Conflict of interest: The authors have
declared that no conflict of interest
exists.

Copyright: © 2023, Roy et al. This is
an open access article published under
the terms of the Creative Commons
Attribution 4.0 International License.

Submitted: August 24, 2022
Accepted: April 12, 2023
Published: May 22, 2023

Reference information: /C/ Insight.
2023;8(10):e164768.
https://doi.org/10.1172/jci.
insight.164768.

RESEARCH ARTICLE

Targeted regulation of TAK1 counteracts
dystrophinopathy in a DMD mouse model

Anirban Roy, Tatiana E. Koike, Aniket S. Joshi, Meiricris Tomaz da Silva, Kavya Mathukumalli,
Mingfu Wu, and Ashok Kumar

Department of Pharmacological and Pharmaceutical Sciences, University of Houston College of Pharmacy, Houston,
Texas, USA.

Muscular dystrophies make up a group of genetic neuromuscular disorders that involve severe
muscle wasting. TGF-B-activated kinase 1 (TAK1) is an important signaling protein that regulates
cell survival, growth, and inflammation. TAK1 has been recently found to promote myofiber
growth in the skeletal muscle of adult mice. However, the role of TAK1 in muscle diseases remains
poorly understood. In the present study, we have investigated how TAK1 affects the progression
of dystrophic phenotype in the mdx mouse model of Duchenne muscular dystrophy (DMD). TAK1
is highly activated in the dystrophic muscle of mdx mice during the peak necrotic phase. While
targeted inducible inactivation of TAK1 inhibits myofiber injury in young mdx mice, it results in
reduced muscle mass and contractile function. TAK1 inactivation also causes loss of muscle mass
in adult mdx mice. By contrast, forced activation of TAK1 through overexpression of TAK1 and
TAB1 induces myofiber growth without having any deleterious effect on muscle histopathology.
Collectively, our results suggest that TAK1 is a positive regulator of skeletal muscle mass and that
targeted regulation of TAK1 can suppress myonecrosis and ameliorate disease progression in DMD.

Introduction

Duchenne muscular dystrophy (DMD) is a severe neuromuscular disease that occurs due to mutations
in the DMD gene that encodes the subsarcolemmal protein dystrophin (1). Lack of functional dystro-
phin protein makes sarcolemma vulnerable to contraction-induced injury that results in degeneration
and progressive wasting of nearly all muscles and results in premature death of afflicted individuals
(2-4). The DMD pathology onsets with chronic myofiber necrosis and an associated inflammatory
response that eventually leads to the replacement of myofibers by fat and fibrotic tissue (5). While
emerging new gene-editing technologies, such as CRISPR, to correct defective mutations are prospec-
tive therapies for DMD, significant obstacles and safety concerns have thwarted the translation of
these approaches to true therapies (1, 6—-10). Current standard-of-care for DMD is focused on reducing
inflammation with corticosteroids, which modestly reduces disease progression but has serious side
effects (11). Accumulating evidence suggests that regulation of immune response, autophagy, and
metabolism along with gene correction therapy can be promising approaches to ameliorate disease
progression in patients with DMD (12-16).

Destabilization of the dystrophin-glycoprotein complex (DGC) due to dystrophin deficiency inflicts
muscle injury and myonecrosis in DMD (17-19). Due to the chronic nature of myofiber degeneration,
dystrophic muscle presents a highly complex microenvironment where factors, including immune and
other infiltrating cells, inflammatory cytokines, and profibrotic molecules, influence myofiber integrity
and regeneration (5, 20). Moreover, aberrant activation of proinflammatory signaling cascades, such
as NF-kB and MAPKSs, is a common feature in dystrophic muscle (21-28). However, the physiological
significance and molecular underpinning that leads to the activation of various signaling pathways in
dystrophic muscle remain poorly understood.

TGF-B-activated kinase 1 (TAK1), a member of the MAPK kinase kinase (MAP3K) family, regu-
lates multiple cellular responses, including cell survival, proliferation, differentiation, inflammation, innate
immune response, development, and morphogenesis of various organs (29, 30). Numerous cytokines,
growth factors, and microbial products initiate cell signaling, which results in the activation of TAKI sig-
nalosome. For activation, TAK1 interacts with adapter protein TAK1 binding protein 1 (TAB1) and either
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TAB2 or TAB3 and undergoes K63-linked ubiquitination that results in a conformational change leading
to TAK1 autophosphorylation within the activation loop (31, 32). Once activated, TAK1 phosphorylates
MKK4 and MKK3/6, which leads to the activation of JNK and p38 MAPK, respectively. Another import-
ant phosphorylation target of TAK1 is IkB kinase  (IKKf), which is responsible for the activation of the
canonical NF-kB signaling pathway (31, 33).

We have previously reported that TAK]1 is essential for satellite stem cell survival, self-renewal, and
myogenic function. Inducible inactivation of TAK1 in satellite cells impairs regeneration of skeletal muscle
in adult mice (34). Intriguingly, we also found that TAK1 is critical for the growth and maintenance of
skeletal muscle mass. Mice with germline inactivation of 7ak! in skeletal muscle show perinatal lethality,
whereas targeted inducible inactivation of TAK1 causes severe muscle wasting in adult mice, accompanied
by activation of proteolytic pathways, repression in the rate of protein synthesis, redox imbalance, and
mitochondrial dysfunction (35, 36). More recently, we demonstrated that TAK1 is essential for the integrity
of neuromuscular junctions (NMJs) in adult mice. Forced activation of TAK1 through adeno-associated
virus—mediated (AAV-mediated) overexpression of TAK1 and TABI1 in skeletal muscle causes myofiber
hypertrophy and also attenuates the loss of muscle mass in response to functional denervation (37). A
recent study has demonstrated that TAK1 is activated in skeletal muscle of patients with DMD and dys-
trophic-deficient mdx mice (38). However, the muscle-specific role of TAK1 in disease progression and
the mechanisms by which TAK1 regulates dystrophic phenotype in mdx mice remain poorly understood.

In the present study, using genetic mouse models, we have investigated the role of TAK1 in muscle
pathogenesis of mdx mice. Our results demonstrate that TAK1 is highly activated during the necrotic phase
and that inactivation of TAKI reduces muscle injury in young mdx mice potentially through inhibiting
inflammatory response and necroptosis. However, targeted inactivation of TAK1 strongly inhibits myofiber
growth, resulting in reduced muscle mass and strength. In contrast, forced activation of TAK1 in dystrophic
muscle of mdx mice through intramuscular injection of AAV6 vectors expressing TAK1 and TABI1 stimu-
lates myofiber growth without having any adverse effect on muscle histopathology. Our experiments suggest
that targeted regulation of TAK1 activity can improve muscle mass and contractile function in DMD.

Results

TAK1 is activated in dystrophic muscle of mdx mice. By performing immunoblotting, we first investigated how the
levels of TAK1 change with age in the skeletal muscle of dystrophin-deficient mdx mice compared with WT
mice. There was a significant increase in the levels of phosphorylated TAK1 (p-TAK1) and total TAK1 protein
in the gastrocnemius (GA) muscle of 4-week-old mdx mice compared with age-matched WT mice (Figure 1,
A and B). Interestingly, there was no significant difference in the levels of p-TAK1 or total TAK1 in GA muscle
of 16-week-old WT and mdx mice (Figure 1, A and C). In the mdx mice, skeletal muscle degeneration starts
at the age of 2.5 weeks and severe myonecrosis with inflammation is observed around 3.5—4 weeks. Thereafter,
the muscle undergoes a bout of chronic regeneration that continues through adulthood (4, 39). By perform-
ing H&E staining, we confirmed significant myonecrosis in tibialis anterior (TA) muscle of 4-week-old mdx
mice and appearance of centronucleated myofibers (CNFs) in 6- and 8-week-old mdx mice (Figure 1D). To
investigate the temporal expression of TAK1, we measured levels of TAK1 in skeletal muscle of mdx mice of
different age groups. Results showed that levels of TAK1 were significantly increased in GA muscle of 4-week-
old mdx mice compared with 2-, 6- and 8-week-old mdx mice (Figure 1, E and F). In response to stimulation
by TNF-a, TAK1 phosphorylates receptor interacting protein kinase 1 (RIPK1) at Ser321 residue, which leads
to cell death through apoptosis or necroptosis (40). Interestingly, myofiber death through necroptosis has been
reported to promote muscle degeneration in an mdx model of DMD (41). Consistent with increased activation
of TAK1, we observed a significant increase in p-RIPK1 (S321), but not total RIPK1 protein levels, in GA mus-
cle of 4-week-old mdx mice compared with other age groups (Figure 1, E and F). We also examined whether
the TAK1 temporal dynamics correlates with the TGF-f ligand dynamics in dystrophic muscle of mdx mice.
Results showed that TAK1 was upregulated at time points where latent TGF-f was reduced and active form
of TGF-f was increased in TA muscle of mdx mice (Supplemental Figure 1; supplemental material available
online with this article; https://doi.org/10.1172/jci.insight.164768DS1). To determine the spatial location of
TAKI1 during the necrotic phase of mdx pathology, we immunostained transverse sections generated from TA
muscle of 4-week-old mdx mice for TAK1 and PAX7 protein. This analysis showed that TAK1 was expressed
in regenerating myofibers as well as satellite cells (Figure 1G). Collectively, these results suggest that TAK1 is
activated in the skeletal muscle of mdx mice during the peak necrotic phase.
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Figure 1. Activation of TAK1 in skeletal muscle of mdx mice. (A) Western blot showing protein levels of p-TAK1 and total TAK1in GA muscle of 4- and
16-week-old WT and mdx mice. (B and C) Quantification of protein levels of p-TAK1 and total TAK1in (B) 4-week and (C) 16-week-old WT and mdx mice.

n =3 mice per group. Data represented as mean + SEM. *P < 0.05, values significantly different from GA muscle of corresponding age-matched WT mice
by unpaired Student t test. (D) Transverse sections of TA muscle from 2-, 4-, 6-, and 8-week-old mdx mice stained with H&E. Scale bar: 100 um. (E and F)
Western blot and densitometry analysis showing protein levels of TAK1, p-RIPK1(5321), and total RIPK1in GA muscle of mdx mice at indicated age. n =
3-5. #P < 0.05, values significantly different from GA muscle of 2-week-old mdx mice by 1-way ANOVA followed by Tukey's multiple-comparison test. (G)
Representative images of TA muscle sections from 4-week-old mdx mice afterimmunostaining for TAK1 and Pax7 protein. Nuclei was counterstained with
DAPI. Scale bar: 50 um. Blue arrows point to Pax7+ satellite cells. White arrows point to myonuclei. n = 3-4.

Inactivation of TAKI causes loss of skeletal muscle mass and contractile function in mdx mice. To investigate
the muscle role of TAKI in dystrophic mice, we crossed floxed Tak1 (Tak1%") mice with a skeletal mus-
cle-specific tamoxifen inducible Cre line (HSA-MCM) to generate Tak1™° mice as described (35, 37).
The Tak1™X° mice were then crossed with mdx mice to generate mdx;Tak1%? and mdx;Tak1™%° mice. The
second exon of the Tak! gene, which encodes the kinase domain, is flanked by loxP sites in these mice.
Tamoxifen-mediated inducible expression of Cre recombinase leads to the deletion of the second exon of
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the Tak! gene and significantly reduced the levels of inactivated TAK1 protein (34). For our experiments,
4-week-old littermate mdx;Tak1"? and mdx;Tak1™%° mice were given daily i.p. injections of tamoxifen
(75 mg/kg body weight) for 4 consecutive days. The mice were then fed a tamoxifen-containing chow
for the entire duration of the experiments. After 1 week or 4 weeks of TAK1 inactivation — i.e., either 5
or 8 weeks of age — the mice were analyzed and euthanized (Figure 2A). TAK1 inactivation in skeletal
muscle of mdx mice led to growth retardation (Figure 2B). The body weight of mdx;Tak1™%° mice was
significantly less compared with littermate mdx;Tak1"? mice at the age of 7 and 8 weeks (Figure 2B).
Moreover, 8-week-old mdx;Tak1™X° mice appeared lean and feeble, besides having significantly reduced
accretion of body weight compared with littermate mdx;Tak1"" mice (Figure 2, C and D). In addition,
the 4-paw grip strength of mdx;Tak1™%° mice was significantly reduced compared with mdx;Tak1%® mice
(Figure 2E). Next, we investigated muscle contractile properties in vivo by measuring the average twitch
force, force-frequency relationship, and time to fatigue. Stimulating plantarflexion at different frequencies
showed a significant decrease in average twitch force normalized to body weight in mdx;Tak1™%° mice
compared with mdx;Tak1"" mice (Figure 2F). Analysis of a force-frequency curve showed significantly
less force production at frequencies of 50-300 Hz in mdx;Tak1™%° mice compared with mdx;Tak1%® mice
(Figure 2G). However, there was no significant difference in the fatigability between mdx;Tak1"® and
mdx;Tak1™%° mice (Figure 2H). We also found reduced GA and TA muscle wet weight in 5- and 8-week-
old mdx; Tak1™X° mice compared with corresponding controls (Figure 2, I and J). Serum levels of creatine
kinase (CK) activity is an important marker of muscle damage in dystrophic mice (42). Interestingly, we
found a significant decrease in CK levels in 5-week-old mdx;Tak1™%° mice but not in 8-week-old mdx; Tak1™X°
mice compared with their corresponding controls (Figure 2K). These results suggest that TAK1 is an
important regulator of muscle mass and that muscle-specific inactivation of TAK1 blunts skeletal muscle
growth and diminishes contractile function in mdx mice.

Targeted inactivation of TAKI in young mdx mice reduces muscle injury but restricts myofiber growth. To under-
stand the effects of inactivation of TAK1 on muscle histopathology, we analyzed transverse sections of dia-
phragm, TA, and soleus muscle from 5- or 8-week-old mdx; Tak1%" and mdx;Tak1™X° mice after performing
H&E staining. In the diaphragm, signs of necrosis and inflammation were sparse at 5 weeks, which were
pronounced at 8 weeks in mdx;Tak1%® mice (Figure 3, A and B). In TA muscle, necrosis and cellular infil-
tration were prevalent at 5 weeks and were less frequent at 8 weeks in mdx;Tak1%" mice (Figure 3, A and
B). The soleus muscle sections showed extensive CNFs and cellular infiltration at 5 and 8 weeks of age in
mdx;Tak1¥® mice (Figure 3, A and B). These histological features were dramatically reduced in 5-week-old
and 8-week-old mdx;Tak1™%° mice compared with age-matched mdx;Tak1"® mice (Figure 3, A and B, and
Supplemental Figures 2 and 3). Quantitative analysis showed that the proportion of CNFs in the TA and
soleus muscle of 5-week-old mdx; Tak1™X° mice was significantly reduced compared with age-matched mdx-
;Tak1"" mice (Figure 3C). Moreover, diaphragm, TA, and soleus muscle of 8-week-old mdx;Tak1™*° mice
also showed a significant reduction in number of CNFs compared with littermate mdx;Tak1"® mice (Fig-
ure 3D). Interestingly, the myofibers of mdx;Tak1™X° mice appeared considerably smaller in size compared
with mdx;Tak1% mice (Figure 3, A and B). Indeed, quantitative analysis showed a significant reduction in
average myofiber cross-sectional area (CSA) in diaphragm and TA muscle of 5-week-old mdx;Tak1™%° mice
compared with littermate mdx;Tak1"" mice (Figure 3E). Similarly, average myofiber CSA in diaphragm,
TA, and soleus muscle was also significantly reduced in 8-week-old mdx;Tak1™%° mice compared with litter-
mate controls (Figure 3F). This phenotype was more prominent at 8 weeks of age, where average myofiber
CSA in TA and soleus muscle was reduced by more than 50% following TAK1 inactivation.

We also investigated the effect of inactivation of TAK1 on the composition of slow- and fast-type myofi-
bers in skeletal muscle of mdx mice. Results showed that there was a significant increase in the proportion of
type I1a myofibers and a significant reduction in type IIb myofibers in TA muscle of 8-week-old mdx;Tak1™¥°
mice compared with corresponding mdx;Tak1"" mice (Supplemental Figure 4, A and B). Furthermore, a
significant decrease in the proportion of type I myofibers and a significant increase in type Ila myofibers
were observed in soleus muscle of mdx;Tak1™° mice compared with mdx;Tak1%® mice (Supplemental Fig-
ure 4, A and C). These results suggest that inactivation of TAK1 favors fast-type oxidative myofiber pheno-
type in skeletal muscle, which may explain similar fatigability in mdx;Tak1%® and mdx;Tak1™° mice.

Targeted inactivation of TAKI does not affect regenerative myogenesis. Exhaustion of satellite stem cells and
reduced myogenic potential with increasing age is a manifestation of DMD (43). Intriguingly, a few recent
studies have suggested that depleting myogenic progenitor cells can ameliorate myopathy severity in animal
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Figure 2. Inactivation of TAK1 in young mdx mice blunts growth and reduces muscle force production. (A) Schematic representation showing
age of mdx mice, time of TAK1 inactivation, and euthanasia. (B) Average body weight of littermate mdx;Tak1"# and mdx;Tak1™° mice at indicated
ages. (C) Gross appearance of mdx;Tak1"f and mdx;Tak1™® mice at the age of 8 weeks. (D) Percentage increase in body weight of mdx;Tak1"/" and
mdx;Tak1™® mice with age. (E) Average 4-paw grip strength per gram of body weight of 8-week-old mdx;Tak1"" and mdx;Tak1™® mice. n = 4-6.
(F-H) Quantification of normalized (F) average specific twitch force, (G) tetanic forces to stimulation frequency relationship, and (H) peak tetanic
force over 180 seconds in 8-week-old mdx;Tak1"/® and mdx;Tak1™ mice. n = 7-9. (1-K) Wet weight of (I) GA and (J) TA muscle and (K) fold change
in serum levels of CK activity in mdx;Tak1"" and mdx;Tak1™° mice at 5 and 8 weeks of age. n = 3-6. Data represented as mean + SEM. *P < 0.05,
values significantly different from corresponding mdx;Tak1"® mice by unpaired Student t test (B, D, E, F, I, }, and K) or by 1-way ANOVA (G and H)
followed by Tukey’s multiple-comparison test.

models of muscular dystrophies (44, 45). Therefore, we sought to investigate whether inducible inactivation
of TAKI affects myofiber regeneration in mdx mice. For this analysis, TAK1 was inactivated in dystrophic
muscle of mdx mice at the age of 4 weeks and analyzed at the age of 8 weeks. Immunostaining of TA
muscle sections for Pax7 and laminin protein showed a significant reduction in the abundance of Pax7*
satellite cells in mdx;Tak1™*° mice compared with mdx;Tak1"® mice (Figure 4, A and B). Embryonic myo-
sin heavy chain (eMyHC) isoform is expressed by newly formed myofibers in regenerating skeletal muscle.
Interestingly, the number and size of eMyHC-expressing myofibers were significantly reduced in dystrophic
muscle of mdx;Takl™° mice compared with mdx;Tak1"" mice (Figure 4, C-E). Western blot analysis
showed that there was a significant reduction in the protein levels of eMyHC (Myh3) in GA muscle of
mdx;Tak1™X° mice compared with mdx;Tak1%® mice. By contrast, levels of MyoD protein remained com-
parable between mdx;Tak1"" and Tak1™%° mice (Figure 4, F and G). Fewer satellite cells and diminished
levels of eMyHC protein can be indicative of reduced muscle injury or a defect in myofiber regeneration.
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Figure 3. Inactivation of TAK1 improves histopathology but suppresses myofiber growth in young mdx mice. Four-week-old mdx;Tak1"/! and mdx; Tak1m®
mice were treated with tamoxifen and analyzed at 5 or 8 weeks of age. (A and B) Representative photomicrographs of transverse sections of diaphragm, TA,
and soleus muscle of (A) 5-week-old and (B) 8-week-old mdx;Tak1" and mdx; Tak1™® mice after staining with H&E. Scale bar: 50 um. (C and D) Quantification
of percentage of centronucleated fibers (CNF) in diaphragm, TA, and soleus muscle of (€) 5-week and (D) 8-week-old mdx;Tak1"/! and mdx; Tak1™ mice. (E and
F) Average myofiber cross-section area (CSA) of diaphragm, TA, and soleus muscle of (E) 5-week and (F) 8-week-old mdx;Tak1"f and mdx;Tak1™° mice. n = 3-5
in each group. Data represented as mean + SEM. *P < 0.05, values significantly different from corresponding mdx; Tak1"/f mice by unpaired Student t test.

To delineate between these 2 possibilities, we studied the effect of myofiber-specific inactivation of TAK1
on muscle regeneration in WT mice. TA muscle of adult Tak1%? and Tak1™*° mice was injured by giving
intramuscular injections of cardiotoxin, and muscle regeneration was studied 5 days later by morphomet-
ric assays. There was no apparent difference in TA muscle regeneration between Tak1?® and Tak]™¥©
mice (Figure 4H). Quantitative analysis showed that the average myofiber CSA and the proportion of
CNFs remained comparable in regenerating TA muscle of Tak1%® and Tak1™X° mice (Figure 4, I and J).
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Figure 4. Effect of inactivation of TAK1 on myofiber regeneration in mdx mice. Four-week-old mdx;Tak1"" and mdx;Tak1™° mice were treated
with tamoxifen and analyzed at the age of 8 weeks. Transverse sections of TA muscle were immunostained for Pax7 and Laminin. Nuclei was
counterstained with DAPI. (A and B) Representative photomicrographs and quantitative analysis showing frequency of Pax7* cells in TA muscle of
8-week-old littermate mdx; Tak1" and mdx;Tak1™® mice. n = 4 per group. Data represented as mean + SEM. *P < 0.05, values significantly different
mdx;Tak1™"" mice by Student t test. (C-E) Transverse sections of GA muscle were immunostained for eMyHC and Laminin. Nuclei were counter-
stained with DAPI. (C) Representative photomicrographs and quantitative analysis of (D) average myofiber cross-section area of eMyHC* myofibers
and (E) percentage of eMyHC* myofibers in 8-week-old mdx;Tak1"" and mdx;Tak1™° mice. n = 4 per group. (F and G) Western blot and densitom-
etry analysis showing protein levels of eMyHC, MyoD, and unrelated protein GAPDH. n = 6. Data represented as mean + SEM. *P < 0.05, values
significantly different from mdx;Tak1"f mice by Student t test. (H-]) Following TAK1 inactivation in adult Tak1%® and Tak1™® mice, TA muscle was
injected 100 pL of 10 uM cardiotoxin solution. (H) Representative photomicrographs of H&E-stained TA muscle sections and quantification of (1)
average myofiber cross-section area (CSA) and (J) percentage of centronucleated fibers (CNFs). n = 4-5 per group. Data represented as mean + SEM.
Western blots for F, Figure 5E, and Figure 6E were performed contemporaneously. Black lines on the immunoblots indicate that intervening lanes
have been spliced out.
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These results further suggest that myofiber-specific inactivation of TAK1 in mdx mice mitigates muscle
injury without having any effect on muscle regeneration.

TAK]1 induces the phosphorylation of RIPKI in skeletal muscle of mdx mice. Mutations in the dystrophin
gene destabilizes the DGC that leads to severe myofiber necrosis in skeletal muscle (46). To investigate the
extent of necrosis, transverse sections of diaphragm, TA, and soleus muscle from 8-week-old mdx;Tak-
11 and mdx;Tak1™%° mice were stained with anti-mouse IgG. There was a significant reduction in IgG-
stained areas in skeletal muscle of mdx;Tak1™%° mice compared with mdx;Tak1%" mice (Figure 5, A and
B). A recent study has shown that programmed necrosis or necroptosis is pronouncedly activated in the mdx
model of DMD and is responsible for RIPK1-dependent myofiber death and inflammation (41). Sustained
phosphorylation at the intermediate domain of RIPK1 (S321) by TAK1 has been demonstrated to trigger
necroptosis (40). To investigate whether TAK1 regulates RIPK1 in skeletal muscle of mdx mice, we inac-
tivated TAK1 in skeletal muscle of 4-week-old mdx mice. Results show a significant reduction in p-RIPK1
(S321) levels and in p-RIPK1/total RIPK1 ratio in GA muscle of mdx;Tak1™%° mice compared with mdx;Tak-
17" mice at 5 weeks of age (Figure 5, C and D). At 8 weeks of age, mdx;Tak1™*° mice showed a significant
reduction in the p-RIPK1/total RIPK1 ratio but showed an elevated total RIPK1 level when compared with
mdx;Tak1"® mice (Figure 5, E and F). In response to myofiber injury, inflammatory immune cells, such as
macrophages, infiltrate into dystrophic muscle (47, 48). Immunostaining for F4/80 antigen, a marker for
murine macrophages, showed a significant decrease in the number of F4/80" cells in diaphragm, TA, and
soleus muscle of 8-week-old mdx;Tak1™X° mice compared with littermate mdx;Tak1"® mice (Supplemental
Figure 5, A and B). We also found a significant reduction in the gene expression of macrophage cell-surface
antigens F4/80, CD11c, and CD206 in the GA muscle of 8-week-old mdx;Tak1™° mice compared with
littermate mdx;Tak1"" mice (Supplemental Figure 5C). These results suggest that inactivation of TAK1
attenuates myonecrosis and limits inflammation in dystrophic muscle.

TAK] regulates proteolytic systems in dystrophic muscle. Under catabolic conditions, muscle proteolysis is
primarily mediated by the ubiquitin-proteasome system (UPS) and autophagy (49). Targeted inactivation of
TAKT1 leads to muscle atrophy, which is accompanied by increased expression of the components of UPS
and autophagy (35, 37). The HDAC4-Dach2-myogenin axis has been found to be one of the most important
inducers of the gene expression of E3 ubiquitin ligases, MAFbx and MuRF1, in skeletal muscle following
denervation. This pathway is also highly activated in skeletal muscle of WT mice following TAK1 inactiva-
tion (37). We next sought to investigate whether inactivation of TAK1 affects the markers of UPS and auto-
phagy in dystrophic muscle of mdx mice. Results show that the mRNA levels of Hdac4, Myogenin (Myog),
MAFDbx (Fbxo32), and MUSA1 (Fbxo30) were significantly increased, whereas mRNA levels of Dach2 were
significantly reduced, in GA muscle of 8-week-old mdx;Tak1™ ° mice compared with littermate mdx;Tak-
1¥% mice (Figure 6A). Western blot analysis also showed a significant increase in the levels of HDAC4,
myogenin, and ubiquitin-conjugated proteins in GA muscle of 8-week-old mdx;Tak1™° mice compared
with age-matched mdx;Tak1"" mice (Figure 6, B and C). Furthermore, mRNA levels of autophagy-related
molecules: Atg5, Atg12, and LC3B (Map1lc3b) ratio of LC3BII/LC3BI protein were significantly increased in
dystrophic muscle of mdx;Tak1™° mice compared with mdx;Tak1"? mice (Figure 6, D-F).

We have recently reported that inactivation of TAKI1 disrupts TGF-f-induced Smad2/3 and bone
morphogenic protein—induced (BMP-induced) Smad1/5/8 signaling in skeletal muscle of WT mice (37).
Interestingly, our analysis showed that there was no difference in activation of various markers of these
pathways in dystrophic muscle of mdx;Tak1%" and mdx;Tak1™° mice. The phosphorylated and total lev-
els of Smad2 and Smad1/5/8 proteins remained comparable in skeletal muscle of mdx;Tak1™%° mice and
mdx;Tak1"® mice (Supplemental Figure 6, A and B). Moreover, quantitative PCR (qPCR) analysis showed
that, even though transcript levels of Bmrib and Acvrlb were significantly increased, there was no signifi-
cant difference in the transcript levels Bmprla, Bmpr2, Acvric, Tgfbrl, Acvrla, Bmp7, Bmp8a, Bmp8b, Bmpl3,
Tgfbl, Tgfb2, and Tgfb3 in GA muscle of mdx;Tak1™%° mice compared with mdx;Tak1"® mice (Supplemen-
tal Figure 6C). These results suggest that inactivation of TAK1 stimulates the proteolytic system without
having any significant influence on TGF-B— or BMP-Smad signaling in dystrophic muscle of mdx mice.

Targeted inactivation of TAKI in postnecrotic mdx mice causes muscle wasting. We have previously reported
that TAK1 is essential for maintaining skeletal muscle mass in adult WT mice (35). However, the role of
TAKI in the regulation of skeletal muscle mass at the postnecrotic phase in mdx mice remains unknown.
Therefore, we inactivated TAK1 in 12-week-old adult littermate mdx;Tak1"? and mdx;Tak1™° mice and
performed the morphometric and biochemical analysis at the age of 16 weeks (Figure 7A). There was a
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Figure 5. TAK1 contributes to RIPK1 phosphorylation in dystrophic muscle. (A) Representative photomicrographs of transverse sections of diaphragm,
TA, and soleus muscle of 8-week-old mdx;Tak1"/ and mdx; Tak1™® mice stained with anti-mouse IgC. Scale bar: 50 um. (B) Percentage of IgG-stained area
in diaphragm, TA, and soleus muscle sections of 8-week-old mdx;Tak1"" and mdx;Tak1™° mice. (C) Western blot showing protein levels of p-RIPK1(5321),
total RIPK1, and TAK1. (D) Densitometry analysis showing fold change of p-RIPK and RIPK1 and ratio of p-RIPK1/total RIPK1in GA muscle of 5-week-old
mdx; Tak1"" and mdx; Tak1™° mice. n = 3 per group. (E and F) Western blot showing protein levels of p-RIPK1(5321), total RIPK1, and TAK1, and densitome-
try analysis showing fold change of p-RIPK and RIPK1 and ratio of p-RIPK1/total RIPK1in GA muscle of 8-week-old mdx;Tak1"" and mdx;Tak1™® mice. n =
6. Data represented as mean + SEM. *P < 0.05, values significantly different from mdx;Tak1" mice by unpaired Student t test. Western blots for E, Figure
4F, and Figure 6E were performed contemporaneously. Black lines on the immunoblots indicate that intervening lanes have been spliced out.
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significant reduction in body weight of mdx;Tak1™° mice compared with littermate mdx;Tak1%® mice
(Figure 7B). There was also a significant reduction in specific twitch force normalized to body weight
(Figure 7C) and tetanic force production with stimulation ranging from 50 to 300 Hz in mdx;Tak1™k®
mice compared with mdx;Tak1?" mice (Figure 7D). Furthermore, wet weight of TA and GA muscle
was significantly reduced in mdx;Tak1™° mice compared with mdx;Tak1"" mice (Figure 7, E and F).
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Figure 6. Inactivation of TAK1 stimulates proteolytic systems in dystrophic muscle. Four-week-old mdx;Tak1"" and mdx;Tak1™° mice were treat-
ed with tamoxifen and analyzed at the age of 8 weeks. (A) gPCR assay showing relative mRNA levels of Hdac4, Dach2, Myog (Myogenin), Fbxo32
(MAFbx), Trim63 (MuRF1), and Fbxo30 (MUSAT1) in 8-week-old mdx;Tak1"f and mdx;Tak1™® mice. n = 4-6. (B and C) Western blot and densitometry
analysis showing protein levels of HDAC4, myogenin, and ubiquitin-conjugated proteins in 8-week-old mdx;Tak1"® and mdx;Tak1™° mice. n = 6.
Ponceau S staining showing equal loading of protein. (D) Relative mRNA levels of Atg5, Atg12, Becn1 (Beclin1), and Map1/c3b (Lc3b) in GA muscle
of 8-week-old mdx;Tak1®/® and mdx;Tak1™® mice. n = 4-6. (E and F) Western blot and densitometry analysis showing the ratio of LC3BII to LC3BI in
GA muscle of 8-week-old mdx;Tak1"" and mdx;Tak1™® mice. n = 4. Data represented as mean + SEM. *P < 0.05, values significantly different from
mdx; Tak1"" mice by unpaired Student t test. Western blots for E, Figure 4F, and Figure 5E were performed contemporaneously. Black lines on the
immunoblots indicate that intervening lanes have been spliced out.

However, serum levels of CK remained comparable between mdx;Tak1"" and mdx;Tak1™° mice (Figure
7G). By performing Western blot, we confirmed a drastic reduction in the levels of TAK1 protein in the
skeletal muscle of mdx;Tak1™%° mice compared with corresponding mdx;Tak1"® mice (Figure 7H).

To investigate the effect of inactivation of TAK1 on muscle histopathology in postnecrotic mdx mice,
transverse sections of diaphragm, TA, and soleus muscle were analyzed by performing H&E staining.
Results showed a significant reduction in average myofiber CSA in skeletal muscle of mdx;Tak1™¥° mice
compared with corresponding mdx;Tak1%® mice (Figure 7, I and J, and Supplemental Figure 7A). Howev-
er, the proportion of CNFs remained comparable between mdx;Tak1"" and mdx;Tak1™%° mice (Figure 7,
T and K, and Supplemental Figure 7A). Additionally, we did not find any difference in area under necrosis
between mdx;Tak1™%° and mdx;Tak1"" mice analyzed by staining of muscle sections with anti-mouse IgG
(Figure 7, I and L, and Supplemental Figure 7B). To investigate whether muscle-specific inactivation of
TAKI1 affects macrophage infiltration in dystrophic muscle of adult mdx mice, we immunostained muscle
sections for F4/80 antigen. This analysis showed that the number of F4/80" cells was comparable between
mdx; Tak1"? and mdx;Tak1™%° mice (Figure 7, I and M, and Supplemental Figure 7C).

‘We also performed Sirius red staining to evaluate the collagen levels. However, there was no appar-
ent difference in collagen deposition in diaphragm of 16-week-old mdx;Tak1%" and mdx;Tak1™° mice
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Figure 7. Targeted ablation of TAK1 in adult mdx mice causes muscle wasting without affecting histopathology. (A) Schematic representation
showing the age of mice and time of treatment with tamoxifen and euthanasia. (B) Percentage change in body weight from initial weight of

mdx; Tak1™/® and mdx;Tak1™® mice. (C and D) Normalized average specific twitch force and tetanic force with increasing stimulation frequency in
16-week-old mdx;Tak1"" and mdx;Tak1™® mice. (E-G) Wet weight of TA and GA muscle normalized with body weight serum levels of CK in 16-week-
old mdx;Tak1®" and mdx;Tak1™° mice. n = 4. (H) Western blot showing protein levels of TAK1in GA muscle of mdx;Tak1"" and mdx;Tak1m™® mice. (1)
Representative photomicrographs of TA muscle sections stained with H&E or anti-mouse IgG or coimmunostained for F4/80, Laminin, and DAPI.

() and K) Average myofiber cross-section area and percentage of centronucleated fibers (CNFs) in diaphragm, TA, and soleus muscle of mdx;Tak1"" and
mdx;Tak1™® mice. n = 3 per group. (L and M) Quantitative analysis of (L) percentage of IgG-stained area and (M) F4/80* cells per unit area in TA
muscle of 16-week-old mdx;Tak1"" and mdx;Tak1™® mice. n = 4 per group. Data represented as mean + SEM. *P < 0.05, values significantly differ-
ent from GA muscle of 16-week-old mdx;Tak1?® mice by unpaired Student t test.
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(Supplemental Figure 7D). Moreover, mRNA levels of Collal, Col2al, Col3al, and Col4al remained
comparable in GA muscle of mdx;Takl1"" and mdx;Tak1™° mice (Supplemental Figure 7E). Col-
lectively, these results suggest that inactivation of TAK1 in adult mdx mice leads to loss of skeletal
muscle mass without affecting muscle histopathology.

Forced activation of TAKI augments myofiber growth in adult mdx mice. We next sought to determine
the effect of forced activation of TAK1 in mdx mice through intramuscular injections of AAV6 vectors
expressing TAK1 or TAB1 using cytomegalovirus (CMV) promoter (37). Our initial analysis showed that
intramuscular injection of about 2 X 10'° vgs of AAV6-GFP vectors in TA muscle of mdx mice results in
GFP expression in almost all myofibers at day 28 after injection (Supplemental Figure 8A). Therefore, we
transduced TA muscle of 12-week-old mdx mice by injecting AAV6-TAK1 (1.25 x 10" vg) and TABI1 (1.25
x 10'° vg). The contralateral TA muscle was injected with AAV6-GFP (2.5 x 10'° vg) vector and served as
a control. After 28 days, the mice were euthanized and the TA muscle was analyzed by morphometric and
biochemical assays (Figure 8A). H&E staining did not show any overt histological changes in TA muscle
coinjected with AAV6-TAK1 and AAV6-TABI1 or with AAV6-GFP alone. The necrotic areas remained
filled with CNF's, a typical feature in skeletal muscle of adult mdx mice (Figure 8B). Sirius red staining
also did not show any noticeable difference in collagen deposition in TA muscle coinjected with AAV6-
TAKI1 and AAV6-TAB1 or AAV6-GFP alone (Supplemental Figure 8B). Anti-laminin staining followed
by quantitative analysis showed that average myofiber CSA was significantly higher in TA muscle injected
with AAV6-TAK1 and AAV6-TAB1 compared with contralateral TA muscle injected with AAV6-GFP
alone (Figure 8, B and C). However, area under necrosis and the proportion of CNFs remained comparable
between TA muscle of mdx mice injected with AAV6-GFP alone or with a combination of AAV6-TAK1
and AAV6-TABI (Figure 8, B, D, and E). We also investigated the effect of TAK1 and TAB1 overexpres-
sion on the number of satellite cells in dystrophic muscle of mdx mice. Results show that the abundance of
Pax7" satellite cells was comparable in TA muscle of mdx mice co-overexpressing TAK1 and TAB1 or GFP
alone (Figure 8, B and F). To understand the mechanisms of myofiber hypertrophy in mdx mice following
activation of TAK1, we measured levels of a few proteins known to regulate skeletal muscle growth. A
significant increase in the levels of p-rpS6 and p-eIF4E, along with p-TAK1, total TABI, and total TAK1,
was evidenced in TA muscle overexpressing TAK1 and TAB1 compared with GFP alone (Figure 8, G and
H). These results suggest that, similar to WT mice (37), forced activation of TAK1 through intramuscular
injection of AAV6-TAK1 and AAV6-TABI causes myofiber growth potentially through stimulating protein
translation in mdx mice.

Targeted regulation of TAKI improves muscle histopathology. Considering our preceding results, we specu-
lated that TAK1 activity is temporally regulated with age in dystrophic muscle of mdx mice. TAK1 exacer-
bates injury during the initial myonecrotic phase. However, TAK1 also functions to maintain muscle mass
and support growth. To validate our hypothesis, we devised a strategy to inactivate TAK1 at the onset of
necrosis-regeneration phase and to restore TAK1 activity during the postnecrotic regenerative phase. For
this experiment, we used littermate mdx;Tak1"® and mdx;Tak1™° mice and inactivated TAK1 at 4 weeks
of age. After 2 weeks, TA muscle of mdx;Takl"" and mdx;Tak1™° mice was injected with AAV6-TAK 1
(1.25 x 10"° vg) and AAV6-TABI (1.25 x 10 vg). Contralateral TA muscle was injected with control AAV6-
GFP vector (2.5 x 10 vg). After 4 weeks (i.e., at 10 weeks of age), the mice were euthanized and the TA
muscle was isolated for morphometric analysis (Figure 9A). H&E staining showed that TA muscle from
mdx; Tak1™° mice had substantially fewer CNFs and fewer empty areas filled with cellular infiltrates com-
pared with TA muscle from mdx;Tak1"" mice (Figure 9B). Coinjection of AAV6-TAK1 and AAV6-TAB1
or with AAV6-GFP alone did not cause any noticeable change in these features in mdx;Tak1%® or mdx-
;Tak1™XO mice (Figure 9B). To estimate the extent of necrotic areas, we performed immunostaining with
Alexa 568-1abeled mouse IgG. Results demonstrate significantly fewer numbers of IgG-filled myofibers in
both GFP-expressing or TAK1- and TAB1-expressing TA muscle of mdx;TAK1™X° mice compared with
corresponding GFP-expressing or TAK 1- and TABI-expressing TA muscle of mdx;Tak1"" mice (Figure 9,
B and C). Additionally, there was a significant reduction in the proportion of CNFs in both GFP-expressing
or TAK1- and TAB1-expressing TA muscle of mdx;TAK1™° mice compared with corresponding GFP-ex-
pressing or TAK1- and TABI1-expressing TA muscle of mdx;Tak1"" mice (Figure 9, B and D). However,
a significant increase in average myofiber CSA was noticeable in TA muscle coinjected with AAV6-TAK1
and AAV6-TABI1 compared with TA muscle injected with AAV6-GFP alone in mdx;Tak1"® mice. More-
over, the average myofiber CSA of TAK1- and TAB1-overexpressing TA muscle was significantly higher
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Figure 8. TAK1 activation promotes myofiber growth in adult mdx mice. (A) Schematic representation showing the age of mdx mice, time of AAVs injec-
tion, and euthanasia. (B) Representative photomicrographs of transverse muscle sections after performing H&E staining or immunostaining for laminin
or Pax7 protein. Nuclei were counterstained with DAPI. Scale bar: 100 um. (C-E) Average myofiber cross-section area, percentage of centronucleated fibers
(CNFs), and percentage necrotic area in TA muscle of mdx mice injected with AAV6-GFP or a combination of AAV6-TAK1 and AAV6-TABI. (F) Frequency

of Pax7* cells per unit area in TA muscle of mdx mice injected with AAV6-GFP or a combination of AAV6-TAK1 and AAVE-TAB1. n = 4 per group. (G and H)
Western blot and densitometry analysis showing protein levels of p-elF4E, elF4E, p-rpS6, rpS6, p-TAK1, TAB1, TAK1, and unrelated protein GAPDH in TA
muscle of mdx mice injected with AAV6-GFP or coinjected with AAV6-TAK1 and AAV6-TABI1. n = 3 per group. Data represented as mean + SEM. *P < 0.05,
values significantly different from TA muscle of mdx mice injected with AAV6-GFP.

than GFP-expressing TA muscle of mdx;Tak1™© mice (Figure 9, B and E). Skeletal muscle of mdx mice
contains myofibers of varying size, some with unusually large myofiber diameters compared with WT mice.
Therefore, we compared the myofiber size distribution between TAK1- and TAB1-expressing TA muscle
from mdx;Tak1™%° mice and GFP-expressing mdx;Tak1"" mice with TA muscle of age-matched WT mice
(Supplemental Figure 9A). Relative frequency distribution analysis showed that myofiber CSA of TA muscle
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Figure 9. Temporal control of TAK1 expression in dystrophic muscle ameliorates histopathology. (A) Schematic representation showing the age of mdx mice,
time of TAK1 inactivation, AAV injection, and euthanasia. (B) Representative photomicrographs of TA muscle sections after H&E staining, anti-mouse IgG stain-
ing, or anti-laminin staining. DAPI was used to stain nuclei. Scale bar: 50 um. (C-E) Percentage of IgG-stained area, percentage of centronucleated fibers (CNFs),
and average myofiber cross-section area (CSA) in TA muscle of mdx;Tak1"" and mdx; Tak1™° mice injected with AAV6-GFP or a combination of AAV6-TAK1 and
AAVG-TABT. n = 4 per group. Data represented as mean + SEM and were analyzed by 2-way ANOVA followed by Tukey’s multiple-comparison test.

*P < 0.05, values significantly different from TA muscle of mdx;Tak1"* injected with AAV6-GFP. 5P < 0.05, values significantly different from TA muscle of mdx-
;Tak1"" mice coinjected with AAV6-TAK1 and AAV6-TAB1. #P < 0.05, values significantly different from TA muscle of mdx;Tak1™® mice injected with AAV6-GFP.

from mdx;Tak1™*© mice overexpressing TAK1 and TAB1 was similar to that of TA muscle of age-matched
WT mice (Supplemental Figure 9B). Conversely, a proportion of myofibers in the TA muscle of GFP-ex-
pressing mdx;Tak1"? mice had abnormally large CSA compared with myofibers from TA muscle of age-
matched WT mice (Supplemental Figure 9B). Altogether, these results suggest that tuning TAK1 expression
with age alleviates dystrophinopathy in mdx mice.
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Discussion

Mutation in the dystrophin gene is present at birth, yet most DMD cases are diagnosed at 2-3 years of age
when symptoms emerge (1, 50). However, the molecular and signaling mechanisms that trigger the onset
and progression of myopathy in patients with DMD remain less understood. In this study, we demonstrate
that TAK1 is an important regulator of dystrophic phenotype in mdx mice. TAK1 is highly activated in the
skeletal muscle of young mdx mice during the initial necrotic spike, where its role is to accelerate myofiber
injury and augment inflammation. Intriguingly, TAK1 also functions to maintain skeletal muscle mass and
is indispensable for skeletal muscle growth in both young and adult mdx mice. Our results demonstrate that
forced activation of TAK1 through overexpression of TAK1 and TAB1 promotes myofiber growth without
producing any adverse effects on muscle histopathology in mdx mice.

TAK1 mediates the activation of multiple downstream signaling pathways, including NF-xB and p38
MAPK, in response to receptor-mediated events (29, 33, 51). Previous studies have shown that NF-«B is
activated in skeletal muscle of mdx mice and that targeted inhibition of NF-kB in myofibers or macro-
phages improves dystrophic phenotype in mdx mice (21-23, 27, 28, 52). Similarly, it has been reported
that the activation of p38MAPK contributes to myofiber injury in dystrophic muscle of mdx mice (24,
25). Consistent with its role in the activation of NF-kB and p38MAPK, we found that targeted inducible
inactivation of TAK1 reduces muscle injury and accumulation of macrophages in dystrophic muscle of
mdx mice (Figure 3, Figure 5, and Supplemental Figure 5). However, we did not find any improvement
in muscle mass or function. While the exact mechanisms by which TAK1 induces muscle injury during
peak necrotic phase remain unknown, it is possible that TAK1-mediated signaling in myofibers influenc-
es the function of various interstitial cells through paracrine mechanisms to promote myofiber necrosis.
Moreover, it is also plausible that reduced muscle injury observed in TakI-deficient mdx mice during peak
necrotic phase is a result of reduced myofiber growth or size. Indeed, our experiments demonstrate that
myofiber size is significantly reduced upon inactivation of TAK1 in both young and adult mdx mice (Fig-
ures 2 and 7). Interestingly, our results also demonstrate that forced activation of TAK1 through AAV-me-
diated overexpression of TAK1 and TABI1 does not produce any adverse effect on muscle histopathology
but promotes growth of myofibers in adult mdx mice (Figures 8 and 9). These results are consistent with
our findings in WT mice, where we demonstrated that targeted inactivation of TAK1 causes muscle atro-
phy (35, 36), whereas its forced activation promotes muscle growth potentially through stimulating protein
synthesis and improving the stability of NMJs (37).

A recent report showed that TAKI1 is activated in skeletal muscle of patients with DMD and
that inhibition of TAK1 ameliorates dystrophic phenotype in mdx mice (38). In contrast, we found
that muscle-specific inactivation of TAKI1 reduces grip strength and muscle contractile function in
mdx mice (Figures 2 and 7). Although the exact reasons for this discrepancy in muscle phenotype
in the 2 studies remain unknown, it might be attributed to the different approaches that were used
to inhibit TAKI1 activity. While the published report shows a small reduction in TAK1 levels after
injection of AAV-TAK1 shRNA (38), our genetic approach ensures a drastic reduction in the levels of
TAK1 protein in dystrophic muscle of mdx mice (Figures 5 and 7). Additionally, it was reported that
pharmacological inhibition or knockdown of TAKI1 using shRNA ameliorates fibrosis in mdx mice
(38). However, we found that myofiber-specific ablation of TAK1 does not affect fibrosis in mdx mice
(Supplemental Figure 7, D and E). Moreover, unlike in patients with DMD where necrotic myofibers
are replaced by noncontractile fibrotic tissue, regenerative myogenesis is activated in mdx mice and
fibrosis is a secondary effect observed in the diaphragm of older mdx mice (53). We speculate that, in
addition to myofibers, a pharmacological or shRNA-mediated knockdown approach can delete TAK1
in multiple cell types, leading to the discrepant phenotype. Indeed, a recent report shows that TAK1
controls the fibrogenic differentiation of fibro/adipogenic progenitor (FAP) cells in skeletal muscle
and that pharmacological inhibition of TAK1 by 5-Z-7 Oxozeaenol considerably reduces gene expres-
sion of fibrotic molecules, such as Collagen lal (Collal), connective tissue growth factor (CTGF),
periostin (Postn), smooth muscle actin (Acta2), and fibronectin 1 (Fnl) in FAPs (54). While we have
used genetic mouse models, both groups of mice were fed tamoxifen-containing chow starting from
the last day of tamoxifen injection, for the entire duration of the experiment. It remains unknown
whether tamoxifen differentially affects muscle phenotype in mdx;Tak1"? and mdx;Tak1™%° mice.

Even though overall muscle mass and function were diminished, we observed that muscle-specific
inactivation of TAK1 in young mdx mice inhibits myofiber injury (Figures 2 and 3). Temporal increase
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in TAK1 levels in GA muscle of mdx mice during the necrotic phase (~4 weeks) is accompanied with a
pronounced increase in RIPK1 phosphorylation at S321 residue (Figure 1E), which is known to induce
necroptosis and tissue damage (40). While destabilization of sarcolemma is the major mechanism for myo-
fiber injury, a recent report has shown that the necroptosis pathway is also activated in the skeletal muscle
of mdx mice and inhibition of necroptosis alleviates muscle damage (41). Our experiments demonstrate
that inactivation of TAK1 substantially inhibits phosphorylation of RIPK1 in dystrophic muscle of 5- and
8-week-old mdx mice (Figure 5C). Since RIPK1 is involved in cell demise through necroptosis, we spec-
ulate that TAK1 might be inducing myonecrosis during the peak necrotic phase through necroptosis as
well. Interestingly, forced activation of TAK1 through overexpression of TAK1 and TAB1 does not cause
myofiber injury in skeletal muscle of WT mice (37) or exacerbate injury in dystrophic muscle of mdx mice
(Figures 8 and 9). While physiological significance of TAK1-mediated phosphorylation of RIPK1 remains
unknown, TAK1 and RIPK1 also mediate the activation of multiple signal transduction pathways involved
in inflammatory response. Indeed, inflammatory immune cells contribute significantly to muscle cell death
during the peak necrotic phase in mdx mice (5). Therefore, it is possible that inflammatory molecules
present during the peak necrotic phase stimulate TAK1 activity, which further exacerbates inflammation,
leading to myofiber injury in mdx mice. Inactivation of TAK1 during the peak necrotic phase may reduce
muscle damage through the inhibition of inflammatory immune response and/or necroptosis.

We have previously reported that inducible inactivation of TAKI1 leads to the activation of the UPS
and autophagy in skeletal muscle of WT mice (37). Our results in the present study demonstrate that the
components of UPS and autophagy are also increased in skeletal muscle of mdx mice following TAK1
inactivation (Figure 6), suggesting that TAK1 regulates common proteolytic systems in normal and dys-
trophic muscle. Autophagy is an important physiological mechanism through which damaged organelles
are cleared in mammalian cells (55). Targeted inhibition of autophagy causes severe myopathy in WT
mice (56, 57). Interestingly, autophagy is repressed in skeletal muscle of mdx mice and in patients with
DMD (58). Indeed, recent reports have shown that restoring autophagy using pharmacological activators
improves dystrophic phenotype in preclinical animal models of DMD, including mdx mice (12, 59). Our
results suggest that activation of autophagy following TAK1 inactivation could be another mechanism for
reduced muscle injury and improvement in muscle structure in young mdx mice (Figure 6).

An important observation of the present study is that forced activation of TAK1 improves muscle
growth in mdx mice after the initial wave of myofiber necrosis. This is evidenced by our finding that over-
expression of TAK1 and TABI1 stimulates myofiber hypertrophy in 12-week-old mdx mice. Moreover,
increased activation of TAK1 also improves myofiber size and normalizes fiber size distribution in young
mdx mice. Similar to skeletal muscle of WT mice (37), our experiments suggest that stimulation of TAK1
promotes muscle growth through augmentation of protein translation in mdx mice.

In summary, our present study provides initial evidence that activation of TAK]1 supports myofiber
growth in mdx mice. One of the limitations of our study is that we have employed mdx mice where necrot-
ic phase is well delimited. While mdx mice demonstrate many changes similar to patients with DMD, the
mice do not entirely recapitulate the disease progression and fibrosis. Certainly, more investigations are
needed in other mouse models, including DBA/2J-mdx mice, and higher vertebrates, such as the golden
retriever muscular dystrophy model, to test whether overexpression of TAK1 and TAB1 ameliorates dystro-
phinopathy and improve muscle mass. Similar to TAK1, inhibition of myostatin promotes muscle growth
in animal models. However, myostatin inhibition therapy failed to show modification of disease course in
patients with DMD in clinical trials (60). Therefore, it will be important to investigate whether prolonged
supraphysiological activation of TAK1 augments growth of dystrophin-deficient myofibers in dystrophic
muscle independently of signaling from TGF-f§ family members. Nonetheless, our study demonstrates that
TAKI1 promotes myofiber growth in mdx mice. Proper regulation of TAK1 can be a potential therapeutic
approach to ameliorate disease progression and to improve the life spans of patients with DMD.

Methods

Animals. Skeletal muscle—specific Tak1™X° were generated by crossing HSA-MCM mice (The Jack-
son Laboratory; Tg[ACTA1-cre/Esr1*]2Kesr/J) with Takl1"? mice as described (29, 35). Tak1™kO
mice were crossed with mdx mice to generate littermate mdx;Tak1%? and mdx;Tak1™X° mice. All the
mice used in this study, including mdx mice, were on C57BL/6 background. Genotypes of mice were
determined by performing PCR from tail DNA using AccuStart II PCR genotyping kit (Quantabio).
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The mice were housed in a 12-hour light-dark cycle and given water and food ad libitum. Inactiva-
tion of TAKI1 kinase through Cre-mediated recombination in mdx;Tak1™° mice was accomplished
by daily i.p. injections of tamoxifen (Sigma-Aldrich, 75 mg/kg body weight) for 4 consecutive days.
Thereafter, the mice were fed a tamoxifen-containing chow (250 mg/kg; Harlan Laboratories) for the
duration of the experiment. Littermate mdx;Tak1"® mice (controls) were also treated with tamoxifen
and fed tamoxifen-containing chow. For intramuscular delivery of AAYV, mice were anesthetized with
isoflurane (Covetrus) and 2.5 x 10'° AAV vector genomes (in 30 uL PBS) were injected in the TA mus-
cle of mice, as described in ref. 37.

AAV vectors. AAVs (serotype 6) were custom generated by Vector Biolabs. The AAVs expressed either
GFP, Takl (no. BC006665), or Tabl (no. BC054369) genes under a ubiquitous CMV promoter.

Skeletal muscle injury. Left TA muscle of Tak1"? and Tak1™° mice was injected with 100 uL of 10 uM
cardiotoxin (CalBiochem) dissolved in PBS. Five days after injury, the mice were euthanized and TA mus-
cle was isolated for morphometric analysis.

Grip strength measurements. To measure total 4-limb grip strength of mice, a digital grip-strength meter
(Columbus Instruments) was used. Before performing tests, mice were acclimatized for 5 minutes. The
mouse was allowed to grab the metal pull bar with all 4 paws. The tail of the mouse was then gently pulled
backward in the horizontal plane until the mouse could no longer grasp the bar. The force produced at the
time of release was recorded as the peak tension. Each mouse was tested 5 times with a 20- to 40-second
break between tests. The average peak tension from the 5 best attempts and maximum peak tension normal-
ized against total body weight was defined as average grip strength.

In vivo muscle functional assay. In vivo force measurements of the posterior lower leg muscles were
conducted using the 1300A 3-in-1 Whole Animal System (Aurora Scientific) to evoke plantarflexion
as described (42). In brief, the mice were anesthetized with isoflurane and placed on the isothermal
stage. Optimal muscle length (Lo) that allows maximal isometric twitch force (Pt) was determined by
a sequence of twitch contractions at 150 Hz every 1 second, with small varying changes to muscle ten-
sion and current. After muscle optimization, an average specific twitch force (sPt) was generated from
5 stimulations at 150 Hz. To obtain maximum isometric tetanic force (Po), muscles were stimulated
from 25-300 Hz in 25 Hz intervals, resulting in 12 specific tetanic forces (sPo). There was a 30-second
delay between the first 2 recordings and a 1-minute delay between subsequent recordings to allow suffi-
cient muscle recovery. Following the 300 Hz stimulation, a baseline recording was obtained. Then, the
muscles were fatigued at 150 Hz with 1 contraction per second for 180 seconds. Force recordings for
obtained specific isometric sPt (mN/m) and sPo (mN/m) were normalized by total mouse body weight.
For all experiments, a prestimulus and poststimulus baseline of 200 ms was recorded to establish a
baseline recording. For all experiments, a 0.2 ms pulse width was used. Current was adjusted on an
individual basis to evoke the maximum amount of force. Contractile events were recorded using the
ASI 611A Dynamic Muscle Analysis software (Aurora Scientific) at a sampling rate of 2,000 Hz. Force
(mN/m) and corresponding integral values for sPt (mN/m/s) and sPo (mN/m/s) were calculated using
the accompanying.

CK assay. Levels of CK in serum were determined using a commercially available kit (Stanbio CK
Liqui-UV Test, Stanbio Laboratory) following a protocol suggested by the manufacturer.

Histology and morphometric analysis. We performed H&E staining (Sigma-Aldrich) or Sirius red staining
(StatLab) protocol on transverse diaphragm, TA, and soleus muscle sections to visualize muscle structure
or fibrosis, respectively. In brief, individual hind limb muscle was isolated, flash frozen in liquid nitrogen,
and sectioned using a microtome cryostat (Cryostar NX-50, Thermo Fisher Scientific). For the assessment
of gross morphology, 8—10 um thick transverse muscle sections were stained with H&E dye. Stained sec-
tions were visualized and captured using an inverted microscope (Nikon Eclipse Ti-2e microscope) and a
digital camera (Digital Sight DS-FI3, Nikon) at room temperature. Finally, images of the muscle sections
were used for quantification of number of CNFs, total number of myofibers, and average CSA. Necrotic
area in H&E-stained sections was determined by measuring percentage area filled with cellular infiltrate
in the whole muscle section. The extent of fibrosis in muscle transverse sections was determined using a
Picrosirius red staining kit following a protocol suggested by manufacturer (StatLab). Morphometric anal-
yses were quantified using Fiji software (NTH).

IHC. For IHC studies, muscle sections were blocked in 1% BSA (Sigma-Aldrich) in PBS for 1 hour
and incubated with primary antibodies anti-Pax7 (1:10, Developmental Studies Hybridoma Bank
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[DSHB], University of Iowa, Iowa City, lowa, USA), anti—-E-MyHC (1:200, DSHB, University of Iowa),
and anti-laminin (1:100, MilliporeSigma) in blocking solution at 4°C overnight under humidified condi-
tions. For F4/80 staining, the sections were incubated with anti-F4/80 monoclonal antibody (BMS8) and
Per CP—cyanine 5.5 in blocking buffer for 2 hours at room temperature. The sections were washed briefly
with PBS before incubation with secondary Alexa Fluor tagged secondary antibody for 1 hour at room
temperature and then washed 3 times for 5 minutes with PBS. Next, the sections were stained with DAPI
(Thermo Fisher Scientific), and the slides were mounted using a nonfluorescing aqueous mounting medi-
um (Vector Laboratories). For fiber typing, transverse sections of soleus or TA muscle were blocked
with 2% BSA for 45 minutes. The slides were then incubated with monoclonal antibodies against type I,
ITa, and IIb MyHC isoforms using clone BA-D5, SC-7, and BF-F3, respectively (DSHB) for 2 hours at
room temperature. After PBS wash, the sections were incubated with goat anti-mouse IgG2b conjugat-
ed with Alexa Fluor 350, goat anti-mouse IgG1 conjugate with Alexa-568, and goat anti-mouse IgM
conjugated with Alexa Fluor 488 secondary antibodies for 45 minutes (Supplemental Table 1). Finally,
the slides were mounted using a nonfluorescing aqueous mounting medium (Vector Laboratories). Dam-
aged/permeabilized fibers in muscle cryosections were identified by immunostaining with Alexa Fluor
488- or Alexa Fluor 568—conjugated anti-mouse IgG. Images were captured using Nikon Eclipse Ti-2e
microscope (Nikon) attached with a Prime BSI Express Scientific CMOS (sCMOS) camera and Nikon
NIS Elements AR software. Pseudo colors were used for representation of images. Images were stored as
TIFF files, and contrast levels were equally adjusted using Adobe Photoshop CS6 software. The antibod-
ies used are provided in Supplemental Table 1.

Western blot. Relative levels of various proteins in skeletal muscle tissue of mdx mice were estimated
by Western blot as previously described (32). Briefly, skeletal muscle tissues were washed with PBS and
homogenized in ice-cold lysis buffer consisting of the following: 50 mM Tris-Cl (pH 8.0), 200 mM NaCl,
50 mM NaF, 1 mM DTT, 1 mM sodium orthovanadate, 0.3% IGEPAL, and protease inhibitors (Halt
Protease Inhibitor Cocktail, Thermo Fisher Scientific). Approximately 100 pg protein was resolved in each
lane on 10%-12% SDS-polyacrylamide gels, electrotransferred onto nitrocellulose membranes, and probed
using primary antibody. Signal detection was performed by an enhanced chemiluminescence detection
reagent (Bio-Rad). Approximate molecular masses were determined by comparison with the migration
of prestained protein standards (Bio-Rad). Quantitative estimation of the bands’ intensity was performed
using ImageJ software (NIH). The antibodies used are provided in Supplemental Table 1. The images of
uncropped gels are presented in Supplemental Figure 10.

RNA isolation and gPCR assay. Total RNA isolation from muscle tissues and gPCR was performed
as previously described (61, 62). Primers for gPCR were designed using Vector NTI software, and their
sequence has been presented in Supplemental Table 2.

Statistics. We calculated sample size using a size power analysis method for a priori determina-
tion based on the SD, and the effect size was previously obtained using the experimental procedures
employed in the study. For animal studies, we estimated sample size from expected number of mdx-
;Tak1™%© mice and mdx;Tak1"® mice. We calculated the minimal sample size for each group as 8
animals. For some experiments, 3—4 animals were found sufficient to obtain statistical differences.
Littermate animals with same sex and same age were employed to minimize physiological variability
and to reduce SEM. The exclusion criteria for animals were established in consultation with TACUC
members and experimental outcomes. In case of death, skin injury, sickness, or weight loss of > 10%,
the mouse was excluded from analysis. Muscle tissue samples were not used for analysis in cases such
as freeze artifacts on histological section or in failure of extraction of RNA or protein of suitable
quality and quantity. Animals from different breeding cages were included by random allocation to the
different experimental groups. Animal experiments were blinded using number codes until the final
data analyses were performed. Results are expressed as mean = SEM. Statistical analyses used 2-tailed
Student’s ¢ test or 1- or 2-way ANOVA followed by Tukey’s multiple-comparison test. P < 0.05 was
considered statistically significant.

Study approval. All animal procedures were conducted in strict accordance with the institutional guide-
lines and were approved by the ITACUC and Institutional Biosafety Committee of the University of Hous-
ton (TACUC no. 201900043).

Data and materials availability. All data are available in the main text or the supplemental materials.

JCl Insight 2023;8(10):e164768 https://doi.org/10.1172/jci.insight.164768 18


https://doi.org/10.1172/jci.insight.164768
https://insight.jci.org/articles/view/164768#sd
https://insight.jci.org/articles/view/164768#sd
https://insight.jci.org/articles/view/164768#sd
https://insight.jci.org/articles/view/164768#sd
https://insight.jci.org/articles/view/164768#sd

. RESEARCH ARTICLE

Author contributions

Conceptualization was contributed by AR, MW, and AK. Methodology was contributed by AR, TEK,
ASJ, MTDS, and KM. Investigation was contributed by AR, TEK, ASJ, MTDS, and KM. Visualization
was contributed by AR, TEK, and MTDS. Funding acquisition was contributed by AK. Project adminis-
tration was contributed by AR. Supervision was contributed by AK. Writing of the original draft was con-
tributed by AR. Review and editing of the manuscript were contributed by AR, ASJ, MTDS, MW, and AK.

Acknowledgments
We thank S. Akira (Osaka University, Osaka, Japan) for providing floxed TAK1 mice. This work was sup-
ported by NIH grant AR059810 (AK) and NIH grant AR068313 (AK).

Address correspondence to: Anirban Roy or Ashok Kumar, Health Building 2, College of Pharma-
cy University of Houston, 4349 Martin Luther King Blvd., Houston, Texas 77204-1217, USA. Phone:
713.743.3376; Email: aroy24@Central. UH.EDU (AR); Email: akumar43@Central. UH.EDU (AK).

1. Hoffman EP. The discovery of dystrophin, the protein product of the Duchenne muscular dystrophy gene. FEBS J.

2020;287(18):3879-3887.

Blake DJ, et al. Function and genetics of dystrophin and dystrophin-related proteins in muscle. Physiol Rev. 2002;82(2):291-329.

Emery AE. The muscular dystrophies. BMJ. 1998;317(7164):991-995.

Hoffman EP, et al. Dystrophin: the protein product of the Duchenne muscular dystrophy locus. Cell. 1987;51(6):919-928.

Shin J, et al. Wasting mechanisms in muscular dystrophy. Int J Biochem Cell Biol. 2013;45(10):2266-2279.

Happi Mbakam C, et al. Therapeutic strategies for dystrophin replacement in Duchenne muscular dystrophy. Front Med

(lausanne). 2022;9:859930.

Choi E, Koo T. CRISPR technologies for the treatment of Duchenne muscular dystrophy. Mol Ther. 2021;29(11):3179-3191.

Ryan MM. Gene therapy for neuromuscular disorders: prospects and ethics. Arch Dis Child. 2022;107(5):421-426.

. Elangkovan N, Dickson G. Gene therapy for Duchenne muscular dystrophy. J Neuromuscul Dis. 2021;8(s2):S303-S316.

10. Novak JS, et al. Myoblasts and macrophages are required for therapeutic morpholino antisense oligonucleotide delivery to dys-
trophic muscle. Nat Commun. 2017;8(1):941.

11. Mackenzie SJ, et al. Therapeutic approaches for Duchenne muscular dystrophy: old and new. Semin Pediatr Neurol.
2021;37:100877.

12. Luan P, et al. Urolithin A improves muscle function by inducing mitophagy in muscular dystrophy. Sci Trans! Med.

2021;13(588):eabb0319.
. Careccia G, et al. Rebalancing expression of HMGBI1 redox isoforms to counteract muscular dystrophy. Sci Trans! Med.
2021;13(596):eaay8416.

14. Laurila PP, et al. Inhibition of sphingolipid de novo synthesis counteracts muscular dystrophy. Sci Adv. 2022;8(4):eabh4423.

15. Raimondo TM, Mooney DJ. Anti-inflammatory nanoparticles significantly improve muscle function in a murine model of
advanced muscular dystrophy. Sci Adv. 2021;7(26):eabh3693.

16. Yu L, et al. Small-molecule activation of lysosomal TRP channels ameliorates Duchenne muscular dystrophy in mouse models.
Sci Adv. 2020,6(6):eaaz2736.

17. Moser H. Duchenne muscular dystrophy: pathogenetic aspects and genetic prevention. Hum Genet. 1984;66(1):17-40.

[ N

© % =

1

w

18. Gao QQ, McNally EM. The dystrophin complex: structure, function, and implications for therapy. Compr Physiol.
2015;5(3):1223-1239.
19. Duan D, et al. Duchenne muscular dystrophy. Nat Rev Dis Primers. 2021;7(1):13.
20. Mazala DA, et al. TGF-B-driven muscle degeneration and failed regeneration underlie disease onset in a DMD mouse model.
JCI Insight. 2020;5(6):135703.
. Acharyya S, et al. Interplay of IKK/NF-kappaB signaling in macrophages and myofibers promotes muscle degeneration in
Duchenne muscular dystrophy. J Clin Invest. 2007;117(4):889-901.
22.LiH, et al. Nuclear factor-kappa B signaling in skeletal muscle atrophy. J Mol Med (Berl). 2008;86(10):1113-1126.
23. Kumar A, Boriek AM. Mechanical stress activates the nuclear factor-kappaB pathway in skeletal muscle fibers: a possible role in
Duchenne muscular dystrophy. FASEB J. 2003;17(3):386-396.
24. Brennan CM, et al. p38 MAPKSs — roles in skeletal muscle physiology, disease mechanisms, and as potential therapeutic tar-
gets. JCI Insight. 2021;6(12):€149915.
. Wissing ER, et al. P38a MAPK underlies muscular dystrophy and myofiber death through a Bax-dependent mechanism. Hum
Mol Genet. 2014;23(20):5452-5463.
26. Bhatnagar S, Kumar A. Therapeutic targeting of signaling pathways in muscular dystrophy. J Mol Med (Berl). 2010;88(2):155-166.
27. Heier CR, et al. VBP15, a novel anti-inflammatory and membrane-stabilizer, improves muscular dystrophy without side effects.
EMBO Mol Med. 2013;5(10):1569-1585.
28. Chen YW, et al. Early onset of inflammation and later involvement of TGFbeta in Duchenne muscular dystrophy. Neurology.
2005;65(6):826-834.
29. Sato S, et al. Essential function for the kinase TAK1 in innate and adaptive immune responses. Nat Immunol. 2005;6(11):1087-1095.
30. Wang C, et al. TAK1 is a ubiquitin-dependent kinase of MKK and IKK. Nature. 2001;412(6844):346-351.
31.Xu YR, Lei CQ. TAK1-TABs complex: a central signalosome in inflammatory responses. Front Immunol. 2020;11:608976.

2

—

2

w

32. Kishimoto K, et al. TAK1 mitogen-activated protein kinase kinase kinase is activated by autophosphorylation within its activation

JCl Insight 2023;8(10):e164768 https://doi.org/10.1172/jci.insight.164768 19


https://doi.org/10.1172/jci.insight.164768
mailto://aroy24@Central.UH.EDU
mailto://akumar43@Central.UH.EDU
https://doi.org/10.1111/febs.15466
https://doi.org/10.1111/febs.15466
https://doi.org/10.1152/physrev.00028.2001
https://doi.org/10.1136/bmj.317.7164.991
https://doi.org/10.1016/0092-8674(87)90579-4
https://doi.org/10.1016/j.biocel.2013.05.001
https://doi.org/10.1016/j.ymthe.2021.04.002
https://doi.org/10.1136/archdischild-2020-320908
https://doi.org/10.3233/JND-210678
https://doi.org/10.1038/s41467-017-00924-7
https://doi.org/10.1038/s41467-017-00924-7
https://doi.org/10.1016/j.spen.2021.100877
https://doi.org/10.1016/j.spen.2021.100877
https://doi.org/10.1126/scitranslmed.abb0319
https://doi.org/10.1126/scitranslmed.abb0319
https://doi.org/10.1126/scitranslmed.aay8416
https://doi.org/10.1126/scitranslmed.aay8416
https://doi.org/10.1126/sciadv.abh4423
https://doi.org/10.1126/sciadv.abh3693
https://doi.org/10.1126/sciadv.abh3693
https://doi.org/10.1126/sciadv.aaz2736
https://doi.org/10.1126/sciadv.aaz2736
https://doi.org/10.1007/BF00275183
https://doi.org/10.1038/s41572-021-00248-3
https://doi.org/10.1172/jci.insight.135703
https://doi.org/10.1172/jci.insight.135703
https://doi.org/10.1172/JCI30556
https://doi.org/10.1172/JCI30556
https://doi.org/10.1007/s00109-008-0373-8
https://doi.org/10.1096/fj.02-0542com
https://doi.org/10.1096/fj.02-0542com
https://doi.org/10.1172/jci.insight.149915
https://doi.org/10.1172/jci.insight.149915
https://doi.org/10.1093/hmg/ddu270
https://doi.org/10.1093/hmg/ddu270
https://doi.org/10.1007/s00109-009-0550-4
https://doi.org/10.1002/emmm.201302621
https://doi.org/10.1002/emmm.201302621
https://doi.org/10.1212/01.wnl.0000173836.09176.c4
https://doi.org/10.1212/01.wnl.0000173836.09176.c4
https://doi.org/10.1038/ni1255
https://doi.org/10.1038/35085597
https://doi.org/10.1074/jbc.275.10.7359

33.
34.
35.
36.
37.
38.
39.

40.

4

—_

43.
44.

45.
46.
47.

4

o

49.
. Ciafaloni E, et al. Delayed diagnosis in duchenne muscular dystrophy: data from the muscular dystrophy surveillance, tracking,

5

f=}

51
52.

53.
54.

5

w

57.
58.
59.
60.
61.

62.

RESEARCH ARTICLE

loop. J Biol Chem. 2000;275(10):7359-7364.

Mihaly SR, et al. TAK1 control of cell death. Cell Death Differ. 2014;21(11):1667-1676.

Ogura Y, et al. TAK1 modulates satellite stem cell homeostasis and skeletal muscle repair. Nat Commun. 2015;6:10123.

Hindi SM, et al. TAK1 regulates skeletal muscle mass and mitochondrial function. JCI Insight. 2018;3(3):e98441.

Roy A, et al. TAK1 preserves skeletal muscle mass and mitochondrial function through redox homeostasis. FASEB Bioady.
2020;2(9):538-553.

Roy A, Kumar A. Supraphysiological activation of TAK1 promotes skeletal muscle growth and mitigates neurogenic atrophy.
Nat Commun. 2022;13(1):2201.

Xu D, et al. TAK1 inhibition improves myoblast differentiation and alleviates fibrosis in a mouse model of Duchenne muscular
dystrophy. J Cachexia Sarcopenia Muscle. 2021;12(1):192-208.

Petrof BJ, et al. Dystrophin protects the sarcolemma from stresses developed during muscle contraction. Proc Natl Acad Sci U S A.
1993;90(8):3710-3714.

Geng J, et al. Regulation of RIPK1 activation by TAK1-mediated phosphorylation dictates apoptosis and necroptosis. Nat Commun.
2017;8(1):359.

. Morgan JE, et al. Necroptosis mediates myofibre death in dystrophin-deficient mice. Nat Commun. 2018;9(1):3655.
42.

Gallot YS, et al. MyD88 is required for satellite cell-mediated myofiber regeneration in dystrophin-deficient mdx mice. Hum Mol
Genet. 2018;27(19):3449-3463.

Lu A, et al. Rapid depletion of muscle progenitor cells in dystrophic mdx/utrophin-/- mice. Hum Mol Genet. 2014;23(18):4786-4800.
Boyer JG, et al. Depletion of skeletal muscle satellite cells attenuates pathology in muscular dystrophy. Nat Commun.
2022;13(1):2940.

Granata AL, et al. Gamma irradiation can reduce muscle damage in mdx dystrophic mice. Acta Neuropathol. 1998;96(6):564-568.
Straub V, Campbell KP. Muscular dystrophies and the dystrophin-glycoprotein complex. Curr Opin Neurol. 1997;10(2):168-175.
Morrison J, et al. T-cell-dependent fibrosis in the mdx dystrophic mouse. Lab Invest. 2000;80(6):881-891.

. Spencer MJ, et al. Helper (CD4(+)) and cytotoxic (CD8(+)) T cells promote the pathology of dystrophin-deficient muscle. Clin

Immunol. 2001;98(2):235-243.
Sartori R, et al. Mechanisms of muscle atrophy and hypertrophy: implications in health and disease. Nar Commun. 2021;12(1):330.

and research network (MD STARnet). J Pediatr. 2009;155(3):380-385.

Choi ME, et al. TGF-p signaling via TAK1 pathway: role in kidney fibrosis. Semin Nephrol. 2012;32(3):244-252.

Kornegay JN, et al. NBD delivery improves the disease phenotype of the golden retriever model of Duchenne muscular dystro-
phy. Skelet Muscle. 2014;4:18.

Fukada S, et al. Genetic background affects properties of satellite cells and mdx phenotypes. Am J Pathol. 2010;176(5):2414-2424.
Theret M, et al. Targeting fibrosis in the Duchenne muscular dystrophy mice model: an uphill battle [preprint]. https://doi.
org/10.1101/2021.01.20.427485. Posted on bioRxiv January 21, 2021.

. Bonaldo P, Sandri M. Cellular and molecular mechanisms of muscle atrophy. Dis Model Mech. 2013;6(1):25-39.
56.

Carnio S, et al. Autophagy impairment in muscle induces neuromuscular junction degeneration and precocious aging. Cell Rep.
2014;8(5):1509-1521.

Masiero E, et al. Autophagy is required to maintain muscle mass. Cell Metab. 2009;10(6):507-515.

De Palma C, et al. Autophagy as a new therapeutic target in Duchenne muscular dystrophy. Cell Death Dis. 2012;3(11):e418.
Pauly M, et al. AMPK activation stimulates autophagy and ameliorates muscular dystrophy in the mdx mouse diaphragm. Am J
Pathol. 2012;181(2):583-592.

Rybalka E, et al. The failed clinical story of myostatin inhibitors against Duchenne muscular dystrophy: exploring the biology
behind the battle. Cells. 2020;9(12):2657.

Mittal A, et al. The TWEAK-Fn14 system is a critical regulator of denervation-induced skeletal muscle atrophy in mice. J Cell
Biol. 2010;188(6):833-849.

Paul PK, et al. The E3 ubiquitin ligase TRAF6 intercedes in starvation-induced skeletal muscle atrophy through multiple mech-
anisms. Mol Cell Biol. 2012;32(7):1248-1259.

JCl Insight 2023;8(10):e164768 https://doi.org/10.1172/jci.insight.164768 20


https://doi.org/10.1172/jci.insight.164768
https://doi.org/10.1074/jbc.275.10.7359
https://doi.org/10.1038/cdd.2014.123
https://doi.org/10.1038/ncomms10123
https://doi.org/10.1172/jci.insight.98441
https://doi.org/10.1096/fba.2020-00043
https://doi.org/10.1096/fba.2020-00043
https://doi.org/10.1038/s41467-022-29752-0
https://doi.org/10.1038/s41467-022-29752-0
https://doi.org/10.1002/jcsm.12650
https://doi.org/10.1002/jcsm.12650
https://doi.org/10.1073/pnas.90.8.3710
https://doi.org/10.1073/pnas.90.8.3710
https://doi.org/10.1038/s41467-017-00406-w
https://doi.org/10.1038/s41467-017-00406-w
https://doi.org/10.1038/s41467-018-06057-9
https://doi.org/10.1093/hmg/ddy258
https://doi.org/10.1093/hmg/ddy258
https://doi.org/10.1093/hmg/ddu194
https://doi.org/10.1038/s41467-022-30619-7
https://doi.org/10.1038/s41467-022-30619-7
https://doi.org/10.1007/s004010050936
https://doi.org/10.1097/00019052-199704000-00016
https://doi.org/10.1038/labinvest.3780092
https://doi.org/10.1006/clim.2000.4966
https://doi.org/10.1006/clim.2000.4966
https://doi.org/10.1038/s41467-020-20123-1
https://doi.org/10.1016/j.jpeds.2009.02.007
https://doi.org/10.1016/j.jpeds.2009.02.007
https://doi.org/10.1016/j.semnephrol.2012.04.003
https://doi.org/10.1186/2044-5040-4-18
https://doi.org/10.1186/2044-5040-4-18
https://doi.org/10.2353/ajpath.2010.090887
https://doi.org/10.1101/2021.01.20.427485
https://doi.org/10.1101/2021.01.20.427485
https://doi.org/10.1242/dmm.010389
https://doi.org/10.1016/j.celrep.2014.07.061
https://doi.org/10.1016/j.celrep.2014.07.061
https://doi.org/10.1016/j.cmet.2009.10.008
https://doi.org/10.1038/cddis.2012.159
https://doi.org/10.1016/j.ajpath.2012.04.004
https://doi.org/10.1016/j.ajpath.2012.04.004
https://doi.org/10.3390/cells9122657
https://doi.org/10.3390/cells9122657
https://doi.org/10.1083/jcb.200909117
https://doi.org/10.1083/jcb.200909117
https://doi.org/10.1128/MCB.06351-11
https://doi.org/10.1128/MCB.06351-11

