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CELL BIOLOGY

Injury-mediated stiffening persistently activates muscle
stem cells through YAP and TAZ mechanotransduction

Jason S. Silver>*#, K. Arda Giinay'?, Alicia A. Cutler?, Thomas O. Vogler®*, Tobin E. Brown'?,
Bradley T. Pawlikowski?, Olivia J. Bednarski'?, Kendra L. Bannister''?, Cameron J. Rogowski'?,
Austin G. Mckay'?, Frank W. DelRio®, Bradley B. Olwin®>3*, Kristi S. Anseth'>*

The skeletal muscle microenvironment transiently remodels and stiffens after exercise and injury, as muscle ages,
and in myopathic muscle; however, how these changes in stiffness affect resident muscle stem cells (MuSCs) re-
mains understudied. Following muscle injury, muscle stiffness remained elevated after morphological regenera-
tion was complete, accompanied by activated and proliferative MuSCs. To isolate the role of stiffness on MuSC
behavior and determine the underlying mechanotransduction pathways, we cultured MuSCs on strain-promoted
azide-alkyne cycloaddition hydrogels capable of in situ stiffening by secondary photocrosslinking of excess cyclo-
octynes. Using pre- to post-injury stiffness hydrogels, we found that elevated stiffness enhances migration and
MuSC proliferation by localizing yes-associated protein 1 (YAP) and WW domain-containing transcription regulator 1
(WWTR1; TAZ) to the nucleus. Ablating YAP and TAZ in vivo promotes MuSC quiescence in postinjury muscle and
prevents myofiber hypertrophy, demonstrating that persistent exposure to elevated stiffness activates mechano-
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transduction signaling maintaining activated and proliferating MuSCs.

INTRODUCTION

Skeletal muscle fibers (myofibers) require physical support to func-
tion and accommodate stresses generated during muscle contraction
and relaxation (1). Each myofiber is surrounded by and directly linked
to an extracellular matrix (ECM) with an inherent elastic modulus (or
stiffness) arising from the presence of cross-linked proteins including
collagen, laminin, and fibronectin (2). The ECM provides a mechani-
cal base for the myofiber membrane and functions as scaffolding for
muscle repair (3). While often considered a passive reinforcing struc-
ture, the ECM actively participates in physical and biochemical signal-
ing to regulate resident skeletal muscle stem cell (MuSC) orientation,
expansion, and differentiation, all critical to maintain and regenerate
muscle (4). The ECM undergoes transient remodeling during muscle
repair, increasing mechanical stiffness with exercise, injury, aging, and
myopathies on variable time scales from hours to years (5, 6). Whether
elevated stiffness alters muscle function directly and changing MuSC
behavior is not known. To investigate the mechanisms regulating
MuSCs responses to muscle stiffening, in the absence of other con-
founding factors, we designed and implemented unique mechanically
controlled material microenvironments.

Hydrogels (or biomaterial scaffolds) are tunable, well-defined
in vitro environments used to assess the effects of physical stiffness
on MuSC function (7-10). Hydrogels preserve MuSC quiescence
ex vivo (9), enhance myogenic differentiation (11), and promote
engraftment into the muscle niche (8, 12). This prior published
work is foundational and demonstrates the value of hydrogel scaf-
folds with tailorable but static mechanical properties (13). Build-
ing from these studies, we designed hydrogels that recapitulate some
of the dynamic changes that occur in ECM mechanics in vivo. We
can assess the temporal responses of MuSCs to changes in matrix
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mechanics by synthesizing a hydrogel where its cross-linking density,
hence the physical stiffness, is increased on demand. A bioclick hy-
drogel with muscle-like stiffness was developed using a strain-
promoted azide-alkyne cycloaddition (SPAAC) reaction using
poly(ethylene glycol) (PEG) precursors functionalized with diben-
zocyclooctyne (DBCO) and azide (N3) groups (14). The cytocompat-
ible SPAAC reaction proceeds rapidly (i.e., ~5 min) at physiological
conditions and is bioorthogonal; therefore, it is an attractive platform for
both two-dimensional (2D) and 3D cell culture (15, 16). Further-
more, we found that hydrogel formulations containing excess DBCO
groups can rapidly photocrosslink, resulting in an in situ stiffening of
the hydrogel (14). Other dual-cure strategies exist for hydrogel net-
works in cell culture applications (17, 18), including thiol-Michael ad-
ditions followed by (meth)acrylate radical polymerization (19-21).
However, our rapid and bioorthogonal cycloaddition provides
some benefits over the base-catalyzed conjugate addition for cellu-
lar encapsulation and is less prone to network nonidealities, such
as disulfide formation (22). This light-mediated cross-linking strate-
gy allows spatiotemporal control over the hydrogel properties com-
pared to other bioclick chemistries (23, 24). Thus, photostiffening
SPAAC networks are an attractive strategy to understand whether
stiffness directly affects MuSC behavior and to elucidate the under-
lying mechanotransduction pathways involved.

Here, we identify that postinjury stiffening of muscle leads to per-
sistent MuSC proliferation and prevents quiescence acquisition after
muscle repair. Using our stiffening SPAAC hydrogels as an in vitro
model of the muscle microenvironment, hydrogel stiffening induces
proliferative and migratory changes in MuSCs that are mediated
by mechanotransduction signaling, which is further supported by
in vivo observations.

RESULTS

Chemical injury increases muscle stiffness and persistently
activates MuSCs

In uninjured skeletal muscle, most MuSCs are quiescent with a
small number participating in skeletal muscle homeostasis (25, 26).
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In regenerated skeletal muscle, MuSCs are similarly assumed to be
quiescent. We injured the tibialis anterior (T'A) muscle with barium
chloride (BaCly) and asked whether MuSCs in regenerating skeletal
muscle at 14 and 28 days after injury reacquired quiescence similar
to those in uninjured muscle. Pax7 (paired box 7) protein, but not
MyoD (myogenic differentiation 1) protein, is detected in quiescent
MuSCs. MyoD identifies activated MuSCs that have exited quies-
cence, entered S phase, and are committed to proliferation (27). A
twofold increase in immunoreactive MyoD* MuSCs was observed at
14 days (37%) and 28 days after injury (39%) on regenerated
extensor digitorum longus (EDL) myofibers compared to MuSCs
from uninjured contralateral EDL myofibers (18%) (Fig. 1, A and B).
To determine the numbers of dividing MuSCs in uninjured and
regenerating skeletal muscle, we supplemented a 24-hour pulse
of 5-ethynyl-2’-deoxyuridine (EdU) before muscle isolation at 14
and 28 days after injury for injured and uninjured muscle
(Fig. 1C). At 28 days after injury, in regenerated muscle com-
pared to uninjured muscle, the numbers of MyoD* MuSCs (Fig. 1B)
and the number of Pax7" cells per unit areas are twofold greater
(Fig. 1D); some MuSCs remain proliferating (Fig. 1E). While
MuSCs rapidly activate and proliferate directly after injury, at 28
days after injury, MuSCs have not returned to their default quies-
cent state and remain activated with a subset persistently undergo-
ing division.

We asked whether muscle stiffness changes following a muscle
injury by measuring the elastic modulus (Young’s modulus, E) via
atomic force microscopy (AFM) at different times after BaCl, injury
of the TA muscle (Fig. 1F). Five days after injury, muscle elasticity
decreased by twofold (5 kPa) (Fig. 1, G and H). Subsequently, as
regeneration progresses, muscle stiffness rebounds to a Young’s mod-
ulus that is twofold greater than uninjured muscle by 14 days after
injury (19.3 kPa) and persists at least 28 days after injury (22.1 kPa).
Since an increase in muscle stiffness is likely accompanied by changes
in ECM deposition, we asked whether ECM deposition was increased
in regenerated skeletal muscle (Fig. 1I). Collagen deposition is present in
the endomysium around the regenerated muscle fibers containing
centrally located nuclei, which are a hallmark of regeneration
(Fig. 1, ] and K). Although muscle regeneration following BaCl,
injury is generally considered complete by 4 weeks after injury (28),
altered ECM composition and elevated mechanical stiffness persist
and do not return to preinjury levels by 28 days after injury.

In situ stiffening bioclick hydrogels recapitulate
injury-mediated muscle stiffening

During regeneration, the elastic modulus of skeletal muscle changes
markedly, possibly regulating cellular responses. To test this idea
and control matrix mechanics independent of in vivo cytokine sig-
naling (2), we developed hydrogels formed via a copper-free click
reaction (SPAAC) between azides and activated cyclooctynes (i.e.,
DBCO), which can further undergo an in situ stiffening through a
secondary photopolymerization of unreacted alkyne species to model
ECM stiffening (Fig. 2A) (14). The mechanism involves a radical me-
diated photocrosslinking between unreacted DBCO groups, as the
reaction can be inhibited with radical scavengers (fig. S1). We syn-
thesized dynamic, stiffening networks using different stoichiometric
ratios of DBCO groups (e.g., 2 to 4 equivalent with respect to —Nj
groups) to prepare hydrogels with initial Young’s moduli ranging
from E’ = 2 to 16 kPa to a final photostiffened modulus of E’ = 32 kPa
(Fig. 2, B and C), spanning the range of moduli measured from in vivo
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muscle after injury. Network formulations further off-stoichiometry
elevate the concentration of free alkynes and allowed us to achieve a
larger difference in stiffness after secondary photocrosslinking. Using
light as the initiator allows complete spatiotemporal control and the
ability to fine-tune the extent of stiffening as a multistaged stiffening
process (Fig. 2D).

MusSC proliferation and motility increase

with substrate stiffness

To optimize our assays and minimize variability of primary cultured
MuSC responses, we cultured C2C12 cells (a myoblast cell line de-
rived from MuSCs) on SPAAC hydrogels with a 4:1 DBCO:N3 stoi-
chiometric ratio (E’ = 2 kPa) and stiffened them to E’ = 32 kPa by
exposure to light (Fig. 2). To promote attachment, we incorporated
a fibronectin-mimetic peptide sequence (N3-KRGDS; 1 mM) within
the network. C2C12 cells maintained myogenic transcription factor
expression on E’ = 2- and 32-kPa SPAAC hydrogels, as almost 100% of
C2C12 cells were Pax7/MyoD" after 3 days in culture (Fig. 3, A and B).
EdU was added for 2 hours before fixation to compare the number
of cells synthesizing DNA across different hydrogel stiffnesses (E' = 2,
4, 12, and 32 kPa). Consistent with our observations for MuSCs in
injured muscle, C2C12 cells proliferated more on E’ = 32-kPa hy-
drogels (56% EdU") than when cultured on E’ = 2-kPa hydrogels
(42% EdU") (Fig. 3, C and D). When hydrogels were photostiffened
from E’ = 2 kPa to E’ = 24 kPa 1 day after seeding, C2C12 cells in-
creased DNA synthesis by 48 hours after stiffening to a level that
was indistinguishable from C2C12 cells cultured continuously on
E’ = 32-kPa hydrogels (Fig. 3D). Since C2C12 cells are capable of
dynamic increases in DNA synthesis as substrate elasticity changes,
we predict that MuSCs are similarly capable of responding to dy-
namic stiffness changes occurring during muscle regeneration, pro-
viding mechanical regulation of cell division.

Activated MuSCs initiate migration along the ECM surrounding
the injured myofiber (3). Since MuSCs remain activated along with
the increased ECM stiffness after injury, we asked whether these
mechanical properties would enhance motility of C2C12 cells. Single
C2C12 cells were spatially tracked in real time over the course of
12 hours on different hydrogel stiffnesses (Fig. 3E). The mean velocity
of C2C12 cells on 32-kPa hydrogels (29.4 um/hour) and 12-kPa hy-
drogels (31.2 um/hour) was higher compared to cells migrating on
E'’ = 2-kPa hydrogels (24.6 um/hour) (Fig. 3F). As increases in sub-
strate stiffness led to higher cell motility and speed, we posit that
substrate mechanics regulate and coordinate MuSC injury response
during muscle regeneration.

The physical properties of muscle ECM are virtually impossible
to control in vivo, making it challenging to study the influence of
microenvironmental mechanics on primary MuSCs, while recapit-
ulating the asymmetric niche between the sarcolemma of the myo-
fiber and ECM (29). However, embedding myofibers with their resident
MuSCs into hydrogels allows control of the external stiffness while
preserving MuSC-myofiber interactions. To track location of MuSC
progeny, we isolated myofibers from an EDL muscle of a Pax7“**T;
ROSA26-lox-stop-lox™* 7™ gy se where recombination selectively
labels Pax7* MuSCswith anuclearlocalized tdTomato (Tom*MuSC)
(Fig. 4A). When Tom"™MuSCs on their associated myofibers were
encapsulated in Matrigel (30), we observed extensive MuSC move-
ment and a 16-fold increase in MuSC numbers over 3 days (Fig. 4B).
In contrast, MuSC division was limited on myofibers encapsulated
in a matching stiffness SPAAC hydrogel (E' = 300 Pa) (31), modified
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Fig. 1. Barium chloride injury induces muscle stiffening and persistently activates MuSCs. (A) Myofibers isolated from EDL muscles before injury and at 14 and
28 days after injury (DPI). MuSCs are immunoreactive for Pax7 and for MyoD upon activation. Nuclei are 4',6-diamidino-2-phenylindole-positive (DAPI*), and white arrow-
heads mark Pax7* MuSCs. (B) Quantification of the percentage of MyoD" expressing MuSCs. Ul, uninjured. (C) TA muscle sections were assayed for EdU incorporation
following 24-hour EdU pulse before harvest. Inmunoreactivity to Pax7 identifies MuSCs, and laminin immunoreactivity demarcates the myofiber basement membrane;
nuclei are detected by DAPI staining. White arrowheads identify EdU™ MuSCs, with EdU* MuSCs in the insert. Scale bars, 10 um. Quantification of density (D) and percent-
age of EdU™ (E) of Pax7* MuSCs at 14 and 28 days after injury. (F) Spatial Young's modulus maps of TA muscles measured by AFM. (G) Gaussian fits (dashed lines) of the
frequency of the stiffness measurements and (H) their average values per muscle after injury. n=3 biological replicates with three modulus maps per replicate. (I) TA
muscle sections were stained with hematoxylin and eosin (H&E), Picrosirius red, and Masson’s trichrome to identify collagen and the ECM. Yellow arrowheads mark exam-
ples of centrally located nuclei in regenerated myofibers, and black arrowheads mark increased collagen deposition. n =4 biological replicates. The collagen™ areas were
quantified by Picrosirius (J) and Masson'’s trichrome staining (K). Unless otherwise noted, n = 3 biological replicates. For MuSC quantification, >50 MuSCs scored per rep-
licate. Error bars represent the SD, and *P < 0.05, **P < 0.01, and ***P < 0.001 in a one-way analysis of variance (ANOVA) test compared to uninjured controls.
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Fig. 2. Secondary photostiffening of SPAAC hydrogels to model muscle stiffening. (A) Schematic representation of hydrogel formation and the photocrosslinking
reaction. Hydrogels are formed through a SPAAC reaction between cyclooctyne (PEG-DBCO)- and azide (PEG-Ns)-functionalized macromers, and the peptide N3-KRGDS
(1 mM) is incorporated to promote cell adhesion. Networks formed with an excess of DBCO functionalities can be further stiffened upon cytocompatible light irradiation
in the presence of a photoinitiator (LAP). (B) Rheological traces of network evolution for different stoichiometric ratios of —DBCO and —Nj3 functional groups. SPAAC
network evolution is monitored for 600 s, followed by light exposure (365 nm, 10 mW/cmZ, 1205s; shaded region) to induce secondary photocrosslinking of pendant DBCO
functionalities. (C) Quantification of Young's modulus for hydrogels with different DBCO to —Nj3 stoichiometries before (striped) and after photocrosslinking (solid). n=3
independent measurements, the plot displays the means + SD, and ***P < 0.001 in a two-tailed Student's t test. (D) Stepwise network stiffening performed through con-
secutive 30-s light exposures, demonstrating tunability of the magnitude of stiffening entirely with light irradiation.

with azide-functionalized adhesive ligands derived from fibronectin
(N3-KRGDS; 1 mM) and laminin (N3-IKVAV; 1 mM) to promote
MuSC-matrix interactions (Fig. 4C and fig. S2). While Matrigel con-
tains a complex milieu of growth factors, our synthetically defined
SPAAC hydrogels better maintain MuSC quiescence, similar to that
in uninjured muscle and without the need for mitogen activated
kinase inhibitors to prevent activation (9). Under all hydrogel con-
ditions, MuSCs remain viable as evidenced by continuous tdTomato
expression. We increased the SPAAC hydrogel stiffness (E' = 300,
1000, 2400, and 4600 Pa) encapsulating the myofibers and observed
a positive correlation between MuSC proliferation and hydrogel
stiffness (Fig. 4, B and C). As the stiffness increases, MuSC division
increases while maintaining myofiber interactions, directly demon-
strating that primary MuSCs transduce the physical microenviron-
ment into behavioral changes.

Yes-associated protein 1 and WW domain-containing
transcription regulator 1 mediate mechanosensitive
behavior of MuSCs

The transcriptional coactivators YAP (yes-associated protein 1) and
TAZ [WW domain-containing transcription regulator 1 (WWTRI)]
are mechanosensors that localize to the nucleus in response to in-
creasing stiffness, promoting MuSC activation, subsequent cell pro-
liferation, and stem cell differentiation (32-37). Increasing substrate
moduli from E’ = 2 to 32 kPa gradually increased YAP and TAZ
nuclear localization in C2C12 cells (Fig. 5, A and B). In situ photo-
stiffening from E’ = 4 to 32 kPa after 24 hours of culture increased
nuclear localization of YAP and TAZ, which did not occur when
C2C12 cells were exposed to light or photoinitiator alone (Fig. 5C).
Thus, YAP and TAZ subcellular localization is directly regulated by
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substrate stiffness in C2C12 cells, and the response time is approxi-
mately 24 hours or less.

YAP and TAZ nuclear localization may be responsible for
stiffness-driven C2C12 proliferation, as YAP and TAZ translocation
from the cytoplasm to the nucleus is mechanosensitive. To test this,
we first inhibited YAP and TAZ nuclear import with verteporfin, a
small-molecule inhibitor of YAP and TAZ, which up-regulates 14-
3-36 to sequester YAP in the cytoplasm and disrupts interactions
with TEA domain transcription factors (TEADs) (38). After 24 hours
of verteporfin supplementation (5 uM) on E’ = 32-kPa hydrogels, YAP
and TAZ nuclear localization declined by 20% (Fig. 5, D and E).
Verteporfin concomitantly decreased C2C12 cell proliferation on
E'’ = 32-kPa substrates to levels observed on E’ = 4-kPa hydrogels
(Fig. 5F), suggesting that YAP and TAZ signaling transduces mech-
anosensitive C2C12 cell proliferation.

Using a combination of short hairpin RNAs targeted to YAP and
small-interfering RNA (siRNA) directed at TAZ, we assessed the
individual roles of each protein on C2C12 responses (Fig. 5,
G and H). ANKRDI1 (ankyrin repeat domain 1) expression, an en-
dogenous downstream target of YAP and TAZ (39), is elevated upon
YAP loss but virtually eliminated upon TAZ knockdown or knock-
down of both YAP and TAZ (Fig. 5G). Similarly, C2C12 cell prolifer-
ation is unaffected by YAP loss, but proliferation is inhibited by TAZ
knockdown and by knockdown of both YAP and TAZ on E’ = 32-kPa
hydrogels (Fig. 5,1 and J). YAP and TAZ transduce mechanosensi-
tive proliferation synergistically, as removal of both proteins reduces
the number of EdU™ C2C12 cells (9.6% EdU") compared to TAZ
removal (21% EdU"). Thus, mechanical stimuli promote subcellular
localization of YAP and TAZ, where these paralogs mediate prolif-
erative responses, which are partially dominated by TAZ.
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Fig. 3. C2C12 cell proliferation increases in response to dynamic stiffening substrates. (A and B) C2C12 cells cultured for 3 days on E’' = 2- and 32-kPa SPAAC hydro-
gels retained Pax7 and MyoD expression. (C) Representative confocal images EdU incorporation in C2C12 cells after 2-hour EdU incubation. (D) EdU™ cells were quantified
as a function of substrate moduli between E'=2 to 32 kPa before and after photostiffening. n > 5 biological replicates with >100 cells analyzed per replicate. (E) C2C12
cells were tracked in real time with NucBlue staining using Imaris software. Images were acquired every 15 min over 12 hours. (F) Violin plots of the average C2C12 migra-
tion velocity for 12 hours of tracking. Solid lines indicate the mean, and dashed lines mark the 25th and 75th quartiles. n > 6 with >180 cells counted per hydrogel. For (B)
and (D), plots display the means + SD, and **P <0.01 and ***P < 0.001 in a two-way ANOVA test.

Since matrix stiffness influences C2C12 cell behavior, we predict
that MuSCs will similarly respond to changes in hydrogel stiffness.
Similar to C2C12 cells, YAP and TAZ accumulate in the MuSC nu-
cleus on stiffer substrates (Fig. 6A) and translocate directly to the
MuSC nucleus after dynamic photostiffening (Fig. 6B). Accompa-
nying elevated nuclear YAP and TAZ, transcripts for the target
ANKRD1 are induced when cultured on E’ = 32-kPa hydrogels
(Fig. 6C). Consistent with the increase in YAP/TAZ nuclear local-
ization, dynamic photostiffening increased the percentage of cy-
cling MuSCs to that in static E’ = 32-kPa hydrogels (Fig. 6, D and E).
Thus, MuSCs sense and respond to dynamic changes in the substate
stiffness by increasing steady-state YAP/TAZ nuclear localization
and promoting a mechanosensitive proliferative response.
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YAP and TAZ knockout decreases MuSC proliferation

in postinjury, stiff muscle

To unequivocally demonstrate a requirement for YAP and TAZ in
stiffness-dependent proliferation, we constructed MuSC condition-
al YAP and TAZ double knockouts by breeding Pax7“"* " mice with
y Apfloxflox. g 7oxflox (4 ) mice (40). MuSCs from dKO mice cul-
tured on E’ = 2- and 32-kPa hydrogels for 48 hours in the presence or
absence of tamoxifen reveal that YAP and TAZ ablation blocks sub-
strate-dependent increases in proliferation in MuSCs (Fig. 6,
F and G). Since injured skeletal muscle 28 days after injury is two-
fold stiffer than uninjured skeletal muscle (Fig. 1), we asked wheth-
er elevated MuSC proliferation detected in postinjured muscle
is YAP/TAZ dependent. MuSC proliferation in vivo was assayed

50f13



SCIENCE ADVANCES | RESEARCH ARTICLE

A B Matrigel 300 Pa 1000 Pa 4600 Pa
Day -1 Day 0 Day 1 Day 2 Day 3
: : ——t
Myofiber Encapsulation Imaging
isolation ntdTomato* MuSCs

~ mewum' J" L Ry J

(g)

3 30 —e— Matrigel *kk
Q 201 —¥— 300Pa }
£ 10=k —— 1000Pa

S g umm —H— 2400Pa

% g —® 4600Pa *
©

S 4

£ 2

T

s 0

o 1 1 1 1
Y | 1 2 3

Days after encapsulation

Day 1, day 2, day 3

Fig. 4. Stiffness induces MuSC proliferation on encapsulated myofibers. (A) Myofibers from Pax7<"E"T:ROSA26-stop-lox-stopN->TM mice were isolated from an EDL

muscle and cultured floating in media supplemented with 4-hydroxytamoxifen for 1 day to induce nuclear MuSC tdTomato expression (Tom*MuSCs). Myofibers were
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day 3 brightfield images. (C) Data are plotted for MuSCs cultured in Matrigel compared to stiffness-controlled SPAAC hydrogels (E'=300 to 4600 Pa). n > 6 myofibers an-
alyzed from three independent experiments, means + SD, and *P < 0.05 and ***P < 0.001 in a two-way ANOVA test comparing the means of other conditions to E'= 300-Pa

SPAAC hydrogels.

following YAP and TAZ knockout at 14 days after injury and EAU
incorporation between 21 and 28 days after injury (7 days) before
tissue collection (Fig. 6H). In control mice, the numbers of MuSCs
(Pax7"; Fig. 61) and their proliferation (EdU"; Fig. 6]) increased in
injured compared to contralateral (uninjured) muscles. In contrast,
the YAP/TAZ knockout reverted the overall numbers of Pax7" cells
and the numbers of proliferating Pax7* cells in injured muscle to
amounts found in contralateral TA muscles. Furthermore, reduced
MuSC numbers and reacquisition of quiescence in YAP/TAZ dKO
MuSCs prevented myofiber hypertrophy that typically occurs upon
muscle injury (Fig. 6K). Overall, these results imply that persistent
exposure of MuSCs to stiffer postinjury microenvironment contrib-
utes to their unexpectedly activated and cycling state through YAP
and TAZ signaling (Fig. 7).

DISCUSSION

Mechanical and chemical stresses acquired during muscle contrac-
tion require maintenance and repair by the endogenous stem cell
population. Whether the MuSCs sense transient mechanical stress-
es during muscle contraction or the longer-term changes in elastic-
ity that accompany injury or aging remains largely unknown.
During muscle regeneration, longer-term changes in elasticity oc-
cur where muscle softens immediately following injury, then stiff-
ens, and unexpectedly remains persistently stiff beyond completion
of functional and morphological regeneration. Coinciding with
muscle stiffening at 14 and 28 days following injury, MuSCs remain
activated and proliferative compared to uninjured muscle, which
questions whether these changes are partly caused by prolonged ex-
posure to elevated stiffness, accompanying chemical signals or both.
We first used dynamically stiffening hydrogels to determine that
hydrogel stiffness induces proliferation, enhances motility, and
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localizes YAP/TAZ to the cell nucleus. YAP and TAZ persistently
activate MuSCs upon exposure to elevated stiffness, as YAP and
TAZ knockout after 14 days after injury reverted MuSC prolifera-
tion and muscle hypertrophy to uninjured levels.

Upon injury, skeletal muscle loses stiffness and is at least twofold
softer than uninjured muscle by 5 days after injury. MuSCs are acti-
vated following injury and proliferate reaching their peak numbers
by ~4 days after injury (41). Although muscle stiffness is low (E' = 5 kPa)
due to the degradation of injured tissue, YAP and TAZ levels
are elevated in MuSCs (35), as YAP is required to initiate MuSC
activation and proliferation (10). The primary regulators of MuSC
proliferation within the first 5 days after injury are likely secreted
factors and possibly cell-cell interactions. For example, release of
myofiber-bound Wnt (10) likely contributes to YAP and TAZ acti-
vation in MuSCs. The massive influx of immune cells and prolifer-
ation of fibroblasts elevates cytokines and increases ECM deposition
(41, 42). Thus, chemical signals likely override any effects of me-
chanical stimuli during rapid MuSC expansion, required to replen-
ish the myonuclei. A combination of chemical and mechanical
signals dictates MuSC behavior and is likely dependent on complex
interactions with the surrounding microenvironment. In support of
this, we observed extensive expansion of MuSCs embedded in
Matrigel compared to an equivalent elasticity in an inert hydrogel.

Once myofibers have been repaired or remade and the majority
of myonuclei produced, MuSC proliferation decreases markedly
from ~7 to 14 days after injury, when morphological regeneration is
complete. We observed that 10% of MuSCs continue proliferating
between 21 and 28 days after injury, unexpectedly failing to reac-
quire quiescence. The regenerated muscle is significantly stiffer and
remains elevated (E’ = 19 to 22 kPa) compared to uninjured muscle
(E’ = 12 kPa) as a result of extensive collagen deposition. MuSCs in
a defined environment respond to increased stiffness with elevated
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Fig. 5. YAP and TAZ mediate mechanosensitive C2C12 behavior. (A) Representative images of C2C12 cells cultured for 3 days on different stiffness hydrogels assayed
forimmunoreactivity to YAP and TAZ. Nuclear and cytoplasmic borders are demarcated by DAPI and phalloidin staining, respectively. (B) YAP/TAZ nuclear-to-cytoplasmic
(Nuc:Cyto) ratio quantified as a function of substrate stiffness. Error bars represent 95% confidence intervals (Cls). (C) YAP/TAZ Nuc:Cyto ratio quantified upon in situ
photostiffening and assayed at 1 and 2 days after stiffening (DPS). Error bars represent 95% Cl. (D) Representative images of C2C12s cells treated with 5 uM verteporfin or
vehicle control [dimethyl sulfoxide (DMSO)] for 24 hours. Verteporfin decreased YAP/TAZ Nuc:Cyto ratio in C2C12 cells. (E) Normalized YAP/TAZ Nuc:Cyto ratio of C2C12
cells with or without verteporfin treatment. (F) Quantification of EJU incorporation in C2C12 cells after 24 hours of 5 uM verteporfin treatment beginning on day 2 of
culture. (G) Quantification of the mRNA expression and (H) protein levels of YAP and TAZ 48 hours after knockdown in C2C12 cells. YAP was knocked down with a short
hairpin RNA (shRNA), and TAZ was knocked down with a siRNA. Each were compared to respective scrambled control vectors. shNT, non-targeted shRNA; siSCR, scrambled siRNA;
w.rt, with respect to. (I) Representative images for a 2-hour EdU incorporation after YAP and/or TAZ knockdown of C2C12 cells on 32-kPa hydrogels and their quantification (J).
Unless noted elsewhere, n> 3 per experiment and >100 cells per hydrogel were quantified, means + SD, and *P < 0.05, **P < 0.01, and ***P <0.001 in a two-way ANOVA test.
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Fig. 6. YAP and TAZ signaling restores MuSC fate in stiff muscle. (A) Images of wild-type MuSCs cultured on hydrogels for 72 or 48 hours after in situ stiffening. MuSCs
were identified by Pax7 immunoreactivity, assessed for subcellular YAP/TAZ localization with phalloidin and DAPI demarcating the cytoplasm and nucleus, respectively.
(B) YAP/TAZ mean nuclear intensity was quantified on static and dynamically stiffened hydrogels. n =3 with >15 cells scored per replicate. a.u., arbitrary units. (C) mRNA
quantified by quantitative reverse transcription polymerase chain reaction (qQRT-PCR) after 72 hours of culture. Images (D) and quantification (E) of EdU* MuSCs following
an EdU treatment after 3 days after seeding or 2 days after in situ stiffening. (F) MuSCs from Pax7<" 5T,y AP.TAZY mice were cultured on hydrogels. The medium was
supplemented with 4-hydroxytamoxifen (4-OHT), and proliferation was assessed 48 hours later. Images of MuSCs immunoreactive for Pax7 and MyoD and assayed for
EdU incorporation and quantification (G) of proliferating MuSCs. (H) Schematic for YAP/TAZ knockout and EdU treatment after injury in YAPﬂ/f';TAZﬂ/ﬂ;Pax7CreERT (dKO)
mice or YAPVTAZM:pax7* (control) mice. Images of 28-day after injury TA muscle sections were assayed for EdU incorporation and immunoreactivity with laminin and
Pax7 to identify MuSCs (white arrowheads). DAPI detected nuclei. Quantification of Pax7* (I) and EdU* (J) MuSCs from 28-day after injury or contralateral (CL) TA muscle
sections. (K) Quantification of the myofiber minimum Feret diameter identified via laminin immunoreactivity. Unless noted elsewhere, n =3 biological replicates. More
than 50 MuSCs and >250 myofibers scored per replicate. Graphs display means + SD, and *P < 0.05, **P < 0.01, and ***P < 0.001 in a one-way ANOVA test.
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Fig. 7. Muscle stiffening induces mechanosensitive behavior through YAP and TAZ localization. A model for persistent injury-mediated mechanical stiffening of
skeletal muscle promoting MuSC activation and proliferation. YAP and TAZ localization transduces the mechanical signals into proliferative MuSCs and enhances their

migration.

proliferation, likely mediated by YAP and TAZ, which are well-
established mechanosensors. YAP and TAZ activity is regulated by
cytoskeletal tension (39), ligand density (43), and ECM composi-
tion (44), such that alternative ECM substrates, including fibronec-
tin, induce different magnitudes of YAP and TAZ localization in
C2C12 cells (45). Knockdown of YAP and TAZ in C2C12 cells or
MuSCs abrogates stiffness-mediated proliferation, demonstrating
that YAP and TAZ transduce the mechanical signals into cellular
responses. However, YAP and TAZ are not functionally equivalent,
as TAZ partially compensates for YAP loss and YAP knockdown is
insufficient to eliminate stiffness-dependent proliferation or de-
crease gene expression of ANKRDI. Although we demonstrated
that stiffness induces ANKRD1 expression, exogenous over-
expression of constitutively activated YAP and TAZ does not alter
ANKRDI1 expression in MuSCs (36), identifying the complexities in
interpreting YAP and TAZ function that are likely dependent on
the cells, their substrate, and the culture environment. The gene
dosage effects we observed for YAP and TAZ responses may explain
why removal of either YAP or TAZ only marginally affects muscle
regeneration (36).

If the elevated stiffness in injured skeletal muscle at 14 and
28 days after injury is responsible for increased YAP and TAZ that
transduce the mechanical stimuli into cellular responses, then YAP
and TAZ removal should revert MuSC behavior to that observed in
uninjured skeletal muscle. Knocking out both YAP and TAZ at
14 days after injury restores MuSC quiescence. However, we noted
that myofiber size was reduced compared to regenerated wild-type
muscle, which may affect regenerated muscle function. Elevated
muscle stiffness likely persists beyond 28 days; even 90 days after
BaCl, injections, collagen levels remain high compared to unin-
jured muscle (28). The elevated stiffness and persistent MuSC pro-
liferation responsible for myofiber hypertrophy may be necessary
for restoring contractile strength following an injury. However,
long-term exposure of MuSCs to elevated stiffness may be detri-
mental, gradually depleting the MuSC pool and exhausting the
regenerative potential over long periods of time that occur in
progressive myopathies and during aging. Whether these long-
term changes can be modeled in hydrogel cultures is unclear, but
incorporating ECM peptides mimics that stimulate ECM transi-
tions from laminin to collagen after muscle injury (29) or during
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aging (46), may allow assessment of MuSC sensitivity to ECM
switches.

Manipulation of hydrogel properties using innovative on-demand
photostiffening SPAAC hydrogels offering precise mechanical con-
trol permitted us to establish that matrix stiffness directly promotes
MuSC proliferation and enhances migration. Furthermore, we
dynamically manipulated these hydrogels to demonstrate that YAP
and TAZ are not functionally redundant. Last, we tested and con-
firmed the results of hydrogel cultures by in vivo knockout of YAP
and TAZ, identifying that elevated stiffness in injured muscle pro-
motes MuSC proliferation and myofiber hypertrophy. A persistent
but gradual increase in muscle elasticity may contribute to regener-
ative impairment of skeletal muscle in progressive myopathies and
during muscle aging.

MATERIALS AND METHODS

Mice

All mice were bred and housed according to National Institutes of
Health (NIH) guidelines for the ethical treatment of animals in a
pathogen-free facility at the University of Colorado at Boulder. All
animal protocols and procedures were approved by the University
of Colorado Institutional Animal Care and Use Committee, and the
conducted studies complied with all ethical regulations. Wild-type
mice were C57BL/6 ] (the Jackson laboratory, stock no. 000664).
Crossing ROSA26-lox-stop-lox™*14T°mt mice (the Jackson labora-
tory, stock no, 025106) into the Pax7%"ERT mice (41) generated
the Pax7“"ERT;,ROS A 26-lox-stop-lox™**4T°m° mice For YAP/TAZ
knockout, Pax7“"*®T mice were crossed into the YAP1™H™e;
WWTR1I™MH™E mice (the Jackson laboratory, stock no. 030532).
For litters of unknown genotype, tissue samples were collected at
weaning and sent to Transnetyx for automated genotyping. Un-
injured control mice were age- and sex-matched, and sample sizes
were set at n = 3 unless otherwise noted.

Animal procedures

For chemical injuries, mice at 3 to 6 months old were first anesthe-
tized with isoflurane, and then 50 pl of 1.2% BaCl, was injected into
the left TA muscle. The injured and contralateral TA muscles
were collected at the indicated time points. For EAU labeling of
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proliferating MuSCs, EAU (0.5 mg/ml) (Carbosynth) with 1% glucose in
water was provided before tissue collection and mice consumed ad
libitum. To activate Cre™ " in vivo for YAP/TAZ knockout, mice
were fed a diet containing tamoxifen (250 mg/kg; Envigo) for 7 days.

Mechanical characterization of muscle tissue

AFM was performed on an Asylum Research Cypher AFM (Oxford
Instruments, Santa Barbara, CA) to measure spatial variations in
the mechanical properties of uninjured and injured tissue samples.
The tissue sections were fixed to 18-mm glass coverslips via epoxy
and then submerged in phosphate-buffered saline (PBS) at 25°C
using the droplet cantilever holder and stage. Triangular SiN canti-
levers with sharp Si tips (SNL-10, Bruker AFM Probes) were used
both to minimize the interaction volume between measurements
(nominal radius R = 2 nm) and to use a tip with a near-conical
shape (nominal half-angle o = 22°). The spring constant k. of each
cantilever was measured with the thermal fluctuation method (47);
the resulting values for k. ranged from 0.112 to 0.148 N/m with
uncertainties of ~0.002 N/m based on multiple measurements, in
good agreement with the nominal value of 0.12 N/m from the man-
ufacturer. Young’s modulus maps were then generated by con-
ducting force spectroscopy at each point in a 64 by 16 grid over a
5 um by 1.25 um area (=80-nm pixel size). The force-displacement
(F-d) measurements included both a loading and unloading curve;
only the loading curves were considered here, as adhesive contribu-
tions were negligible, thereby simplifying the subsequent analyses.
The F-d curves were converted to force-deformation (F-8) data by
subtracting out the cantilever deflection via the relationship & =
d - Flk.. Each F-8 curve was fit to an analytical model for a rigid con-
ical tip in contact with an elastic half-space (48), F = (2/m)(E/ 1-v%)
(tan 0))8%, where the Poisson’s ratio v is assumed to be 0.5 as in pre-
vious work (7, 49, 50) and the Young’s modulus E is the sole fitting
parameter. Histograms of all E from the displayed maps were plot-
ted, and the average values and SDs from measurements on three
different samples were reported.

Histology and immunohistochemistry of tissues

To analyze the structural properties of muscle, TA muscles were
dissected, fixed for 2 hours with 4% paraformaldehyde (PFA) on ice
and transferred to 30% sucrose at 4°C overnight. The muscle was
mounted in O.C.T. compound (Tissue-Tek), cryosectioned into 10-pum
sections with a cryostat (Leica), and stored at —80°C until histological
staining. Sections were stained with hematoxylin and eosin, Masson’s
trichrome, and Picrosirius red staining. For immunohistochemistry,
tissue sections were postfixed with 4% PFA for 8 min at room
temperature (RT) and washed three times for 5 min in PBS. For
heat-induced epitope retrieval, which is required for Pax7 antibody
staining, postfixed slides were placed in citrate buffer (pH 6.0) and
subjected to 6 min of high pressure cooking (Cuisinart model CPC-
600). Then, tissue sections were permeabilized with 0.25% Triton
X-100 (Sigma-Aldrich) in PBS containing 3% bovine serum albu-
min (BSA; Sigma-Aldrich) for 45 min at RT. For EAU detection, the
Click-iT EAU Alexa Fluor 488 detection kit (Molecular Probes) was
used according to the manufacturer’s protocols. For immunohisto-
chemical staining, samples were incubated with primary antibody
at 4°C overnight, washed three times in PBS, and then incubated
with a secondary antibody in 3% BSA at RT for 1 hour. Primary
and secondary antibodies were mouse anti-Pax7 (Developmental
Studies Hybridoma Bank; 1:1000), rabbit anti-laminin (Sigma- Aldrich;
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1:200), and Alexa Fluor 488, Alexa Fluor 555, and Alexa Fluor 647
(Molecular Probes; 1:750). Sections were incubated with 4’,6-di-
amidino-2-phenylindole (DAPI) (1 ug/ml) for 10 min at RT and
then mounted in Mowiol supplemented with 1,4-diazabicyclo[2.2.2]
octane (DABCO) (Sigma-Aldrich) as an antifade agent.

Myofiber isolation and immunocytochemistry staining

For myofiber isolation, the EDL muscles were dissected, placed into
collagenase (400 U/ml) (Worthington) at 37°C for 1.5hours with
shaking, and then placed into Ham’s F-12C (Gibco) supplemented
with 15% horse serum (Gibco) to inactivate the collagenase. Indi-
vidual EDL myofibers were separated and isolated using a flame-
polished glass pipet. For immunocytochemistry, the myofibers were
immediately fixed in 4% PFA for 10 min and stored in PBS for
immunocytochemistry. Myofibers were permeabilized with 0.25%
Triton X-100 in PBS containing 3% BSA (Sigma-Aldrich) for
45 min at RT and incubated with primary antibody at 4°C over-
night, followed by incubation with secondary antibodies at RT for
1 hour. The primary and secondary antibodies were mouse anti-Pax7
(Developmental Studies Hybridoma Bank; 1:1000), rabbit anti-MyoD
(Santa Cruz Biotechnology; 1:250), and Alexa Fluor 488, Alexa
Fluor 555, and Alexa Fluor 647 (Molecular Probes; 1:750). Following
immunolabeling, myofibers were incubated with DAPI (1 pg/ml)
for 10 min at RT and then mounted in Mowiol supplemented with
DABCO (Sigma-Aldrich) as an antifade agent.

Hydrogel preparation

Eight-arm PEG-DBCO (20,000 g/mol) (14), four-arm PEG-DBCO
(20,000 g/mol) (14), four-arm PEG-N3 (5000 g/mol) (15), and N3-
GRGDS (51) were synthesized as previously described. To form
SPAAC hydrogels, PEG-DBCO (5%, w/v) and N3-KRGDS (1 mM)
were prereacted for 5 min on ice in PBS. Then, PEG-N; was added
at different concentrations to obtain DBCO/N3 stoichiometries
ranging from 4 to 1 together with excess PBS. The mixture was vor-
texed, and the 15 pl of the gel solutions were sandwiched between
a sigma-coated (Sigma-Aldrich) glass cover slide and an azide-
functionalized 12-mm glass coverslip, which is prepared using pre-
viously established protocols (52). The gelation was allowed to
continue for 5 min at RT to obtain 2D SPAAC hydrogels. To obtain
E' = 32-kPa hydrogels, 2 mM lithium phenyl-2,4,6 trimethylbenzo-
ylphosphinate (LAP) was also added to the hydrogel solution, and
the hydrogels were irradiated with light (365 nm, 10 mW/cm?,
2 min) following the initial gelation.

Rheology

Rheological traces were collected in situ on shear rheometer (TA
Instruments Discovery HR3) equipped with a parallel plate geometry
and a light curing accessory. Frequency and amplitude sweeps were
performed to ensure that measurement was within the linear visco-
elastic range [1% strain, 1 rad/s (radians/second)]. SPAAC network
formation was monitored for 600 s before light irradiation (365 nm,
10 mW/cm?, 120s), from an ultraviolet (UV) lamp (OmniCure S2000). To
prevent sample dehydration during the experiment, samples were
sealed with a thin ring of mineral oil (Sigma-Aldrich).

C2C12 cell culture

C2C12 cells were obtained from American Type Culture Collection,
and all studies were conducted with cells under passage 16. C2C12
cells were grown in growth medium [high-glucose Dulbecco’s modified
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Eagle’s medium (DMEM) supplemented with 20% (v/v) fetal bovine
serum (FBS; Life Technologies), 1% (v/v) sodium pyruvate (Sigma-
Aldrich), 1% (v/v) L-glutamine (Gibco), 1% (v/v) penicillin-streptomycin
(Gibco), and amphotericin B (0.5 pg/ml; Gibco)]. Cultures were
maintained at 5% CO, and 37°C. For experiments, C2C12 cells
were collected by a 5 min trypsinization (Gibco) and seeded at a
density of 1000 cells/cm” on prepared hydrogel substrates.

C2C12 cellimmunocytochemistry

Samples for immunostaining were fixed in 4% PFA at RT for
15 min. After removing fixative, samples were washed three times
with PBS for 10 min and stored in PBS at 4°C before staining. Sam-
ples were permeabilized using 0.1% Triton X-100 in PBS for 1 hour
and blocked with 5% BSA for 1 hour at RT. Anti-YAP/TAZ (Santa
Cruz Biotechnology, SC-101199; 1:250), anti-Pax7 (Developmental
Studies Hybridoma Bank; 1:1000), anti-laminin (Sigma-Aldrich,
19393; 1:200), and anti-MyoD (Santa Cruz Biotechnology, SC-760;
1:200) were used as primary antibodies and incubated for overnight
at4°Cin 5% BSA. After three washes in PBST (0.05 weight % Tween
20 in PBS) for 10 min, Alexa Fluor 488-, Alexa Fluor 555-, and
Alexa Fluor 647-conjugated secondary antibodies (Invitrogen; 1:400)
and DAPI (Sigma-Aldrich; 1 pg/ml) were added in 5% BSA. After
1 hour, samples were washed three times with PBS for 10 min. After
immunocytochemistry, all samples were kept at 4°C before imaging.

C2C12 cell proliferation assays

To quantify proliferation of C2C12 cells as a function of substrate
stiffness, a 2-hour 10 uM EdU (Thermo Fisher Scientific) pulse was
carried out 72 hours after seeding. The samples were subsequently
rinsed in 5% BSA in PBS twice and then permeabilized with 0.5%
Triton X-100 for 1 hour. After two more washes with 5% BSA,
samples were incubated with the Click-iT reaction cocktail pre-
pared using the Click-iT EdU Alexa Fluor 488 kit (Thermo Fisher
Scientific) for 30 min. The reaction cocktail was removed, and cells
were washed with 5% BSA. Secondary immunostaining was per-
formed as above.

C2C12 cell migration assays

To quantify the motility, C2C12s were fluorescently tracked after
48 hours of culture on different hydrogel stiffnesses. Before imag-
ing, NucBlue (Thermo Fisher Scientific) was incubated at 2 drops/
ml of media for 30 min to fluorescently label the nucleus. C2C12
cells were then cultured in phenol-free growth media and imaged
continuously for 12 to 14 hours. Images were acquired in every
15 min on a Nikon Ti-E microscope equipped with an Okolab envi-
ronmental chamber. Using Imaris software (Bitplane), C2C12 mi-
gration was quantified for all cells tracked for greater than 4 hours.
The mean cell velocity was defined as the average of the instanta-
neous velocity calculated at each time point for each track.

Myofiber encapsulation

Myofibers were isolated from an EDL of a Pax7“"**";RO$A26-lox-
stop-lox™s9Tema® o use as described above. After halting the col-
lagenase digestion, individual myofibers were manually picked and
cultured in suspension in Ham’s F-12C (Gibco) supplemented with
15% horse serum (Gibco), 1% (v/v) penicillin-streptomycin (Gibco),
50 nM fibroblast growth factor 2, and 1 uM 4-hydroxytamoxifen
(Sigma-Aldrich) in noncoated sterile petri dishes for 24 hours at 5%
CO; and 37°C. To embed myofibers, approximately 20 myofibers

Silver et al., Sci. Adv. 2021; 7 : eabe4501 12 March 2021

were placed into a glass bottom 96-well plate (Cellvis) and allowed
to settle for 10 min in the incubator. After careful removal of the
excess media, 50 ul of the Matrigel (Corning) or hydrogel solution
was added dropwise to resuspend and fully encapsulate the myo-
fibers with the ECM substrates. The gel solutions polymerized
for 10 min in the incubator, and then fresh medium was added to
each well. For the SPAAC hydrogels, the PEG-DBCO [four-arm,
20,000 g/mol, 5% (w/v)] was prereacted with N3-GRGDS (1 mM)
and N3-IKVAYV (1 mM) in PBS. Immediately after media removal
from the myofibers, PEG-Nj3 (four-arm, 5000 g/mol) was added at
different concentrations to obtain DBCO/Nj; stoichiometries and
stiffnesses (fig. S2). Embedded myofibers were maintained in the
incubator and imaged every 24 hours for three consecutive days.

MuSC isolation and culture

To isolate primary MuSCs, hindlimb muscles were dissected out of
the mouse, mechanically diced into a puree, and enzymatically di-
gested in collagenase (4000 U/ml) in Ham’s F-12C media (Gibco)
for 1 hour at 37°C, vigorously shaking every 10 min. Collagenase
was then inactivated by 15% horse serum (Gibco). The muscle di-
gest was then passed through 100-, 70-, and 40-um filters (Thermo
Fisher Scientific) to isolate single cells. The flow-through was the
centrifuged at 200 rcf (relative centrifugal force) for 5 min and re-
suspended in Ham’s F-12C media with MyoCult Expansion Supple-
ment (STEMCELL Technologies). MuSCs were selectively enriched
by exclusion to adhering to plastic for 1 hour and then replated onto
collagen coated plastic for one passage at 5% CO, and 37°C. For cul-
ture on hydrogels, MuSCs were collected via a 3-min trypsinization
(Gibco) and seeded at a density of 7500 cells/cm” on prepared hy-
drogel substrates in Ham’s F-12C with MyoCult Expansion Supple-
ment. Hydrogels with 1 mM N3-GRGDS were additionally surface
coated with Matrigel (Corning; 1:100 dilution in DMEM) for 30 min at
37°C to promote MuSC attachment. For dynamic photostiffening,
2 mM LAP was supplemented for 30 min before light exposure
(365 nm, 10 mW/cm?, 2 min).

YAP and TAZ knockdown in C2C12 cells

For YAP knockdown, lentiviral transduction particles [Mission
shRNA (short hairpin RNA)] encoding short hairpin sequence for
YAP (shYAP; TRCN0000238436) were purchased from Functional
Genomics Facility of University of Colorado Cancer Center.
Control lentiviral transduction particles were purchased from
Sigma-Aldrich (SHC002V). For the generation of shYAP and shNT-
C2C12 cell lines, C2C12 cells were seeded on tissue culture plastic
with a density of 4000 cells/cm” at day 0. After 16 hours, lentiviral
transduction particles with a multiplicity of infection ranging from
10 to 100 were delivered together with polybrene (6 ug/ml). Starting
from D3, cells that incorporate sShRNA constructs were selected us-
ing puromycin (2.5 ug/ml) for 7 to 12 days. Surviving colonies reaching
subconfluency were passaged twice during puromycin selection to
prevent premature differentiation of C2C12 cells. After puromy-
cin selection, three to six selected colonies were expanded, and the
successful knockdown of YAP was determined using quantitative reverse
transcription polymerase chain reaction (QRT-PCR) and Western
blotting. For TAZ knockdown, predesigned Stealth siRNAs for
WWTRI (Invitrogen, MSS251009) or a controlled RNA (Invitrogen)
that does not target any mammalian gene were used (table S1).
C2C12 cells were seeded at a density of 1500 cells/cm”. After 24 hours,
siRNAs (at 25 pmol/cm?) were mixed with Lipofectamine 2000
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(Thermo Fisher Scientific) with a concentration of 0.875 pl/cm?,
and the transfection was allowed to continue for 16 hours. After
16 hours, cells were supplemented with the fresh growth media, and
the extent of TAZ knockdown and the C2C12 cell proliferation
were quantified after 48 hours after transfection.

mRNA analysis with qRT-PCR

Total RNA was collected and purified using a RNeasy mini kit
(QIAGEN) per the manufacturer’s protocol. The RNA concentra-
tion and quality were assessed with a ND-1000 NanoDrop spectro-
photometer. For qRT-PCR, complementary DNA was synthesized
with the iScript Reverse Transcription Supermix Kit (Bio-Rad) and
the Eppendorf Mastercycler. Relative mRNA expression levels were
measured using SYBR Green reagents (Bio-Rad) with an iCycler ma-
chine (Bio-Rad) and normalized to the glyceraldehyde-3-phosphate
dehydrogenase housekeeping gene. Three technical replicates were
carried out per condition, and custom primers (Invitrogen) are pre-
sented in table S1.

Protein analysis with Western blots

Chemiluminescence Western blot techniques were used to assess
the YAP/TAZ protein after knockdown. Total protein was collected
by lysing C2C12s for 10 min on ice with radioimmunoprecipitation
assay buffer (Thermo Fisher Scientific) supplemented with 1:100
halt phosphatase and protease inhibitor (Thermo Fisher Scientific).
Protein concentrations were determined with micro BCA kit (Bio-
Rad), and 5 to 10 pg of protein were loaded into each lane. The
protein lysate was diluted with Laemmli SDS buffer (Alfa Aesar)
and heated for 5 min to 95°C. The protein extracts and Precision
Plus Protein Ladder (Bio-Rad) were run on Mini-PROTEAN TGX
4 to 12% precast protein gels (Bio-Rad) for approximately 1 hour at
120 V. The gels were transferred in buffer of 25 uM tris-base (Sigma-
Aldrich), 175 uM glycine (Sigma-Aldrich), and 10% methanol
(Sigma-Aldrich) for 90 min at 0.4 A and 130 V at 4°C using standard
Western blotting protocols onto 0.45-pum nitrocellulose blotting
membranes (GE Healthcare). Blots were blocked in TBST [tris-buffered
saline (TBS) + 0.05% Tween 20] with 5% skim milk powder for
1 hour at RT and subsequently incubated overnight with primary
YAP/TAZ antibody (Santa Cruz Biotechnology, SC-101199; 1:2000)
and histone H3 (Abcam, ab1791; 1:5000) diluted in blocking solu-
tion (TBST + 5% BSA) at 4°C. Membranes were incubated with a
secondary horseradish peroxidase-conjugated antibody (Jackson
ImmunoResearch, anti-mouse or anti-rabbit; 1:5000) for 1 hour
at RT. The chemiluminescence signal was detected using Pierce
enhanced chemiluminescence plus solution (Thermo Fisher Scien-
tific) and an ImageQuant LAS 4000 detector.

Imaging and image analysis

Images of immunolabeled samples were collected on a Zeiss
LSM710 scanning confocal microscope with a 20x numerical aper-
ture (N.A.) 1.0 objective. tdTomato” MuSCs on embedded myofi-
bers were imaged with an environmentally controlled CellVoyager
CV1000 Confocal Scanner System (Olympus) using a 10x N.A. 0.4
objective. For all YAP/TAZ studies, samples were imaged on the
PerkinElmer Operetta using the confocal setting with a 20x objec-
tive. YAP nuclear-to-cytoplasmic (Nuc:Cyto) ratio and cell area
were analyzed using Harmony software (PerkinElmer). Nuclear
and cytoplasmic areas were defined using DAPI and Alexa Fluor
488 phalloidin staining, respectively. The inherent autofluorescence
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of the background in 555-nm channel (YAP/TAZ) was subtracted
from the analysis.

Statistical analysis

All statistical analyses were performed in Prism (GraphPad). To
assess statistical significance, two-tailed, unpaired Student’s ¢ test,
one-way analysis of variance (ANOVA), and two-way ANOVAs
were performed, and P < 0.05 was considered significant. At least
three different replicates were used per study. For YAP/TAZ stud-
ies, approximately 100 cells from each sample were analyzed, and
three independent samples were analyzed per experimental condi-
tion (n = 300 cells total). First, a one-way ANOVA test was first
carried out to determine whether sampling variability exists (P < 0.05).
If it does not exist, then cells from these samples were pooled, and
another one-way ANOVA test was carried out to determine statis-
tical significances among different experimental conditions.

Graphical illustration
Some graphical images of muscles, myofibers, and hydrogels were
created with BioRender.com.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/11/eabe4501/DC1

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