ORIGINAL ARTICLE
Journal of Cachexia, Sarcopenia and Muscle 2023; 14: 2733-2746
Published online 3 November 2023 in Wiley Online Library (wileyonlinelibrary.com) DOI: 10.1002/jcsm.13348

TAZ stimulates exercise-induced muscle satellite cell
activation via Pard3—p38 MAPK-TAZ signalling axis
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Abstract

Background Exercise stimulates the activation of muscle satellite cells, which facilitate the maintenance of stem cells
and their myogenic conversion during muscle regeneration. However, the underlying mechanism is not yet fully under-
stood. This study shows that the transcriptional co-activator with PDZ-binding motif (TAZ) stimulates muscle regener-
ation via satellite cell activation.

Methods Taz”f mice were crossed with the paired box gene 7 (Pax7)°ER'2 mice to generate muscle satellite
cell-specific TAZ knockout (sKO) mice. Mice were trained in an endurance exercise programme for 4 weeks. Regener-
ated muscles were harvested and analysed by haematoxylin and eosin staining. Muscle tissues were also analysed by
immunofluorescence staining, immunoblot analysis and quantitative reverse transcription PCR (qRT-PCR). For the
in vitro study, muscle satellite cells from wild-type and sKO mice were isolated and analysed. Mitochondrial DNA
was quantified by qRT-PCR using primers that amplify the cyclooxygenase-2 region of mitochondrial DNA. Quiescent
and activated satellite cells were stained with MitoTracker Red CMXRos to analyse mitochondria. To study the p38
mitogen-activated protein kinase (MAPK)-TAZ signalling axis, p38 MAPK was activated by introducing the MAPK
kinase 6 plasmid into satellite cells and also inhibited by treatment with the p38 MAPK inhibitor, SB203580.

Results TAZ interacts with Pax7 to induce Myf5 expression and stimulates mammalian target of rapamycin signalling
for satellite cell activation. In sKO mice, TAZ depletion reduces muscle satellite cell number by 38% (0.29 = 0.073 vs.
0.18 + 0.034, P = 0.0082) and muscle regeneration. After muscle injury, TAZ levels (2.59-fold, P < 0.0001) increase in
committed cells compared to self-renewing cells during asymmetric satellite cell division. Mechanistically, the polarity
protein Pard3 induces TAZ (2.01-fold, P = 0.008) through p38 MAPK, demonstrating that the p38 MAPK-TAZ axis is
important for muscle regeneration. Physiologically, endurance exercise training induces muscle satellite cell activation
and increases muscle fibre diameter (1.33-fold, 43.21 + 23.59 vs. 57.68 = 23.26 um, P = 0.0004) with increased TAZ
levels (1.76-fold, P = 0.017). However, sKO mice had a 39% reduction in muscle satellite cell number (0.20 + 0.03 vs.
0.12 = 0.02, P = 0.0013) and 24% reduction in muscle fibre diameter compared to wild-type mice (61.07 + 23.33 vs.
46.60 = 24.29 um, P = 0.0006).

Conclusions Our results demonstrate a novel mechanism of TAZ-induced satellite cell activation after muscle injury
and exercise, suggesting that activation of TAZ in satellite cells may ameliorate the muscle ageing phenotype and
may be an important target protein for the drug development in sarcopenia.
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Introduction

Skeletal muscle has the ability to regenerate muscle fibres af-
ter tissue damage through muscle satellite cells.® During
skeletal muscle regeneration, quiescent satellite cells are ac-
tivated, which differentiate into skeletal muscle cells via the
expression of muscle regulatory factors (MRFs) including
MyoD, Myf5 and myogenin.*”’ Activated satellite cells that
are not committed to differentiation undergo self-renewal
to replenish the muscle stem cell pool.5™** Depletion of the
stem cell pool is associated with age-related muscle
dysfunction.'**® These studies indicate that the activation
and maintenance of satellite cells are important for muscle
regeneration.

Mammalian target of rapamycin (mTOR) kinase, a compo-
nent of the mammalian target of rapamycin complex 1
(mTORC1), promotes anabolic processes and inhibits cata-
bolic processes in response to nutrients, which regulate cell
proliferation and organ size.®* mTORC1 is activated by the
GTPase Rheb/Rhebl1, which is regulated by tuberous sclero-
sis complex 1/2 (TSC1/2).2* Activated mTORC1 induces cellu-
lar translation through the phosphorylation of translational
regulators, including ribosomal protein S6 kinase (S6K).****
It has been shown that mTOR signal is important for satellite
cell activation.*®™*°

Satellite cells are activated via asymmetric division to pro-
duce myogenic and muscle stem cells for muscle regenera-
tion. This process facilitates their continuous production.
Committed cells attached to fibres are activated to induce
differentiation, but self-renewing cells unattached to fibres
are converted into muscle stem cells.?® During asymmetric di-
vision, the polarity protein Pard3 is predominantly localized
in committed cells, compared to self-renewing cells, which in-
duces p38 o/f mitogen-activated protein kinase (MAPK) to
drive myogenesis.*!

Exercise training has benefits to human health including
improved muscle function and is a principle effector for satel-
lite cell activation.?**® Resistance exercise training facilitates
muscle hypertrophy with increased satellite cell number and
myonuclear expansion.?*” Also, endurance exercise training
activates satellite cells and stimulates muscle regeneration.
Satellite cell pool enhancement was assessed with endurance
exercise.?®?° Exercise in old mice improves muscle function.
Exercise rejuvenates quiescent satellite cells,® increases sat-
ellite cell number®! and improves muscle regeneration in
old mice.®? However, the detailed mechanism for satellite cell
activation is not well understood.

Transcriptional co-regulators, transcriptional co-activator
with PDZ-binding motif (TAZ) and Yes-associated protein
(YAP), interact with several transcription factors to regulate
cell growth and differentiation. TAZ/YAP activity is regulated
by diverse extracellular signals, including Hippo, Wnt and G
protein-coupled receptor (GPCR) signalling,>*~3® which are in-
volved in tissue homeostasis and play an important role in tis-

sue regeneration.®”*%¥3 |t has been reported that TAZ
stimulates myogenic  differentiation and muscle
regeneration.>**” However, the mechanism underlying mus-
cle regeneration is not yet fully understood.

In this study, we observed that TAZ stimulates muscle sat-
ellite cell activation via Pard3—p38 MAPK-TAZ signalling axis
after exercise.

Materials and methods
Animals

All animal care and experimental procedures were approved
by Korea University’s Animal Care and Use Committee
(KUIACUC-2019-0093) and were in compliance with the insti-
tutional guidelines. The mice were housed in an aseptic facil-
ity with free access to water and standard rodent chow. To
generate muscle satellite cell-specific TAZ knockout (sKO)
mice, Taz"/" mice®® with a floxed allele containing LoxP sites
flanking exon 2 of Taz were crossed with the paired box gene
7 (Pax7)creERT2 mice. PaX7creERT2 (BG.Cg-PaX7tml(cre/ERT2) Gaka/Jl
#017763) mice were purchased from the Jackson Laboratory
(Bar Harbor, ME, USA). Seven-week old Taz”f and
Pax7<°ER72.7az"/* mice were administered with 4-mg tamoxi-
fen (20 mg/mL in corn oil stock solution) per 40-g body
weight via intraperitoneal injection once a day for 7 days. A
week later, littermate controls and experimental mice were
used. Male mice aged 7-10 weeks were used in all animal
studies.

Cardiotoxin-induced damage

Mice were anaesthetized with an isoflurane vaporizer, and
their tibialis anterior (TA) muscles were injected with 20-pL
cardiotoxin (CTX) (0.05-pg/uL stock solution, Sigma, C9759)
using a 31G insulin syringe. After CTX treatment, regenerated
TA muscles were harvested and analysed.

Quantification and statistical analysis

All in vivo data are presented as the mean + standard error of
the indicated number of experimental samples. For in vitro
analysis, data are represented as the mean * standard devia-
tion of at least three independent experiments. Statistical sig-
nificance was calculated using Student’s t test, and the level
of significance is indicated as follows: *P < 0.05,

P < 0.01, " P < 0.001 and ns = not significant.
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Data availability

This study includes no data that would need to be deposited
in external repositories.

Results

Satellite cell-specific TAZ KO mice show decreased
muscle regeneration after muscle damage

To study the role of TAZ in muscle regeneration, the levels of
myogenic markers and TAZ were analysed during muscle re-
generation after CTX-induced muscle damage. As shown in
Figure S1A, transcription of the myogenic markers Myf5 and
Myomaker increased at 3, 5 and 7 days after muscle damage,
respectively (3 days—Myf5: 4.61-fold [P = 0.0031] and
Myomaker: 64.46-fold [P = 0.0014]/5 days—Myf5: 7.65-fold
[P = 0.0016] and Myomaker: 140.47-fold [P = 0.0002]/
7 days—Myf5: 3.34-fold [P = 0.0076] and Myomaker:
263.60-fold [P = 0.0057]). Additionally, the transcriptional in-
duction of Taz, Yap and Pax7, a muscle satellite cell marker,
was observed at 3 days after muscle damage (Taz: 3.75-fold
[P =0.0034]; Yap: 2.32-fold [P = 0.0135]; and Pax/: 4.85-fold
[P =0.0036]). Furthermore, the protein levels of TAZ, YAP and
Pax7 were analysed. As shown in Figure S1B, TAZ was induced
1 day (3.26-fold, P = 0.0079) after muscle damage, and its
levels significantly increased at 5 days (5.81-fold,
P = 0.0046) after muscle damage. YAP was also induced
(1 day [1.40-fold, P = 0.0278] and 5 days [1.72-fold,
P =0.035]); however, this induction was not greater than that
of TAZ. Next, to study the role of TAZ in satellite cells in vivo,
we developed muscle sKkO mice by crossing TAZ-floxed mice
(Taz”f) with Pax7<tR™ mice and administering tamoxifen
to deplete TAZ in satellite cells (Figure 1A). Five days after
muscle damage, wild-type (wt) and sKO mice muscles were
analysed. As shown in Figure 1B, the sKO mice showed de-
pleted levels of TAZ in Pax7" satellite cells, as evidenced by
Pax7 and TAZ immunofluorescence staining. In addition, wt
mice had increased levels of TAZ, Pax7, Myf5 and embryonic
myosin heavy chain (eMyHC), but the increase was not signif-
icant in the muscles of sKO mice (TAZ: wt [2.62-fold,
P =0.001] vs. sKO [1.18-fold, P = 0.243]; Pax7: wt [3.27-fold,
P = 0.0003] vs. skO [1.81-fold, P = 0.0035]; Myf5: wt [4.99-
fold, P < 0.0001] vs. sKO [2.43-fold, P = 0.00017]; and
eMyHC: wt [5.44-fold, P = 0.00078] vs. sKO [1.79-fold,

= 0.0016]) (Figure IC). Also, wt mice showed increased
Taz, Pax7, Myf5 and Myomaker transcription, but this in-
crease was not significant in skO mice after muscle damage
(Taz: wt [2.51-fold, P = 0.0019] vs. sKO [1.35-fold,
P =0.0229]; Pax7: wt [3.02-fold, P = 0.0006] vs. sKO [1.44-
fold, P = 0.0321]; Myf5: wt [4.67-fold, P = 0.0006] vs. sKO
[1.79-fold, P = 0.0069]; and Myomaker: wt [101.81-fold,

P = 0.0043] vs. sKO [46.37-fold, P = 0.0036]) (Figure IC). Fi-
nally, the number of Pax7" cells per fibre was decreased in
sKO mice compared to wt mice by 38% (0.29 + 0.073 vs.
0.18 + 0.034, P = 0.0082) (Figure ID), suggesting that TAZ
plays an important role in satellite cell expansion.

Next, the regeneration potential of wt and skO mice was
analysed after muscle damage. The sKO mice showed de-
creased levels of eMyHC by 70% (Figure IE), and decreased
regenerated myofibre size by 28%, as evidenced by
B-dystroglycan fibre staining (Figure IF). These results
showed that sKkO mice have impaired muscle regeneration af-
ter muscle damage, suggesting that TAZ is required by satel-
lite cells for muscle regeneration after damage.

TAZ stimulates Myf5 transcription

Next, satellite cells from wt and sKkO mice were isolated to
study the role of TAZ in vitro. As shown in Figure ZA,
TAZ-depleted satellite cells were isolated upon tamoxifen ad-
ministration following CTX damage in sKO mice. These cells
were incubated in satellite cell quiescence medium for 2 days
and then activated in activation medium. As shown in Figure
2B, TAZ levels increased significantly in wt cells after activa-
tion, but this increase was not significant in sKO satellite cells
(TAZ: wt [6.08-fold, P < 0.0001] vs. sKO [2.63-fold,
P =0.0174]). Pax7 levels increased in both wt and sKO satel-
lite cells after activation, indicating that TAZ had no effect on
Pax7 induction during satellite cell activation (Pax7: quiescent
[P =0.4587] and activated [P = 0.3396]) (Figure 2B). However,
Myf5 was induced in activated wt satellite cells, but the in-
duction was insignificant in activated sKO satellite cells
(Myf5: wt [3.73-fold, P = 0.0012] vs. sKO [1.52-fold,
P = 0.162]) (Figure 2B). Similarly, Taz and Myf5 transcription
increased in activated wt cells but not in activated sKO satel-
lite cells (Taz: wt [1.52-fold, P = 0.0091] vs. sKO [1.16-fold,
P = 0.2501]; Myf5: wt [1.54-fold, P = 0.0357] vs. sKO [1.19-
fold, P = 0.0046]) (Figure 2B). Pax7 transcription showed no
difference between wt and sKO satellite cells (Pax/: quies-
cent [P = 0.4543] and activated [P = 0.2407]) (Figure 2B). In
contrast, YAP knockdown in satellite cells did not alter the
levels of Pax7 and Myf5 (Pax7: quiescent [P = 0.4147] and ac-
tivated [P = 0.4016]; Myf5: quiescent [P = 0.4585] and acti-
vated [P = 0.4891]) (Figure 2C). In addition, the expression
of Pax7and Myf5 did not change between wt and YAP knock-
down satellite cells (Pax7: quiescent [P = 0.4543] and acti-
vated [P = 0.0962]; Myf5: quiescent [P = 0.0848] and acti-
vated [P = 0.5000]) (Figure 2C). However, Ctgf and Cyré61,
well-known target genes of YAP, were decreased in YAP
knockdown satellite cells (Ctgf: wt [2.29-fold, P = 0.0010] vs.
KD [1.58-fold, P = 0.0006]; Cyr61: wt [2.25-fold, P = 0.0014]
vs. KD [1.62-fold, P = 0.0005]). To further examine the effect
of TAZ on Myf5 transcription, TAZ was introduced into sKO
cells using TAZ-expressing adenovirus. As shown in Figure
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Figure 1 TAZ depletion in satellite cells impairs skeletal muscle regeneration. (A) Preparation of satellite cell-specific TAZ knockout mice (sKO). (B) Im-
munofluorescence staining of Pax7 (red) and TAZ (green) in tibialis anterior (TA) muscles of wt and sKO mice at 0 and 5 days after cardiotoxin (CTX)
damage. The nuclei are stained with DAPI (blue). Scale bar, 50 um. (C) Left: TAZ, Pax7, Myf5, embryonic myosin heavy chain (eMyHC) and a-tubulin
levels in the TA muscles of wt and sKO mice at 0 and 5 days after CTX damage were analysed by immunoblotting. Right: the transcript levels of
Taz, Pax7, Myf5 and Myomaker were analysed by quantitative reverse transcription PCR in TA muscles of wt and sKO mice at 0 and 5 days after
CTX damage (n = 5). (D) The number of Pax7-positive cells relative to the number of fibres in (B) was quantified. (E) Immunofluorescence staining
of eMyHC in TA muscles of wt and sKO mice at 5 days after CTX damage. Scale bar, 50 um. (F) Left: H&E and B-dystroglycan (green) immunofluores-
cence staining of TA muscles of wt and sKO mice at 10 days after CTX damage. Scale bar, 50 um. Right: average myofibre size of TA muscles of wt and
sKO mice was quantified at 10 days after CTX damage (n = 3). Data are presented as the mean + SEM. *P < 0.05, “p<001land P <0001 (Stu-

dent’s t test).

2D, TAZ overexpression in sKO cells restored Myf5 levels
(TAZ: wt vs. sKO;Con [0.33-fold, P = 0.0039] and sKO;Con vs.
sKO;TAZ [5.05-fold, P = 0.0007]; Myf5: wt vs. sKO;Con [0.30-
fold, P = 0.0026] and sKO;Con vs. sKO;TAZ [5.60-fold,
P = 0.001]) and Myf5 transcription (Taz: wt vs. sKO;Con
[0.35-fold, P < 0.0001] and sKO;Con vs. sKO;TAZ [4.66-fold,
P = 0.001]; Myf5: wt vs. sKO;Con [0.39-fold, P < 0.0001]
and sKO;Con vs. sKO;TAZ [3.15-fold, P = 0.0001]). The levels
of Pax7 (Pax7: wt vs. sKO;Con [P = 0.4179] and sKO;Con vs.
sKO;TAZ [P = 0.2756]) and its transcripts (Pax/: wt vs. sKO;
Con [P = 0.2546] and sKO;Con vs. sKO;TAZ [P = 0.1255]) were
not altered upon TAZ transduction (Figure 2D). These results

suggest that TAZ stimulates Myf5 transcription during satel-
lite cell activation.

TAZ interacts with Pax7 to induce Myf5 expression

Next, we investigated whether TAZ physically interacts with
Pax7. His-tagged TAZ and FLAG-tagged Pax7 expression plas-
mids were transfected into 293T cells, and their interaction
was investigated. As shown in Figure 3A, physical interaction
between TAZ and Pax7 was observed. Furthermore, an inter-
action between FLAG-tagged TAZ and endogenous Pax7 was
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Figure 2 TAZ stimulates Myf5 transcription, but YAP does not. (A) Experimental timeline showing time points of tamoxifen injection, cardiotoxin (CTX)
injection and satellite cell isolation. (B) Left: TAZ, Pax7, Myf5 and o-tubulin levels were analysed by immunoblotting in wt and sKO satellite cells under
quiescent (Qui-) and activated (Act-) culture conditions. Quiescent and activated satellite cells were prepared as described previously. Right: the tran-
script levels of Taz, Pax7 and Myf5 were analysed by qRT-PCR in wt and sKO satellite cells under quiescent and activated culture conditions (n = 3). (C)
Left: YAP, Pax7, Myf5 and a-tubulin levels were analysed by immunoblotting in wt and YAP knockdown (KD) satellite cells under quiescent and acti-
vated culture conditions. Right: Yap, Pax7, Myf5, Ctgf and Cyr61 transcription was analysed by qRT-PCR in wt and YAP knockdown satellite cells under
quiescent and activated culture conditions (n = 3). (D) Left: TAZ, Pax7, Myf5 and f-actin levels were analysed by immunoblotting in wt, sKO and
TAZ-rescued sKO satellite cells. Right: Taz, Pax7 and Myf5 transcript levels were analysed by qRT-PCR in wt, sKO and TAZ-rescued sKO satellite cells

(n = 3). Data are presented as the mean + SD. *P < 0.05, “p<o00land

observed in FLAG-tagged TAZ-expressing C2C12 myoblasts
(Figure 3B). We also assessed the interaction between YAP
and Pax7. Interestingly, YAP did not interact with Pax7 in
YAP and Pax7-overexpressing 293T cells (Figure 3A). In addi-
tion, endogenous Pax7 did not interact with YAP in
YAP-overexpressing C2C12 myoblasts (Figure 3B). To deter-
mine the interaction between TAZ and Pax7, we investigated
the binding domains of the interacting proteins. FLAG-tagged
N-terminal- or C-terminal-deleted Pax7 expression plasmids
were transfected into 293T cells along with Myc-tagged TAZ
expression plasmid. Immunoprecipitation with FLAG antibod-
ies revealed that the N-terminal region of Pax7 (amino acids

P < 0.001 (Student’s t test).

35-215) was important for its interaction with TAZ (Figure
3C), whereas the WW domain of TAZ was important for its in-
teraction with Pax7 (Figure 3D). These results suggest that
TAZ, but not YAP, regulates Pax7-mediated gene transcription
and that there is a functional difference between TAZ and
YAP in satellite cell activation during muscle regeneration.
Pax7 induces Myf5 transcription during myogenic
differentiation.>® Thus, we investigated whether the interac-
tion between TAZ and Pax7 induces Myf5 transcription. Chro-
matin immunoprecipitation was performed to determine
whether TAZ occupies the Pax7-binding site of the Myf5 en-
hancer, located —57.5 kb from the transcription start site.>®
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Figure 3 TAZ induces Myf5 expression by interacting with Pax7. (A) HEK293T cells were transfected with His-tagged TAZ or His-tagged YAP and
FLAG-tagged Pax7 expression plasmids. After 24 h, cell lysates were immunoprecipitated using FLAG antibodies. The immunoprecipitates (IP:FLAG)
and whole-cell lysates (WCE) were analysed by immunoblotting. (B) Co-immunoprecipitation analysis between endogenous Pax7 and TAZ or YAP in
C2C12 cells expressing FLAG-tagged TAZ or YAP. Cell lysates were immunoprecipitated using FLAG antibodies. The immunoprecipitates and
whole-cell lysates were analysed by immunoblotting. (C) Myc-tagged TAZ plasmid and FLAG-tagged Pax7 deletion constructs were transfected into
HEK293T cells. After 24 h, cell lysates were immunoprecipitated using FLAG antibodies. The immunoprecipitates and whole-cell lysates were analysed
by immunoblotting. (D) FLAG-tagged Pax7 plasmid and His-tagged TAZ deletion construct were transfected into HEK293T cells. After 24 h, cell lysates
were immunoprecipitated using FLAG antibodies. The immunoprecipitates and whole-cell lysates were analysed by immunoblotting. (E) Chromatin im-
munoprecipitation was performed using control and FLAG-tagged TAZ-expressing C2C12 cells using anti-FLAG antibodies. Immunoprecipitated chroma-
tin fragments were analysed by PCR with a primer set spanning the —57.5kb Myf5 enhancer containing the Pax7-binding site. (F) Schematic image of
Myf5 luciferase reporter constructs containing the Pax7-binding consensus (Myf5-luc) or mutant (Myf5 mut-luc) site. HEK293T cells were transfected
with Myf5 luciferase vector, TAZ and Pax7 expression plasmids. After 24 h, luciferase activity was analysed and a Renilla luciferase plasmid was used to
normalize transfection. Data are presented as the mean + SD. *P < 0.05, “p<00land P < 0.001 (Student’s t test).

As shown in Figure 3E, TAZ was recruited to the Pax7-binding
site. To examine TAZ-mediated Myf5 transcription, the
TAZ-binding region of the Myf5 enhancer was isolated and
fused to a luciferase reporter gene (Figure 3F). When the re-
porter gene was co-transfected with TAZ and Pax7 expression
plasmids, significant reporter gene transcription was ob-

served (Pax7 [3.60-fold, P = 0.0007] and Pax7 + TAZ [6.26-
fold, P = 0.0014]) (Figure 3F). However, when the
Pax7-binding site was mutated, reporter gene transcription
decreased significantly (Pax7 [1.70-fold, P = 0.0292] and
Pax7 + TAZ [2.37-fold, P = 0.0048]) (Figure 3F), indicating that
TAZ promoted Pax7-mediated gene transcription. These re-
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sults show that TAZ interacts with Pax7, which induces Myf5
transcription, suggesting that TAZ, but not YAP, is specifically
involved in Pax7-mediated gene transcription and myogenic
differentiation.

TAZ activates mTOR signalling through
Rheb/Rhebl1

mMTORC1 activity is necessary for the transition of satellite
cells from Gg t0 Gajere phase.™® Activated stem cells show a
dramatic increase in cell size and mitochondrial activity com-
pared to quiescent stem cells.'® We recently reported that
TAZ stimulates mitochondrial biogenesis by activating mTOR

signalling through the induction of Rheb/Rhebl1.5° Indeed,
activated satellite cells showed increased levels of Rheb,
Rhebll, phospho-p70 S6K (p-p70 S6K) and phospho-4E-BP
(p-4E-BP) upon TAZ induction (Qui-wt vs. Act-wt: TAZ [3.70-
fold, P = 0.0016], Rheb [4.35-fold, P = 0.0012], Rhebl1 [3.86-
fold, P = 0.0002], p-p70 S6K [3.27-fold, P = 0.0088] and p-
4E-BP [4.51-fold, P = 0.0052]) (Figure 4A). However, this in-
crease was not observed in activated sKO satellite (Qui-sKO
vs. Act-skO: TAZ [1.97-fold, P = 0.0131], Rheb [2.01-fold,
P = 0.0128], Rhebl1 [1.99-fold, P = 0.0154], p-p70 S6K [1.56-
fold, P = 0.0605] and p-4E-BP [1.88-fold, P = 0.1158]) (Figure
4A). Taz, Rheb and Rhebl1 transcription was increased in ac-
tivated wt satellite cells, but not in sKO satellite cells (Taz:
wt [2.30-fold, P = 0.00017] vs. sKO [1.36-fold, P = 0.0157];
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Figure 4 TAZ activates satellite cells through mTOR signalling. (A) TAZ, Pax7, Myf5, Rheb, Rhebl1, phospho-p70 S6K, p70 S6K, phospho-4E-BP, 4E-BP
and a-tubulin levels were analysed by immunoblotting in wt and sKO satellite cells under quiescent (Qui-) and activated (Act-) culture conditions. (B)
Taz, Rheb and RheblI transcript levels were analysed by gRT-PCR in wt and sKO satellite cells under quiescent and activated culture conditions (n = 3).
(C) Mitochondrial DNA copy number was analysed by qRT-PCR using genomic DNA of wt and sKO satellite cells under quiescent and activated culture
conditions (n = 3). (D) Wt and sKO satellite cells under quiescent and activated culture conditions were immunostained with MitoTracker to analyse the
mitochondrial potential (left). The nuclei are stained with DAPI (blue). Scale bar, 10 pm. The fluorescence intensity of each cell was quantified using
Imagel software (right). (E) Representative bright-field microscopy images of wt and sKO satellite cells under quiescent and activated culture condi-
tions (left). The average satellite cell size was quantified using ImageJ software (right, n = 25). Data are presented as the mean + SD. *P < 0.05,

P <0.01land P < 0.001 (Student’s t test).
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Rheb: wt [1.99-fold, P = 0.00016] vs. skO [1.31-fold,
P = 0.1314]; and Rhebl1: wt [1.79-fold, P = 0.0003] vs. sKO
[1.24-fold, P = 0.1186]) (Figure 4B). In addition, wt satellite
cells showed increased mitochondrial DNA after activation
(1.85-fold, P = 0.00035), but sKO satellite cells did not show
a significant induction of mitochondrial DNA (1.29-fold,
P = 0.00027) (Figure 4C). Increased mitochondrial potential

0.89 +0.21 vs. 1.41 £ 0.27 um, P < 0.0001), but this increase
was not significant in sKO satellite cells (1.20-fold, 0.91 + 0.26
vs. 1.09 £ 0.32 um, P = 0.0152) (Figure 4E). These results sug-
gest that TAZ plays an important role in mTOR
signal-mediated satellite cell activation.

TAZ is asymmetrically activated by p38 MAPK

(2.39-fold, P = 0.0004) was observed in activated wt satellite
cells compared to sKO satellite cells, as evidenced by
MitoTracker staining (Figure 4D). Finally, wt satellite cells
showed increased cell size after activation (1.59-fold,

during satellite cell activation

Satellite cells are activated to produce myogenic cells from
committed cells and muscle stem cells from self-renewing
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Figure 5 Pard3 increases TAZ expression in committed cells during asymmetric division of satellite cells. (A) Single extensor digitorum longus (EDL)
myofibres were isolated from wt mice, and 48 h later, asymmetrically dividing satellite cells on the myofibre were immunostained for TAZ, Pard3
and Myf5. The nuclei are stained with DAPI (blue). Scale bar, 20 um. The fluorescence intensity of TAZ and Myf5 expression in asymmetrically dividing
satellite cells was quantified using ImagelJ software. (B) Satellite cells were transfected with Pard3-expressing plasmid. After 24 h, Pard3, TAZ, Myf5,
Pax7, Rheb, Rhebll, phospho-p70 S6K, p70 S6K, phospho-4E-BP, 4E-BP and a-tubulin levels were analysed by immunoblotting. (C)
Pard3-transfected satellite cells were treated with p38 MAPK inhibitor (SB203580, 10 uM) for 24 h, and the levels of Pard3, phospho-p38, p38,
TAZ, Myf5 and o-tubulin were analysed by immunoblotting. (D) Quiescent (Qui-) and activated (Act-) satellite cells were treated with SB203580
(10 pM) for 24 h, and the levels of phospho-p38, p38, TAZ, Myf5, Rhebll, phospho-4E-BP, 4E-BP and a-tubulin were analysed by immunoblotting.
(E) Quiescent and activated satellite cells were transfected with MKK6 expression plasmid to activate p38 MAPK signalling. After 24 h, the levels of
phospho-p38, p38, TAZ, Myf5, Rhebll, phospho-4E-BP, 4E-BP and a-tubulin were analysed by immunoblotting. Data are presented as the
mean £ SD. P < 0.001 (Student’s t test).
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cells through asymmetric division.?’ Therefore, we studied
the expression and activation of TAZ during asymmetric divi-
sion. As shown in Figure 5A, Pard3 levels were higher in com-
mitted cells than in self-renewing cells. Furthermore, TAZ and
Myf5 levels were increased in committed cells (TAZ [2.59-
fold, 1.00 + 0.45 vs. 2.59 + 0.80, P < 0.0001] and Myf5
[3.09-fold, 1.00 + 0.34 vs. 3.09 + 0.98, P < 0.0001]) (Figure
5A), suggesting that TAZ is induced in committed cells for
the production of myogenic cells. Next, we studied whether
forced Pard3 expression increased TAZ levels in satellite cells.
As shown in Figure 5B, TAZ levels (2.01-fold, P = 0.008) in-
creased in Pard3-overexpressing cells (2.90-fold, P = 0.004)
along with increased Myf5 levels (2.22-fold, P = 0.0008). In
addition, Pard3 induced the expression of Rheb (2.73-fold,
P < 0.0001), Rhebll (1.80-fold, P = 0.0037), p-p70 S6K
(1.82-fold, P = 0.0008) and p-4E-BP (2.20-fold, P = 0.0018), in-
dicating mTOR signal activation. These results suggest that
Pard3 drives the myogenic differentiation of committed cells
through TAZ activation during asymmetric division of muscle
satellite cells.

Asymmetric localization of the Par complex activates p38
/B MAPK in committed cells.”! To determine whether p38
MAPK stimulates TAZ, the p38 MAPK inhibitor, SB203580,
was used to treat Pard3-overexpressing satellite cells. As
shown in Figure 5C, overexpression of Pard3 (Pard3 + Con
[3.52-fold, P = 0.0049] and Pard3 + SB [3.87-fold,
P = 0.0066]) activated p38 MAPK (p-p38: Pard3 + Con [4.69-
fold, P = 0.0003]), as indicated by increased phosphorylation
of these proteins. However, p38 MAPK inhibitor-treated cells
(p-p38: Pard3 + Con vs. Pard3 + SB [0.38-fold, P = 0.0030])
showed decreased TAZ levels (Pard3 + Con vs. Pard3 + SB
[0.55-fold, P = 0.0060]) compared to control cells, suggesting
that Pard3 increases TAZ expression (2.89-fold, P = 0.0017)
through p38 MAPK activation. Next, to study whether Pard3
overexpression can promote Myf5 expression in
TAZ-deficient cells, we overexpressed Pard3 in wt and sKO
satellite cells to study Myf5 expression (Figure S2). TAZ
(Con:wt vs. Pard3:wt, 3.63-fold, P = 0.0003) and Myf5 expres-
sion (Con:wt vs. Pard3:wt, 3.65-fold, P = 0.0009) was in-
creased by Pard3 overexpression (Con:wt vs. Pard3:wt,
2.10-fold, P = 0.0016), but the increase was not seen in sKO
satellite cells (Pard3:wt vs. Pard3:sKO, Pard3 [1.04-fold,
P = 0.3332], TAZ [0.61-fold, P = 0.0029] and Myf5 [0.57-fold,
P = 0.0027]). Thus, the results show that Pard3 increases
Myf5 expression via TAZ.

Next, the effect of SB203580 was examined in quiescent
and activated satellite cells. As shown in Figure 5D,
SB203580 inhibited p38 MAPK activity (0.45-fold,
P =0.0011) and decreased TAZ levels (0.51-fold, P = 0.0135)
in activated satellite cells. In addition, SB203580 decreased
Myf5 (0.58-fold, P = 0.0085), Rhebl1 (0.57-fold, P = 0.0133)
and p-4E-BP levels (0.52-fold, P = 0.0121) (Figure 5D). In con-
trast, the expression of MAPK kinase 6 (MKK6), an upstream
kinase of p38 MAPK, stimulated p38 MAPK activity (2.01-fold,

P =0.0060) and increased TAZ levels (2.06-fold, P = 0.0001) in
activated satellite cells. Moreover, MKK6 expression in-
creased Myf5 (1.87-fold, P = 0.0059), Rhebll (2.10-fold,
P =0.0168) and p-4E-BP levels (2.01-fold, P = 0.0189) (Figure
5E). These results suggest that p38 MAPK stimulates TAZ in
Pard3-expressing, committed satellite cells.

TAZ stimulates both proliferation and
differentiation in muscle satellite cells

To regenerate muscle after muscle injury, activated satellite
cells proliferate and differentiate into myoblasts. The activity
of TAZ on satellite cell proliferation and differentiation was
investigated in vitro. To investigate the proliferation capacity,
the protein expression of cyclin D1, a regulator of the cell cy-
cle, was analysed in proliferating wt and sKO satellite cells. As
shown in Figure S3A, the expression of Myf5 (0.24-fold,
P = 0.0001) and cyclin D1 (0.25-fold, P = 0.0021) was de-
creased in sKO satellite cells compared to wt satellite cells.
Cell proliferation rate was also analysed by counting the num-
ber of cells. As shown in Figure S3B, the cell proliferation rate
(3 days: wt [2.64-fold, P < 0.0001] and sKO [1.74-fold,
P = 0.0001]) was reduced in sKO satellite cells. In addition,
the proliferation of wt and sKO satellite cells was analysed
by fluorescence staining for Ki67, a marker of cell prolifera-
tion. As shown in Figure S3C, the number of Ki67" cells de-
creased in sKO satellite cells. These results show that TAZ
plays an important role in the proliferation of satellite cells.

The differentiation of wt and skO satellite cells was also in-
vestigated by the analysing the expression of myogenic
marker genes. As shown in Figure S4A, the reduced expres-
sion of myogenic marker genes was observed in sKO satellite
cells compared to wt satellite cells (2 days [2D]: MyoD [0.48-
fold, P < 0.0001] and Myogenin [0.47-fold, P = 0.0032]). In
addition, as shown in Figure S4B, the area of MyHC" expres-
sion was reduced in sKO satellite cells. These results show
that TAZ plays an important role in the myogenic differentia-
tion of satellite cells. Taken together, the results suggest that
TAZ is an important factor in muscle regeneration.

TAZ stimulates satellite cell expansion and
increases muscle fibre diameter after exercise

It has been shown that exercise stimulates muscle satellite
cell activation and increases the satellite cell population. In-
deed, after 4 weeks of exercise training, we observed that ex-
ercise training increased muscle fibre diameter (1.33-fold,
43.21 £ 23.59 vs. 57.68 = 23.26 um, P = 0.0004) as indicated
by dystrophin staining (Figure 6A). Next, as shown in Figure
6B, exercise training increased the levels of Pax7 (1.52-fold,
P =0.0387) and Myf5 (3.86-fold, P = 0.0022) with an increase
in the levels of TAZ (1.76-fold, P = 0.0174) and cyclin D1 (2.44-
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Figure 6 Exercise increases the number of satellite cells and the diameter of myofibres. (A) Wt mice were subjected to endurance exercise training.
Gastrocnemius (GA) muscles were harvested from these mice, and tissue immunostaining was performed. H&E and dystrophin (green) immunofluo-
rescence staining of GA muscles from control and exercise-trained wt mice. Scale bar, 50 um. Muscle fibre diameters were quantified using ImagelJ
software. (B) TAZ, Pax7, Myf5, Cyclin D1, Rhebl1, phospho-p70 S6K, p70 S6K, phospho-4E-BP, 4E-BP and Vinculin levels in GA muscles of control
and exercise-trained wt mice were analysed by immunoblotting. (C) Taz, Pax7, Myf5 and Rhebl1 transcript levels were analysed by qRT-PCR in GA mus-
cles of control and exercise-trained wt mice (n = 6). (D) Immunofluorescence staining of Pax7 (red) in GA muscles of control and exercise-trained wt
mice. Nuclei are stained with DAPI (blue). Scale bar, 50 um. The number of Pax7-positive cells was quantified relative to the number of fibres. (E) Im-
munofluorescence staining of Pax7 (red) and TAZ (green) in GA muscles of control and exercise-trained wt mice. Scale bar, 50 pm. The ratio of the
number of TAZ-positive cells to the number of Pax7-positive cells was quantified. (F) Immunofluorescence staining of Pax7 (red) and Myf5 (cyan) in
GA muscles of control and exercise-trained wt mice. Scale bar, 50 pm. The ratio of the number of Myf5-positive cells to the number of
Pax7-positive cells was quantified. Data are presented as the mean + SEM. *P < 0.05, "“p<001and P < 0.001 (Student’s t test).

fold, P = 0.0116). In addition, increased mTOR activity was
observed in exercise-trained mice compared to control mice.
This was evidenced by increased Rhebll (2.22-fold,
P = 0.0009), p-p70 S6K (1.95-fold, P = 0.0019) and p-4E-BP
(2.06-fold, P = 0.0064) (Figure 6B). The transcription of Taz
(1.65-fold, P = 0.0424), Pax7 (1.49-fold, P = 0.0471), Myf5
(2.07-fold, P = 0.0354) and Rhebl? (1.68-fold, P = 0.0137)
was also increased in exercise-trained mice compared to con-
trol mice (Figure 6C). As expected, there was an increase in
the number of Pax7" cells/fibres after exercise (2.12-fold,
0.09 + 0.02 vs. 0.20 £ 0.03, P = 0.0002) (Figure 6D). The num-
ber of TAZ" (2.01-fold, 14.12 + 4.55 vs. 28.36 + 5.61,

P = 0.0038) and Myf5" (2.67-fold, 12.40 + 4.53 vs. 33.12 #
4.52, P = 0.0003) cells among the Pax7* cells was also in-
creased after exercise (Figure 6E,F).

To investigate the effect of TAZ on exercise-mediated sat-
ellite cell activation, wt and sKO mice were examined after
4 weeks of exercise training. Muscle fibre diameter was re-
duced in sKO mice (0.76-fold, 61.07 + 23.33 vs. 46.60 *
24.29 um, P = 0.0006) compared to wt mice as shown in
Figure 7A. Furthermore, skO mice showed decreased levels
of Pax7 (0.54-fold, P = 0.0136), Myf5 (0.63-fold, P = 0.0318)
and cyclin D1 (0.50-fold, P = 0.0104) (Figure 7B). Decreased
mTOR activity was also observed in sKO mice compared to
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Figure 7 TAZ depletion in vivo reduces the number of satellite cells and myofibre diameter after exercise. (A) Wt and sKO mice were subjected to
endurance exercise training. The GA muscles were harvested from these mice, and tissue immunostaining was performed. H&E and dystrophin (green)
immunofluorescence staining of GA muscles from exercise-trained wt and sKO mice. Scale bar, 50 pm. Muscle fibre diameters were quantified using
Imagel) software. (B) TAZ, Pax7, Myf5, Cyclin D1, Rhebl1, phospho-p70 S6K, p70 S6K, phospho-4E-BP, 4E-BP and Vinculin levels in GA muscles of
exercise-trained wt and sKO mice were analysed by immunoblotting. (C) Taz, Pax7, Myf5 and Rhebl1 transcript levels were analysed by qRT-PCR in
GA muscles of exercise-trained wt and sKO mice (n = 5). (D) Immunofluorescence staining of Pax7 (red) in GA muscles of exercise-trained wt and
sKO mice. Nuclei are stained with DAPI (blue). Scale bar, 50 um. The number of Pax7-positive cells was quantified relative to the number of fibres.
(E) Immunofluorescence staining of Pax7 (red) and Myf5 (cyan) in GA muscles of exercise-trained wt and sKO mice. Scale bar, 50 pm. The ratio of
the number of Myf5-positive cells to the number of Pax7-positive cells was quantified. Data are presented as the mean + SEM. *P < 0.05,

P <0.01and P < 0.001 (Student’s t test).

wt mice as evidenced by decreased Rhebll (0.60-fold,
P = 0.0099), p-p70 S6K (0.62-fold, P = 0.0062) and p-4E-BP
(0.48-fold, P = 0.0002) (Figure 7B). The transcription of Taz
(0.34-fold, P = 0.0001), Pax7 (0.54-fold, P = 0.0472), Myf5
(0.60-fold, P = 0.0309) and Rhebl1 (0.64-fold, P = 0.0269)
was also decreased in sKO mice compared to wt mice (Figure
7C). The number of Pax7" cells/fibres (0.61-fold, 0.20 + 0.03
vs. 0.12 + 0.02, P = 0.0013) and Myf5*/Pax7" cells (0.51-fold,
27.11 + 4.24 vs. 13.73 £ 4.50, P = 0.0025) was decreased in
sKO mice compared to wt mice (Figure 7D,E). In conclusion,
our study showed that TAZ stimulates muscle satellite cell ac-
tivation and increases the number of satellite cells after
exercise.

Discussion

Muscle satellite cells exit quiescence upon muscle injury and
are activated to repair the muscle tissue. In this study, we
showed that TAZ induced satellite cell activation for muscle
regeneration after muscle injury and exercise (Figure &). TAZ
interacted with Pax7 and stimulated Myf5 expression to ac-
tivate satellite cells, resulting in their myogenic differentia-
tion. The physiological importance of TAZ in satellite cells
was demonstrated in the muscles of sKO mice. TAZ deple-
tion in Pax7" satellite cells impaired satellite cell activation
and muscle regeneration in sKO mice. TAZ and YAP are
Hippo effectors that exhibit redundant biological functions,
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Figure 8 Proposed model. Quiescent satellite cells were activated by ex-
ercise or muscle injury. TAZ expression was upregulated in activated sat-
ellite cells, and the increased TAZ translocated to the nucleus and
interacted with Pax7 and TEAD transcription factors. Myf5 transcription,
which promotes the commitment of satellite cells to myogenic differenti-
ation, was induced by Pax7 and TAZ interaction, and Rheb/Rhebl1 tran-
scription, which stimulates cell cycle progression by promoting mTOR
signalling activation, was induced by TEAD and TAZ interaction. As a re-
sult, TAZ stimulates satellite cell expansion and promotes skeletal muscle
repair.

including cell proliferation. Notably, we observed discrete
functions of these proteins in satellite cell activation. YAP
did not interact with Pax7 to induce Myf5 expression during
satellite cell activation. These results suggest that TAZ and
YAP have discrete roles in muscle regeneration due to pref-
erential binding with transcription factors, including Pax7,
and induction of their target genes. This result is in accor-
dance with a previous study, which reported that in myo-
genic cells, TAZ and YAP promote the proliferation of myo-
genic cells, but TAZ, but not YAP, enhances myogenic
differentiation.> Sun et al. have shown that both YAP and
TAZ stimulate satellite cell-derived myoblast proliferation
and that TAZ, not YAP, promotes satellite cell myogenesis.>**
Sun et al. observed that active TAZ mutant (TAZS89A) stim-
ulates myogenesis with induction of Myf5 and that the Myf5
induction was observed by TAZS89A, but not by active YAP
mutant (YAPS127A).5! Silver et al. have also shown that de-
pletion of YAP/TAZ reduces cell proliferation in C2C12 and
that the effect is partially dominated by TAZ.5*? Similar to
their observation, we observed that satellite cell-specific
TAZ KO mice show decreased satellite cell number and pro-
liferation index (Figures ID and S3). In addition, sKO mice
show reduced regeneration activity (Figure I1E,F). Our study
provides evidence for TAZ-induced myogenic differentiation
during muscle regeneration.

mTORC1 activity is necessary for the transition of satellite
cells from Gy to Gper: phase.’® Adult muscle stem

cell-specific mTORC1 deletion after injury significantly im-
paired muscle regeneration.'® Similarly, muscle satellite
cell-specific deletion of p110a, a catalytic subunit of phos-
phatidylinositol 3-kinase (PI3K), impaired the exit of satellite
cell quiescence. This defect was partially rescued by genetic
reactivation of mTORC1.5*2 In addition, rapamycin, an mTOR
inhibitor, limits age-related stem cell loss*® and restores the
regenerative function of geriatric satellite cells.*’ In accor-
dance with previous reports, we observed that TAZ in-
creased mitochondrial potential by stimulating mTOR activ-
ity in satellite cells (Figure 4). Recently, we reported that
TAZ stimulates mitochondrial biogenesis in muscles through
the activation of Rheb/Rhebl1-mTOR signalling axis.>*° In-
deed, TAZ depletion decreased mitochondrial potential and
MTOR activity in satellite cells. These results suggest that
the TAZ-mTOR signalling axis plays a critical role in satellite
cell activation.

During muscle regeneration, the asymmetric division of
satellite cells involves renewing satellite cells and committed
cells into myocytes.?®>** During cell division, the polarity pro-
tein Pard3 is localized in committed cells attached to
myofibres and activates p38 MAPK.?* The protein p38 o/p
MAPK then functions as a molecular switch to activate quies-
cent satellite cells.>*® In satellite cell-specific p38a knockout
mice, p38a restricts excess proliferation and promotes myo-
genic differentiation during the post-natal growth phase.>*®
Indeed, the p38 MAPK signalling pathway regulates muscle
stem cell fate decisions by inducing the expression of myo-
genic genes.>”%9 |n our study, TAZ was induced in commit-
ted cells, which was assessed by the activities of the polarity
proteins, Pard3 and p38 MAPK (Figure 5). Thus, our study
suggests that TAZ is a downstream effector of the p38 MAPK
pathway and is activated in committed cells, thereby stimu-
lating the transcription of myogenic marker genes for myo-
genic differentiation. In accordance with our study, another
study showed Pard3-mediated TAZ stabilization in polarized
epithelial cells.>°

Endurance exercise training can improve muscle regenera-
tion in old mice.3**2! Restoration of cyclin D1 is important
for the rejuvenation of quiescent old satellite cells.*® In our
study, exercise increased TAZ level with cyclin D1 induction
(Figure 6). This was impaired in sKO mice (Figure 7). These re-
sults suggest that TAZ may play an important role in the reju-
venation of quiescent satellite cells in old mice and may be an
important target protein for the drug development in
sarcopenia.

In conclusion, our study showed that TAZ stimulates satel-
lite cell activation for muscle regeneration and that
exercise-mediated TAZ induction facilitates muscle adapta-
tion to exercise. This study suggests that activation of TAZ
in satellite cells may ameliorate the ageing phenotype of
muscle including reduced satellite cell number and its myo-
genic potential.
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