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TAK1 regulates skeletal muscle mass
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Skeletal muscle mass is regulated by a complex array of signaling pathways. TGF-p-activated
kinase 1 (TAK?1) is an important signaling protein, which regulates context-dependent activation

of multiple intracellular pathways. However, the role of TAK1 in the regulation of skeletal muscle
mass remains unknown. Here, we report that inducible inactivation of TAK1 causes severe

muscle wasting, leading to kyphosis, in both young and adult mice.. Inactivation of TAK1 inhibits
protein synthesis and induces proteolysis, potentially through upregulating the activity of the
ubiquitin-proteasome system and autophagy. Phosphorylation and enzymatic activity of AMPK
are increased, whereas levels of phosphorylated mTOR and p38 MAPK are diminished upon
inducible inactivation of TAK1 in skeletal muscle. In addition, targeted inactivation of TAK1 leads

to the accumulation of dysfunctional mitochondria and oxidative stress in skeletal muscle of adult
mice. Inhibition of TAK1 does not attenuate denervation-induced muscle wasting in adult mice.
Finally, TAK1 activity is highly upregulated during overload-induced skeletal muscle growth, and
inactivation of TAK1 prevents myofiber hypertrophy in response to functional overload. Overall, our
study demonstrates that TAK1 is a key regulator of skeletal muscle mass and oxidative metabolism.

Introduction

Loss of skeletal muscle mass and strength leads to severe consequences, resulting in permanent disability
and mortality in the elderly and in settings of functional denervation, as well as in many chronic disease
states (1). Skeletal muscle mass is governed by a fine balance between the rate of protein synthesis and
degradation (2). In addition, mitochondria play a pivotal role in the maintenance of skeletal muscle mass
and metabolic function (3). Perturbation in mitochondrial dynamics and function is responsible for skeletal
muscle wasting in multiple pathophysiological conditions (4, 5).

Skeletal muscle mass is regulated by a number of signaling pathways. For example, the activation of the
Akt/mTOR signaling pathway induces skeletal muscle growth (6, 7) and prevents muscle protein degradation
(6-9). While promoting mitochondrial biogenesis and metabolic adaptation, activation of AMPK inhibits
protein synthesis in skeletal muscle through suppressing mTOR activity (10, 11). AMPK also induces pro-
tein degradation through stimulating the ubiquitin-proteasome system (UPS) and autophagy (12-14). Several
inflammatory cytokines, microbial products, and tumor-derived factors induce muscle wasting through the
activation of canonical NF-kB and p38 MAPK signaling pathways (15-17). Furthermore, TGF-f and its
closely related family members, myostatin, activin, and growth and differentiation factor 11 (GDF11), cause
muscle wasting through the activation of Smad2/3 transcription factors (2, 18). However, the proximal signal-
ing events that regulate the activation of these pathways in skeletal muscle remain less understood.

TGF-B—activated kinase 1 (TAK1, also known as MAPK3K7) is a member of the MEK kinase (MAP3K)
family that mediates context-dependent activation of distinct signaling pathways. TAK1 forms a complex
with TAK1-binding protein 1 (TAB1) and with either TAB2 or TAB3 (19). Upon cytokine stimulation, the
TAK1 complex is activated by K63-linked polyubiquitination reactions catalyzed by the E2 enzyme complex
Uev1A-Ubcl3 and the RING finger E3 ligases TRAF2 or TRAF6. The specific interaction of the K63-Ub
chains with the C-terminal domains of TAB2 and TAB3 induces a conformational change that leads to the
autophosphorylation of TAK1 (20). Activated TAK1 phosphorylates the specific MAPK kinases (MKK),
which leads to the activation of JNK1/2 and p38 MAPK (21). TAK1 also phosphorylates inhibitor of k B

insight.jci.org  https://doi.org/10.1172/jci.insight.98441 1


https://doi.org/10.1172/jci.insight.98441
https://doi.org/10.1172/jci.insight.98441

. RESEARCH ARTICLE

insight.jci.org

(IxB) kinase  (IKKp), leading to the phosphorylation and degradation of IkB proteins, which results in the
activation of NF-kB transcription factor (22, 23). It has been consistently observed that NF-kB is a negative
regulator of skeletal muscle mass and function (2, 15, 16). However, the physiological role of TAK1 in the
regulation of skeletal muscle remains unknown.

Because conventional 7ak/-null mice are embryonically lethal (24, 25), for this study, we generated
inducible skeletal muscle-specific 7ak/-null mice. Our results demonstrate that inducible inactivation of
TAKI1 causes severe muscle wasting and kyphosis in mice without having any effect on the survival of myo-
fibers. Deletion of TAKI1 inhibits the rate of protein synthesis and stimulates the activation of proteolytic
systems in skeletal muscle. Furthermore, targeted ablation of TAK1 induces oxidative stress and leads to
the accumulation of dysfunctional mitochondria in the skeletal muscle of adult mice. Finally, we found that
TAK1 is essential for overload-induced skeletal muscle hypertrophy in adult mice. Altogether, our study
demonstrates a previously unrecognized role of TAK1 in the regulation of skeletal muscle mass and health.

Results

Inactivation of TAKI reduces skeletal muscle mass in young mice. For our studies, we used mice in which
the second exon of the TAK1 gene, which encodes the enzyme’s catalytic domain, is flanked with
2 loxP sites (24) (Figure 1A). Our attempts to generate skeletal muscle—specific Tak1-KO mice by
crossing floxed Takl (i.e., Tak1%") mice with constitutive muscle creatine kinase-Cre (MCK-Cre) or
myosin light chain 1-Cre (MLC1-Cre) mice, were futile. While muscle-specific Tak1-KO pups were
born at expected frequencies, they did not survive beyond 2 days after birth. We then crossed Tak1%/
mice with a tamoxifen-inducible human a-skeletal actin-Cre (HSA-Cre) line (e.g., HSA-MerCreMer
[MCM] as described; ref. 26) and generated inducible muscle—specific TAK1-KO (HSA-MCM;Tak1"1,
henceforth Tak1™X®) mice. To understand the role of TAKI1 in the regulation of skeletal muscle mass
in young animals, 6-week-old Tak1™ ° mice were given i.p. injections of tamoxifen every day for 4
days to inactivate TAK1. Littermate Tak1"" mice were also treated with tamoxifen and served as cor-
responding controls for Tak1™¢© mice. The mice were maintained on a tamoxifen-containing chow for
the entire duration of experimentation (Figure 1B). Intriguingly, both male and female Tak1™° mice
looked smaller in size (Figure 1C), and their body weight was significantly reduced compared with
littermate Tak1"® mice by 3 weeks after the initiation of tamoxifen injections (Figure 1D). There was
a significant reduction in grip strength normalized by body weight of Tak1™X° mice compared with
littermate Tak1%" mice (Figure 1, E and F). We also observed that several Tak1™° mice developed
kyphosis after 3 weeks of inactivation of TAK1 (Figure 1G). Furthermore, wet weights of gastrocne-
mius (GA), tibialis anterior (TA), quadriceps (Quad), and extensor digitorum longus (EDL) muscle
were significantly reduced in Tak1™X° compared with Tak1"" mice (Figure 1H). We next generated
transverse sections of TA and soleus muscles of Takl1"® and Tak1™%° mice and performed H&E- or
anti-laminin staining (Figure 1I). Quantitative analysis showed that average myofiber cross-sectional
area (CSA) as well as average minimal Feret’s diameter were significantly reduced in the TA and soleus
muscles of Tak1™° mice compared with Tak1%® mice (Figure 1, J and K). Deletion of TAKI1 in the
skeletal muscle of Tak1™X° mice was confirmed by performing PCR on genomic DNA (Figure 1L)
using a primer set that detects the truncated form of TAKI1 (27). Western blot analysis also showed
that TAK1 was efficiently deleted in the skeletal muscle of Tak1™° mice, but not in Tak1¥" mice, after
treatment with tamoxifen. There was no difference in the levels of related proteins, TAB1 and TRAF6,
in skeletal muscle of Tak1%" and Tak1™X° mice (Figure 1M).

To understand the above phenotype at the molecular level, we performed a transcriptome analysis on the
GA muscle from Tak1%" and Tak1™X® mice. The analysis of the microarray data shows 163 upregulated and
168 downregulated genes at the threshold values of 1.5-fold and P < 0.05 (Supplemental Figure 1A; supple-
mental material available online with this article; https://doi.org/10.1172/jci.insight.98441DS1). The gene
ontology (GO) analysis of differentially expressed genes showed that many GO terms related to skeletal mus-
cle tissue and organ development were highly affected in Tak1™%© mice (Supplemental Figure 1B). Indeed,
mRNA levels of many skeletal muscle—related molecules and growth factors were significantly reduced in the
skeletal muscle of Tak1™° mice compared with Tak1%"® mice (Supplemental Figure 1, C and D).

Inactivation of TAKI causes skeletal muscle wasting in adult mice. We next investigated the effect of mus-
cle-specific inactivation of TAKI in adult mice. For this experiment, 14-week-old littermate Tak1"" and
Tak1™XO mice were given i.p. injections of tamoxifen and further fed with a tamoxifen-containing chow,
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Figure 1. TAK1 is required for post-natal skeletal muscle growth in mice. (A) Schematic representation of WT TAK1 and kinase domain-truncated (green)
TAK?1 protein. (B) Treatment protocol for tamoxifen-induced Cre recombination in Tak1™® mice. Six-week-old Tak1"/ and Tak1™® mice were given i.p.
injections of tamoxifen, and 3 weeks later, the mice were analyzed. (C) Gross appearance of Tak1"" and Tak1™° mice. (D) Average body weight of Tak1/f
and Tak1™ mice. (E) Average forelimb and (F) average 4-paw grip strength in Tak1"" and Tak1™® mice normalized by their body weight. (G) Representative
images of skinned Tak1"/" and Tak1™® mice. Arrow pointing to kyphotic phenotype in Tak1™° mice. (H) Average weight of soleus (Sol), gastrocnemius (GA),
tibialis anterior (TA), quadriceps (Quad), and extensor digitorum longus (EDL) muscles in Tak1"" and Tak1™® mice. (I) Representative photomicrographs of
TA muscle sections of Tak1"® and Tak1™° mice after staining for H&E (top panel) and anti-laminin (lower panel). Scale bars: 20 um. Quantification of (J)
average myofiber CSA, and (K) mean minimal Feret’s diameter in TA and soleus muscle sections of Tak1"" and Tak1™® mice. (L) PCR analysis of genomic
DNA from GA muscle of tamoxifen-treated Tak1"f and Tak1™ mice using primer sets that detect truncated TAK1 and TNF receptor 1 (TNFR1). Representa-
tive PCR gel images presented here demonstrate efficient deletion of the kinase domain of TAK1 in Tak1™® mice following tamoxifen administration. (M)
Immunoblots presented here demonstrate that the protein levels of TAK1, but not TAB1 or TRAF6, were diminished in GA muscle of Tak1™® mice.n = 6 or 7
in each group. Error bars represent + SEM. *P < 0.05, values significantly different from corresponding Tak1"" mice by unpaired 2-tailed t test.

and their overall body weight was measured weekly. There was no significant difference in the body weight
of Tak1"" and Tak1™*° mice up to 4 weeks from the first injection of tamoxifen. However, by 5 weeks, the
average body weight of Tak1™° mice was significantly lower compared with Tak1¥? mice (Figure 2A).
We also observed that Tak1™%° mice developed kyphosis by 10 weeks of inactivation of TAK1 (Figure
2B). Moreover, grip strength normalized with body weight was also significantly reduced in Tak1™¥° mice
compared with Tak1%" mice (Supplemental Figure 2, A and B). After 10 weeks from the start of tamox-
ifen injections, we isolated hind limb muscles from the mice and performed H&E- and anti-dystrophin
staining (Figure 2C), followed by morphometric analysis. Results showed that the average myofiber CSA
and minimal Feret’s diameter of myofibers were drastically reduced in TA and soleus muscle of Tak1™&°
mice compared with Tak1"? mice (Figure 2, D and E). While we observed a drastic reduction in average
myofiber size, there was no overt sign of muscle pathology, such as centronucleation or infiltration of
mononucleated cells in the skeletal muscle of Tak1™° mice (Figure 2C). We also compared the number of
myofibers in muscle sections. Our analysis showed that there was no significant difference in the total num-
ber of myofibers in TA muscle of Tak1"® and Tak1™*° mice, suggesting that inactivation of TAK1 does not
cause myofiber dropout (Supplemental Figure 2C). Published reports suggest that TAK1 is essential for the

insight.jci.org  https://doi.org/10.1172/jci.insight.98441


https://doi.org/10.1172/jci.insight.98441
https://insight.jci.org/articles/view/98441#sd
https://insight.jci.org/articles/view/98441#sd

. RESEARCH ARTICLE

A

——Takl"; s Tak]mKO

B D
Tak1%n Tak1mKO E

I Takimn

[ Tak1mko "
g 3000 5 50
g g 250 £ E 40
£ S2000 235
% % 1500 * -L E$
) * =3
) 20
5 © 1000 =g e &
< 500 F=10

Z 0

TA Soleus

0123456789101
Weeks after tamoxifen injection

TA muscle Soleus muscle

H&E Staining

=
<
(=]
=
£
=
£
Z
Z.
]
I
<

Tak1mkO Takl1/n
= ~ ”

Figure 2. TAK1 is required for maintenance of skeletal muscle mass in adult mice. Fourteen-week-old Tak1" and Tak1™® mice were given i.p. injections of
tamoxifen, and their body weight was recorded weekly. (A) Representative line diagram of percentage change in body weight of Tak1"/ and Tak1™® mice after
initiation of tamoxifen injection. Error bars represent + SD. (B) Gross appearance of Tak1"" and Tak1™® mice after 10 weeks of initiation of tamoxifen injections.
(€) Representative photomicrographs of TA and soleus muscle sections of Tak1"" and Tak1™*® mice after staining for H&E (top panel) and anti-dystrophin (lower
panel). Scale bars: 20 um. Quantification of average (D) myofiber CSA, and (E) minimal Feret's diameter in TA and soleus muscle sections of Tak1"/" and Tak1m®
mice. n = 6 in each group. Error bars represent + SEM. *P < 0.05 values significantly different from corresponding Tak1"/ mice by unpaired 2-tailed t test.

survival of multiple cell types, including muscle stem cells (19, 24, 28). By performing TUNEL staining,
we investigated whether inactivation of TAK1 causes myonuclear apoptosis. However, we did not find any
TUNEL" nuclei in TA muscle sections of Tak1"" or Tak1™© mice (Supplemental Figure 3), suggesting that
inactivation of TAK1 does not induce apoptosis in skeletal muscle.

To understand whether TAK1 regulates skeletal muscle mass in a cell-autonomous or non—cell-autono-
mous manner, we investigated the effects of knockdown of TAK1 in fully differentiated cultured myotubes.
Primary myotubes prepared from WT mice were transduced with adenovirus control (Ad.Control) shRNA
or Ad.TAK1 shRNA. After 48 hours, the myotube cultures were fixed and the average myotube diameter
was quantified. Interestingly, knockdown of TAKI1 significantly reduced the average diameter of cultured
myotubes (Supplemental Figure 4, A and B). Altogether, these results suggest that TAK1 is required for
maintenance of skeletal muscle mass both in vivo and in vitro.

Inactivation of TAKI reduces the rate of protein synthesis and induces proteolysis. We next investigated the
biochemical basis of skeletal muscle atrophy in Tak1™%° mice. We first measured relative levels of various
thick- and thin-filament proteins in the GA muscle of Tak1%? and Tak1™° mice after 3 weeks of inactiva-
tion of TAK1. Results showed that protein levels of myosin heavy chain (MyHC), tropomyosin, troponin,
and sarcomeric a-actin — but not dystrophin — were significantly reduced in Tak1™° mice compared
with Tak1"% mice (Figure 3, A and B). There was also a significant decrease in the mRNA levels of MyHC
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fast-type (gene name, Myh4) in the skeletal muscle of Tak1™X° mice (Figure 3C). By performing surface
sensing of translation (SUnSET) assay, we next investigated whether inactivation of TAK1 affects the rate
of protein synthesis in skeletal muscle of mice. Intriguingly, a sharp reduction in puromycin-tagged protein
was noticeable in the skeletal muscles of Tak1™° mice compared with Tak1"" mice (Figure 3, D and E).
Consistent with in vivo results, we found that knockdown of TAK1 reduced the rate of protein synthesis in
cultured myotubes, as well (Supplemental Figure 4C).

Recent studies have provided evidence that perturbation in ribosomal content can also contribute to the
reduced rate of protein synthesis in skeletal muscle (29). Surprisingly, analysis of microarray data showed that
the gene expression of a number of molecules involved in ribosomal biogenesis was significantly increased
in the skeletal muscle of Tak1™*° mice compared with Tak1"" mice (Supplemental Figure 5A). Moreover,
our Western blot analysis showed that levels of ribosomal protein L7 (RPL7), RPL22, and regulators of ribo-
somal biogenesis (e.g., c-Myc, Wnt3a, and B-catenin) were significantly increased in the skeletal muscle of
Tak1™© mice compared with Tak1"" mice (Supplemental Figure 5, B and C). These results suggest that the
translational capacity of skeletal muscle is increased in Tak1™%° mice, which could be a compensatory mech-
anism attempting to overcome the inhibition in translational efficiency (i.e., the rate of protein synthesis).

The UPS and autophagy are 2 major mechanisms for protein degradation in skeletal muscle in atrophy
conditions (1, 14). Results showed that there was a significant increase in 20S proteasome activity in the skel-
etal muscle of Tak1™° mice compared with Tak1"" mice (Figure 3F). Moreover, there was also a significant
increase in the levels of ubiquitinated proteins in skeletal muscle of Tak1™%° mice compared with Tak1%" mice
(Figure 3, G and H). We also compared mRNA levels of various E3 ubiquitin ligases that mediate protein degra-
dation in skeletal muscle. Results showed that mRINA levels of MAFDbx (also known as Atrogin-1) and MUSAL,
but not MuRF1 or Nedd4, were significantly increased in the skeletal muscle of Tak1™%° mice compared with
Tak1"" mice (Figure 3I). Consistent with in vivo results, we found that the level of MAFbx was increased in
cultured myotubes upon knockdown of TAK1 (Supplemental Figure 4D). We next compared the expression of
autophagy markers in the skeletal muscle of Tak1"® and Tak1™° mice. There was a significant increase in the
mRNA levels of LC3B, Beclin-1, Atg5, and Gabarapl! in the skeletal muscle of Tak1™%° mice compared with
Tak1%% mice (Figure 3J). Moreover, the ratio of LC3B-I1/1 protein was found to be significantly increased in the
skeletal muscle of Tak1™%° mice (Figure 3, K and L), as well as in TAK1-knockdown myotubes (Supplemental
Figure 4D) compared with their corresponding controls, further suggesting that the inactivation of TAK1 induc-
es autophagy in skeletal muscle. Collectively, these results suggest that inactivation of TAK1 inhibits protein
synthesis and induces the activity of the UPS and autophagy in skeletal muscle.

TAKI regulates the activation of multiple signaling pathways in skeletal muscle. AMPK is a major signaling
protein that represses the rate of protein synthesis and increases the activation of the UPS and autophagy
(5, 13, 30). Our analysis showed that the level of phosphorylated AMPK was significantly increased in the
skeletal muscle of Tak1™%° mice (Figure 4, A and B). There was also a significant increase in the enzymatic
activity of AMPK in the skeletal muscle of Tak1™*° mice compared with Tak1%" mice (Figure 4C). The
PI3K/Akt/mTOR pathway is an important regulator of protein synthesis and skeletal muscle mass (2, 6).
While there was no significant effect on the phosphorylation of Akt, the level of phosphorylated mTOR
was found to be significantly reduced in the skeletal muscle of Tak1™° mice compared with Tak1%® mice
(Figure 4, D and E). TAK1 is known to activate p38 MAPK in different cell types in response to stimulation
by cytokines (19, 25). We found a significant reduction in the levels of phosphorylated p38 MAPK in the
skeletal muscle of Tak1™*° mice compared with Tak1"® mice (Figure 4, D and E).

In response to receptor-mediated events, TAK1 phosphorylates IKKf, leading to activation of the canon-
ical NF-«B signaling pathway (19, 22, 25). We next sought to determine whether inactivation of TAK1
affects the activation of NF-kB in skeletal muscle of mice. We first performed electrophoretic mobility shift
assay (EMSA) to measure the DNA-binding activity of NF-kB. Although there was a trend toward increased
DNA-binding activity of NF-kB in skeletal muscle of Tak1™X° mice, it was not markedly different from Tak1%?
mice (Figure 4F). By performing Western blot, we also measured the levels of phosphorylated and total IxBa
protein, the markers of activation for the canonical NF-kB pathway (16). There was no significant difference
in the phosphorylation or total levels of TxBa in the skeletal muscle of Tak1%® and Tak1™%° mice (Figure 4, G
and H). Interestingly, we found that the levels of p100 and p52, the components of the noncanonical NF-kB
pathway, were significantly elevated in the skeletal muscle of Tak1™%° mice (Figure 4, G and H).

Consistent with in vivo results, we found that the level of phosphorylated AMPK was drastically
increased in TAK1-knockdown myotubes compared with control cultures. Moreover, the levels of phos-
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Figure 3. Inactivation of TAK1 perturbs the rate of protein synthesis and protein degradation in skeletal muscle. Six-week-old Tak1"" and Tak1™® mice
were given i.p. injections of tamoxifen, and 3 weeks later, skeletal muscle were collected and processed for biochemical analysis. (A) Immunoblots demon-
strating the protein levels of MyHC fast-type, tropomyosin, troponin, sarcomeric a-actin, dystrophin, and unrelated protein GAPDH in GA muscle of Tak1™/f
and Tak1™° mice. Dystrophin was run on a separate gel with loading control GAPDH. (B) Densitometry quantification of relative protein levels of MyHC
fast-type, tropomyosin, troponin, sarcomeric a-actin, and dystrophin in GA muscle of Tak1"" and Tak1™° mice. (C) Relative mRNA levels of Myh4 in GA
muscle of Tak1"/" and Tak1™® mice assayed by gPCR. (D) Tak1"/" and Tak1™® mice were given i.p. injections of puromycin (0.04 umol/g body weight). The
mice were euthanized 30 minutes later, and GA muscle was collected and processed by Western blot. Immunoblots of puromycin-tagged protein and unre-
lated protein GAPDH in GA muscle of Tak1"" and Tak1™ mice. (E) Densitometry quantification of relative levels of puromycin-tagged proteins in GA mus-
cle of Tak1?f and Tak1™° mice. (F) Fold change in 20S proteasome activity in GA muscle of Tak1"" and Tak1™° mice measured using a commercially available
kit (Catalog # K245, BioVision). (G) Immunoblots showing relative amounts of ubiquitin-conjugated protein and unrelated protein GAPDH in skeletal muscle
of Tak1"" and Tak1™® mice. (H) Densitometry quantification of relative levels of ubiquitin-conjugated proteins. (I) Relative mRNA levels of MAFbx/Atro-
gin-1, MuRF1, Nedd4, and MUSA1 in skeletal muscle of Tak1"" and Tak1™ mice. (J) Relative mRNA levels of autophagy related genes LC3B, Beclin-1, Atg5,
Gabarapl1, and Atg12 in skeletal muscle of Tak1"" and Tak1™ mice. (K) Representative immunoblots of LC3B-I/1l and unrelated protein GAPDH in skeletal
muscle of Tak1"" and Tak1™® mice. (L) Densitometry quantification of the ratio of LC3B-Il vs. LC3B-I in skeletal muscle of Tak1"" and Tak1™®° mice. n = 4 or
5 in each group. Error bars represent + SEM. *P < 0.05 values significantly different from corresponding Tak1"™ mice by unpaired 2-tailed t test.

phorylated mTOR and p38 MAPK were reduced, while the levels of p100 and p52 proteins were increased
in TAK1 shRNA-expressing cultures compared with those expressing scrambled shRNA (Figure 41I). Fur-
thermore, there was a significant increase in the DNA-binding activity of NF-«B in TAK1-knockdown
myotubes compared with controls (Figure 4, J and K), which could be attributed to the activation of nonca-
nonical NF-«B signaling. Taken together, these results suggest that inactivation of TAK1 disrupts multiple
signaling pathways, which may ultimately lead to the loss of skeletal muscle mass.
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Figure 4. TAK1 regulates the activation of multiple signaling pathways in skeletal muscle. (A) Representative immunoblots demonstrating the levels of
phosphorylated and total AMPK protein in TA muscle of Tak1"/" and Tak1™® mice. (B) Densitometry quantification of the ratio of phosphorylated and total
AMPK protein. (C) Fold change in enzymatic activity of AMPK in TA muscle of Tak1"" and Tak1™® mice. (D) Representative immunoblots demonstrating
the levels of phosphorylated and total Akt, mTOR, p38 MAPK, and unrelated protein GAPDH in TA muscle of Tak1" and Tak1™® mice. Phosphorylated

and total p38 MAPK and GAPDH were run on a separate gel. (E) Densitometry quantification of the ratio of phosphorylated vs. total protein levels of Akt,
mTOR, and p38 MAPK. n = 6 in each group. (F) Representative EMSA gel demonstrating DNA-binding activity of NF-«B in quadriceps muscle of Tak1"f and
Tak1™® mice. (G) Immunoblots presented here show levels of phosphorylated and total IxBa, total p100, and total p52 protein in TA muscle of Tak1"" and
Tak1™® mice. (H) Densitometry quantification of the ratio of phosphorylated vs. total IxBa and total p100 and p52 bands in immunoblots. n = 4 or 5 in each
group. Fully differentiated mouse primary myotubes were transduced with Ad.Control shRNA or Ad.TAK1 shRNA at MOI 1:50. After 48 hours, the cells were
collected and analyzed. (I) Representative immunoblots demonstrating the levels of phosphorylated and total AMPK, mTOR, and p38 MAPK protein and
levels of p100 and p52, TAK1, and unrelated protein GAPDH. (J) EMSA gel demonstrating DNA-binding activity of NF-kB in control and TAK1-knockdown
myotube cultures. (K) Densitometry quantification of DNA-binding activity in Ad.TAK1shRNA and Ad.Control shRNA myotube cultures. Error bars repre-
sent + SEM. *P < 0.05, values significantly different from corresponding Tak1"" mice or control myotubes by unpaired 2-tailed t test.

Ablation of TAKI increases the proportion of fast-type oxidative fibers in skeletal muscle of mice. Skeletal muscle
contains a mixture of fibers with diverse contractile and metabolic characteristics attributed to the expression
of specific MyHC isoforms (31). Type I fibers are “slow-twitch,” rich in mitochondria, and use predomi-
nantly oxidative phosphorylation for energy production. In contrast, type IIb fibers are “fast-twitch,” con-
tain comparatively low numbers of mitochondria, and rely more heavily on anaerobic glycolysis for energy
production. Type Ila and type IIx fibers have characteristics between type I and type IIb fibers in that they
have intermediate numbers of mitochondria and oxidative potential (31). The TA muscle of adult mice pre-
dominantly contains type Ila, -IIx, and -IIb myofibers, whereas the soleus muscle contains type I, -Ila, and
-IIx myofibers (31, 32). To understand the effect of TAK1 inactivation on the composition of different types
of myofibers, 14-week-old littermate Tak1"® and Tak1™*° mice were given i.p. injections of tamoxifen. After
10 weeks, the TA and soleus muscles were isolated and analyzed by performing immunostaining with anti-
bodies against MyHC I, -ITa, and -IIb protein. Intriguingly, we found that there was a significant increase in
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the proportion of type Ila fibers in the TA muscle of Tak1™X° mice compared with Tak1"" mice (Figure 5, A
and B). An increased number of oxidative fibers in TA muscle was also evidenced by performing succinate
dehydrogenase (SDH) staining (Supplemental Figure 6, A and B). While the soleus muscle contains ~45%
slow-type oxidative fibers (e.g., type I), we found that the proportion of type Ila myofibers, but not type I,
was significantly increased in the soleus muscle of Tak1™° mice compared with Tak1"® mice. Indeed, there
was a concomitant decrease in the proportion of type I fibers in the soleus muscle of Tak1™%° mice (Figure 5,
D and E). To understand whether loss in myofiber CSA observed in Tak1™° mice is due to changes in fiber
type composition or atrophy, we also measured the CSA of individual fiber types. We found that the average
CSA of all types of myofibers was significantly reduced in both the TA and soleus muscles of Tak1™%° mice
compared with Tak1%" mice (Figure 5, C and F), suggesting that even though there is an increase in fast-type
oxidative fibers, all types of myofibers undergo atrophy after inactivation of TAKI.

We also compared mitochondrial content in the skeletal muscle of Tak1%" and Tak1™*° mice. Quantitative
PCR (qPCR) analysis of DNA showed that the relative abundance of mitochondrial DNA (mtDNA) normal-
ized to nuclear DNA (nDNA) was increased in soleus muscle of Tak1™° mice compared with Tak1"® mice
(Figure 5G). Moreover, Western blot analysis using OXPHOS rodent antibody cocktail showed a significant
increase in various subunits of the mitochondrial electron transport chain complexes in the skeletal muscle of
Tak1™%° mice compared with Tak1"® mice (Figure 5, H and I). PGC-1a is a major regulator of mitochondrial
biogenesis, and its gene expression is induced upon activation of AMPK (33). Consistent with the increase in
activation of AMPK, we found a significant increase in the level of PGC-1a protein in the skeletal muscle of
Tak1™%° mice compared with Tak1%" mice (Figure 5, H and I). Collectively, these results suggest that inactiva-
tion of TAK1 increases mitochondrial content, which may be responsible for an increased proportion of fast
oxidative myofibers in skeletal muscle of mice.

Inactivation of TAKI disrupts mitochondria structure and function in the skeletal muscle. Since type Ila myo-
fibers and overall mitochondrial content were increased in the skeletal muscle of Tak1™° mice, we next
sought to determine whether mitochondria are functional in the skeletal muscle of Tak1™° mice. We
first analyzed mitochondrial structure by performing transmission electron microscopy (TEM). Consistent
with preceding results, we found that the abundance of both intermyofibrillar and subsarcolemmal mito-
chondria was increased in the skeletal muscle of Tak1™X° mice compared with Tak1"® mice (Figure 6A).
Interestingly, we found that mitochondrial structure and organization were disrupted in the skeletal muscle
of Tak1™° mice. Many mitochondria were abnormally enlarged, and there was an increased proportion
of vacuolated mitochondria. Mitochondrial cristae morphology was also disrupted in the skeletal muscle
of Tak1™X0 mice (Figure 6, A and B). To specifically investigate the impact of TAKI inactivation on mito-
chondrial function, we isolated mitochondria from the GA muscles of Tak1¥" and Tak1™¥° mice, and their
function was examined by respirometry. Results showed that state 3 respiration fueled by glutamate and
malate was significantly lower in mitochondria from Tak1™%° mice compared with Tak1"? mice (Figure
6C). Similar results were obtained when succinate was used as a substrate (Figure 6D). State 4 respiration,
induced by addition of oligomycin, was also significantly lower in succinate-fueled mitochondria from
Tak1™X° mice, but it was not different in glutamate/malate-fueled mitochondria. These results suggest that
ablation of TAK1 diminishes mitochondrial oxidative capacity in skeletal muscle.

Mitophagy/autophagy is a major mechanism by which dysfunctional mitochondria are eliminated in
mammalian cells, including skeletal muscle (34, 35). To determine whether inhibition of TAK1 also inhib-
its mitophagy in skeletal muscle, we next measured the levels of mitophagy markers in the mitochondrial
fractions of skeletal muscle. Interestingly, there was a significant increase in levels of Drpl, Pink1, LC3B-1/
I, Beclin-1, and p62 in mitochondrial fractions of the skeletal muscle of Tak1™%° compared with Tak1%%
mice (Figure 6E). Consistent with biochemical analysis, we also found the presence of electron dense auto-
phagosomes in the skeletal muscle of Tak1™%° mice by TEM analysis (Figure 6A).

Oxidative stress plays a prominent role in skeletal muscle atrophy and weakness (36), and an increase
in oxidative stress is one of the important mechanisms contributing to the accumulation of dysfunctional
mitochondria in skeletal muscle (3, 4). Thus, we next investigated whether inactivation of TAK1 causes
oxidative stress in skeletal muscle. Interestingly, the amount of irreversibly oxidized (carbonylated) proteins
was significantly increased in the skeletal muscle of Tak1™<°© mice compared with Tak1%? mice (Figure 6,
F and G). Furthermore, mRNA levels of several antioxidant molecules were significantly increased in the
skeletal muscle of Tak1™X° mice compared with Tak1"® mice (Figure 6H), further suggesting that inactiva-
tion of TAK1 disrupts redox homeostasis in the skeletal muscle.
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Figure 5. Inactivation of TAK1 favors a shift toward oxidative fast-twitch fibers in skeletal muscle of adult mice. Fourteen-week-old Tak1"" and Tak1m<°
mice were given i.p. injections of tamoxifen, and 10 weeks later, the mice were euthanized and skeletal muscles were collected and processed for histo-
logical and biochemical analysis. (A) Muscle sections prepared from TA and soleus muscles of Tak1"" and Tak1™° mice were subjected to triple immunos-
taining against MyHC |, -lla, and -IIb proteins. Representative photomicrographs of triple-stained sections of TA muscle. Scale bars: 50 um. Quantification
of (B) percentage of each fiber type, and (C) average CSA of type lla, -1lx, and -IIb fibers in TA muscle of Tak1"" and Tak1™° mice. (D) Representative pho-
tomicrographs of triple-stained sections of soleus muscle. Scale bars: 50 um. Quantification of (E) percentage of each fiber type, and (F) average CSA of
type |, -lla, -lIx fibers in soleus muscle of Tak1"/f and Tak1™® mice. n = 6 in each group for A-F. (G) Mitochondrial DNA (mtDNA) and nuclear DNA (nDNA)
ratio measured by performing quantitative real-time PCR. (H) Representative immunoblots demonstrating levels of OXPHOS complex proteins, PGC-10,
and unrelated protein GAPDH in TA muscle of Tak1"f and Tak1™® mice. (I) Densitometry quantification of relative protein levels of OXPHOS complexes
and PGC-1a in TA muscle of Tak1"" and Tak1™® mice. n = 4 or 5 in each group. Error bars represent SEM. *P < 0.05, values significantly different from
corresponding Tak1" mice by unpaired 2-tailed t test.

We also investigated the effect of inactivation of TAKI1 on oxidative stress in cultured myotubes.
Intriguingly, the levels of oxidized proteins were significantly increased in cultured myotubes within 48
hours of TAK1 knockdown (Supplemental Figure 4E). However, there was no significant change in the
levels of OXPHOS proteins in control and TAK1-knockdown cultures (Supplemental Figure 4F). These
results suggest that oxidative stress may be a potential trigger for the loss of mitochondrial function in the
skeletal muscle upon inactivation of TAKI.
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Figure 6. TAK1 is required for mitochondrial homeostasis in skeletal muscle. Fourteen-week-old Tak1" and Tak1™ mice were given i.p. injections of
tamoxifen. After 10 weeks, the mice were euthanized and skeletal muscles were collected and processed for histological and biochemical analysis. (A) Lon-
gitudinal muscle sections prepared from soleus muscle of Tak1"" and Tak1™*® mice were processed for transmission electron microscopy (TEM) analysis.
Representative EM images featuring intermyofibrillar (top panel) and subsarcolemmal (lower panel) mitochondria are presented here. Scale bars: 1 um. (B)
Higher-magnification EM images depicting vacuolated mitochondria in soleus muscle of Tak1™® mice. Scale bars: 0.5 um. Mitochondria were isolated from
GA muscle of Tak1"" and Tak1™® mice, and state 3 and state 4 respiration was measured by respirometry . Oxygen consumption rate (OCR) was measured
in the presence of (C) glutamate/malate and (D) succinate. n = 6 in each group from A-D. Error bars represent + SD. *P < 0.05 values significantly differ-
ent from corresponding Tak1"f mice by unpaired t test. (E) Representative immunoblots of Mitofusin-2, Drp1, Pink1, LC3B-I/Il, Beclin-1, p62, and unre-
lated protein GAPDH in mitochondrial fraction of GA muscle of Tak1"" and Tak1™® mice. (F) Representative immunoblot depicting the levels of irreversibly
oxidized (carbonylated) protein in GA muscle of Tak1"/f and Tak1™ mice. (G) Densitometry quantification of oxidized proteins. (H) Relative mRNA levels
of oxidative stress related genes catalase (CAT), glutathione peroxidase 1 (GPx1), xanthine dehydrogenase (XDH), copper- and zinc-containing SOD (Cu/
ZnS0D), extracellular SOD (EcSOD), and manganese SOD (MnSOD) by qPCR in skeletal muscle of Tak1"" and Tak1™® mice. n = 5 or 6 in each group. Error
bars represent + SEM. *P < 0.05, values significantly different from corresponding Tak1" mice by unpaired 2-tailed t test.

TAK1 does not affect denervation-induced skeletal muscle atrophy. Many inflammatory cytokines induce
canonical NF-«B signaling through the activation of TAKI1 signalosomes (22, 23). Increased activation
of NF-kB causes muscle wasting in many conditions, including in response to denervation (16, 37, 38).
We next sought to determine the effect of inactivation of TAK1 on denervation-induced skeletal muscle
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atrophy. We first studied whether the activity of TAK1 changes in the skeletal muscle of mice in response
to denervation. The right hind limb muscles of 4-month-old WT mice were denervated by transecting the
sciatic nerve, while the left hind limb was sham-operated. After 7 days, the TA muscle was isolated, and
the enzymatic activity — as well as levels of phosphorylated and total TAK1 protein — were measured.
We observed a small increase in the levels of total TAK1 protein (Figure 7A). However, no significant
increase in the enzymatic activity of TAK1 was noticeable (Figure 7, A and B). Indeed, the ratio of phos-
phorylated vs. total TAK1 protein was significantly reduced in denervated muscle compared with contra-
lateral undenervated muscle (Figure 7B). Denervated TA muscle showed increased levels of MAFbx and
MuRF1 proteins, suggesting underlying atrophy in this muscle (Figure 7, A and B).

We next investigated whether inactivation of TAK1 inhibits denervation-induced skeletal muscle
atrophy in adult mice. For this experiment, 4-month-old Tak1%® and Tak1™%° mice were treated with
tamoxifen, followed by transecting sciatic nerve of the right hind limb. After 14 days, the TA and
soleus muscles were isolated and analyzed by performing anti-dystrophin staining and H&E staining.
Both TA and soleus muscles of Tak1"® mice showed a significant reduction in average myofiber CSA
and minimal Feret’s diameter at 14 days after denervation (Figure 7, C—H, Supplemental Figure 7, A
and B). Although the myofiber CSA was significantly reduced even in sham-operated TA and soleus
muscle of Tak1™€© mice compared with corresponding Tak1"® mice, there was further loss in myofi-
ber CSA in Tak1™° mice following denervation (Figure 7, C-H). Our analysis also showed that the
percentage loss in myofiber CSA upon denervation was similar in Tak1%" and Tak1™X° mice (Sup-
plemental Figure 7C). Apart from the reduction in myofiber CSA, there was no sign of myopathy in
the denervated muscle of Tak1™© mice (Figure 7, C and D). These results suggest that, even though
TAKI1 is an upstream activator of NF-kB in some signaling cascades, inhibition of TAK1 does not
attenuate denervation-induced muscle loss.

TAK1 is required for overload-induced myofiber hypertrophy in adult mice. We first investigated how the
level and activity of TAK1 are modulated during overload-induced muscle hypertrophy. For these exper-
iments, we used the bilateral synergistic ablation (SA) model that has been widely used to induce hyper-
trophy of the plantaris muscle (39, 40). Interestingly, enzymatic activity as well as phosphorylation of
TAKI1 were significantly increased 7 days after performing the SA surgery (Figure 8, A and B). Consis-
tent with published reports (6), there was also a significant upregulation in phosphorylated and total
levels of mTOR in the plantaris muscle after 7 days from performing the SA surgery (Figure 8, A and B).

To understand the role of TAK1 in overload-induced muscle hypertrophy, 4-month-old Tak1"" and Tak1™¥©
mice were subjected to bilateral SA surgery. After 14 days, the plantaris muscle was isolated and weighed. There
was a significant increase in wet weight of plantaris muscle 14 days after SA in Tak1"" mice. Although the wet
weight of plantaris muscle was also increased in Tak1™%° mice 14 days after SA surgery, it was significantly low-
er compared with corresponding Tak1"" mice (Figure 8C). We next analyzed plantaris muscle by performing
anti-dystrophin staining and H&E staining (Figure 8, D and E). We found that there was ~63% increase in the
average myofiber CSA in the plantaris muscle of Tak1"" mice after 2 weeks of performing SA surgery. By con-
trast, there was no significant increase in the myofiber CSA in the plantaris muscles of Tak1™%° mice (Figure 8F).
Since activation of the Akt/mTOR pathway mediates protein synthesis during overload-induced skeletal muscle
hypertrophy, we investigated whether inactivation of TAK1 affects the phosphorylation of components of this
pathway during overload-induced hypertrophy. Results showed that an overload-induced increase in the levels
of phosphorylated Akt, mTOR, and 4E-BP1 were significantly reduced in the plantaris muscle of Tak1™%° mice
compared with Tak1%" mice (Figure 8, G and H). Taken together, these results suggest that TAK1 plays a critical
role in overload-induced myofiber hypertrophy in adult mice.

Discussion

TAKI1 is an important intracellular signaling intermediate that regulates multiple signaling pathways,
including canonical NF-kB and p38 MAPK (19, 25). Previous studies have shown that targeted inhi-
bition of NF-«xB or p38 MAPK does not affect skeletal muscle mass in naive conditions (15, 38, 41).
In contrast, our results demonstrate that inactivation of TAK1 causes severe muscle wasting, mito-
chondrial abnormalities, and oxidative stress in naive conditions. A more crucial role of TAKI1 in
the regulation of skeletal muscle mass could be attributed to the fact that it is an upstream signaling
kinase, which — in addition to NF-xB and p38 MAPK — also regulates several other pathways, such
as JNK, Notch, Wnt, and canonical and noncanonical TGF-§ signaling that have been implicated

insight.jci.org  https://doi.org/10.1172/jci.insight.98441 11


https://doi.org/10.1172/jci.insight.98441
https://insight.jci.org/articles/view/98441#sd
https://insight.jci.org/articles/view/98441#sd
https://insight.jci.org/articles/view/98441#sd

. RESEARCH ARTICLE

A Sham Denervated B [ Sham; [ Denervation
b - 72} - 7 -
N r— s (Y| 4 1] z 157 g20 3% 30
= B - = 57 . b s 21204 * 2 54 *
=y —— | p-TAKI1 : Elsd : 2.0 1:3 &
[ ——————— | Y 'q € 1.01 X 2154 2
MAFb g £ 107 z 237
|‘_-—“‘--—d| X 505 § * :‘1.0—-! - 2
| W—/——/|MURF1 : §05_ i éo.s_ E 14 =
| | GAPDH < s = 2
= o 0 - 0 0
c Tak1ff TaklmKo D Tak1/f Tak1mKO
£
]
=
w2
E 2
« ]
e ?
s g
a =]
Anti-Dystrophin; DAPI H&E Staining
E B Tk F G H g
a = 2 £E
KO P S _ 20004 £ E 50,
. 3000, WTaki £ g 60 22 g - 23
5 £ 5 5. £ S L 40{gm *
2 5004 S0y, = 2 1500 =
g .~ . S 2 4 i R P ) - -k #
=< 20004 had 4 @ g b == = %) w # b 5‘5 304 — +
G I TE 30 . % O 1000+ = 5S¢
< = 1500 - 5e @5 2 E 204
=< = = 204 & 2 -3
5, % 1000 = 5& 5004 £ £ 104
£ 500- £ 107 = £2
2 € 04— 0- S35 0-
< TSham Denervated s Sham Denervated Sham Denervated Sham Denervated

Figure 7. Role of TAK1 in denervation-induced skeletal muscle atrophy in adult mice. Right hind limb of WT mice were subjected to denervation

by transecting the sciatic nerve, whereas the left hind limb was sham operated. After 7 days, TA muscle was isolated and processed for biochem-

ical analysis. (A) Representative gel showing phosphorylated MKK6 protein in in vitro kinase assay (KA) in undenervated and denervated muscle.
Immunoblots showing levels of phosphorylated TAK1 and total TAK1, MAFbx, MuRF1, and GAPDH protein. (B) Densitometry quantification of TAK1
enzymatic activity, phosphorylated vs. total TAK1 levels, MAFbx, and MuRF1 protein in skeletal muscle of Tak1"/™ and Tak1™° mice. n = 4 in each
group. Error bars represent + SD. *P < 0.05 values significantly different from sham-operated muscle by unpaired t test. In a separate experiment,
14-week-old Tak1"" and Tak1™® mice were given i.p. injections of tamoxifen, and immediately thereafter, the sciatic nerve of the right hind limb was
transected to induce muscle atrophy, while the left side was sham operated. Fourteen days after denervation surgery, the mice were euthanized and
TA and soleus muscles were isolated and processed for histological analysis. Representative photomicrographs of TA muscle sections of Tak1"/" and
Tak1™® mice after (C) anti-dystrophin staining and (D) H&E staining. Scale bars: 20 pum. Quantification of (E) average myofiber CSA, and (F) average
minimal Feret's diameter in anti-dystrophin-stained TA muscle sections. Quantification of (G) average myofiber CSA, and (H) average minimal
Feret's diameter in anti-dystrophin-stained soleus muscle sections of Tak1"" and Tak1™®. n = 4 or 5 in each group. Error bars represent + SEM. *P <
0.05, values significantly different from sham-operated muscle of Tak1"" mice by 1-way ANOVA with post hoc Bonferroni’s multiple comparison test.
#P < 0.05, values significantly different from denervated muscle of Tak1"/™ mice by 1-way ANOVA with post hoc Bonferroni’s multiple comparison test.
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Figure 8. Role of TAK1 in overload-induced myofiber hypertrophy in adult mice. (A) Four-month-old WT mice were subjected to bilateral synergistic
ablation (SA) by surgical removal of GA and soleus muscles to induce overload hypertrophy in plantaris muscles. After 7 days, plantaris muscle was
isolated and processed for biochemical analysis. Representative gel showing phosphorylated MKK6 protein in in vitro kinase assay (KA) in plantaris
muscle. Immunoblots showing levels of phosphorylated and total TAK1 and mTOR protein. (B) Densitometry quantification of TAK1 enzymatic activity
and phosphorylated vs. total levels of TAK1and mTOR in plantaris muscle of Tak1"" and Tak1™® mice. n = 4 in each group. Error bars represent + SEM.
*P < 0.05, values significantly different from sham-operated muscle by unpaired t test. In another experiment, 14-week-old Tak1"" and Tak1™° mice
were given i.p. injections of tamoxifen, and immediately thereafter, the mice were subjected to SA surgery. After 14 days, the mice were euthanized.
One side plantaris muscle was collected and processed for biochemical examination, while the other side was processed for histological analysis. (C)
Average wet weight of plantaris muscle of sham and SA-14 Tak1"" and Tak1™® mice. Representative photomicrographs of plantaris muscle sections of
Tak1"™ and Tak1™® mice after (D) anti-dystrophin staining and (E) H&E staining. Scale bars: 20 um. (F) Quantification of average fiber CSA in dystro-
phin-stained plantaris muscle sections of Tak1"" and Tak1™° mice. n = 5-7 in each group. Error bars represent + SEM. *P < 0.05 values significantly
different from sham-operated muscle of Tak1"/ mice by 1-way ANOVA with post hoc Bonferroni’s multiple comparison test. P < 0.05, values
significantly different from SA-14 Tak1"" mice by 1-way ANOVA with post hoc Bonferroni's multiple comparison test. (G) Representative immuno-
blots of phosphorylated and total Akt, mTOR, and 4E-BP1 protein levels and unrelated protein GAPDH in plantaris muscle of Tak1"" and Tak1™<°
mice. (H) Densitometry quantification of the ratio of phosphorylated vs. total protein levels of Akt, mTOR, and 4E-BP1in plantaris muscle of Tak1/f
and Tak1™® mice 14 days after SA surgery. n = 3 in each group. Error bars represent + SEM. *P < 0.05 values significantly different from Tak1" mice
by unpaired 2-tailed t test.
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in the regulation of muscle mass (1, 19). Moreover, TAK1 may also improve skeletal muscle mass
through inducing the expression of certain growth factors, evidenced by our microarray analysis of
Tak1mKO skeletal muscle (Supplemental Figure 1D).

Our results demonstrate that inactivation of TAK1 drastically reduces the rate of protein synthesis
and augments protein degradation, potentially through the activation of the UPS and autophagy (Figure
3). Previous studies have shown that TAK1 causes the activation of AMPK in cardiomyocytes and liver
cells (42, 43). Contrary to these reports, we found that AMPXK is highly activated upon deletion of TAK1
in skeletal muscle, suggesting that different mechanisms might be involved in the regulation of AMPK acti-
vation in skeletal muscle (Figure 4, A—C). AMPK has diverse functions in skeletal muscle. While AMPK
activation improves mitochondrial biogenesis and metabolic function (33, 44), it also inhibits the activity
of mTOR (TORC1/Raptor) through activation of the TSC1-TSC2 complex (45) or through direct phos-
phorylation of Raptor (46). Furthermore, AMPK can also induce proteolytic degradation through aug-
menting autophagy and enhancing the expression of components of the UPS (1, 45-47). Consistent with
an increased activation of AMPK, we found a significant reduction in mTOR phosphorylation, as well as
an upregulation in proteasome activity and autophagy in the skeletal muscle of Tak1™%° mice (Figure 3).

Muscle wasting is generally accompanied by slow- to fast-type fiber transition (14, 47). Fast-type gly-
colytic myofibers (e.g., type IIx and -IIb) undergo atrophy at a faster rate when compared with slow-type
oxidative myofibers in catabolic conditions (1). Intriguingly, we observed that inactivation of TAK1 favors
a type ITa myofiber phenotype, which is a fast type but uses oxidative metabolism for energy production
(Figure 5). The increased number of type ITa myofibers in Tak1™X° mice could be attributed to the increased
activation of AMPK, which stimulates mitochondrial biogenesis through increasing the expression and
phosphorylation of PGC-1a (12, 33). The activity of noncanonical NF-kB signaling is also enhanced in
skeletal muscle upon inhibition of TAK1 (Figure 4). Since noncanonical NF-«B signaling promotes oxida-
tive metabolism (48, 49), activation of this pathway may also contribute to an increased proportion of type
IIa myofibers and mitochondrial content in the skeletal muscle of Tak1™%° mice. Intriguingly, we noticed
that the average CSA of both glycolytic and oxidative myofibers was significantly reduced in Tak1™%° mice
compared with Tak1"? mice (Figure 5, C and F). While there is an increase in type IIa myofibers, it is
noteworthy that the mitochondria are dysfunctional and oxidative stress is increased, both of which can
contribute to enhanced catabolism in both slow- and fast-type myofibers in Tak1™%°® mice (Figure 6).

An important observation of the present investigation is that the deletion of TAKI1 leads to the accu-
mulation of enlarged or highly interconnected mitochondria in skeletal muscle of adult mice (Figure 6A).
Enlarged mitochondria have been consistently observed in the skeletal muscle of the elderly (50). Indeed,
myofiber atrophy, development of kyphosis, and concomitant accumulation of enlarged and dysfunctional
mitochondria observed in Tak1™%° mice suggest that deletion of TAK1 accelerates an aging phenotype in
skeletal muscle. One of the important mechanisms for the clearance of dysfunctional mitochondria is auto-
phagy. Recent studies have shown that a basal level of autophagy is essential for the maintenance of skeletal
muscle health (34, 35). Autophagy is also induced in multiple conditions, such as endurance exercise that
improves skeletal muscle metabolic function (51). Previously, it was reported that TAK1 mediates the activa-
tion of the LKB1/AMPK/ULKI1 signaling axis and autophagy in hepatocytes (43). However, we found that
ablation of TAKI stimulates the activation of AMPK in skeletal muscle. Moreover, we found that several
markers of autophagy are upregulated in the skeletal muscle of Tak1™X® mice (Figure 3, J-L, and Figure
6E), suggesting that the initial activation of autophagy is enhanced, which could be an attempt to clear the
dysfunctional mitochondria. Nevertheless, it is possible that this level of autophagy is not sufficient or some
later steps of autophagy are impaired, preventing efficient clearance of defunct mitochondria in the skeletal
muscle of Tak1™° mice. Alternatively, deletion of TAK1 may alter other processes that are also essential to
maintaining healthy mitochondria (50).

Although the exact mechanisms by which deletion of TAK1 activates AMPK in skeletal muscle remains
unknown, reduced mitochondrial oxidative phosphorylation capacity could be one of the potential expla-
nations. Reduction in mitochondrial function leads to the elevation in the AMP/ATP ratio, which activates
AMPK. We found that deletion of TAKI1 significantly diminished mitochondrial respiratory function in
skeletal muscle (Figure 6, C and D). Importantly, our TEM analysis showed that the mitochondrial matrix
of the skeletal muscle of Tak1™%° mice contains lipid-like inclusions or vacuolation (Figure 6, A and B).
Abnormal aggregates of mitochondria with vacuolation have been consistently observed in skeletal muscle
and motor neurons of the SOD1 mutant mouse model of amyotrophic lateral sclerosis (ALS), in which
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oxidative stress plays a major role in pathogenesis (52). Intriguingly, we also observed a significant increase
in oxidative stress in the skeletal muscle of Tak1™%° mice (Figure 6, F-H). Mitochondria are one of the most
important sources of oxidative stress in mammalian cells. Moreover, increased oxidative stress has also been
found to be a cause of mitochondrial dysfunction in skeletal muscle in multiple conditions (4, 50). Similar
to in vivo studies, we also noticed a significant increase in levels of carbonylated proteins within 48 hours of
knockdown of TAK1 in cultured myotubes (Supplemental Figure 4E). These results are in agreement with
published reports also suggesting that deletion of TAK1 leads to increased production of ROS in keratino-
cytes and skin tumors (27, 53). However, the cellular source of oxidative stress and whether dysfunctional
mitochondria are the cause or consequence of disrupted redox homeostasis in skeletal muscle of Tak1™X©
mice remains unknown. Future studies will determine whether targeted inhibition of oxidative stress in
mitochondria or from nonmitochondrial sources can improve mitochondrial health and attenuate atrophy in
skeletal muscle of Tak1™X° mice.

Further support for a role of TAK1 in the regulation of skeletal muscle mass came from the models
of muscle atrophy and hypertrophy employed in our study. Denervation-induced muscle atrophy was not
attenuated in Tak1™%© mice, suggesting that even though TAK1 is an upstream activator of NF-«B, it does
not prevent denervation-induced atrophy (Figure 7). In response to TLR and IL-1R signaling, TRAF6
acts as an upstream activator of TAK1 and NF-«B (21). Interestingly, targeted deletion of TRAF6 inhibits
muscle wasting in multiple catabolic conditions, including denervation (38, 54, 55). The exact reasons why
the inhibition of TRAF6, but not TAK1, attenuates denervation-induced muscle atrophy remain unknown.
However, it is well known that in response to some stimuli, such as TNFo, TRAF2 mediates the activa-
tion of TAK1 and NF-«xB (56). There are also published reports suggesting that TRAF6 and TAK1 can
activate distinct intracellular pathways to regulate tissue homeostasis (19, 21, 57). Finally, NF-xB can also
be activated in a cell-autonomous manner due to increased oxidative stress that is commonly observed in
atrophying skeletal muscle (1, 16).

In contrast to denervation, we found that the overload-induced myofiber hypertrophy was inhibited
in Tak1™X© mice (Figure 8). Overload-induced myofiber hypertrophy involves an increased rate of protein
synthesis, which is mediated through the activation of the Akt/mTOR pathway (6). We found that the
overload-induced activation of the Akt/mTOR pathway is inhibited in the skeletal muscle of Tak1™*° mice
(Figure 8). These results suggest that similar to young animals, TAK1 is required for overload-induced
myofiber growth in adult animals.

In summary, our study provides initial evidence that TAK1 plays an important role in the regulation of skel-
etal muscle mass and mitochondrial health. Future studies will examine how the levels and activity of TAK1 are
regulated in other conditions of skeletal muscle wasting, such as sarcopenia, cancer cachexia, type II diabetes,
and ALS, and whether the modulation of TAK1 activity can improve skeletal muscle mass and function.

Methods
Animals. Tak1™© were generated by crossing HSA-MCM mice (The Jackson Laboratory, Tg[ACTA1-cre/
Esr1*]2Kesr/J) with Tak1"" mice as described (24). All mice were in the C57BL/6 background, and their
genotype was determined by PCR from tail DNA. For inactivation of TAK1, mice were given i.p. injec-
tions of tamoxifen (75 mg/kg body weight) every day for 4 days, and the mice were fed with a chow con-
taining tamoxifen (250 mg/kg) for the entire duration of the experiment. For denervation surgery, mice
were anesthetized with an 1.p. injection of tribromoethanol (MilliporeSigma) followed by shaving the right
and left hind quarters, making a ~0.5-cm incision proximal to the knee on the lateral side of the right leg,
separating the muscles at the fascia and lifting out the sciatic nerve with a surgical hook or forceps, and
removing a 2 mm piece of sciatic nerve. Left-side hind limb was subjected to same procedure, except that
the sciatic nerve was not removed. For bilateral SA surgery, the mice were anesthetized using tribromoeth-
anol, and the soleus and ~60% of the GA muscles were surgically excised. A sham surgery was performed
for controls following the same procedures, except that GA and soleus muscles were not excised. Finally,
the incisions were closed with surgical sutures. At various time points, hind limb muscles were collected
from euthanized mice for biochemical and histology studies.

Grip strength measurements. Forelimb and total 4-paw grip strength of mice were measured using a digital
grip-strength meter (Columbus Instruments) and normalized by body weight as described (58).

Histology and morphometric analysis. TA, soleus, or plantaris muscle of mice was removed, frozen in lig-
uid nitrogen, and sectioned in a microtome cryostat. For the assessment of tissue morphology, 10 pm—thick
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transverse sections of muscles were prepared and stained with H&E dye as described (59). The sections
were examined under an inverted microscope (Nikon Eclipse TE 2000-U) using a Plan 10x, NA 0.25 PH1
DL, or Plan-Fluor ELWD 20x, NA 0.45 Phl DM, objective lens; a digital camera (Digital Sight DS-Fil);
and NIS Elements BR 3.00 software (Nikon). Images of H&E- or anti-dystrophin-stained TA or plantaris
muscle sections were analyzed by measuring myofiber CSA. The distribution of myofiber CSA was calcu-
lated by analyzing ~500 myofibers per field using the NIS Elements BR 3.00 software (Nikon).

IHC. Frozen TA, soleus, or plantaris muscle sections were fixed in acetone or 4% paraformaldehyde
(PFA) in PBS and blocked in 2% BSA in PBS for 60 minutes. The sections were then incubated with rabbit
anti-dystrophin or rabbit anti-laminin, in blocking solution at 4°C overnight under humidified conditions.
The sections were washed briefly with PBS and then incubated with goat anti-rabbit Alexa Fluor 468 or
goat anti—rabbit Alexa Fluor 488 secondary antibody for 60 minutes at room temperature. TUNEL staining
was performed following a protocol from manufacturer (in situ Cell Death Detection Kit, MilliporeSigma).
Briefly, muscle sections were fixed in 4% PFA and permeabilized with 0.1% Triton X-100 in 0.1% sodi-
um citrate and incubated in TUNEL reaction mixture for 60 minutes at 37°C. Finally, the sections were
washed 3 times for 15 minutes with PBS. Nuclei were counterstained with DAPI. The slides were mounted
using fluorescence medium (Vector Laboratories) and visualized at room temperature on Nikon Eclipse TE
2000-U microscope (Nikon). Image levels were equally adjusted using Photoshop CS6 software (Adobe).

Fiber typing and SDH staining. The composition of different types of myofibers in the soleus and TA
muscle of mice was determined following a protocol as described (60). We used the entire TA or soleus
muscle sections to quantify the percentage of type I, -Ila, -IIx, and -IIb fibers. SDH staining was performed
on TA muscle sections using same protocol as described (61). At least 500 fibers were counted to determine
SDH* fibers in each section in a blinded fashion. The percentage of SDH-stained fibers was then deter-
mined based on a criteria using integrated optical density.

Relative mtDNA measurements. Mitochondrial abundance was estimated by measuring mtDNA abundance
relative to nDNA.. Total DNA was isolated from soleus muscle of mice using a DNAeasy Blood & Tissue Kit
(Qiagen). Following isolation, relative amounts of mtDNA and nDNA were compared using qPCR, using 2
ng of the isolated DNA. Primers for cytochrome b (mtDNA) and p-actin (nDNA) were used; the sequences are
cytochrome b, 5-TTG GGT TGT TTG ATC CTG TTT CG-3' and 5-CTT CGC TTT CCA CTT CAT CTIT
ACC-3'; and B-actin, 5-CAG GAT GCC TCT CTT GCT CT-3' and 5-CGT CTT CCC CTC CAT CGT-3".

Microarray data analysis. GeneChipMouse Gene 2.0 ST Arrays (Affymetrix) were utilized according
to the manufacturer’s protocol and were scanned. The CEL files were analyzed through R using the oli-
go package to normalize the data using the Robust Multi-array Average (RMA) normalization method,
followed by the application of moderated t-statistics via the limma package (62) for statistical analy-
sis. The differentially expressed genes were selected based on the 1.5-fold expression changes between
Tak1%" and Tak1™%© GA muscle with P value of less than 0.05. The CEL files have been deposited in
the Gene Expression Omnibus (GEO GSE104586). The GO analysis was performed using the DAVID
bioinformatics tool. The heatmap was created using the MeV bioinformatics tool. The network analysis
was performed via the NetworkAnalyst (63).

Preparation and culturing of mouse primary myotubes. Myoblasts were isolated from hind limb of 8-week-
old mice using a method as described (64). To induce differentiation, the cells were incubated in differenti-
ation medium (DM 2% horse serum in DMEM) for 48 hours.

Mitochondrial functional assay. Mitochondrial oxidative capacity was measured in isolated mitochondria
using a Seahorse Bioscience XF24 Extracellular Flux Analyzer (Billerica). For measurements of isolated
mitochondria function, tissue from the limb muscle (approximately 50 mg) was isolated and homogenized
in 1 ml of isolation buffer (220 mM mannitol, 70 mM sucrose, 5 mM 3-[N-morpholino] propanesulfonic
acid [MOPS], 1 mM EGTA, 0.3% fatty acid-free BSA, pH 7.2) using a Potter Elvehjem tube and a Teflon
pestle. The homogenate was centrifuged at 500 g for 5 minutes at 4°C. The supernatant containing mito-
chondria was centrifuged at 10,000 g for 5 minutes. After 2 wash-centrifugation steps in BSA-free isolation
buffer, the mitochondria were suspended in respiration buffer (120 mM KCl, 25 mM sucrose, 10 mM
4-[2-hydroxyethyl]-1-piperazineethanesulfonic acid [HEPES], 1 mM MgCl,, 5 mM KH,PO,, pH 7.2). Pro-
tein in the mitochondrial suspension was estimated using the Lowry DC assay (Bio-Rad), and 5 pg of mito-
chondrial protein was sedimented in XF culture plates as described (61). State 3 respiratory activity was
determined by measuring the oxygen consumption rate (OCR) after injection of glutamate (5 mM), malate
(2.5 mM), and ADP (1 mM). To determine state 3 respiratory activity supported by Complex II, succinate
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(10 mM), rotenone (1 uM) and ADP (1 mM) were provided. The OCR after exposure of mitochondria to
oligomycin (1 pg/ml) was used to measure state 4 respiratory activity under both substrate conditions. Data
are expressed as pmol O,/min/pg protein.

Generation of TAK1 shRNA adenovirus. Adenoviral vector expressing mouse Takl shRNA was generated
using the same protocol as described (65). Target sequences for Takl was 5-GGT GCT GAA CCA TTG
CCT TAC-3'. We used adenovirus at MOI 1:50.

AMPK assay. The enzymatic activity of AMPK was measured using a commercially available kit fol-
lowing a procedure suggested by the manufacturer (CycLex Co.).

Proteasome activity assay. The activity of 20S proteasome in muscle extracts was determined using a
commercially available kit following recommended protocol by the manufacturer (MilliporeSigma).

Western blot. The relative amount of various proteins was determined by performing Western blot as
described (28, 59). Black lines on the immunoblots indicate that intervening lanes have been spliced out.
Antibody sources and dilutions used are provided in Supplemental Table 1.

Carbonylation assays. The carbonyl groups in the protein side chains were derivatized to 2,4-dinitro-
phenylhydrazone by reaction with 2,4-dinitrophenylhydrazine using OxyBlot Protein Oxidation Detection
Kit (catalog S7150, MilliporeSigma). The carbonylated/oxidatively modified proteins were detected by
performing Western blot using anti—2,4-dinitrophenyl hydrazone antibodies.

RNA isolation and gPCR. Total RNA was isolated from skeletal muscle tissues of mice or cultured myo-
tubes and subjected to qPCR analysis similar to as described (28, 59). The sequence of the primers are
presented in Supplemental Table 2.

SUnSET assay. In vivo, the mice were anesthetized and given 1.p. injection of 0.04 um of puromycin per
gram of body weight. The mice were euthanized exactly 30 minutes after injection of puromycin, and hind
limb muscle was isolated and snap-frozen. For cultured myotubes, 1 uM puromycin was added in the cul-
ture medium for 30 minutes. Finally, protein extracts were made from muscles or cultured myotubes, and
newly synthesized protein was detected by performing immunoblotting using primary antibody anti-puro-
mycin (1:1,000; catalog MABE343, MilliporeSigma).

Immunoprecipitation and in vitro kinase assay. Skeletal muscle of mice were homogenized prepared in
lysis buffer (50 mM Tris pH 7.5, 100 mM NaCl, 0.1% Triton X 100, 1 mM dithiothreitol, 1 mM sodium
orthovanadate and protease inhibitors). Equal amounts of protein were immunoprecipitated using 1 pg
TAKI (clone D94D7) rabbit monoclonal antibody (Cell Signaling Technology; catalog 5206) followed by
in vitro kinase assay using His-MKK6 protein as substrate as described (57). The radioactive bands were
visualized by exposing to a PhosphorImager screen and quantified using ImageJ (NIH) software.

TEM. Mitochondrial ultrastructure in soleus muscle was analyzed by TEM following a protocol as
described (38). Images were stored as TIFF files, and image levels were equally adjusted using Photoshop
CS2 software (Adobe).

Statistics. Results are expressed as mean + SEM. Statistical analyses used 2-tailed Student’s ¢ test to
compare quantitative data populations with normal distribution and equal variance. For experiments
involving more than 2 groups, we used 1-way ANOVA with post hoc Bonferroni’s multiple comparison
test. A value of P < (0.05 was considered statistically significant, unless otherwise specified.

Study approval. All animal procedures were conducted in strict accordance with the institutional guide-
lines and were approved by the IACUC and Institutional Biosafety Committee of the University of Louis-
ville TACUC nos. 13097 and 16663).
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