen | solution (Life Technolo-
gies, A10483-01) diluted in 0.01 N acetic acid (Sigma-Aldrich,
A6285) overnight at 4°C. Excess collagen solution was removed,
and slides were washed once with distilled water (MilliQ) and healthy
muscle fibers from Pax7-zsGreen mice that were isolated 12 h prior
were then gently placed on top of the slide surface and allowed to
attach for 30 min in growth media at 37°C and 5% CO,. AFM mea-
surements were performed using a commercial AFM (Bioscope
Catalyst, Bruker) mounted on an inverted optical microscope (Nikon
Eclipse-Ti). Force-indentation measurements were completed using
a trigger force of 5 nN at an indentation rate of 1 Hz using spherical
tips made of borosilicate glass microspheres (15 um radius). The
cantilever (MLCT-D, Bruker) had a nominal spring constant of
0.03 N/m. AFM measurements were taken at 2 two distinct sarco-
lemma regions in close proximity to a resident Pax7-zsGreen* SCs
and away from myonuclei per fiber, with one to three muscle fibers
averaged per mouse. For quiescent (Q) regenerating (R) muscle: Q
=4 fibers from N =4 mice; R = 6 fibers from N = 3 mice. For plasmin
treatment: control: 3 fibers from N = 3 mice; plasmin: 4 fibers from
N = 3 mice.

No explicit correction for finite sample thickness effects was
made between fibers. The Hertz model was applied to the force
curves to estimate the contact point and apparent Young's modulus.
We repeated indentation at the same location of the fiber five times
and observed no significant change in the Young'’s moduli. Since the
Young's modulus calculated from the Hertz model is sensitive to the
spring constant of the AFM cantilever, cantilever spring constants
were calibrated by measuring the power spectral density of the
thermal noise fluctuation of the unloaded cantilever. Detailed
methods are described elsewhere (Liu et al., 2013; Lau et al., 2015).
All AFM measurements were completed in the fluid environment at
room temperature.

3D soft and stiff artificial niches

Agarose polymer gels (0.5, 1, and 3% wt/vol) were prepared by
microwaving agarose powder (BioShop, AGA001.500) in DMEM to
dissolve and sterilize. Liquid agarose solution (200 pl) was added to
each well of 12-well tissue culture plates (Corning, 353053) to pro-
duce the base layer. Once polymerized, gels were covered with
growth media to equilibrate for 24 h at 37°C and 5% CO,. Next,
media were replaced, and muscle fibers were gently placed onto
gels and allowed to stabilize for 12 h at 37°C and 5% CO,. Media
were then gently removed and a second layer of agarose solution,
matching the wt/vol of the underlay and cooled to 37°C, was then
added gently on top of the fibers using a P1000 pipette tip. On so-
lidification of the second layer, growth media were added, and the
plate was incubated at 37°C and 5% CO, incubator for several
hours to equilibrate before a final media change.

Single fiber immunostaining

Muscle fibers were transferred to 2 ml optically clear microcentri-
fuge tubes (SSlbio, 1310-00) that had been prerinsed with 5% BSA
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and fixed in 4% PFA for 15 min. For all steps, care was taken when
changing solution to prevent detachment of SCs from associated
fibers. Samples were triple washed in phosphate buffered saline
(PBS; Sigma-Aldrich, D8662) for 5 min before permeabilization in
0.5% Triton-X100 (BioShop, TRX777.500)/PBS for 15 min. Fibers
were blocked for 1 h in 10% goat serum (GS; Thermo Fisher Scien-
tific, 16210-072)/PBS, then incubated in primary antibodies diluted
in 1% GS/PBS overnight rocking at 4°C. The following primary anti-
bodies were used: mouse anti-PAX7 hybridoma (1:5; DSHB and a
kind gift from Libero Vitiello, University of Padova), rabbit anti-
MYOD (1:200; Abcam, ab198251), rabbit anti-Fibronectin (1:200;
Abcam, ab23750), and rat anti- Laminin 20 (1:200; Abcam ab11576).
The next day, samples were triple washed in 0.025% Tween-20
(BioShop, TWN510.500)/PBS, then incubated in Alexa Fluor
(Thermo Fisher Scientific) species-specific goat secondary antibod-
ies conjugated to 488, 546, and 647 fluorophores; diluted 1:500 in
1% GS/PBS; and incubated covered from light for 1 h at room tem-
perature. Fibers were then triple washed in 0.0025% Tween-20/PBS.
Nuclei were stained ~30 min prior to confocal imaging by the addi-
tion of 1:1000 Drag5 (Abcam, ab108410) or 1:1000 Hoechst
(Thermo Fisher Scientific, H3570).

Embedded fibers were processed as above with the following
modifications: 4% PFA fixation time was increased to 30 min, and
washes were increased to 15 min/repeat. Before overnight incuba-
tion in a modified blocking solution (0.5% Triton-X100/ 1% BSA/
PBS), individual mini gel “islands” containing muscle fibers were cut
out of plates using a scalpel and placed in 2-ml microcentrifuge
tubes. Gels were incubated in blocking solution on a rocker over-
night at 4°C, then extensively washed and incubated in primary an-
tibodies overnight on day 2. Secondary antibodies were incubated
for 1.5 h and final 0.025% Tween-20/PBS washes were incubated for
1 h per repeat.

Confocal Z-stack images were acquired and imaged on an
Olympus IX83 inverted microscope using an Olympus FluoView
FV1000 confocal laser-scanning microscope. All exposure times
were standardized between experimental conditions, and represen-
tative images of flattened z-stacks were projected as maximum
intensity.

EdU and cell viability
In studies that assessed SC proliferation, 10 uM EdU was added to
the media of 3D cultures during hours 36-48 after isolation (24 h
after embedding within artificial niches). EdU was visualized after
immunostaining with secondary antibodies using the Click-iT EdU
Alexa Fluor-647 Imaging Kit (Thermo Fisher Scientific, C10337).
Nuclear stains were added following this step.

Ethidium homodimer incorporation was performed using the
LIVE/DEAD Cytotoxicity assay (Thermo Fisher Scientific, L3224) to
assess cell viability 24 h postembedding.

Recombinant Wnt ligand treatment

Recombinant WNT3a (25 ng/ml; R&D Systems, 1324-WN/CF),
WNT5a (25 ng/ml; R&D Systems, 645-WN/CF), or WNT7a (25 ng/
ml; R&D Systems, 3008-WN/CF) proteins were added to growth
media during hours 36-48 after isolation, prior to fixation.

Interface analysis

Primary myoblast cell lines were generated from Tg(CAG-EGFP)
hindlimb muscles and the cultures were maintained as described
before (Davoudi et al., 2018). Briefly, minced muscles were digested
at 37°C in DMEM containing 628 U/ml collagenase Type IA collage-
nase (Sigma-Aldrich, C9891) for 1 h before the addition of 4.8 U/ml
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Dispase Il (Thermo Fisher Scientific, 17105041) for a further 30 min.
Digested slurry was then passed through a syringe to dissociate
clumps, strained through a 40-um filter, and incubated in red blood
cell lysis buffer to remove erythrocytes. Washed and centrifuged cell
pellets were then incubated with CD34 and Itgo7 antibodies to
identify muscle stem cells, and the CD34%/ltgo7*/Scal/CD457/
CD31-/CD11b- (Thermo Fisher Scientific, eBioscience, AblLab)
fraction was purified using flow cytometry assisted cell sorting. SC-
derived primary myoblasts were seeded onto collagen-coated
plates containing growth media and maintained at low density. To
visualize the 3D hydrogel interface that single muscle fibers and as-
sociated SCs experience, we embedded EGFP* myoblasts within
agarose gel layers labeled with different fluorophores; when bottom
layer gel solutions reached 37°C, they were premixed 1:200 with
BSA conjugated to Alexa Fluor 555 (Thermo Fisher Scientific,
A34786) prior to seeding cells. Top layers of agarose were premixed
with 1:200 BSA conjugated to Alexa Fluor 647 (Thermo Fisher Sci-
entific, A34785) and then gently pipetted atop the GFP* myoblasts.
Immediately after the top agarose gel solidified, confocal Z-stack
slices 2 um apart were acquired using FluoView software.

Cryo-FESEM

Agarose gels were placed in brass rivets, plunge frozen in a slush of
liquid nitrogen at —200°C, and transferred to a cryo-stage (Gatan
Alto 2500) within a JEOL JSM6301F FESEM/Oxford Inca Energy
350. Samples were fractured with a knife and surface ice was subli-
mated for 2 min at —90°C. Samples were then sputter coated with
gold and palladium for 40 s at —140°C at an accelerating voltage of
10 kV and observed at —150°C at 15 kV. Samples were imaged at
high and low magnification at least seven different regions of inter-
est for each sample. Both gel compositions were treated and im-
aged in same session.

Time-lapse microscopy

To quantify SC division orientation relative to the resident muscle
fiber, we performed bright-field time-lapse microscopy using an
Olympus DP80 dual CCD color and monochrome camera in the
context of an Olympus [X83 inverted microscope equipped with a
stage-top environmental chamber to maintain physiological condi-
tions (37°C and 5% CO,) and a stage that raster scans to x, y coor-
dinates. Several regions of interest were selected for each muscle
fiber and multiarea time-lapse acquisition was performed using
Olympus FluoView FV1000 software. Image acquisition began 24 h
following muscle fiber embedding within 3D artificial niches (i.e.,
36 h after fiber isolation) with images at each selected region of in-
terest acquired at 30-min intervals for a period of 18-24 h. Images
were obtained at 40x magnification and were arranged in sequen-
tial order using ImageJ software (NIH.gov) and exported as videos
or still image files. Confocal Z-stack images were taken to aid in
orienting the division relative to the myofiber. Division orientation
was assessed manually by watching videos by two independent re-
searchers to ensure reproducibility.

Western blot

TA muscles were isolated from control or BaCl, injured C57BI/6N
mice after 1-7 d. Muscles were lysed in RIPA buffer (Sigma-Al-
drich, R0278) containing 1x Halt protease inhibitor (Thermo Fisher
Scientific, 78430) and protein concentration was determined us-
ing the Pierce bicinchoninic acid (BCA) Protein Assay kit (Thermo
Fisher Scientific, 23227). Either 25 pg (WNT5a, WNT7a) or 40 pg
(WNT3a) of protein was loaded into an 8% bis-tris SDS-PAGE gel
and run at 120 V for 2 h. The proteins were then transferred to a
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nitrocellulose membrane (VWR, CA27376-991) using the Bio-Rad
Transblot Turbo Transfer System (Bio-Rad, 1704155) and blocked
with 5% skimmed milk (BioShop, SK1400) diluted in TBS-T (50 mM
Tris-HCI/150 mM NaCl (pH 7.6)/0.1% Tween-20). Membranes
were rocked overnight at 4°C with the following antibodies di-
luted in blocking solution: rabbit-anti WNT3a (1:500; Abcam,
ab19925), rabbit-anti WNT5a (1:500; Abcam, ab72583), goat-anti
WNT7a (1:500; Santa Cruz Biotechnology, sc26360), and rabbit-
anti Tubulin (1:1000; Abcam, ab6046). After extensive washing in
blocking solution, membranes were rocked for 60 min at room
temperature with the appropriate 2° antibody diluted in blocking
solution: donkey-anti goat horseradish peroxidase (HRP; 1:500;
Promega, V8051) or goat-anti rabbit HRP (1:500; Cell Signaling,
7074). HRP signal was visualized using SuperSignal West Dura Ex-
tended Duration Substrate (Thermo Fisher Scientific, 34075) and
the DNR Bio-Imaging Systems MicroChemi 4.2 (Israel). In cases
where membranes were reprobed, the Restore PLUS Western Blot
Stripping Buffer (Thermo Fisher Scientific, 46428) was used to
strip blots.

Statistical analysis

All experimental procedures were performed with at least three bio-
logical replicates (N = 3 mice), with a minimum of three technical
replicates (fibers)/animal for all experiments except AFM. For single-
cell viability, proliferation, and immunofluorescence assays, we re-
port in the legends the number of individual cells and fibers quanti-
fied in each case. Quantifications were imported in Microsoft Excel
spreadsheet software and statistical tests were performed using
GraphPad Prismé statistical software. Statistical tests varied per ex-
periment and are reported in the figure legends. For all tests, statis-
tical significance was considered as p < 0.05.
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