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Abstract

Background Skeletal muscle regeneration is an adaptive response to injury that is crucial to the maintenance of muscle
mass and function. A p21-activated kinase 4 (PAK4) serine/threonine kinase is critical to the regulation of cytoskeletal
changes, cell proliferation, and growth. However, PAK4’s role in myoblast differentiation and regenerative myogenesis
remains to be determined.

Methods We used a mouse model of myotoxin (notexin)-induced muscle regeneration. In vitro myogenesis was per-
formed in the C2C12 myoblast cell line, primary myoblasts, and primary satellite cells. In vivo overexpression of
PAK4 or kinase-inactive mutant PAK454#A was conducted in skeletal muscle to examine PAK4’s kinase-dependent effect
on muscle regeneration. The regeneration process was evaluated by determining the number and size of multinucle-
ated myofibres and expression patterns of myogenin and eMyHC. To explore whether PAK4 inhibition improves muscle
regeneration, mice were injected intramuscularly with siRNA that targeted PAK4 or orally administered with a chemical
inhibitor of PAK4.

Results p2l-activated kinase 4 was highly expressed during the myoblast stage, but expression gradually and
substantially decreased as myoblasts differentiated into myotubes. PAK4 overexpression, but not kinase-inactive mutant
PAK45%7** overexpression, significantly impeded myoblast fusion and MyHC-positive myotube formation in C2C12
cells, primary myoblasts, and satellite cells (P < 0.01). Conversely, PAK4 silencing led to an 8.7% and a 20.3% increase
in the number of multinucleated larger myotubes in C2C12 cells and primary myoblasts. Further, in vivo overexpression
of PAK4 by adenovirus injection to mice prior to and after myotoxin-induced injury led to a 52.6% decrease in the
number of eMyHC-positive myofibres on Day 5 in tibialis anterior muscles as compared with those injected with control
adenoviruses (P < 0.01), while Ad-PAK45*** showed comparable muscle regeneration parameters. PAK4-induced
repression of muscle regeneration coincided with an increase in phosphatase and tensin homologue (PTEN) expression
and a decrease in phosphoinositide 3-kinase-Akt signalling. In contrast, PAK4 silencing reduced PTEN expression in
mice. Consistent with these findings, prodrug of PAK4 inhibitor CZh-226 (30 mg/kg) orally administered to mice re-
pressed PTEN expression and accelerated myotube formation. Subsequent mechanistic studies revealed that PAK4
directly phosphorylates PPARy at S273 to increase its transcription activity, thereby up-regulating PTEN expression. Im-
portantly, an analysis of the Genotype-Tissue Expression database showed a positive correlation between PAK4 and
PTEN in human skeletal muscle tissues (P < 0.01).

Conclusions pl-activated kinase 4 is a new member of PPARy kinase, and PAK4 inhibition may have a therapeutic role
as an accelerant of muscle regeneration.
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Introduction

Skeletal muscle is the most abundant tissue in the human
body, accounting for about 40% of total body mass. Adult
skeletal muscle displays a remarkable regenerative capability,
which is crucial to the maintenance of homeostasis." Muscle
regeneration is an adaptive response to traumatic injury and
disease, and deregulation of this process may aggravate
pathological situations, including muscular dystrophy and
sarcopenia.? Regenerative myogenesis is a highly coordinated
process that encompasses progenitor cell activation, prolifer-
ation, differentiation, and fusion.® These sequential events
are dynamic, and a disturbance in any of these steps leads
to regenerative failure. Despite the importance of this
process, the underlying molecular mechanisms for skeletal
myogenesis are still largely unknown.

Myogenesis must be tightly regulated at different levels by
a variety of extracellular and intracellular signalling pathways.
The phosphoinositide 3-kinase (PI13K)—Akt pathway is consid-
ered a key mediator in the regulation of diverse cellular pro-
cesses, including cell proliferation, the cell cycle, cell
differentiation, and cell death,* which suggests a relationship
to skeletal muscle regeneration. Specifically, the PI3K—Akt—
mTOR pathway is considered indispensable to the regulation
of various stages of regenerative myogenesis.””’ Phosphatase
and tensin homologue (PTEN) is a lipid phosphatase that con-
verts Ptdins(3,4,5)P; to Ptdins(4,5)P,, thereby opposing the
action of PI3K. Accordingly, deletion of PTEN activates the
Akt—-mTOR signalling pathway, which accelerates myoblast
proliferation and differentiation.®

p21-activated kinase 4 (PAK4) is a member of the PAK fam-
ily, which includes serine/threonine kinases. Based on se-
qguence similarities and functional characteristics, PAK4
classified as a Group Il PAK (PAK4, PAKS, and PAK6), which
are distinct from Group | PAKs (PAK1, PAK2, and PAK3).°
PAK family members have isotype-specific functions through
the phosphorylation of their own targets. These functions in-
clude the regulation of cellular processes such as cytoskele-
ton remodelling, cell cycle progression, cell polarity, and cell
death®; it must be said, however, that this list is not compre-
hensive, as PAK4’s biological role has mostly been studied in
of the context of cancer biology. PAK4 expression is
up-regulated in patients with various types of tumours, and
its overexpression may contribute to cancer development
and progression.’®*2 Despite the known close relationship
between PAK4 and cell fate, the possibility of a role for
PAK4 in myogenic differentiation and muscle regeneration
has never been explored.

In this paper, we used genetic and pharmacological
approaches to show for the first time that PAK4 is a negative
regulator of skeletal muscle regeneration. Mechanistically,
PAK4 directly phosphorylated peroxisome proliferator-
activated receptor (PPAR)-y, which leads to the PTEN induc-
tion that is responsible for the inhibition of the PI3K—Akt
pathway. Notably, we observed positive correlations between
PAK4 and its downstream targets, PPARy and PTEN in human
skeletal muscle tissues. Our findings provide a proof of con-
cept that the inhibition of PAK4 expression and/or activity
may offer therapeutic benefits as an accelerant for muscle
regeneration.

Materials and methods
Animal studies

Six- to eight-week-old male C57BL/6J mice were purchased
from Orient Bio (Seoul, Korea). The mice had free access to
food and water and were maintained in a room with con-
trolled humidity (50%) and temperature (22°C) on a 12 h
light/dark cycle. To induce experimental muscle injury,
50 plL of notexin (NTX, 4 pug/mL in saline, Latoxan, Valence,
France) was injected into their tibialis anterior (TA) muscles.
Wild-type (Ad-PAK4) and dominant negative mutant PAK4
(Ad-PAKA>*"**) adenoviruses were prepared as described
previously.** For siRNA knockdown in mice, PAK4 siRNAs
were preincubated with Lipofectamine RNAIMAX (Invitrogen,
Carlsbad, CA, USA). Mice were injected in their TA muscles
with adenoviruses (2 x 10° pfu) or siRNA (600 pmol) targeting
PAK4 on Days —2, 2, 6, and 10 after NTX. To pharmacologi-
cally inhibit PAK4 in mice, prodrug of PAK4 inhibitor
Czh-226 (30 mg/kg)*® dissolved in 5% DMSO + 5% Tween
80 + 90% PBS was administered orally once daily for 15 days
in NTX model. Mice were sacrificed, and TA muscles were
harvested for biochemical and histological analyses.

Histology

Tibialis anterior muscle tissues were immediately placed
in 30% sucrose solution and embedded with liquid
nitrogen-cooled isopentane. For immunofluorescence stain-
ing of the regenerating myofibres, frozen sections (10 um)
were incubated overnight at 4°C with primary antibodies
against laminin (Sigma-Aldrich, St. Louis, MO, USA), eMyHC
(DSHB, lowa City, IA, USA), myogenin (Santa Cruz Biotechnol-
ogy, Dallas, TX, USA), and desmin (Abcam, Cambridge, UK).
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After washing with PBS, secondary antibodies (Alexa Fluor
488-conjugated goat anti-rabbit I1gG1l and Alexa Fluor
594-conjugated goat anti-mouse IgM, Thermo Fisher Scien-
tific, Waltham, MA, USA) were incubated for 1 h at 37°C.
Sections were counterstained with DAPI, and the mean
cross-sectional area (CSA) of each of the fibres was deter-
mined in five fields from each animal using iSolution DT 36
software (Carl Zeiss, Oberkochen, Germany). To determine
the number of myonuclei, the number of DAPI-positive nuclei
within the lamina-positive sarcolemma was counted. For im-
munohistochemical staining of the Ki67, frozen sections
(10 um) were incubated overnight at 4°C with primary anti-
body against Ki67 (Novus Biologicals, Centennial, CO, USA).

Chromatin immunoprecipitation

C2C12 cells were lysed and cross-linked by incubating cells in
1% formaldehyde for 15 min at room temperature.
Cross-linking was stopped by 5 min of incubation with
125 mM glycine. Chromatin immunoprecipitation (ChIP) as-
say was performed using ChIP Enzymatic Chromatin IP Kits
(Cell Signaling Technology, Beverly, MA, USA). Chromatins
were immunoprecipitated overnight at 4°C with antibodies
to PPARy and non-specific IgG (Cell Signaling Technology).
Data were normalized to input. All primer sequences are
listed in Supporting Information, Table S1.

In vitro kinase assay

Recombinant human PPARy (0.5 pg, RP-75683, Invitrogen)
were incubated with active PAK4 (ab96405, Abcam) in assay
buffer (50 mM Tris—HCl at pH 7.6, 10 mM MgCl,, 2 mM
DTT, and 0.1 mM EDTA) containing 5 uCi of [y->?P]ATP and
50 uM cold ATP at 30°C for 30 min. Reaction mixtures were
then subjected to SDS-PAGE, and 3?P-labelled proteins were
detected by autoradiography. For Coomassie blue staining,
gel was stained in Coomassie protein stain buffer
(ab119211, Abcam) for 1 h.

Site-directed mutagenesis

Phosphorylation mutant of PPARy was generated using a
site-directed mutagenesis kit (GeneAll, Seoul, Korea) by
converting serine residue (S273) to alanine (codon change
from TCA to GCA). Mutations were confirmed by DNA se-
quencing performed at Bioneer (Daejeon, Korea).

Statistical analysis

Data are expressed as the mean + standard deviation. Statis-
tical comparisons were made using one-way analysis of

variance followed by Fisher’s post hoc analysis. The signifi-
cance of differences between groups was determined using
Student’s unpaired t-test. A P value less than 0.05 was
considered significant.

Additional methods

Additional details concerning our methods are provided in
the Methods section in the Supporting Information.

Results

p21-activated kinase 4 is down-regulated during
myoblast differentiation

To test the hypothesis that PAK4 expression may be impli-
cated in skeletal muscle regeneration, we first examined
PAK4 protein levels in C2C12 cells during myoblast differenti-
ation. PAK4 was highly expressed during the myoblast stage,
but levels gradually and substantially decreased as myoblasts
differentiated into myotubes (Figure S1A). The characteristic
expression kinetics of the myogenic markers [an early induc-
tion of myogenin (Myog) and a subsequent increase of
MyHC] were in sharp contrast with those of PAK4. gPCR anal-
yses of PAK4 and MyHC mRNA showed the consistent
patterns (Figure S1B). Similar findings were observed in
primary myoblasts obtained from the hindlimb muscles of
mice (Figure S1C and S1D). Reciprocal PAK4 and MyHC
expression patterns in myoblasts and myotubes were further
confirmed by immunofluorescence imaging analysis (Figure
S1E and S1F), confirming the inverse relationship between
PAK4 and myogenesis.

p21-activated kinase 4 inhibits myogenic
differentiation

We next investigated whether overexpressing PAK4 changed
myogenic ability and, if so, whether its kinase activity was
necessary to this process. C2C12 myoblasts were infected
with Ad-LacZ, wild-type (Ad-PAK4), or kinase-dead mutant
of PAK4 (Ad-PAK4>*"*4) prior to differentiation. Forced PAK4
expression significantly impeded myoblast fusion and
MyHC-positive myotube formation compared with the Ad-
LacZ-infected cells (Figure 1A). Western blotting and gPCR
analyses of molecular markers verified impaired myogenesis
in PAK4-overexpressing cells (Figure 1B and 1C). PAK4’s neg-
ative effects on myogenic differentiation were further con-
firmed in primary myoblasts (Figure 1D-1F). Infecting cells
with Ad-PAK4>*** however, resulted in no changes to myo-
blast differentiation and fusion relative to the Ad-LacZ group,
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Figure 1 Suppression of myogenesis in PAK4-overexpressing C2C12 cells and primary myoblasts. C2C12 myoblasts (A—C) and primary myoblasts (D—F)
were infected with adenoviruses expressing -galactosidase (LacZ), wild-type PAK4, or a PAK4 kinase-inactive S474A mutant and differentiated for
5 days. (A, D) Cells were immunostained with anti-MyHC antibody. Myogenic conversion was scored by quantifying the fusion index and myotube di-
ameter. (B, E) Protein levels of myogenic markers and (C, F) mRNA levels of myosin heavy chains and myogenin were determined by western blotting

and gPCR, respectively. Values are mean + SD. P <0.05and P < 0.01vs.

suggesting that PAK4’s kinase function is essential to the
action.

Having confirmed the negative role of PAK4 in myogenic
differentiation, we next examined whether PAK4 silencing
would have the opposite effect. An increase in the number
of multinuclear cells with larger myotubes was observed in
PAK4-silenced C2C12 cells (Figure S2A). The gradual increases
in protein and mRNA levels of Myog and MyHC were acceler-
ated by PAK4 silencing during differentiation (Figure S2B and
S2C). Associated changes to cell morphology and myogenic
marker expression were also found in PAK4-silenced primary
myoblasts (Figure S2D-S2F).

Some recent reports have suggested that Group | PAKs, in-
cluding PAK1 and PAK2, may induce muscular differentiation
that protects against freeze injuries and cancer-associated
muscle atrophy.***> We therefore questioned whether
PAK4 silencing instigated any compensatory changes in
PAK1 and PAK2. Our tests revealed no difference in the levels
of these proteins in the PAK4-silenced C2C12 cells
(Figure S2B), indicating PAK4’s bona fide inhibitory effect on
muscle cell differentiation.

Satellite cell (SC) differentiation from a muscle stem cell
into a skeletal myocyte is an initial step that eventually leads
to myotube formation and muscle regeneration.*® Thus, we
further determined the inhibitory effect of PAK4 on
myogenesis in SCs. Consistent with the results in the myo-
blasts, PAK4 was highly expressed in proliferating PAX7-
positive SCs, but markedly decreased in differentiating cells,

Ad-Lacz; *P < 0.05 and *P < 0.01 vs. Ad-PAKA4.

as shown by western blotting and immunostaining (Figure
2A-2C). Moreover, infection of SCs with Ad-PAK4, but not
Ad-PAK4>**A  distinctly reduced the expression of myogenic
markers (Figure 2D and 2E). In sum, our results support
the conclusion that PAK4 acts as a negative regulator of
myogenesis.

p21-activated kinase 4 overexpression delays while
p21-activated kinase 4 silencing accelerates
skeletal muscle regeneration

The surprising finding of increased muscle cell differentiation
by PAK4 silencing in vitro prompted us to explore the role of
PAK4 in skeletal muscle regeneration in vivo. To induce
skeletal muscle injury, mice were injected with NTX as
depicted in Figure 3A, which is a well-established model for
studying skeletal muscle regenerative response. When we ex-
amined PAK4 expression levels in the damaged muscles,
PAK4 had significantly increased between Day 1 (24 h after
NTX exposure) and Day 3, but had then disappeared during
the regenerative period, consistent with the reciprocal
patterns with MyoG and eMyHC (Figure 3B).

Forced expression of PAK4 by Ad-PAK4 injection led to an
appreciable decrease in the number of eMyHC-positive
myofibres in post-injury TA muscles (Figure 3C). Consistently,
the proportion of Myog-positive or desmin-positive
myofibres and protein levels of eMyHC and Myog were
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Figure 2 Suppression of myogenesis in PAK4-overexpressing satellite cells (SCs). (A—C) Immunofluorescence staining and western blotting analysis for
PAK4 in SCs cultured in growth medium for different time periods (from Gg to G,) followed by 4 day culture in differentiation medium (D4). (D, E) SCs
were infected with PAK4 and mutant PAK4 adenoviruses and cultured in growth medium (GM) for 6 h and in differentiation medium (DM) for another
4 days. Protein levels of myogenic markers (MyHC and Myog) and myotube formation were determined. Values are mean * SD. "P<0.01vs. Ad-Lacz;
"p < 0.01 vs. Ad-PAK4.
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Figure 3 Impairment of skeletal muscle regeneration in PAK4-overexpressing mice. (A) The tibialis anterior (TA) muscles of C57BL/6 mice were
injected with Ad-LacZ, Ad-PAK4, or Ad-PAK4**"* and then injured by intramuscular injection of NTX. (B) Time course analysis of PAK4 and myogenic
markers after NTX injection by western blotting. (C) Immunofluorescence analysis of eMyHC-positive fibres in TA muscles. (D) Immunofluorescence
staining of Myog-positive or desmin-positive myofibres at Day 5. Arrowheads indicate MyoG-positive myofibres. (E) Western blot analysis of Myog
and eMyHC in injured TA muscles of control and PAK4-overexpressing mice at 3 or 5 days after injury (n = 3). (F) H&E and immunofluorescence anal-
yses of sections. Average cross-sectional area (CSA) of regenerating myofibres and the percentage of myofibres containing two or more centrally lo-
cated nuclei per field were determined from immunofluorescence sections. Values are mean + SD. p < 0.05and “p < 0.01 vs. Ad-Lacz; #p < 0.05 and
#p < 0.01 vs. AdPAKA4.
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significantly down-regulated in PAK4-overexpressed mice
(Figure 3D and 3E). Ad-PAK4>*"*A.injected mice, however,
showed comparable muscle regeneration parameters to
those injected with Ad-LacZ. In addition, PAK4 overexpression
increased Ki67-positive myofibres during the transition pe-
riod to differentiation (Figure S3), suggesting that PAK4 acted
as a switch to induce regeneration that balanced proliferation
and differentiation. To monitor the time course of muscle re-
generation, cryosections at 5, 7, and 14 days after injury were
stained with H&E and the distribution of myofibre CSA was
compared. H&E and immunofluorescence analyses further
supported these findings: overexpression of PAK4, but not
mutant PAK4, shifted the regenerating myofibres towards
smaller diameters and decreased the proportion of multinu-
cleated myofibres (Figure 3F).

To strengthen the effect of PAK4 modulation in vivo on
muscle regeneration, we also introduced local silencing of
PAK4 in muscle tissues. The siRNA against PAK4 was repeat-
edly injected into TA muscles before and after the NTX injec-
tion according to the protocol shown in Figure 3A, and levels
of PAK4 were significantly reduced (Figure 4A). Immunofluo-
rescence observations of TA muscle sections in control mice
showed an increase in the number of regenerating myofibres,
which were identifiable by the presence of eMyHC-positive
myofibres at 5 days after injury (Figure 4B). Importantly, the

siCtrl siPAK4

>
N ;
£ :

D3 B

I siCtrl
I8 siPAK4
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#
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D3 D5

regenerative response was started earlier in PAK4 silenced
mice, as revealed by the presence of regenerating myofibres
at 3 days after injury (Figure 4B). In addition, PAK4 silencing
resulted in a significant shift towards regenerating myofibres
of larger diameters, and increased the number of myofibres
that contained two or more nuclei (Figure 4C), suggesting
that muscle fibre differentiation was enhanced by the
PAK4 signalling blockade. Consistently, protein levels of
myogenic markers and the proportion of Myog-positive or
desmin-positive myofibres were significantly higher in
PAK4-silenced mice than control mice on Day 5 after injury
(Figure 4D and 4E). Collectively, our results clearly establish
that PAK4 suppresses skeletal muscle regeneration by
inhibiting myogenic differentiation.

p21-activated kinase 4 suppresses the
phosphoinositide 3-kinase-Akt pathway via
phosphatase and tensin homologue induction in
myocytes and skeletal muscle

We next investigated the molecular mechanisms involved in
the PAK4-mediated repression of muscle regeneration. PI3K-
Akt and their downstream effectors are a key intracellular
pathway implicated in the act of skeletal muscle regeneration
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Figure 4 Acceleration of skeletal muscle regeneration in PAK4-silenced mice. The tibialis anterior (TA) muscles of C57BL/6 mice were injected with
scrambled siRNA (siCtrl) or siRNA against PAK4 (siPAK4) and then injured by intramuscular injection of NTX as shown in Figure 3A. (A) Western blotting
analysis for PAK4 in PAK4 silenced muscles. (B) Immunofluorescence analysis of eMyHC-positive fibres in TA muscles. (C) H&E and immunofluorescence
analyses of sections. Average cross-sectional area (CSA) of regenerating myofibres and the percentage of myofibres containing two or more centrally
located nuclei per field were determined from immunofluorescence sections. (D) Time course analysis of myogenic markers by western blotting. (E)
Immunofluorescence staining of Myog-positive or desmin-positive myofibres at Day 5. Arrowheads indicate MyoG-positive myofibres. Values are

mean + SD. P < 0.01 vs. DO; **P < 0.01 vs. siCtrl.
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triggered by acute muscle injury.*® Several other signalling
pathways (e.g. Wnt/B-catenin, STAT3, p38 MAPK, and
NFATc1) have been also reported as regulating muscle regen-
eration myogenesis.'”?° We therefore examined whether
PAK4 regulated these pathways and found that while PAK4
overexpression almost entirely suppressed both PI3K and
Akt phosphorylation in C2C12 myotubes (Figure 5A), other
signalling pathways remained unchanged (Figure S4). As a re-
sult, the phosphorylation of downstream targets of Akt
(mTOR, p70S6K, and FoxO1) was repressed by PAK4 overex-
pression (Figure 5A). Conversely, PAK4 silencing in the cells
had the opposite effect (Figure 5B). PAKA4’s inhibitory effect
on PI3K—Akt signalling was also validated in the TA muscle of
NTX-treated mice (Figure 5C and 5D).

As PTEN, a PIP3 phosphatase, is a natural PI3K inhibitor, we
further examined whether PTEN expression was altered by
overexpression or silencing of PAK4, and therefore, if PTEN
was implicated in the regulation of PI3K-Akt signalling. PTEN
protein and mRNA levels were substantially increased by
PAK4 overexpression in the C2C12 cells and TA muscles of
NTX-treated mice (Figure 5A, 5C, and 5E). Conversely, PAK4
silencing reduced PTEN expression in those conditions (Figure

5B and 5D). Notably, mutant PAK4 had no effect on PTEN in-
duction and the consequent inhibition of PI3K-Akt signalling,
which strongly suggests that PAK4’s kinase activity is a neces-
sary prerequisite for these processes. We next sought to de-
termine whether PTEN up-regulation by PAK4 correlated with
the inhibition of Akt signalling and myogenesis and deter-
mined that PAK4’s ability to inhibit the PI3K-Akt pathway
and the process of myogenic differentiation was completely
eliminated by PTEN silencing (Figure 5F and 5G). These
results indicate that PAK4 inhibits the PI3K-Akt pathway
through the induction of PTEN and is responsible for the
inhibition of myogenesis.

p21-activated kinase 4 phosphorylates and
activates peroxisome proliferator-activated
receptor Y to induce phosphatase and tensin
homologue

Because PAK4’s up-regulation of PTEN occurred at transcrip-
tional level (Figure 5E), we utilized bioinformatic approaches
to identify PTEN’s potential transcriptional regulators. Among
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Figure 5 Suppression of PI3K-Akt pathway by PAK4. (A, B) Pak4 gene was either overexpressed or silenced in C2C12 cells as indicated, and PI3K-Akt
signalling pathway on Day 5 was analysed by western blotting. (C, D) The tibialis anterior (TA) muscle was injected with either PAK4 adenovirus or PAK4
siRNA and PI3K-Akt signalling pathway on 7 days after NTX injection was analysed by western blotting. (E) mRNA levels of Pten were determined in
PAK4-overexpressing C2C12 cells and TA muscles. (F, G) C2C12 myoblasts were transfected with siCtrl or siPTEN, and PI3K-Akt signalling and myotube
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the putative transcription factors that bind to PTEN's
proximal promoter region that were predicted by the
evolutionary conserved region browser, PPARy was identified
as a candidate possibly associated with PAK4 by analysis
of the Genotype-Tissue Expression (GTEx) database®!;
RNA-sequencing data of 564 human skeletal muscle tissues
showed positive correlations between PAK4 and PPARG,
PAK4 and PTEN, and PPARG and PTEN (Figure 6A). Our next
step was therefore to determine whether PAK4 affected
PPARY’s transcriptional activity. Forced PPARy expression
stimulated the activity of the PPRE luciferase, an effect that
was further increased by PAK4 overexpression (Figure 6B).
In addition, PAK4 overexpression alone elevated human PTEN
promoter activity and further enhanced PPARY’s effect on
PTEN transactivation (Figure 6C). ChlP assay verified PPARY’s
binding to the putative PPRE region of the Pten promoter in
the C2C12 cells, which was facilitated by PAK4 overexpression
(Figure 6D). The kinase-dead mutation removed PAK4's abil-
ity to increase Pten promoter activity and PPARy enrichment
in the Pten promoter (Figure 6B—6D). Further, we evaluated
the impact of PAK4 and PPARy in PTEN regulation. Our results

indicated that PPARy silencing completely repressed both
basal and PAK4-induced PTEN expression (Figure 6E),
confirming the role of PPARy as a transcriptional activator
of PTEN expression downstream of PAK4. PAK4's inhibitory
effect on PI3K-Akt signalling and myogenic differentiation
was also stymied by PPARYy silencing (Figure 6E and 6F).
Having learned that PAK4’s kinase activity is essential for
myogenic processes and for PTEN regulation, we wondered
whether PAK4 affects PPARy transcriptional activity through
its phosphorylation. Recombinant protein of PAK4 directly
phosphorylated PPARY as shown by the result of cell-free ki-
nase assay (Figure 7A). Consistently, co-immunoprecipitation
experiments revealed that PAK4 physically binds to PPARy
(Figure 7B). Out of two known PPARY phosphorylation sites
(i.e. S112 and $273),%>*3 only $273 residue was phosphory-
lated by PAK4 (Figure 7B). We further determined the effect
of PAK4’s phosphorylation status and kinase activity on the
binding and phosphorylation of PPARy. Wild-type PAK4, but
not kinase-dead mutant PAK4**’** bound to PPARy and
phosphorylated it at S273 (Figure 7B); this effect was further
enhanced by phospho-mimetic mutant PAK4>*74P (Figure 7C).
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Figure 6 Increase of PPARy-mediated PTEN transcription by PAK4. (A) Genotype-Tissue Expression (GTEx) analysis of human skeletal muscle. Pearson
correlation coefficients between PAK4 and PTEN, PAK4 and PPARG, and PPARG and PTEN in human skeletal muscle were calculated. TPM, transcripts
per million. (B, C) After transfection of HEK293T cells as indicated, PPRE-luciferase and PTEN-luciferase activities were determined. (D) Maps of human
and mouse Pten promoters and ChIP-qPCR assay showing binding of PPARy to the Pten promoters. (E, F) C2C12 myoblasts were transfected with
scrambled siRNA (siCtrl) or siRNA against PPARy (siPPARYy), and protein levels of PTEN and PI3K-Akt pathway and myotube formation were compared.
Values are mean + SD. P < 0.01 vs. none, IgG, or siCtrl; #p < 0.01 vs. PPARY, Ad-LacZ, or siCtrl + PAK4; $$P < 0.01 vs. PAK4 + PPARy or Ad-PAK4.
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Figure 7 Direct phosphorylation of PPARy by PAK4. (A) Recombinant PPARy was incubated with active PAK4 and [*’PJATP for 30 min at 30°C, and
proteins in the mixture were resolved by SDS-PAGE. The band was visualized by autoradiography of *2p_|abelled protein. Loading of proteins was con-
firmed by Coomassie blue staining. (B, C) After transfection of HEK293T cells as indicated, co-IP was performed to determine PAK4 interaction with and
phosphorylation of PPARy. (D) C2C12 myoblasts were PAK4 overexpressed or silenced, and then phosphorylation of PPARy, ERK, and CDK5 on Day 5
was analysed by western blotting. (£) C2C12 myoblasts were transfected with scrambled siRNA (siCtrl) or siRNA against CDK5 (siCDK5), and then PAK4
phosphorylation of PPARy was analysed by western blotting. (F) C2C12 myoblasts were pretreated with ERK inhibitor PD98059 (10 uM), and PAK4
phosphorylation of PPARy was analysed. (G) PTEN-luciferase activities were determined after transfection of HEK293T cells as indicated. (H) C2C12 cells
were transfected with wild-type or mutant PPARy (S273A) along with PAK4, and then PI3K—Akt signalling and myogenic markers on Day 5 were deter-
mined. Values are mean + SD. P < 0.01 vs. none; " < 0.01 vs. PPARy; **P < 0.01 vs. PAK4 + PPARy.

The addition of neutralizing pS474-PAK4 antibody to the
immunoprecipitation mixture consistently prevented the
binding and phosphorylation of PPARy (Figure S5A). Treat-
ment of the cells with PAK4 inhibitor CZh-226-P resulted in
similar effects on both WT PAK4 and mutant PAK4>*74P
transfected cells (Figure S5B and S5C), indicating that
active-form phosphorylated PAK4 is responsible for the phys-
ical interaction with and phosphorylation of PPARy. The S273
phosphorylation of PPARy by PAK4 was also validated in the
C2C12 myotubes and TA muscles of NTX-treated mice (Fig-
ures 7D and S6). Because extracellular signal-regulated kinase
(ERK) and cyclin-dependent kinase (CDK)-5 were reported to
mediate 5273 phosphorylation of PPARy,?>?*?> we checked
the effect of PAK4 on these kinases. Levels of p-ERK and
p-CDK5 were not affected by PAK4 overexpression or knock-
down in myotubes and TA muscles (Figures 7D and S6). Addi-
tionally, CDK5 silencing and ERK inhibition had no effect on
PAK4-mediated PPARy phosphorylation (Figure 7E and 7F),
supporting the direct action of PAK4 on PPARy phosphoryla-
tion in muscle cells. In contrast, substituting serine with

alanine at position 273 (S273A) in PPARy ended PAK4’s phos-
phorylation of PPARY, induction of PTEN expression, and inhi-
bition of PI3K—Akt signalling and myoblast differentiation
(Figure 7G and 7H). Phosphorylation at S273 had either acti-
vating or repressing effects on PPARy depending on the tar-
get genes and activates Gdf3*® while represses Nr2d1*® in
macrophages and adipocytes. Consistent with this, overex-
pression of PAK4 significantly increased the mRNA level of
Gdf3 but decreased Nr1d1 in C2C12 cells (Figure S7). These
findings demonstrate that PAK4 directly phosphorylates
PPARy at S273 residue, thereby activating its transcriptional
activity and promoting PTEN expression in the myoblasts of
both mice and humans.

Treatment of p21-activated kinase 4 inhibitor
accelerates skeletal muscle regeneration in mice

Because PAK4 silencing accelerates myogenic differentiation
(Figure S2) and muscle regeneration (Figure 4), we finally
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Figure 8 Acceleration of skeletal muscle regeneration by a small molecule inhibitor of PAK4. (A) C57BL/6 mice were treated with prodrug of PAK4
inhibitor CZh-226-P (30 mg/kg) via oral gavage 2 days before NTX injection and every day before and after NTX injection until Day 13. (B) Serum levels
of AST and ALT were measured. (C) Western blot analysis of PPARy—PTEN-Akt signalling and myogenic markers in injured TA muscles at 5 days after
injury. (D) H&E and immunofluorescence analyses at 5 or 14 days after injury. Average cross-sectional area (CSA) of regenerating myofibres and the
percentage of myofibres containing two or more centrally located nuclei per field were determined from immunofluorescence sections. (E) The tibialis
anterior (TA) muscles of C57BL/6 mice were injected with siCtrl or siPAK4 and then injured by intramuscular injection of NTX. CZh-226-P (30 mg/kg)
was administered once a day via oral gavage for 7 days starting 2 days before NTX injection. Myog (+) and eMyHC (+) fibres in TA muscles were counted
at Day 5. Values are mean + SD. “P < 0.01 vs. vehicle. CZh-226-P, prodrug of CZh-226.

examined whether chemically inhibiting PAK4 promoted
muscle regeneration in response to acute injury. We orally
administered prodrug of PAK4 inhibitor CZh-226-P to mice®
2 days before NTX injection and throughout muscle regener-
ation period (Figure 8A). No adverse effects from treatment
with CZh-226-P were observed, as shown by the activities
of transaminases in sera (Figure 8B). Consistent with our pre-
vious experimental results, PAK4 inhibitor treatment re-
pressed S273 phosphorylation of PPARy (and thus PTEN
suppression) and increased p-Akt (Figure 8C). Accordingly,
treatment with a PAK4 inhibitor increased myogenic markers,
accelerated myotube formation, and shifted CSA distribution
rightward (Figure 8C and 8D). However, CZh-226-P’s promot-
ing effect on muscle regeneration was not further observed
in mice administered an intramuscular injection with siPAK4
(Figure 8E), affirming the importance of muscular PAK4 inhi-
bition to the chemical’s action. These results suggest that
pharmacological inhibition of PAK4 offers a novel therapeutic
approach to the amelioration of muscular diseases associated
with defects of regenerative capacity.

Discussion

In this study, we uncovered a previously unknown function
of PAK4: that of critical myogenesis regulator and contribu-
tor to the process of skeletal muscle regeneration. As a
first step, we determined that PAK4 expression was
suppressed during muscle differentiation in vitro. Forced
expression of PAK4 in C2C12 cells and primary myoblasts
inhibited myotube formation, while PAK4 silencing pro-
moted this process. Concomitantly, our animal experiments
confirmed that PAK4 silencing dramatically enhanced the
regenerative capacity of skeletal muscle upon acute
myotoxin injury. Crucially, we also provided substantial
evidence demonstrating that PAK4 phosphorylates PPARy
at S273 residue to induce PTEN transcription and subse-
quently suppresses the Akt pathway responsible for
myogenesis (Figure S8). We concluded by demonstrating
that treating mice with a PAK4 inhibitor down-regulated
PPARy-mediated PTEN expression in injured skeletal muscle
and promoted muscle regeneration.
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Relatively little is known about the effects of each of the
six members of the mammalian PAK family on muscle re-
generation. Despite the high sequence similarity between
each PAK family member, the fact that each has distinct
preferred phosphorylation consensus sites suggests that
each has a distinct substrate specificity?’ and therefore
mediates a different function. Recently, it was suggested
that Group | PAKs, including PAK1 and PAK2, may act as
positive regulators of myoblast differentiation and promote
muscle regeneration, thereby protecting mice against freeze
injuries'® or cancer cachexia-associated muscle wasting.** In
contrast, PAK4 (a Group Il PAK) exhibits distinct myogenesis
suppression behaviour. PAK4’s rapidly changing expression
patterns during myogenesis (i.e. decrease) and upon muscle
injury (i.e. transient increase followed by decrease) imply
the rheostatic role of PAK4 in fine-tuning myogenesis
between cell proliferation and differentiation. Unlike the
critical function of PAK4 in promoting cell proliferation in
cancer,’*? it appears in differentiating myoblasts/
myotubes that PAK4 down-regulation may be required to
trigger the exit from the cell cycle towards the differentia-
tion/fusion process. Indeed, we showed that PAK4 silencing
in myoblasts and skeletal muscles substantially increased
myotube formation, which was associated with increases
in PI3K-Akt signalling. In sum, PAK4 inhibition may contrib-
ute to skeletal myogenesis and regeneration to maintain
homeostasis.

We observed that the protein levels of PAK4 and p-Akt
were reciprocally changed during the myogenic process.
Moreover, ectopic overexpression of PAK4 in myoblasts/SCs
decreased while depletion of PAK4 in myoblasts increased
p-Akt levels. Accordingly, we observed that PAK4 overexpres-
sion decreased protein levels of p-p70S6K, p-mTOR, and p-
FoxO1, which are downstream targets of Akt during myoblast
differentiation. These results suggest that PAK4 may indi-
rectly suppress Akt phosphorylation. While growth factors
are required to activate the PI3K-Akt pathway in regenerating
muscles, negative modulatory factors are also required for
fine control of Akt phosphorylation.® PTEN is a well-known
example of the latter. To address whether PTEN is involved
in the negative regulation of Akt by PAK4, we analysed PTEN
expression in PAK4 overexpression or repression conditions.
Our results showed that PTEN was highly expressed in PAK4
overexpressing C2C12 cells and TA muscles. Additionally, con-
sistent with the observations reported in other recently pub-
lished studies, we showed that PTEN was critical for the
regulation of myogenic differentiation, as PTEN silencing
markedly increased the expression of myogenic markers in
C2C12 cells.®?® Notably, PTEN silencing increased p-Akt pro-
tein to levels similar to those seen during PAK4 silencing, in-
dicating that PAK4 regulates myogenic differentiation in a
PTEN-dependent manner. This suggests a question about
the regulatory mechanism responsible for the PTEN

expression: What mechanism allows the expression of PTEN
by PAK4 during myogenic differentiation?

Phosphatase and tensin homologue is reportedly induced in
response to external and endogenous stimuli through various
signalling cascades, including PPARy.?°> While one previous
study using glioblastoma cells indicated that PAK4 interacts
with PPARy to induce its binding to PPARy target gene
NoxI promoter,® in this paper, we suggest a novel role
for PAK4, by which it increases PPARy activity in a
phosphorylation-dependent manner towards PTEN expres-
sion. In addition, we located a PPARYy binding site, conserved
among species, in proximal promoter region of the Pten gene.
Co-immunoprecipitation and ChIP assays showed that PAK4
directly interacted with and phosphorylated PPARYy, thereby
increasing PPARY binding to the Pten promoter and enhancing
Pten transcription. GTEx analysis determined that PTEN ex-
pression was positively associated with either PAK4 or PPARY,
confirming a PAK4—-PPARYy—PTEN axis in human skeletal mus-
cle. We note with interest that PPARy phosphorylation by
PAK4 was observed at S273 in the ligand binding domain,
but not at S112 in the activation function 1 domain. S273
phosphorylation of PPARy has been reported to be mediated
by CDK5 and ERK in adipose tissue,??*#%° in which case the im-
pact of S273 phosphorylation on PPARy target gene transcrip-
tion varied depending on the different genes involved; $273
phosphorylation suppressed insulin-sensitizing adipokines (i.
e. Adipoq) but resulted in no change to adipogenesis genes
(i.e. Pparg2, Fabp4, Cebpa, and Lpl). Transcriptional enhance-
ment by PPARy S273 phosphorylation also occurs for growth
differentiation factor 3, mainly in macrophages, which consis-
tently contributes to impairing insulin sensitivity.?® In this
study, the increases in PPARy S273 phosphorylation and PTEN
expression, and the inhibition of myogenesis, were caused
specifically by kinase-intact PAK4, and these responses were
completely reversed by PPARy depletion. This is strongly sug-
gestive of a causal link between the PAK4-PPARYy—PTEN path-
way and the repressed myogenesis, as well as a redundancy in
upstream kinases for PPARy S273 phosphorylation, as PAK4
phosphorylation of PPARy was not impaired either by CDK5
silencing or ERK inhibition.

Using this mechanism, we demonstrated that a PAK4 in-
hibitor could suppress PPARy phosphorylation and PTEN in-
duction and thereby promote muscle regeneration. In the
future, it may be possible to manipulate the muscle regener-
ation programme by altering the activity of PPARy through
its interacting partner PAK4. In sum, our study provides
evidence that PAK4 is an upstream kinase for PPARy during
skeletal muscle regeneration. Keeping in mind that PPARYy is
a master regulator of various metabolic homeostasis and
cellular proliferation processes,®*3? it would be interesting
to investigate whether PAK4-mediated regulation of PPARy
transcriptional activity is involved in those pathological
conditions.
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