ORIGINAL ARTICLE
Journal of Cachexia, Sarcopenia and Muscle 2021; 12: 192-208

Published online 25 November 2020 in Wiley Online Library (wileyonlinelibrary.com) DOI: 10.1002/jcsm.12650

TAK1 inhibition improves myoblast differentiation and
alleviates fibrosis in a mouse model of Duchenne
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Abstract

Background Transforming growth factor-p-activated kinase 1 (TAK1) plays a key role in regulating fibroblast and myoblast
proliferation and differentiation. However, the TAK1 changes associated with Duchenne muscular dystrophy (DMD) are poorly
understood, and it remains unclear how TAK1 regulation could be exploited to aid the treatment of this disease.

Methods Muscle biopsies were obtained from control donors or DMD patients for diagnosis (n = 6 per group, male, 2—3 years,
respectively). Protein expression of phosphorylated TAK1 was measured by western blot and immunofluorescence analysis. In
vivo overexpression of TAK1 was performed in skeletal muscle to assess whether TAK1 is sufficient to induce or aggravate at-
rophy and fibrosis. To explore whether TAK1 inhibition protects against muscle damage, mdx (loss of dystrophin) mice were
treated with adeno-associated virus (AAV)-short hairpin TAK1 (shTAK1) or NG25 (a TAK1 inhibitor). Serum analysis, skeletal
muscle performance and histology, muscle contractile function, and gene and protein expression were performed.

Results We found that TAK1 was activated in the dystrophic muscles of DMD patients (n = 6, +72.2%, P < 0.001), resulting in
fibrosis ( +65.9% for fibronectin expression, P < 0.001) and loss of muscle fibres (—32.5%, P < 0.01). Moreover, TAK1 was
activated by interleukin-1f3, tumour necrosis factor-a, and transforming growth factor-f1 (P < 0.01). Overexpression of
TAK1 by AAV vectors further aggravated fibrosis (n = 8, +39.6% for hydroxyproline content, P < 0.01) and exacerbated muscle
wasting (—31.6%, P < 0.01) in mdx mice; however, these effects were reversed in mdx mice by treatment with AAV-short hair-
pin TAK1 (shTAK1) or NG25 (a TAK1 inhibitor). The molecular mechanism underlying these effects may be related to the pre-
vention of TAK1-mediated transdifferentiation of myoblasts into fibroblasts, thereby reducing fibrosis and increasing myoblast
differentiation.

Conclusions Our findings show that TAK1 activation exacerbated fibrosis and muscle degeneration and that TAK1 inhibition
can improve whole-body muscle quality and the function of dystrophic skeletal muscle. Thus, TAK1 inhibition may constitute a
novel therapy for DMD.
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Introduction

Duchenne muscular dystrophy (DMD) is the most common
type of fatal muscular dystrophy, with a worldwide
incidence of 1 per 5000 live male births.> DMD is caused by
loss-of-function mutations in the dystrophin gene; these
cause defects in the dystrophin protein, which results in pro-
gressive muscle degeneration. Typically, DMD develops
within the first 3-5 years of life, where progressive muscle
weakness impairs walking ability; patients typically die be-
cause of respiratory failure or cardiac failure.>* Some studies
have shown that the progressive muscle deterioration
characterizing DMD is caused by progressive loss of muscular
fibres and concomitantly increased inflammation and
fibrosis.*® No pharmacological treatment for DMD is avail-
able, although gene therapy to repair or replace the defective
dystrophin gene represents a promising approach. The
full-length dystrophin gene poses the greatest challenge
because it exceeds the packaging limit of viral vectors.® Thus,
there is a need for discovery of small molecule drugs that
may effectively treat DMD.

Fibrosis in skeletal muscle is one of the typical injuries
associated with DMD, a condition characterized by muscle
degeneration and subsequent loss of mobility.””® Fibroblasts
are continuously activated in DMD, resulting in massive colla-
gen deposition.® As a key mediator of fibrosis, fibroblasts are
activated by transforming growth factor (TGF)-f1 during
chronic injury.’® Many studies have shown that TGF-p1 in-
creases significantly in the muscles of DMD patients, and
TGF-P1 inhibition has been suggested as a potential approach
to alleviate fibrosis in DMD.'*'2 However, no effective clinical
drugs targeting TGF-B1 are available to attenuate fibrosis in
DMD patients. Other inflammatory cytokines also induce
inflammatory responses that contribute to fibrosis*; thus,
drugs that target TGF-f1 alone may not completely halt fibro-
sis. Thus, there is an urgent need to develop a drug that pre-
vents inflammatory cytokine-mediated profibrotic activities.

Children with DMD ultimately die because of muscle
wasting, where muscle is replaced by collagen and fat tissue.
Alleviating muscle fibrosis and promoting myoblast differenti-
ation into myofibres could serve as novel treatment strate-
gies for DMD. We aimed to identify a therapeutic target not
only to control fibrosis but also to regulate myoblast differen-
tiation. TGF-B-activated kinase 1 (TAK1), a member of the
mitogen-activated protein kinase (MAPK) kinase family, was
found to play a role in MAPK activation.** Studies have shown
that TAK1 is activated by TGF-B1, interleukin (IL)-1B, and
tumour necrosis factor-a (TNF-a), thus promoting fibrosis
via the p38-MAPK signalling pathway.*>*® Moreover, a recent
study provided evidence of impaired myoblast growth in
association with excessive production of TGF-B1 in DMD,
but it remains unknown whether this was related to
TAK1.'* These reports led us to hypothesize that TAK1 may
contribute to the accumulation of fibrosis and inhibition of

myoblast differentiation. We explored this possibility by
assaying the TAK1 level in the skeletal muscle of DMD
patients and mdx mice. Our findings suggest that TAK1 regu-
lation may be exploited to aid treatment of DMD.

Materials and methods
Patients and study design

Triceps muscle biopsies were obtained from control donors
who underwent orthopaedic surgery (n = 6) and DMD
patients (n = 6) matched for age (2-3 years). For DMD
patients, triceps muscle biopsies were obtained for diagno-
sis. All of the biopsies were obtained from the Children’s
Hospital of Fudan University (Shanghai, China), and all
participants provided written informed consent prior to
initiation of study procedures. The serum samples from
healthy donors (n = 13) and DMD patients (n = 13) without
obtained drug treatment (2—8 years). This study is a regis-
tered clinical trial at Children’s Hospital of Fudan University
(NCT number: 2019-244).

Animal studies

Dystrophin-deficient ~ C57BL/10ScSnJNju-Dmdem3Cd4/Gpt
(mdx) mice and C57BL/10ScSn/J strain controls were pur-
chased from the Animal Model Research Center of Nanjing
University (Nanjing, China). All comparisons were made be-
tween age-matched male mice. Experiment 1 included 16
male mdx mice aged 3—4 weeks that were randomly allocated
to adeno-associated virus (AAV)-control mdx and AAV-TAK1
mdx groups; their normoglycaemic littermates (n = 16; all
males aged 3-4 weeks) were randomly allocated to AAV-
control control and AAV-TAK1 control groups. Experiment 2
included 18 male mdx mice aged 3—-4 weeks that were ran-
domly allocated to AAV-short hairpin RNA (shRNA)-control
and AAV-shRNA-TAK1 groups; their normoglycaemic litter-
mates (n = 9; all males aged 3-4 weeks) served as the control
group. A schematic diagram of the animal experimental de-
sign is shown in Figure 6A. Experiment 3 included 18 male
mdx mice aged 3—4 weeks and their normoglycaemic litter-
mates (n = 9; all males aged 3-4 weeks), and the aim was
to determine the effects of NG25 on DMD. The 18 mdx mice
were randomly divided into two groups of nine mice each: a
control group and an NG25 group (6 mg/kg/day intraperito-
neally for 2 weeks), as shown in Figure 8A. After 2 weeks,
the mice were euthanized. The tibialis anterior (TA) and
diaphragm (DIA) muscle sections were subjected to histolog-
ical and western blot analysis.
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Recombinant adeno-associated virus

Adeno-associated virus-muscle creatine kinase (CK)-TAK1-
eGFP (AAV2/9, 1.0 x 103 genomic copies per millilitre) were
made by Hanbio, which were used to overexpress TAK1 in
mice. A single dose of AAV-TAK1 vector (5 x 10 vg parti-
cles/100 pL/mouse) was delivered to control and mdx mice
via tail vein injection. Production and purification of recombi-
nant AAV were made by Hanbio. Mice were evaluated after
treatment for 4 weeks.

A single dose of 1.1 x 10 vg/mice in 100 pL of AAV2/9
expressing shTAK1 was delivered to mdx mice via tail vein
injection, and the same dose of AAV2/9 expressing shRNA
control was injected as AAV-shRNA control group.
The shRNA oligonucleotides were synthesized to contain
the sense strand of target sequences for mouse TAK1
(5'-GGTGCTGAACCATTGCCTTAC-3') and mouse shRNA control
(5'-GGGCTATCCCAACGCTATTAGT-3'). Production and purifi-
cation of recombinant AAV were made by Hanbio (Shanghai,
China). Four weeks later, mice were euthanized and visual-
ized by confocal imaging.

In vivo muscle strength test and wire grip test

Step length was measured by painting the forelimb/hind feet
of mice as reported previously.'” In brief, mice run a small
corridor lined with paper approximately 1.2 m in length. Dis-
tance between steps of the same foot were measured and
averaged over five consecutive runs, excluding areas of stop-
page. Forelimb grip strength test was used to assay the grip
strength of forelimb using a calibrated grip strength tester
(YLS-13A, Yiyan Bio, Shandong, China). All tests were
performed as described previously.'® The grip strength analy-
sis was reported as the mean of at least three repetitions. A
wire test is a typical method to assess muscle condition and
the whole-body force in mice. The wire grip test was per-
formed at 2 days before mice were sacrificed. All mice were
allowed to grasp a 2 mm diameter metal wire, and the length
of time was recorded until the mice fell. The test score was
calculated as the mean of at least three repetitions.

Skeletal muscle contractile function

Tibialis anterior strength (specific force) and fatigue resis-
tance were measured by using a length control system
(BL-420, Techman Scientific). After determining the optimum
length by tetanic contractions as descried previously,™® the
TA muscles then underwent a fatigue protocol, in which the
TA muscles were subjected to repeated stimulation at
120 Hz (200 ms duration) every 2 s for a total of 2 min.
One minute late fatigue recovery was assessed every 2 min
up to total 10 min after fatigue.°

Blood biochemical analysis

Blood was collected from the inferior vena cava before the
mice were euthanized. Blood samples were centrifuged at
1500 g for 10 min at 4°C and then used to measure serum
CK activity level and plasma lactic dehydrogenase (LDH) level
by using an HITACHI7080 Automatic Clinical Analyser (Tokyo,
Japan).

Enzyme-linked immunosorbent assay

Serum IL-1B, TNF-a, and TGF-B1 contents were detected by
enzyme-linked immunosorbent assay (ELISA) analysis. Before
the assay, the latent form of TGF-B1 contained in human or
mouse serum was activated to the immunoreactive form
using 1N HClI for acid activation and 1.2N NAOH/0.5 M HEPES
for neutralization. The sandwich ELISA of IL-1B, TNF-a, and
TGF-B1 were performed according to the manufacturer’s in-
structions. The human ELISA kits were purchased from
Fcmacs Biotech Co., Ltd. (Nanjing, China). The mouse ELISA
kits were purchased from BioSource (Nivelles, Belgium).

Real-time quantitative PCR

Total RNA was isolated from the fresh TA muscle using TRIzol
reagent and an RNeasy Kit (Vazyme Biotech, Nanjing, China).
Complementary DNA was synthesized from total RNA using
complementary DNA synthesis kit (Vazyme Biotech, Nanjing,
China) following the manufacturer’s instructions. Real-time
PCR was performed using SYBR Green as previously
reported.’! Gene expression was calculated by the AACT
method using glyceraldehyde 3-phosphate dehydrogenase
as the reference gene. All primer pairs used for the PCR are
listed in Supporting Information, Table S1.

Histological analysis

Cryosections of TA muscle were mounted on a slide and then
transversely sectioned into 5 um slices. After staining with
haematoxylin and eosin (HE) following standard protocols,
the slides were viewed and photomicrographs were captured
under light microscope (BX53, Olympus, Japan).

Hydroxyproline fibrosis assay

To quantify muscle fibrosis, collagen | content was measured
by using the hydroxyproline assay as described previously.??
Hydroxyproline values were normalized to the total protein
content of the muscle.
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Western blot analysis

Western blot analysis was performed as described
previously.?® In brief, protein extracts were fractionated on
6-12% sodium dodecyl sulphate polyacrylamide gels and
transferred onto polyvinylidene fluoride membranes
(Millipore, Billerica, MA, USA) via electroblotting. The mem-
branes were blocked in Tris-buffered saline containing 5% bo-
vine serum albumin for 90 min at room temperature.
Next, membranes were incubated with the primary antibody
at 4°C overnight. Signals were detected using a BioRad
Chemiluminescent Imaging System (Hercules, CA, USA). The
information of all antibodies was listed in Supporting Informa-
tion, Table S2.

Isolated myoblasts

Human primary myoblasts were obtained from the triceps
muscles of DMD patients, and mouse myoblasts were ex-
tracted from the extensor extensor digitorum longus (EDL)
or DIA muscles. Myoblasts were isolated using 1.2 U/mL
dispase (D4693; Sigma-Aldrich, St. Louis, MO, USA) and
5 mg/mL collagenase type D (35799223; Roche Diagnostics
Ltd., Shanghai, China), and the cells were filtered using a
40 um strainer. Then, Pax7-stained cells were collected
through a Miltenyi LS magnetic column (130-042-401;
Miltenyi, Shanghai, China). Isolated myoblasts were cultured
in Dulbecco’s modified Eagle’s medium containing 20% foetal
bovine serum, 1% chicken embryo extract, and 10% horse se-
rum (Gibco), as described previously.*®

Immunofluorescence

Fresh TA muscle cryosections were mounted on a slide and
blocked in blocking buffer for 60 min. Samples (myoblasts,
myofibres, and cryosections) were fixed in paraformaldehyde
(PFA) 4% for 1 h. Then, samples were incubated overnight with
primary antibody against fibronectin (1:200; ab32419,
Abcam), myosin heavy chain (MHC) (1:200; MF 20, Develop-
mental Studies Hybridoma Bank, lowa City, IA, USA), Pax7
(1:100; sc-52903, Santa Cruz), and myogenin (1:100; sc-
81648, Santa Cruz) at 4°C. Next, these samples were incubated
with secondary antibody (Alexa Fluor 633, Alexa Fluor 488;
Thermo, Waltham, MA, USA). 4',6-Diamidino-2-phenylindole
(DAPI) was used to visualize nuclei. The sections were viewed,
and photomicrographs were captured under fluorescence
microscope (FV1000, Olympus, Japan).

Statistical analysis

Unpaired Student’s t-test was used to compare values be-
tween two groups. Other data were analysed by one-way

or two-way analysis of variance followed by Tukey’s multiple
comparison test, performed using GraphPad software (ver.
8.0; GraphPad Software Inc., La Jolla, CA, USA). Data are
presented as the mean + SEM. P values < 0.05 were consid-
ered statistically significant.

Results

Fibrosis and atrophy of the muscles of Duchenne
muscular dystrophy patients are accompanied by
TAKZ activation

First, the dystrophic status of the muscles of DMD patients
was confirmed via dystrophin immunofluorescence staining
of the triceps muscle (Supporting Information, Figure S1A).
The degree of muscle damage was indexed by the plasma CK
level, which showed a significant increase in DMD patients
(Figure S1B). It is well known that fibrosis is a major cause of
muscle weakness in DMD patients.?® HE staining of the triceps
muscle revealed significant fibrosis and inflammation (Figure
S1C). The fibrosis was confirmed via fibronectin immunofluo-
rescence analysis and calculation of the fibrosis index (Figure
1A and 1B). We measured the fibronectin protein level via
western blotting; the level was significantly elevated in the
triceps muscle of DMD patients compared with controls
(Figure 1C and 1D). Moreover, immunofluorescence analysis
revealed a significant reduction in the expression of MHC (a
known myogenic marker) and an increase in the expression
of embryonic MHC (eMyHC), in the triceps muscles of the
DMD patients (Figure 1E and 1F), as confirmed by western
blotting (Figure 1G and 1H). Muscle wasting and atrophy were
attributable to increased expression of muscle RING-finger 1
(MuRF1),%* the level of which was significantly higher (com-
pared with controls) in the triceps muscle of DMD patients
(Figure S1D and S1E). The TAK1 signalling pathway plays a vital
role in inflammation and fibrosis.>>*® Western blot and immu-
nofluorescence analysis revealed that TAK1 was expressed in
the triceps muscle of DMD patients. The levels of phosphory-
lated TAK1 (p-TAK1) and total TAK1 (t-TAK1) were increased in
the triceps muscle of DMD patients compared with controls
(Figure 11-1K). TAK1 was activated by TGF-B1, and the muscles
of DMD patients showed higher TGF-B1 expression than those
of controls, based on western blotting and immunofluores-
cence analysis (Figure S1F and S1G). Together, the results indi-
cate that fibrosis in and atrophy of the muscles of DMD
patients are accompanied by TAK1 activation.

Muscle fibrosis and atrophy in mdx mice are
accompanied by TAKI activation

In mdx mice, the soleus (SOL) muscle contains more oxidative
type | fibres; the TA muscle can be considered as
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Figure 1 Fibrosis in and atrophy of the muscles of DMD patients is accompanied by TAK1 activation. (A) Fluorescent fibronectin-stained triceps of con-
trols and DMD patients, and nuclei are stained with DAPI (blue). The fibrosis index was calculated as percent of fibrosis = fibronectin area/total area.
Scale bar, 100 um. (B) Percentage of fibrosis in healthy and DMD muscles as measured by fibronectin immunostaining in muscle sections. (C and D)
Western blot of fibronectin protein level and the pooled values. (E) Representative images of MHC (red), embryonic myosin heavy chain (eMyHC) im-
munostaining, and nuclei are stained with DAPI (blue). Scale bar, 100 um. (F) The percentages of MHC positive areas (red) calculated using InnerView
2.0 software. (G and H) Western blot of eMyHC and MHC protein levels in triceps of controls and DMD patients. () Fluorescent p-TAK1 (green)-stained
triceps sections of controls and DMD patients, and nuclei are stained with DAPI (blue). Scale bar, 100 um. (J and K) Western blot of p-TAK1 (Thr-184/
187) and t-TAK1 protein levels in triceps of controls and DMD patients. Values are expressed as means + standard deviation (SD) (n = 6), *P < 0.05 vs.
controls. DAPI, 4’,6-diamidino-2-phenylindole; DMD, Duchenne muscular dystrophy; eMyHC, embryonic myosin heavy chain; GAPDH, glyceraldehyde
3-phosphate dehydrogenase; MyHC, myosin heavy chain; TAK1, transforming growth factor-B-activated kinase 1.

representative of the whole-body muscle quality (in terms of
the muscle fibre composition), and DIA muscle is the most af-
fected muscle in mdx mice.?” Thus, the present investigation
of the relationship between TAK1 activity and muscle damage
was based on the SOL, TA, and DIA muscles. The TAK1 level
followed the order DIA > TA > SOL, whereas the MHC level
was in the order SOL > TA > DIA in the mdx mice (Figure
2A and 2B). As expected, the extent of inflammation and
fibrosis in the mdx mice were also in the order
DIA > TA > SOL, as shown by HE, Masson’s, and fibronectin
immunofluorescence staining (Figure 2C-2E). Taken together,
these results show that muscle damage in mdx mice is ac-
companied by TAK1 activation.

TAK1 is activated by IL-1f, TNF-o, and TGF-f1

Studies have shown that TGF-f1-mediated fibronectin and
collagen expression in kidney, heart, and dermal mesenchy-
mal cells involves TAK1 activation.?®?° In this study, TAK1
was activated in the muscles of DMD patients and mdx mice,
presumably via IL-1B, TNF-a, and TGF-B1. To test this, we

measured the serum levels of these cytokines using ELISA
kits. The serum levels of IL-1f3, TNF-a, and TGF-B1 were all in-
creased in DMD patients (Figure 3A-3C) and mdx mice
(Supporting Information, Figure S2A-S2C). Next, we
established primary myoblast cultures from DMD patients
and mdx mice. Treatment of the primary myoblasts from
DMD patients (Figure 3D and 3E) with IL-1B, TNF-a, and
TGF-B1 (doses of 1-20 ng/mL) resulted in dose-dependent
TAK1 activation and phosphorylation. These results were re-
peated in the primary myoblasts from mdx mice (Figure S2D
and S2E). Thus, cytokines (IL-1B, TNF-a, and TGF-B1) secreted
as part of the inflammatory response in DMD promote TAK1
activation and phosphorylation.

TAK1 regulates myoblast differentiation and
fibrosis in primary myoblasts

To further investigate the relationships of TAK1 activation
with myoblast differentiation and fibrosis, we examined myo-
blast differentiation and fibrosis in primary myoblasts from
mdx mice following TAK1 activation by TGF-B1 (doses of
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1-5 ng/mL). Western blot analysis revealed a reduction in the
myogenin level, and a significant increase in the myostatin
level, after TAK1 activation in primary myoblasts following
treatment with TGF-B1 (Supporting Information, Figure S3A
and S3B). Moreover, TAK1 activation by TGF-f1 increased
MUuRF1 expression and decreased MHC expression. Further-
more, TGF-B1-induced TAK1 activation increased collagen |
expression (Figure S3C and S3D). In summary, TAK1 activation
may inhibit myoblast differentiation and increase fibrosis.

It is still unknown whether TAK1 inhibitors can reverse the
TGF-B1-induced decrease in differentiation and increase in fi-
brosis. To test this, primary myoblasts were treated with
TGF-B1 in the presence or absence of NG25 (a TAK1 inhibi-
tor). We found that TGF-B1l-induced TAK1 phosphorylation
was attenuated by treatment with NG25 (doses of
1-10 puM). Moreover, NG25 inhibited the transdifferentiation
of myoblasts into fibroblasts, as indicated by reduced colla-
gen | protein expression (Figure 4A and 4B). In addition,
NG25 promoted myoblast differentiation, as revealed by
decreased myostatin expression and increased myogenin
expression (Figure 4A and 4B). This enhancement of differen-
tiation by NG25 was confirmed by myogenin and MHC immu-
nofluorescence staining (Figure 4C and 4D). To further
investigate whether TAK1 activation could induce myoblasts
transdifferentiation, we performed immunostaining with

collagen | and Pax7. We found that the percentage of Pax7*
collagen I' cells increased after TGF-B1 treatment (Figure 4E
and 4F). In addition, primary myoblasts exhibited
decreased MHC level but an increased alpha-smooth muscle
actin (a-SMA) level after TGF-B1 treatment (Figure 4G and
4H). Moreover, these effects were offset by NG25
treatment. We suppose that TAK1 activation could induce
transdifferentiation of myoblasts.

TAK1 activation attenuates myoblast
differentiation and aggravates fibrosis in mdx mice

To further investigate the relationships of TAK1 activation
with myoblast differentiation and fibrosis in vivo, we used
AAV-2/9-TAK1 and enhanced green fluorescent protein
(eGFP) to induce and assess TAK1 overexpression in the mus-
cles of both control and mdx mice over a 4-week period.
Overexpression of TAK1 had no effect on grip strength (Figure
5A) or LDH activity (Figure 5B) in either the control or mdx
mice and increased the CK level only in mdx mice (Figure
5C). Overexpression of p-TAK1 and t-TAK1 in proteins was
seen in the TA and DIA muscles of both control and mdx mice
(Supporting Information, Figure S4A-S4F). TAK1 activation
caused damage to the TA and DIA muscles of the control mice
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nase; IL, interleukin; p-TAK1, phosphorylated transforming growth factor-B-activated kinase 1; SOL, soleus; t-TAK1, total transforming growth factor-p-

activated kinase 1; TA, tibialis anterior; TNF-o, tumour necrosis factor-o.

according to HE staining (Figure S4G) and severely damaged
the muscles of mdx mice, as indicated by inflammation and
fibrosis in the AAV-TAK1 mdx mouse group. We further eval-
uated fibrosis by Masson’s and fibronectin immunofluores-
cence staining of the TA and DIA muscles: the AAV-TAK1
control mouse group showed slight fibrosis compared with
the AAV-control control mouse group; the AAV-TAK1 mdx
mouse group showed more fibrosis than the AAV-control
group (Figure 5D-5F). These results were confirmed using
the hydroxyproline assay (Figure 5G). Then, we counted the
myofibres via MHC immunofluorescence analysis and ob-
served that TAK1 overexpression decreased the number of
myofibres in both control mice and mdx mice (Figure 5H
and 5l). Together, the data show that TAK1 activation caused
fibrosis and muscle wasting in control mice, and TAK1 overex-
pression further aggravated muscle fibrosis and exacerbated
muscle wasting in mdx mice.

TAK1 knockdown improves myoblast
differentiation and alleviates fibrosis in mdx mice

Fibrosis and atrophy in DMD patients and mdx mice are asso-
ciated with TAK1 activation; TAK1 inhibitors could attenuate
the TAK1 activation-induced decrease in differentiation and
increase in fibrosis in primary myoblasts. We further exam-
ined the effects of TAK1 knockdown on myoblast differentia-
tion and fibrosis in mdx mice. AAV-2/9-shRNA-TAK1 was used
to knock down TAK1 protein expression in the muscles of
mdx mice via intravenous tail injection (Supporting Informa-
tion, Figure S5A). After 4 weeks, eGFP was observed in the
TA and DIA muscles of both AAV-shRNA-control mice and
AAV-shRNA-TAK1 mice (Figure S5B), as confirmed by eGFP
fluorescence staining (Figure S5C). Next, all mice were sub-
jected to gait analysis (Figure 6A) according to a previously
published procedure.’” Stride length was reduced, and the
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Figure 4 NG25 improved myoblasts differentiation and inhibited fibrosis in primary myoblasts. Primary myoblasts from EDL muscle of mdx mice, then
myoblasts treated with TGF-B1 in the presence or absence of NG25 (1, 2.5, 5, and 10 uM). (A and B) Western blot of p-TAK1, t-TAK1, collagen I, MyoD,
myogenin, and myostatin protein levels. (C, upper panel) Representative images of MyoD (red), myogenin (green) immunostaining, and nuclei are
stained with DAPI (blue). Scale bar, 200 pm. (c, lower panel) Representative images of MHC (red) immunostaining, and nuclei are stained with DAPI
(blue). Scale bar, 100 pm. (D) The fluorescence density was calculated using InnerView 2.0 software (T, TGF-B1; T +1, TGF-B1 + 1 uM NG25; T +2.5,
TGF-B1 + 2.5 uM NG25; T +5, TGF-B1 + 5 pM NG25). (E) Representative images of Pax7 and collagen | immunostaining and (F) the percentages of
Pax7 * collagen | * in each group. (G) Representative images of primary myoblasts expressing MHC and a-SMA with TGF-B1 (10 ng/mL) or NG25
(5 pM) for 48 h in differentiation medium. (H) The ratio of primary myoblasts expressing MHC or a-SMA in each group. Values are expressed as
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heavy chain; p-TAK1, phosphorylated transforming growth factor-p-activated kinase 1; t-TAK1, total transforming growth factor-B-activated kinase 1.

stride width of the hindlimbs was increased, in mdx vs. con-
trol mice; however, AAV-shRNA-TAK1 reversed these changes
(Figure 6B and 6C). Furthermore, the muscle function of the
AAV-shRNA-control mdx mice showed a decline, which was
partially restored by AAV-shRNA-TAK1 treatment, as evi-
denced in vivo by a 24.9% increase in maximum grip strength
and a 33.6% increase in the duration of wire test (Figure
6D—6F). Increased muscle fatigue and reduced force are ma-
jor causes of the muscle weakness that characterizes DMD;
we found that AAV-shRNA-TAK1 had no effect on the force

of the TA muscle (Figure 6G) but aided in its recovery from fa-
tigue (Figure 6H and 6l). Moreover, the AAV-shRNA-control
mdx mice exhibited TA muscle hypertrophy, which was
partially reduced by the AAV-shRNA-TAK1 treatment (Figure
6J). In addition, serum CK and LDH levels increased
significantly in the AAV-shRNA-control mdx mice, but this
was partially attenuated by AAV-shRNA-TAK1 treatment
(Figure 6K and 6L). Overall, the results show that knockdown
of TAK1 can improve muscle quality and performance in mdx
mice.
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anterior.

Interleukin-1p3, TNF-a, and TGF-B1 levels were all increased
in DMD patients (Figure 3A-3C) and mdx mice (Figure
S2A-S2C), which could have been responsible for the TAK1
activation and phosphorylation. To investigate the effects of
AAV-shRNA-TAK1 on muscle quality and performance in
association with IL-1B, TNF-a, and TGF-B1 expression, we
measured the levels of these cytokines using ELISA. AAV-
shRNA-TAK1 treatment had no effect on the levels of IL-1f,
TNF-a, or TGF-B1 (Figure S5D). Therefore, the protective ef-
fects of AAV-shRNA-TAK1 in mdx mice were not attributable
to reductions in the levels of inflammatory cytokines.

In TA muscle, we found increased levels of p-TAK1 and
t-TAK1 in the AAV-shRNA-control mdx; however, these
increases were significantly reduced by AAV-shRNA-TAK1
treatment (Figure 7A). In DIA muscle, AAV-shRNA-TAK1 treat-
ment obviously decreased the p-TAK1 and t-TAK1 levels

(Figure 7B), and HE staining showed that AAV-shRNA-TAK1
significantly decreased inflammation (Figure 7C and 7D). We
also examined fibrosis and atrophy after AAV-shRNA-TAK1
treatment and observed obvious reductions in a-SMA and
MUuRF1 expression and an increase in MHC expression, in
the AAV-shRNA-TAK1-treated mdx mice (Figure 7E). These
anti-fibrotic and anti-atrophic effects of AAV-shRNA-TAK1
were also observed in DIA muscle (Figure 7F). The
anti-fibrotic effect was confirmed via fibronectin immunoflu-
orescence staining (Figure 7G and 7H) and the hydroxyproline
assay of the TA and DIA sections (Figure SSE). DMD atrophy is
partly due to the inhibition of differentiation; we measured
myoblast determination protein 1 (MyoD), myogenin, and
myostatin levels in TA and DIA muscles and found increased
protein levels of all three substances in AAV-shRNA-control
mdx mice. In contrast, the AAV-shTAK1 group showed
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anterior.

decreased myostatin, but not MyoD or myogenin, expression
(Figure S5F and S5G), while the DIA muscles of AAV-shRNA-
control mdx mice exhibited decreased MyoD and myogenin
expression, but increased myostatin expression. Only
myostatin showed decreased expression in the AAV-shTAK1
group (Figure S5H and S5l). In addition, the TA muscles of
AAV-shRNA-control mdx mice exhibited reduced MHC, and
increased eMyHC, expression compared with controls; these
changes were reversed by AAV-shRNA-TAK1 treatment
(Figure 71). Moreover, eMyHC was virtually absent from the
DIA muscles of the AAV-control group, in which a robust
reduction of MHC expression was also seen; in contrast,
AAV-shRNA-TAK1 treatment increased MHC expression in
the DIA muscles (Figure 7).

NG25 improves myoblast differentiation and
alleviates fibrosis in mdx mice

NG25 is a common TAK1 inhibitor that binds to the ATP bind-
ing pocket of residues 184-187 in the target kinase. Many
studies have reported that NG25 can inhibit TAK1

phosphorylation.3%3' Therefore, we investigated the thera-

peutic effects of NG25 on a mouse model of DMD
(Supporting Information, Figure S6A). After treatment with
NG25 for 2 weeks, all mice were subjected to gait analysis
according to a previously published procedure.’” Stride
length and forelimb stride width were both reduced, while
hindlimb stride width was increased, compared with control
mice; these changes were reversed by NG25 treatment
(Figure 8A-8D). Furthermore, NG25 treatment partially
restored muscle function, as evidenced by the 48% increase
in maximum grip strength (Figure 8E). Also, NG25 attenuated
the significantly increased serum CK and LDH levels seen in
the mdx mice (Figure 8F and 8G). Finally, hypertrophy of
the TA muscle was partially reduced by NG25 treatment
(Figure S6B and S6C). In summary, NG25 improved muscle
quality and performance in mdx mice.

NG25 treatment had no effect on IL-1, TNF-a, or TGF-f1
levels, as shown by both reverse transcription-quantitative
PCR and ELISA analyses (Figure S6D-S6G). In TA muscle, a sig-
nificant reduction of p-TAK1 was seen in the NG25 treatment
group (Figure 9A); DIA muscle p-TAK1 levels were also mark-
edly decreased by NG25 treatment (Figure 9B). Histological
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Figure 7 TAK1 knockdown regulates myoblasts differentiation and controls fibrosis in mdx mice. (A) Western blot of p-TAK1 (Thr-184/187), t-TAK1
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assessment of the TA and DIA muscles revealed less inflam-
mation in NG25-treated mdx mice compared with controls
(Figure 9C and 9D). Next, we examined fibrosis and atrophy
after NG25 treatment and noted a marked reduction in a-
SMA and MuRF1 protein levels and an increase in MHC ex-
pression (Figure 9E) in NG25-treated mdx mice. Moreover,
these anti-fibrotic and anti-atrophic effects of NG25 were

observed in the DIA muscles (Figure 9F). The anti-fibrotic ef-
fect of NG25 was confirmed via fibronectin immunofluores-
cence staining (Figure 9G and 9H) and the hydroxyproline
assay of the TA and DIA sections (Figure S6H). We then mea-
sured MyoD, myogenin, and myostatin levels in the TA and
DIA muscles; mdx mice showed an increase in the protein
levels of MyoD, myogenin, and myostatin only for TA muscle.
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By contrast, myostatin expression was decreased in the NG25
treatment group (Figure S61 and S6J). The DIA muscles of mdx
mice exhibited decreased MyoD and myogenin expression
levels, but an increased myostatin level; in the NG25 treat-
ment group, only myostatin showed decreased expression
(Figure S6K and S6L). The TA muscle sections of mdx mice
showed lower MHC, and higher eMyHC, expression com-
pared with controls; these changes were reversed by NG25
treatment (Figure 9l). Finally, eMyHC was virtually absent
from the DIA muscles of mdx mice, and a robust reduction
in MHC expression was also seen. In contrast, NG25 treat-
ment increased DIA muscle MHC expression (Figure 9)).

Discussion

Duchenne muscular dystrophy is a rare, degenerative, and fa-
tal muscle disease characterized by muscle wasting and fibro-
sis, which are the major causes of death among sufferers
of this disorder.? In this study, we identified a new
anti-fibrotic and anti-atrophic treatment approach for DMD
involving the inhibition of TAK1. Cytokines were secreted af-
ter muscle injury. These inflammatory cytokines activate
TAK1 through various pathways, as reported previously,3*34
which may inhibit myoblast differentiation and induce fibrosis
(Figure 10). TAK1 has been shown to be vital in the
transdifferentiation of myoblasts into fibroblasts; we show
here that inhibition of TAK1 could both promote myoblast
differentiation and attenuate fibrosis by preventing
transdifferentiation, thus improving dystrophic muscle
function.

The mdx mouse strain is widely used to study DMD. In this
study, the mouse model used is not the regular mdx with a

point mutation in exon 23, and we used another dystrophic
model with the specifics of the mutation in exon 4. We found
that the mdx mice and DMD patients exhibit many biochem-
ical and histological similarities. One study found that DMD
patients exhibited extensive and severe muscle fibrosis, and
mdx mice high-level fibrosis, principally in the DIA muscles.>®
Therefore, we evaluated fibrosis in DIA muscle tissues. The TA
muscle of mdx mice is characterized by necrosis accompanied
by persistent and progressive degeneration, although this is
offset by a regenerative process catalyzed by satellite cells.3®
Another study found that differentiation of regenerated
myotubes into new types of fibres was significantly inhibited
in the TA muscle of mdx mice.3” Thus, we focused on the TA
muscle when exploring myoblast differentiation.

The inflammatory cytokines responsible for muscle
damage remain subject to debate.3®3° Some studies have
shown that inflammatory cytokines initiate profibrotic
reactions, in turn promoting the activation of fibroblasts
and inducing collagen | and fibronectin production.*®** Thus,
anti-inflammatory agents remain important as a therapeutic
tool for DMD and related neuromuscular diseases. However,
other studies have shown that, following skeletal muscle
injury, inflammatory cytokines are required for muscle regen-
eration via the activation of muscle satellite cells.**** Thus,
inflammatory cytokines play an important role in muscle
repair after injury. We observed a significant increase in
inflammatory cytokines in mdx mice compared with controls,
as also reported previously.** To control the profibrotic
reaction induced by inflammatory cytokines while also
allowing for muscle regeneration, inflammatory cytokines
were not cleared away directly in our experiments. We found
that, in primary myoblasts from both DMD patients and mdx
mice, TAK1 was activated by TGF-f1, IL-1B3, and TNF-a. (Figure
3). In this study, TAK1 is not only affecting myoblasts but
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(A) Western blot of p-TAK1 (Thr-184/187), t-TAK1 protein levels in TA of mdx mice. (B) Western blot of p-TAK1 (Thr-184/187), t-TAK1 protein levels in
DIA of mdx mice. (C) Representative HE stained images of TA and (D) DIA sections. Scale bar, 100 pm. (E) Western blot of a-SMA, MHC, and MuRF1
protein levels in TA of mdx mice. (F) Western blot of a-SMA, MHC, and MuRF1 protein levels in DIA of mdx mice. (G) Fluorescent fibronectin-stained TA
and (H) DIA sections of mdx mice. Scale bar, 100 um. () Fluorescent MHC (red) and eMyHC (green)-stained TA and (J) DIA sections of mdx mice, and
nuclei are stained with DAPI (blue). Scale bar, 100 um. Values are expressed as means + standard deviation (SD) (n = 6), *P < 0.05, **P < 0.01,
***p < 0.001 vs. control group; #P < 0.05, ##P < 0.01, ###P < 0.001 vs. mdx mice. a-SMA, alpha-smooth muscle actin; AAV, adeno-associated virus;
DAPI, 4’,6-diamidino-2-phenylindole; DIA, diaphragm; eMyHC, embryonic myosin heavy chain; GAPDH, glyceraldehyde 3-phosphate dehydrogenase;
MHC, myosin heavy chain; MuRF1, muscle RING-finger 1; p-TAK1, phosphorylated transforming growth factor-B-activated kinase 1; t-TAK1, total

transforming growth factor-p-activated kinase 1; TA, tibialis anterior.

potentially myofibres a well (Supporting Information, Figure
S7A). Early reports showed that TAK1 activation induced
and maintained fibrosis in  many fibrosis-associated
diseases,**"*® and we found that TAK1 activation promoted fi-
brosis and atrophy of skeletal muscle in mdx mice (Figure 5).
Conversely, TAK1 inhibition improved myoblast differentia-
tion and alleviated fibrosis, in turn improving skeletal muscle
function. Inhibition of TGF-f1 reportedly conferred a protec-
tive effect against DMD™?; in this study, TAK1 was activated

by IL-18, TNF-a, and TGF-B1. For DMD, the therapeutic effect
of TAK1 inhibition may be stronger than that of TGF-B1 inhi-
bition; we will investigate this more thoroughly in further
studies.

TAK1 plays an important role in satellite cell homeostasis
and function. Recent studies have shown that TAK1 regu-
lates skeletal muscle mass and mitochondrial function,*’
and knockout of TAK1 in muscle resulted in the accumula-
tion of oxidative stress and dysfunction in the regeneration
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Figure 10 Schematic diagram depicting the possible mechanism in DMD by inhibition of TAK1 in skeletal muscle. (A) TGF-B1, IL-1B, and TNF-a are se-
creted by immune cells in dystrophic muscle following acute injury, which result in TAK1 phosphorylation. TAK1 phosphorylation aggravates muscle
fibrosis and muscle degeneration in DMD. TAK1 knockdown by AAV-shRNA or NG25 improves the dystrophic muscle function by competitive binding
with TAK1 to avoid overphosphorylation of TAK1, (B) which subsequently results in reduced fibrosis and enhancement of myoblasts differentiation.
AAV, adeno-associated virus; IL, interleukin; TAK1, transforming growth factor-f-activated kinase 1; TNF-, tumour necrosis factor-o.

response following muscle injury.*® Therefore, we did not
perform the experiment with TAK1 global heterozygous
mice or skeletal muscle-specific TAK1 knockout mice. In this
study, TAK1 was overexpressed in DMD patients and mdx
mice. TAK1 activation caused fibrosis and muscle wasting
in control mice, and TAK1 overexpression further aggra-
vated muscle fibrosis and exacerbated muscle wasting in
mdx mice (Figure 5). Moreover, TAK1 activation inhibited
myoblast differentiation and promoted collagen | produc-
tion in primary myoblasts from mdx mice. Therefore, we
suggest that muscle wasting and fibrosis in DMD are attrib-
utable to TAK1 activation by cytokines. Most importantly,
we found that inhibition of TAK1 by AAV-shRNA or NG25
improved myoblast differentiation and alleviated fibrosis in
mdx mice. In this study, we found that TAK1 activation
induced transdifferentiation of myoblasts. TAK1 inhibition
partly suppressed transdifferentiation of myoblasts from
mdx mice. Thus, we suppose that TAK1 activation may also
induce the transdifferentiation of fibro-adipogenic progeni-
tor cells in mdx mice. We will further explore the role
of TAK1 activation on the transdifferentiation of
fibro-adipogenic progenitor cells in the next study.

A recent study reported that TGF-Bf1 induced the
transdifferentiation of myoblasts into  fibroblasts.*
Similarly, in our previous study, TAK1 activation induced
transdifferentiation of myoblasts into fibroblasts.® In addi-
tion, TAK1 was activated by TGF-B1, IL-1, and TNF-a in this
study. Although our study indicates that TAK1 activation
inhibits myoblast differentiation and increases myoblast
transdifferentiation, in turn promoting muscle wasting and
fibrosis, further studies should investigate the detailed
mechanism underlying TAK1-induced transdifferentiation of
myoblasts. To specifically knock down TAK1 in skeletal
muscles, the AAV-shRNA-control and AAV-shRNA-TAK1 were
intramuscularly injected into the right and left TA muscles,
respectively, of mdx and control mice. We found that
TAK1 inhibition improved myoblast differentiation and
alleviated fibrosis in mdx mice.>® In addition, we found that
p38-MAPK and MAP 4K2 were activated in the skeletal mus-
cle of mdx mice, while AAV-shTAK1 and NG25 did not affect
MAP 4K2 expression in mdx mice (Figure S7B and S7C).
Therefore, the beneficial mechanism of AAV-shTAK1 and
NG25 is independent of p38-MAPK/MAP 4K2 pathway. In
the future, we will explore the pathway downstream of
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TAK1 in more detail, with the aim of improving its beneficial
effects on myoblast differentiation and fibrosis.

In conclusion, this study provides evidence that TGF-B1,
IL-1B, and TNF-a are secreted in dystrophic muscles following
acute injury, which promotes TAK1 activation (Figure
10). TAK1 activation exacerbates fibrosis and muscle
degeneration, and pharmacological inhibition of TAK1 could
improve the condition of dystrophic muscles by reducing
fibrosis and increasing myoblast differentiation and muscle
strength.
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Table S1. The primers used for Real-time quantitative PCR
(house mouse)
Table S2. The antibody used for Western blot analysis

Figure S1 Fibrosis in and atrophy of the muscles of DMD pa-
tients is accompanied by TAK1 activation. (A) Fluorescent dys-
trophin (green)-stained triceps sections of controls and DMD
patients. (B) Serum CK levels were used to examine the
whole-body muscles health. (C) Representative H&E stained
images of triceps sections. (D and E) Western blot of Murf1
protein level in triceps of controls and DMD patients. (F) Fluo-
rescent TGF-P1 (green)-stained triceps sections of controls
and DMD patients. Scale bar, 100 pm. (G) Western blot of
TGF-B1 protein level. Values are expressed as means * stan-
dard deviation (SD) (n = 6), **p < 0.01, ***p < 0.001 vs.
control.

Figure S2 TAK1 was activated in mouse primary myoblasts by
IL-1B, TNF-0. and TGF-B1. (A-C) Serum IL-1B, TNF-a: and TGF-p1
level for 6 weeks aged control and mdx mice. Values are
expressed as means * standard deviation (SD) (n = 12),
**p < 0.01, ***p < 0.001 vs. control mice (CON). (D and E)
Primary myoblasts isolated from EDL muscle of mdx mice,
then myoblasts treated with o, 1, 2, 5 10 and 20 ng/ml IL-1B
or TNF-a or TGF-B1 for 2 hours. Western blot of p-TAK1 and
t-TAK1 protein levels and the pooled values for each group.
Values are expressed as means + standard deviation (SD)
(n = 6), *p < 0.05, **p < 0.01, ***p < 0.001 vs. control
group.

Figure S3 TAK1 regulated myoblasts differentiation and fi-
brosis in primary myoblasts. Primary myoblasts from EDL
muscle of mdx mice, then myoblasts treated with TGF-f1
(0, 1, 2.5 and 5 ng/ml) for 48 hours. (A and B) Western blot
of MyoD, myogenin and myostatin protein levels and the
pooled values for each group (n = 3). (C and D)
Western blot of MuRF1, MHC and Collagen | protein levels
(n =3). *p < 0.05, **p < 0.01 vs. control group (0 ng/ml
TGF-p).

Figure S4 TAK1 activation exacerbated muscle damage in
mdx mice. (A-C) Western blot of p-TAK1 and t-TAK1 protein
levels in TA. (D-F) Western blot of p-TAK1and t-TAK1 protein
levels in DIA (n = 3). (G) Representative H&E stained
images of (upper panel) TA and (lower panel) DIA sections
(n = 6). Values are expressed as means * standard devia-
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tion (SD), **p < 0.01, ***p < 0.001 vs. control group;
#p < 0.05, ##tp < 0.01, #iH#p < 0.001 vs. AAV-ctrls.

Figure S5 TAK1 knockdown improved muscle function in mdx
mice. (A) Schematic diagram of animal experiment design.
Knockdown TAK1 protein expression was performed by tail in-
jection of AAV-shRNA-TAK1 in mdx mice. (B) In vivo fluores-
cence imaging using the VIS Spectrum system. (C)
Representative images of green fluorescent protein (GFP) in
TA section. (D) Serum IL-1B, TNF-a and TGF-B1 levels were
measured by using enzyme-linked immunosorbent assay Kkits,
respectively. (E) Hydroxyproline content (ug hydroxyproline/
mg muscle) in TA and DIA muscles. Values are expressed as
means * standard deviation (SD) (n = 6), *p < 0.05,
***p < 0.001 vs. control group; #p < 0.05 vs. AAV-shctrls.

Figure S6 NG25 treatment in mdx mice minimized muscle
damage. (A) Schematic diagram of animal experiment design.
NG25 treatment in mdx mice for 2 weeks. (B) Representative
images of TA in each group and (C) TA weights were mea-
sured after NG25 treatment for 2 weeks (n = 9). (D) The rel-
ative mRNA levels of IL-1B8, TNF-a and TGF-f31 measured by
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Figure S7 The beneficial mechanism of AAV-shTAK1 and NG25
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bar, 100 pm. (B and C) Western blot of p-p38 MAPK, t-p38
MAPK and MAP 4 K2 protein levels in triceps of controls
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