Autophagy 10:4,631-641; April 2014; © 2014 Landes Bioscience

BASIC RESEARCH PAPER

PARK2/Parkin-mediated mitochondrial clearance
contributes to proteasome activation during
slow-twitch muscle atrophy via NFE2L1 nuclear
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Skeletal muscle atrophy is thought to result from hyperactivation of intracellular protein degradation pathways,
including autophagy and the ubiquitin-proteasome system. However, the precise contributions of these pathways to
muscle atrophy are unclear. Here, we show that an autophagy deficiency in denervated slow-twitch soleus muscles
delayed skeletal muscle atrophy, reduced mitochondrial activity, and induced oxidative stress and accumulation of
PARK2/Parkin, which participates in mitochondrial quality control (PARK2-mediated mitophagy), in mitochondria.
Soleus muscles from denervated Park2 knockout mice also showed resistance to denervation, reduced mitochondrial
activities, and increased oxidative stress. In both autophagy-deficient and Park2-deficient soleus muscles, denervation
caused the accumulation of polyubiquitinated proteins. Denervation induced proteasomal activation via NFE2L1 nuclear
translocation in control mice, whereas it had little effect in autophagy-deficient and Park2-deficient mice. These results
suggest that PARK2-mediated mitophagy plays an essential role in the activation of proteasomes during denervation

atrophy in slow-twitch muscles.

Introduction

Skeletal muscles occupy up to 55% of total body mass
in mammals, and generate motile forces and heat. They are a
major site for carbohydrate and fatty acid metabolism and are
categorized into 2 types exhibiting distinct contractile and
metabolic properties: slow-twitch, oxidative fatigue-resistant
muscles and fast-twitch, glycolytic fatigue-susceptible muscles.
The slow-twitch muscle fibers typically display a 2- to 3-fold

higher mitochondrial density and substantially lower capacity
for nonoxidative ATP synthesis compared with the fasttwitch
muscle fibers.

Maintenance of muscle mass depends on a balance between
protein synthesis and degradation. Innervation of skeletal muscle
fibers by motor neurons is essential for maintenance of muscle
size, structure, and function. Numerous disorders, including
amyotrophic lateral sclerosis, Guillain-Barre syndrome, polio,
and polyneuropathy, disrupt the nerve supply to muscle, causing
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Figure 1. Delay of denervation atrophy in autophagy-deficient
and PARK2-deficient soleus muscle. (A) Representative images
of soleus muscles from GFP-LC3 transgenic mice at O (inner-
vated), 7 and 14 d after denervation. Scale bar, 20 um. (B) Time
course of weight loss in the soleus muscles of denervated
mice. For the denervation procedure, the left sciatic nerves of
control mice (open bar: day 3, n =9; day 7, n = 28; day 14, n =
19), Atg7 KO mice (closed bar: day 3, n = 12; day 7, n = 30; day
14, n = 14) or Park2 KO mice (gray bar: day 3, n = 3;day 7, n =
13; day 14, n = 7) were cut in the mid-thigh region, leading to
denervation of the lower limb muscles. Denervated muscle
weight data are shown as the percentage of the weight of the
contralateral innervated muscle from the right limb. Data are
shown as the means + s.d. **P < 0.01 vs control mice at the same
time. (C) Histological analysis of control, Atg7 KO and Park2 KO
soleus muscles. Cryosections were stained with hematoxylin
and eosin. Arrowheads, dead myofibers. Scale Bars: 100 m. (D)
Quantification of the cross-sectional areas of myofibers. Values
are the means + s.d. vs control mice at the same time, **P < 0.01.
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dynamic process in which cytoplasmic components
including macromolecules and organelles are sequestered
into double-membrane structures called autophagosomes
and delivered to lysosomes for degradation.”'® Autophagy
participates not only in supplying amino acids under
nutrient-poor environments, but also in the clearance of
misfolded or aggregated proteins, damaged organelles,
and pathogens. Currently, the differences between the
contributions of the UPS and autophagy to the process of
muscle atrophy are not clear.

Results

Autophagy is required for the early steps of
denervation atrophy in soleus muscle

To ascertain whether autophagy is activated in
atrophying muscles, we subjected GFP-LC3 transgenic
mice! to denervation of the sciatic nerve, a model of
skeletal muscle atrophy (Fig. 1A; Fig. SIA). Many
GFP-LC3 puncta were observed in both slow-twitch

loss of muscle mass strength and endurance (referred to as
neurogenic atrophy).”? Other pathological states and systemic
disorders, including cancer, diabetes, fasting, sepsis, and disuse,
also cause muscle atrophy. The resulting loss of muscle mass in
these conditions involves an activation of intracellular protein
degradation and a decrease in protein synthesis. The ubiquitin-
proteasome system (UPS) and autophagy are the 2 major pathways
leading to intracellular degradation, and, when upregulated by
the activation of FOXO transcription factors, both systems can
contribute to skeletal muscle atrophy.>¢

The UPS is responsible for biologically important cellular
processes including cell cycle progression, DNA repair, signaling
cascades, cell death, immunity, developmental programs, and
protein quality control by catalyzing selective degradation of
regulatory proteins and damaged proteins.”® Macroautophagy
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soleus muscles and fast-twitch plantaris muscles of mice

at 7 and 14 d after denervation. In the initial stage (within
48 h) of denervation atrophy, autophagy is suppressed by the
proteasome-dependent MTORCI activation.”? However, these
results show that autophagy is activated in atrophying hind-
limb muscles. As previously reported, autophagy deficiency in
skeletal muscle causes more muscle loss owing to denervation
than occurs in the control situation with normal autophagy, and
autophagy is required to maintain muscle mass.* However the
contribution of autophagy to the process of muscle atrophy is
not clear. We generated mice with a skeletal muscle-specific Azg7
(an essential gene for autophagy) knockout under the control of
the tamoxifen-inducible human skeletal actin (HSA) promoter
(Atg7M/Mox; HSA-Cre-ER™, hereinafter referred to as Atg/
KO mice), and subjected them to denervation. The plantaris
muscles, a fast-twitch glycolytic skeletal muscle, from both Azg7
KO and control (A#g7"*'"*) mice, were atrophied to almost the
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same extent by denervation (Fig. S1B). In contrast, the soleus
muscle, a slow-twitch oxidative skeletal muscle, from Azg7 KO
mice, showed resistance to denervation at 7 d after denervation
(Fig. 1B-D; Fig. S2A). However, the soleus muscles from Azg7
KO mice and control mice exhibited comparable muscle mass
and myofiber size at 14 d after denervation. Notably, dead
myofibers were frequently observed in the Azg7 KO soleus
muscles at 14 d (Fig. 1C). The enhanced cell death at 14 d
most likely contributes to the shrinking of the soleus muscle of
Atg7 KO mice. The phenotypes of soleus muscles of Arg7 KO
mice at 14 d after denervation are coincident with the previous
study.® However, the phenotypes at a period earlier than 14 d
after denervation were not investigated in that study. Thus, our
finding seemed to reflect a more direct effect of autophagy-
deficiency on muscle atrophy. These results indicated that
autophagy contributes to the early stage of denervation atrophy
and that autophagy deficiency delays atrophy in soleus muscle. In
contrast, autophagy in fast-twitch muscles seems not to play an
important role in the early stage of denervation atrophy, in spite
of its activation by denervation in GFP-LC mice.

Denervated soleus muscle from Azg7 KO mice shows
mitochondrial dysfunction

To elucidate the precise phenotypes of the soleus muscles of
denervated Azg7 KO mice at 7 d after denervation, histological
analyses were performed (Fig. 2A). The ratio of type I to type I
muscle fibers in both innervated and denervated soleus muscles
was almost the same in control and Azg7 KO mice. Meanwhile,
denervated soleus muscles from Azg7 KO mice exhibited reduced
staining for succinate dehydrogenase (SDH; complex II) and
cytochrome ¢ oxidase (Cox; complex IV) compared with
denervated soleus muscles from control mice (Fig. 2A and B),
indicating that the respiratory chain activities of denervated
soleus muscles of Azg7 KO mice were significantly decreased.
The reduction of respiratory chain activities was not observed
in denervated plantaris muscles from Azg7 KO mice (Fig. S1D).
As frequently reported for other autophagy-deficient mice,
electron microscopy analysis revealed that abnormally swollen
mitochondria were observed in the soleus muscles of denervated
Atg7 KO mice (Fig. 2C),"*"'¢ whereas, most of the mitochondria
were morphologically normal in the soleus muscles of denervated
Atg7 KO mice. As was the case in GFP-LC3 mice, denervation
induced formation of autophagic vacuoles (AVs) in the soleus
muscles of control mice, whereas AVs were rarely observed in
denervated soleus muscles of Arg7 KO mice (Fig. 2C). These
results indicated that autophagy deficiency leads to abnormal
accumulation of mitochondria in the denervated soleus muscles.
However, the expression levels of marker proteins for the outer
membrane (e.g., TOMM20/Tom?20), the intermembrane space
(e.g., CYCS/cytochrome ¢), the inner membrane (e.g., OPAIL),
and the matrix (e.g., PDHAI/pyruvate dehydrogenase al;) of
mitochondria, and PPARGCIA/PGCla, a master regulator of
mitochondrial biogenesis, in denervated soleus muscles from Azg7
KO mice, were comparable to those in the denervated muscles
of control mice (Fig. 2D; Fig. S2B). The expression levels of
DNMI1L/Drpl and FIS1/Fisl, which promote the fragmentation
of mitochondria (Romanello et al., 2010), were not influenced
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by denervation. Mitochondrial DNA (mtDNA) copy numbers
in denervated Azg7 KO soleus muscles were not different from
those in denervated control soleus muscles (Fig. 2E; Fig. S2C).
Taken together, these results indicate that the decreased
respiratory chain activities of denervated Azg7 KO soleus muscle
can be attributed to a qualitative reduction in mitochondrial
function, but not to a decreased quantity of mitochondria. It is
important to clarify the reason for the reduced mitochondrial
function in denervated Azg7 KO soleus muscles. Generally,
oxidative stress is inseparably associated with dysregulation or
disruption of mitochondrial functions, because mitochondria are
both generators and targets of reactive oxygen species (ROS)."
To ascertain whether ROS accumulate in denervated Azg7 KO
soleus muscles, we performed immunostaining with an antibody
against 8-hydroxydeoxyguanosine (8-OHdG), a marker of ROS
(Fig. 83). The denervated Azg7 KO soleus muscles accumulated
much more 8-OHdG than did the denervated control or the
innervated Azg7 KO soleus muscles. Moreover, the accumulation
of carbonylated proteins was greater in denervated Azg KO soleus
muscles than in denervated control or innervated Azg7 KO
muscles (Fig. 2D). These results suggest that denervated Arg7
KO soleus muscles accumulate damaged mitochondria, which
have reduced respiratory chain activities and produce abundant
ROS.

PARK?2 is required for denervation atrophy of soleus muscle

The E3 ubiquitin ligase PARK2/Parkin is commonly
mutated in autosomal recessive juvenile parkinsonism.'® Upon
mitochondrial damage or uncoupling, PARK2 localizes to
mitochondria and mediates the ubiquitination of mitochondrial
outer membrane proteins and the autophagic elimination of
damaged mitochondria (mitophagy), thereby participating in
mitochondrial quality control.”?° Denervation induced PARK2
expression in hind-limb muscles (Fig. 3A and B; Fig. S1C)
and the level of PARK2 expression induced by denervation
was much higher in soleus muscles than in plantaris muscles.
In addition to PARK2 expression, MFN1, a PARK2 substrate,
accumulated in denervated soleus muscles from Azg7 KO
mice. In contrast, another E3 ubiquitin ligase, MULI, which
is involved in mitophagy during skeletal muscle atrophy,?' was
not induced by denervation in soleus and plantaris muscles.
Subcellular revealed that the
mitochondrial fraction of the soleus muscles of denervated
Atg7 KO mice showed an accumulation of PARK2 (Fig. 3C).
Immunofluorescence microscopy of cryosections of soleus

fractionation experiments

muscles revealed colocalization of fragmented mitochondria and
PARK?2 in perinuclear regions of muscle fibers in denervated
Atg7 KO mice (Fig. 3D). These results indicate that damaged
mitochondria associated with PARK2 are not eliminated and
accumulate in the soleus muscles of denervated Azg7 KO mice
because of the deficiency of autophagy, and suggest that the
contribution of PARK2 to mitochondrial clearance in denervated
slow-twitch soleus muscles is much larger than it is in fast-twitch
muscles, probably owing to the abundance of mitochondria. To
confirm whether the PARK2-mediated mitophagy is involved
in the denervation atrophy in the soleus muscles, we denervated
Park2-deficient (Park2 KO) mice.” Intriguingly, as was the
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Figure 2. Denervation mediates mitochondrial damage in Atg7 KO and Park2 KO soleus muscles. (A) Histological analysis and immunofluorescence
analysis of soleus muscles from control, Atg7 KO and Park2 KO mice 7 d after denervation. Histochemical detection of succinate dehydrogenase (SDH)
and cytochrome c oxidase (COX) activities in cryosections of soleus muscles and immunofluorescence images of denervated soleus muscles stained
with anti-myosin heavy chain | (MyHC-I, green) and anti-DMD (red) antibodies. Nuclei were visualized with Hoechst 33342 (blue). Scale bars, 100 um.
(B) Quantitative analysis of SDH and COX activities of soleus muscles shown in a. *P < 0.05, **P < 0.01. (C) Electron micrographs of control, Atg7 KO, and
Park2 KO soleus muscles at 7 d after denervation. Innervated limb and denervated limb are shown. The boxed regions in the middle panels are shown
in the next panels on the right. Arrowhead, autophagic vacuole or phagophore membrane; asterisk, abnormal mitochondrion. (D) Western blot analysis
of soleus muscles from mice at 7 d after denervation. Whole tissue lysates of the denervated (D) and the contralateral innervated (l) soleus muscles were
immunoblotted with antibodies against the indicated proteins. The data shown are representative of at least 3 separate experiments. (E) Changes in
mitochondrial DNA (mtDNA) copy numbers caused by denervation of soleus muscles. mtDNA copy numbers were quantified by real-time PCR to detect
mtDNA-coded genes. Data are shown as the percentage of the values (mean + s.d.) obtained from innervated soleus muscles from control mice.
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Figure 3. PARK2 accumulates in damaged mitochondria in denervated soleus muscles from Atg7 KO mice. (A) Western blot analysis of soleus muscles
from mice at 7 d after denervation with antibodies against the indicated proteins. (B) Quantification of Park2 mRNA levels by real-time PCR in soleus
muscles. Values are shown as ratios to the mRNA levels in innervated soleus muscles from control mice. The data are means + s.d. vs. innervated (day 0)
muscle from each genotype, **P < 0.01. (C) Western blot analysis of mitochondrial fractions from soleus muscles. Mitochondrial fractions prepared from
denervated (D) and innervated (I) soleus muscles of the indicated genotypes at 7 d after denervation and immunoblotted with anti-PARK2 antibody
and antibodies against mitochondrial markers. (D) Immunofluorescent micrographs of denervated (7 d) or innervated soleus muscles of the indicated
genotypes stained with anti-PARK2 (red) or anti-TOMM20 (mitochondrial marker, green) antibodies and Hoechst 33342 (nucleus, blue). Colocalization
of fragmented mitochondria with PARK2 was observed in denervated Atg7 KO soleus muscles. Boxed areas in denervated soleus muscles are shown in

the next panels on the right.

case with Azg7 KO mice, the soleus muscles from Park2 KO
mice retained muscle mass 7 d after denervation (Fig. 1). In
addition, a reduction in their mitochondrial respiratory chain
complex activities and accumulation of ROS were observed 7 d
after denervation (Fig. 2A-C; Fig. S3). Together, these results
indicate that the PARK2-mediated mitochondrial quality control
pathway is required for the early stage of denervation atrophy of
soleus muscles. A Drosophila parkin-null mutant shows obvious
phenotypes including locomotive defects, muscle degeneration,
and mitochondrial swelling in the flight muscles.?* Indirect
flight muscles, a group of specialized muscles with high
mitochondria content, require a high oxygen supply to sustain
their respiratory activity for a constant vibration. In mammals,
slow-twitch muscles also contain more mitochondria than fast-
twitch muscles. Thus, it is possible that mitochondria-rich

www.landesbioscience.com

muscles are more susceptible to the lack of PARK2-mediated
mitophagy than other tissues.

PARK?2-mediated mitophagy is required for proteasomal
activation in denervated soleus muscle

To evaluate the mechanism underlying the delay of soleus
muscle atrophy in denervated Azg7 KO and Park2 KO mice,
we initially assumed the participation of the GDF8/myostatin
signaling pathway and anti-apoptotic BCL2 family members in
those phenotypes. However, denervation of wild-type, Azg7 KO,
and Park2 KO mice resulted in very similar expression patterns
for myostatin, myostatin receptor, and BCL2 family members in
soleus muscles, indicating that none of these was related to the
mechanism of atrophy (Fig. S2B and $2D). Finally, we noticed the
accumulation of polyubiquitinated proteins in the soleus muscles
of denervated Azg7 KO and denervated Park2 KO mice (Fig. 4A).
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Figure 4. PARK2-mediated mitophagy is required for the activation of 26S proteasomes in denervated soleus muscle. (A) Western blot analysis of soleus
muscles. Whole-tissue lysates of soleus muscles were immunoblotted with antibodies against the indicated proteins. The data shown are representative
of at least 3 separate experiments. (B) Quantification of the mRNA levels for atrophy-related E3 ubiquitin ligases (Fbxo32 and Trim63) in soleus muscles
by real-time PCR. Data are shown as the ratios (mean + s.d.) to the mRNA levels obtained from innervated soleus muscles from control mice. **P < 0.01.
(€) Peptide hydrolysis activity of 26S proteasomes. Soleus muscle homogenates from Atg7 KO, Park2 KO, and control mice were used to assay the chymo-
tryptic activity of proteasomes using Suc-LLVY-AMC as a substrate in the absence or presence of 20 M epoxomicin. Data are shown as the percentage
of the activity (mean = s.d.) obtained from innervated soleus muscles from control mice. **P < 0.01, NS; not significant. (D) Quantitative densitometry
of immunoblotting data for the proteasome subunits shown in a. *P < 0.05, **P < 0.01. (E) Quantification of the mRNA levels of proteasome subunits in
soleus muscles by real-time PCR. Data are shown as the ratios (mean + s.d.) to the mRNA levels obtained from innervated soleus muscles from control
mice. *P < 0.05, **P < 0.01 vs denervated muscle from control mice. (F) Nuclear levels of NFE2L1 in soleus muscles. Nuclear extracts prepared from dener-
vated and innervated soleus muscles and total tissue lysates were immunoblotted with anti-NFE2L1, anti- NFE2L2, anti-LMNB (as a loading control for
nuclear extracts), and GAPDH (as a loading control for tissue lysates) antibodies. The data shown are representative of at least 3 separate experiments.

In addition, the soleus muscles of denervated Azg7 KO and Park2
KO mice accumulated more polyubiquitinated proteins than did
the plantaris muscles of those animals (Fig. S4A). It has been
reported that the accumulation of polyubiquitinated proteins is

a hallmark of autophagy-deficient tissues,"*'® whereas a similar
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accumulation has not been reported in Park2-deficient animals.
It is also known that the accumulation of unfolded proteins or
protein aggregates interferes with proteasome-mediated protein
degradation.?®?” Therefore, we suspected that the deficiency
of PARK2-mediated mitophagy attenuates the activity of the
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MG-132: - + - + + o+ -+ o+

CCCP: - - + + + - -+ o+ o+

NAC: - - - - + .- o+

soleus muscles of Azg7 KO and Park2 KO mice (Fig. S4A). These
results suggest that, owing to a lack of proteasome activation after
denervation in the soleus muscles of Azg7 KO and Park2 KO
mice, more TRP53 accumulated, whereas proteasome activation
in the soleus muscles of denervated control mice can result in
lower levels of TRP53. To ascertain whether the difference in
the amount of proteasome activation caused by denervation
in control and KO soleus muscles is due to an increase in the
number of proteasomes, we examined protein and mRNA levels
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for proteasome subunits. Western blot analysis revealed that
expression of the subunits of 20S proteasomes (components of the
o and B rings) was more strongly induced by denervation in the
soleus muscles of control mice than it was by denervation in the
soleus muscles of Azg7 KO and Park2 KO mice (Fig. 4A and D).
The mRNA levels for 20S proteasome subunits in the denervated
soleus muscles from control mice were significantly higher than
those in the denervated soleus muscles from Azg7 KO and Park2
KO mice (Fig. 4E). These results indicate that the deficiency of
PARK2-mediated mitophagy suppresses denervation-induced
transcription of 20S proteasome subunit mRNA as well as the
de novo synthesis of proteasomes in soleus muscles. Interestingly,
denervation induced the expression of proteasome subunits in the
plantaris muscle of all genotypes examined (Fig. S4A). Therefore,
denervated plantaris muscles of Azg7 KO mice atrophied to
almost the same extent seen in denervated plantaris muscles of
control mice (Fig. SIA).

Accumulation of damaged mitochondria
NFE2LLI transcriptional activity

Nuclear factor erythroid-derived 2-related factors (Nrfs;
NFE2L1/Nrf1/TCF11/LCRF1 and NFE2L2/Nrf2), cap'n’collar-
type basic leucine zipper (CNC-bZip) protein family members,
have been reported to regulate the transcription of proteasome
subunits.’** Nrfs bind to the antioxidant response element
(ARE) in the promoters of its target genes.* The promoters of
all mammalian proteasome subunits contain ARE or ARE-like
sequences.”? To ascertain whether there were any differences

suppresses

in the Nrfs levels of the soleus muscles of control and Azg7 or
Park2 KO mice, we examined Nrfs levels in tissue lysates and
the nuclear extracts of soleus muscles by western blotting analysis
(Fig. 4F). Denervation elevated total NFE2LI levels in the soleus
muscles of all genotypes examined, whereas, the NFE2L1 level
was high in the nuclear extracts of soleus muscles of denervated
control mice, but very low in those of the innervated control and
denervated Atg7 or Park2 KO mice. In contrast, little NFE2L.2
was detected in total lysate and nuclear extracts from soleus
muscles. However, denervation did not influence the NFE2LI
levels in tissue lysates, and decreased nuclear NFE2LI levels
in the plantaris muscles of all genotypes examined (Fig. S4C).
Although total NFE2L2 levels in plantaris muscles were
comparable to those in soleus muscles, denervation elevated the
NFE2L2 level in nuclear extracts of the plantaris muscles of all
genotypes examined. These results indicate that 2 different Nrfs,
NFE2L1 and NFE2L2, are involved in the denervation-induced
expression of proteasome subunits in slow-twitch soleus muscle
and fast-twitch plantaris muscle, respectively.

To confirm that the accumulation of damaged (or uncoupled)
mitochondria in the soleus muscles of denervated Azg7 KO or
Park2 KO mice affects NFE2L1 nuclear translocation, we treated
C2C12 cells, a murine myoblast cell line, with the mitochondrial
uncoupler carbonyl cyanide m-chlorophenylhydrazone (CCCP)
to induce a mimetic condition of damaged mitochondria
accumulation, and examined its effect on NFE2L1 transcriptional
activity. As previously reported, incubation with several drugs,
inhibitors (MG-132),
(tBHQ),

including  proteasome tunicamycin

and tert-butyl hydroquinone promotes mRNA
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expression of proteasome subunits (especially 20S proteasome
components)*>#*3 (Fig. 5A), and the expression of the 20S
proteasome subunits induced by those drugs was suppressed by
the addition of CCCP. In addition, siRNA knockdown of Nfe2/1
significantly suppressed MG-132-induced proteasome subunit
expression (Fig. 5B) Moreover, MG-132-induced NFE2LI
nuclear translocation was also suppressed by the addition of
CCCP in C2C12 and Hela cells (Fig. 5C and D; Fig. S5C).
In addition, the effects of CCCP on MG-132-induced NFE2L1
nuclear translocation and NFE2L1 target-gene expression
were blocked by the addition of N-acetyl-cysteine (NAC), an
antioxidant. These results indicate that 24 h CCCP treatment
induces ROS production from mitochondria in addition to
the mitochondrial depolarization. To confirm the effect of
ROS on NFE2L1 nuclear translocation, we tested the effects
of rotenone, a complex I inhibitor, antimycin, a complex III
inhibitor, and H,O, on nuclear levels of NFE2L1 (Fig. S5A and
S5B). As expected, the addition of rotenone, antimycin or H,O,
suppressed the MG-132-induced NFE2LI nuclear translocation,
and the effects of those drugs were invalidated by the addition
of NAC. Together, these results indicate that the accumulation
of damaged mitochondria producing ROS negatively affects
NFE2L1 translocation and the transcription of NFE2L1 target
genes.

Discussion

Mitochondria have been postulated to play an important
role in triggering signals that contribute to muscle atrophy.?” In
this study, we noticed that a similar pattern of mitochondrial
dysfunction and soleus muscle atrophy in denervated autophagy-
deficient and Park2-deficient mice, and showed the evidence
for PARK2-mediated mitophagy playing the important roles in
slow-twitch muscle atrophy, which is the first report showing
the physiological role of the PARK2-mediated mitophagy in
mammalian in vivo model. The accumulation of damaged
mitochondria in the PARK2-mediated mitophagy deficient soleus
muscle, interferes the expression of proteasome subunits (Fig. S6).
The elevation of proteasome expression is the key event in the
early stage of slow-twitch muscle atrophy, and that it is regulated
by a transcription factor NFE2L1. Under nonstress conditions,
NFE2L1 is targeted by its N-terminal putative transmembrane
domain to the endoplasmic reticulum (ER) membrane, where it
is quickly degraded via ER-associated degradation (ERAD).%%353
In response to proteasome inhibition, NFE2L1 translocates from
the ER to the nucleus, where it transactivates the transcription
of target genes including proteasome subunits. Conversely,
NFE2L2, another Nrfs, is constitutively degraded by proteasome
because its binding partner KEAP1 (kelch-like ECH-associated
protein 1) is a component of the ubiquitin ligase complex in

standard conditions.??4?

The oxidative and electrophilic stresses
inactivate KEAP1 by the modification of its cysteine residues,
and stabilize NFE2L2 to induce the transcription of numerous
cytoprotective genes.”* In this study, we showed that NFE2L1

nuclear translocation is interfered by oxidative stress, which
activates NFE2L2 activity. Therefore, the PARK2-mediated
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mitochondrial quality control system plays an important role
in NFE2Ll-dependent slow-twitch muscle atrophy, because
of interference in the NFE2L1 system by oxidative stress.
Furthermore, fast-twitch plantaris muscles atrophied to the
same extent by denervation in the presence and the absence of
PARK2-mediated mitophagy, express lower levels of PARK2 and
NFE2L1 than slow-twitch muscles during denervation atrophy.
Therefore, we speculate that tissues regulated by the NFE2LI
system express more PARK2 to eliminate damaged mitochondria
than do other tissues. Our findings highlight the linkage between
mitochondria autophagy and the UPS, 2 major intracellular
protein degradation systems, and their different roles in slow-
twitch skeletal muscle atrophy.

Materials and Methods

Antibodies and reagents

Anti-ATG7 antibodies were described previously." Anti-
PARK?2 (Parkin, 4211), anti-PDHAL1 (pyruvate dehydrogenase,
3205), anti-PSMD4 (Rpn10/S5a, 3846), anti-GAPDH (2118),
anti-TRP53 (p53, 2524), anti-NFE2L1 (TCF11/Nrfl, 8052),
anti-BCL2 (Bcl-2, 2870) and anti-BCL2L1 (BclxL, 2764)
antibodies were obtained from Cell Signaling Technology. Anti-
PSMAS5 (Proteasome 20S «5 subunit, BML-PW8125), anti-
PSMB7 (Proteasome 20S B2 subunit, BML-PW9300) and anti-
PSMC6 (Proteasome 19S Rpt4 subunit, BML-PW8830) were
obtained from Enzo Life Sciences. Anti-OPA1 (612606) and anti-
DNMIL (Drpl, 611112) were obtained from BD transduction
laboratories. Anti-SQSTM1 (GP62-C) was obtained from
Progen. Anti-MYH7(myosin heavy chain I, Clone NOQ7.5.4D,
M8421) was obtained from Sigma-Aldrich. Anti-multi ubiquitin
(Clone FK2,D058-3) was obtained from MBL. Anti-PPARGCI1A
(PGC-1, AB3242) was obtained from Millipore. MitoProfile
Total OXPHOS Rodent WB Antibody Cocktail (MS604)
was obtained from MitoSciences. Anti-TOMM20 (Tom20,
sc-11415), anti-CYCS (Cytochrome ¢, sc-13156), anti-NFE2L1
(Nrfl, H-285, sc-13031, for immunostaining of HeLa cells), anti-
NFE2L2 (Nrf2, H-300, sc-13032) and anti-LMNB (Lamin B,
sc-6216) were obtained from Santa Cruz Biotechnology. Anti-
DMD (Dystrophin, ab15277) and anti-MUL1 (ab84067) were
obtained from Abcam. Anti-MFN1 (H00055669-M04) was
obtained from Abnova. Anti-FIS1 (10956-1-AP) was obtained
from Proteintech. Anti-8-OHdG (MOG-020P) was obtained
from the Japan Institute for the Control of Aging, NIKKEN
SEIL Co, Ltd. The Protein Carbonyls Western Blot Detection
Kit was obtained from SHIMA Laboratories. Alexa 488- and
Alexa 594-conjugated secondary antibodies (A11034, A11029,
A11037, A11032) were obtained from Molecular Probes. The
M.O.M. Immunodetection kit and Texas Red Avidin DCS
were obtained from VECTOR Laboratories. Tunicamycin
(T7765), tBHQ (112941), CCCP (C-2759), rotenone (R-8875),
antimycin  (A-8674) and N-acetyl-cysteine (A9165) were
obtained from Sigma-Aldrich. MG-132 (474790) was obtained
from CALBIOCHEM. Succinyl-Leu-Leu-Val-Tyr-7-amido-4-
methylcoumarin (Suc-LLVY-MCA, 3120-v) and epoxomicin
(4381-v) were obtained from Peptide Institute, Inc.
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Animals

HSA-Cre-ER™ transgenic mice were a gift from Dr Pierre
Chambon. To produce Azg7"'*/"'x;: HSA-ER"-Cre mice, Atg/"'™
Flox mice were bred with HSA-Cre-ER"™ transgenic mice. To delete
the floxed Azg7 gene from skeletal muscle, Cre-ER"™ recombinase
activity was induced in 4-wk-old mice by i.p. injections of 1
mg tamoxifen for 5 consecutive days. GFP-LC3 transgenic and
Park2 knockout mice have been previously described. All mice
were maintained in an environmentally controlled room (lights
on from 8:00 to 20:00) and were fed a pelleted laboratory diet
and tap water ad libitum, unless otherwise stated. Denervation
was performed at 4 wk after tamoxifen injections. To standardize
autophagic activity in the skeletal muscles, mice were fasted for
24 h before euthanasia. Experimental protocols were approved
by the Ethics Review Committee for Animal Experimentation of
Juntendo University.

Histological analysis and electron microscopy

Cryosections, 10 pwm thick, from mouse hind limbs were
stained with hematoxylin and eosin (H&E), stained for
succinate dehydrogenase (SDH) or cytochrome ¢ oxidase (COX)
activities, or immunolabeled with anti-PARK?2, anti-TOMM?20,
anti-myosin heavy chain I (MYH7), anti-DMD and anti-8-
OHJG antibodies. To quantify the SDH or COX activities of
soleus muscles, Image ] software was used. For EM analysis,
soleus muscles were directly fixed with 2% glutaraldehyde in
0.1 M cacodylate buffer on ice. Embedding, sectioning and
microphotography were performed by the Hanaichi Electron
Microscopic Laboratory, Inc.

Cell culture and siRNA transfection

C2C12 cells and HeLa cells were maintained in DMEM
supplemented 10% fetal calf serum and antibiotics. For RNA
interference experiments, ON-TARGETplus mouse Nfe2/I
siRNA (Thermo Scientific Dharmacon, L-062252-01-0005) or
nontargeting controls (Thermo Scientific Dharmacon, D-001810-
01-05) were transfected into C2C12 cells using Lipofectamine
RNAIMAX reagent according to the manufacturer’s protocols
(Invitrogen, 13778075).

Isolation of mitochondrial fractions and nuclear extracts

Mitochondrial fractions of soleus muscles were isolated using
the Mitochondria Isolation Kit for Tissue (Pierce, 89801), and
nuclear extracts of soleus muscles or C2C12 cells were prepared
using NE-PER Nuclear and Cytoplasmic Extraction Reagents
(Pierce, 78833) according to the manufacturer’s protocols.

Western blotting

For tissue lysate preparation, mouse skeletal muscles were
homogenized in 10 volumes of 50 mM TRIS-HCI (pH 7.4)
containing 0.15 M NaCl, 1 mM EDTA, 1% Triton X-100, 0.5%
sodium deoxycholate, 0.1% SDS, a protease inhibitor cocktail
(Roche Diagnostics, 11836170001), and a phosphatase inhibitor
cocktail (Roche Diagnostics, 04906837001), using a motor-
driven homogenizer (As One, S-203). For C2Cl12 cell lysate
preparation, cells were lysed with the same buffer. The lysates
were centrifuged at 12,000 x ¢ for 10 min at 4 °C to remove
debris. The supernatants, mitochondrial fractions, or nuclear
extracts were analyzed by western blotting. Densitometric
analysis was performed using Image] software.
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Quantitative real-time PCR analysis

RNA was isolated using TRIzol reagent (Invitrogen,
15596026). ¢DNA was prepared using the Superscript III
first strand synthesis kit (Invitrogen, 18080-044) according
to the manufacturer’s protocol. For mtDNA copy number
quantification, genomic DNA was prepared. Quantitative real-
time PCR was performed using the Fast SYBR Green Master
Mix (Applied Biosystems, 4385612). The primers used for gene
expression analysis are listed in Table S1 and those used for
mtDNA copy number analysis are listed in Table S2.

Measurement of proteasomal activity

Proteasome activities in soleus muscle extracts were measured
using a fluorescent substrate, Suc-LLVY-MCA, as described
previously.*

Statistics

All data are expressed as means + s.d. Differences between
groups were examined for statistical significance using one-way
ANOVA, followed by Tukey-Kramer post hoc test or Student #
test. A P value < 0.05 was considered statistically significant.
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