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1 | INTRODUCTION

| GyuHee Kim | Sanglck Park | Joo Hyun Lim

Abstract

Muscle atrophy is closely associated with many diseases, including diabetes and car-
diac failure. Growing evidence has shown that mitochondrial dysfunction is related
to muscle atrophy; however, the underlying mechanisms are still unclear. To elucidate
how mitochondrial dysfunction causes muscle atrophy, we used hindlimb-immobi-
lized mice. Mitochondrial function is optimized by balancing mitochondrial dynamics,
and we observed that this balance shifted towards mitochondrial fission and that
MuRF1 and atrogin-1 expression levels were elevated in these mice. We also found
that the expression of yeast mitochondrial escape 1-like ATPase (Ymell), a mito-
chondrial AAA protease was significantly reduced both in hindlimb-immobilized mice
and carbonyl cyanide m-chlorophenylhydrazone (CCCP)-treated C2C12 myotubes.
When Ymell was depleted in myotubes, the short form of optic atrophy 1 (Opa1)
accumulated, leading to mitochondrial fragmentation. Moreover, a loss of YmelL, but
not of LonP1, activated AMPK and FoxO3a and concomitantly increased MuRF1 in
C2C12 myotubes. Intriguingly, the expression of myostatin, a myokine responsible
for muscle protein degradation, was significantly increased by the transient knock-
down of YmellL. Taken together, our results suggest that a deficiency in YmellL and
the consequential imbalance in mitochondrial dynamics result in the activation of

FoxO3a and myostatin, which contribute to the pathological state of muscle atrophy.
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atrophy F-box (MAFbx)/atrogin-1, is a typical feature of muscle atro-
phy.2 Recently, muscle was proposed to be an endo/paracrine organ

Muscle atrophy is now considered to be closely associated with
many diseases, including cardiac failure and diabetes . however, the
underlying mechanisms still unclear. Muscle atrophy primarily ac-
companied by protein breakdown in muscles; in particular, the ubig-
uitin-proteasome system (UPS) is most prominent mechanism in this
process. In particular, increased expression of muscle-specific E3

ubiquitin ligases, such as muscle RING finger 1 (MuRF1) and muscle

that secretes several proteins called myokines.® Myostatin is one of
the major myokines, which belongs to the transforming growth factor
B (TGF B) superfamily and is known to substantially increase muscle
protein degradation via the MuRF1 or atrogin-1 mediated ubiquitin-
proteasome system.* Additionally, the activation of forkhead box O3
(FoxO3) is considered a key pathway that mediates muscle protein
degradation.’ When FoxO3a is phosphorylated by Akt, its activity is
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inhibited. In contrast, the phosphorylation of FoxO3a via AMPK or
JNK promotes the activity of FoxO3a. Inhibition of the IGF-1 (insu-
lin-like growth factor-1)/Akt/mTOR pathway and elevation of AMPK
together facilitate FoxO3a activity, which concomitantly leads to
muscle atrophy.

Growing evidence has shown that mitochondrial dysfunction is
one of the important factors in muscle atrophy.® Mitochondria are
dynamic organelles, and their functions are maintained by mitochon-
drial quality control systems which comprise mitochondrial biogen-
esis, fusion, fission, proteostasis and mitophagy. A balance between
these procedures is important for the maintenance of mitochondrial
homeostasis, and conditions that shift the balance towards mito-
chondrial fission lead to mitochondrial fragmentation.” Three dif-
ferent dynamin-related guanosine triphosphatases (GTPases) are
involved in mitochondrial fusion: mitofusin 1 (Mfn1) and mitofusin 2
(Mfn2) participate in the fusion of the outer mitochondrial membrane
(OMM) and optic atrophy 1 (Opal) participates in the fusion of the
inner mitochondrial membrane (IMM). Opal has various isoforms,
eight in humans and four in mice, and the long form (L-Opal) and
short form (S-Opal) of Opal are generated by alternative splicing
or proteolytic cleavage. Under normal conditions, these forms exist
at almost equimolar concentrations, and the loss of L-Opal leads to
mitochondrial fragmentation.8 Mitochondrial fission requires the re-
cruitment of dynamin-related protein 1 (Drp1), another type of dy-
namin-related GTPase, to the OMM and the formation of multiple
ring complexes. Mitochondrial fission protein 1 (Fis1), mitochondrial
fission factor (Mff) and mitochondrial dynamics proteins of 49 kD
(MID49) and 51 kD (MID51) act as receptors for Drpl at the OMM.

To ensure proper function, mitochondria contain numerous
chaperones and proteases in each mitochondrial subcompartment.”
Similar to endoplasmic reticulum-associated protein degrada-
tion (ERAD), mitochondria generate an unfolded protein response
(mtUPR) in response to stress conditions to restore normal func-
tions by mitochondrial proteostasis and chaperone. Depending on
subcompartment localization, mitochondrial proteases are divided
into four different groups: mitochondrial matrix proteases, inner
membrane (IM) proteases, intermembrane space (IMS) proteases
and outer membrane (OM) proteases. Mitochondrial processing
peptidase (MPP), LonP and ClpP, are representative matrix prote-
ase. Several IMS proteases, such as presenilin-associated rhomboid-
like (PARL) and HTRA2, together with USP 30 located in the OM,
participate in mitophagy, a specialized autophagy that eliminates
irreversibly damaged mitochondria.’® Mitochondrial ATPases as-
sociated with diverse cellular activities (AAA) proteases located in
the IM are crucial for mitochondrial homeostasis and are subdivided
into intermembrane space AAA (i-AAA) proteases and matrix AAA
(m-AAA) proteases depending on the location of their active sites.
In humans, m-AAA proteases are homo- or hetero-oligomeric pro-
teins composed of ATPase family gene 3-like protein 2 (AFG3L2) and
paraplegin (Spg7), whereas i-AAA proteases consist of homo-oligo-
meric YmellL proteins.11 Together with AAAs, the ATP-independent
peptidase Omal, also located in the IM, participates in mitochondrial
dynamics through the processing of Opa1.*?

In this study, we demonstrated that muscle atrophy was closely
related to an imbalance in the mitochondrial quality control system.
In particular, a deficiency in YmellL accelerated this imbalance to-
wards mitochondrial fission and mitophagy, subsequently activating
FoxO3a and myostatin, which are essential for the degradation of
muscle proteins. Apparently, YmelL plays an important role in the
maintaining healthy mitochondria in the muscle and loss of Ymel

induces the pathological state of muscle atrophy.

2 | MATERIALS AND METHODS

2.1 | Animal studies

Male C57BL/6 mice (7 weeks old) were purchased from Koatech
(Pyeongtaek, Korea) and were housed at a constant room tempera-
ture (23°C) with a 12 hours light/dark cycles and free access to food
and water. After a week of adaptation, the animals were randomly as-
signed to two groups: Control group (n = 8) and hindlimb immobiliza-
tion (disuse) group (n = 8). For the induction of muscle atrophy, the
hindlimbs of the mice were immobilized by stapling the foot to the limb
using a surgical stapler (Visistat Skin Stapler 35W, WECK, Teleflex),
as previously described.*® After 5 days of immobilization, the animals
were anaesthetized, and then, the gastrocnemius muscles (GA) were
dissected and immediately frozen in liquid nitrogen for subsequent
analyses. All animal procedures were performed according to the
Korean National Institutes of Health Animal Care and Use Committee
(Permit Number: KCDC-061-18-2A), and the animals were cared for
in accordance with the Korea National Institute of Health guidelines.

2.2 | Grip strength and rotarod test

Five days after immobilization, forelimb skeletal muscle strength
was measured using a digital grip strength metre (Bioseb). The mean
of three consecutive trials was considered an index of grip strength.
For the rotarod test (Med-associated), the mice were placed on a
rotating rod that accelerated from 4 to 40 rpm over 5 minutes.** The
mean time to fall from the rod (s) in three different trials was ana-

lysed individually.

2.3 | Measurement of myosin heavy chain
distribution

Serial paraffin-sections of GA muscle were deparaffinized and per-
meabilized with 1% Triton X-100 for 5 minutes before the samples
were blocked with 10% normal goat serum. Then sections were
stained with the following antibodies: SC-71 for the Type 2a MyHC
isoform, BF-F3 for the 2b MyHC isoform and BA-F8 for the Type
1 MyHC (Hybridoma Bank). Primary antibodies were detected by
anti-mouse IgG Alexa Fluor-647 conjugate, anti-mouse IgM Alexa
Fluor-568 conjugate, or anti-mouse IgG2b Alexa Fluor-488 (eBiosci-
ence; Thermo Fisher Scientific, Inc) for visualization, respectively.
Fluorescence was detected using an FV3000 laser scanning confo-
cal microscope (Olympus Corporation).
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2.4 | Cell culture and Ymell small interfering RNA
transfection

Murine C2C12 myoblasts were purchased from the American Type
Culture Collection (ATCC) and maintained in medium consisting of
Dulbecco's modified Eagle's medium (DMEM; Gibco; Thermo Fisher
Scientific, Inc) supplemented with 1% penicillin-streptomycin (Gibco)/
10% FBS (Gibco) in 5% CO, at 37°C. For the induction of myogenic
differentiation, the cells were differentiated into myotubes with
DMEM supplemented with 2% horse serum for 5 days. To induce mi-
tochondrial dysfunction, the C2C12 myotubes were treated with 2,
5, or 10 pmol/L of the protonophore carbonyl cyanide m-chlorophe-
nylhydrazone (CCCP) for 24 hours. In the case of antioxidant treat-
ment, the myotubes were pretreated with 2 mmol/L N-acetylcysteine
(NAC; Sigma)) or 0.5 pmol/L Mitoquinone mesylate (MitoQ; MedKoo
Biosciences). For the siRNA transfection, the cells were transfected
with control or gene-specific siRNA 3 days after differentiation using
Lipofectamine RNAIMAX (Invitrogen; Thermo Fisher Scientific, Inc)
according to the manufacturer's protocol. The following sequences
were used: 5-GGAUGCCAAAGAGAUUCAAAUUGUU-3’ (murine
Ymell1); 5-GUAGGACUCUCAAUCACAATT-3' (murine Oma1); and
5'- CCACACAAGGCAAGAUCCUCUGCUU-3’ (murine LonP1). The
day after transfection, the medium was replaced with fresh DMEM
containing 2% horse serum, and the cells were further incubated for
48 hours.

2.5 | Determination of mitochondrial
membrane potential

The mitochondrial membrane potential of C2C12 myotubes was
assessed with a JC-1 mitochondrial membrane potential assay kit
(Abcam, ab113850) according to manufacturer's instructions. The
cells were incubated with 10 pmol/L JC-1 dye for 20 minutes at 37°C
and then washed twice with 1X dilution buffer. The samples were as-
sessed on a fluorescent plate reader (Molecular Device) with a set ex-
citation wavelength of 535 nm and an emission wavelength of 590 nm.

2.6 | Western blot analysis

Following CCCP treatment or transfection with siRNA, whole cell
lysates (30 ug) were prepared with 25 pL of SDS-PAGE sample buffer
and loaded on 4%-12% SDS-PAGE gels. Antibodies against phospho-
FoxO3a (S253) (#9466), FoxO3a (#2497), GAPDH (#2118), VDAC1
(#4661), Beclin 1 (#3495), p62 (#5114), LC3 I/l (#3868), phospho-
AMPK (#2535), AMPK (#2532), phospho-p38 (#4511), phospho-IR
(#3024) and phospho-AKT (S473) (#9271) were purchased from
Cell Signaling Technology. Antibodies against Mfn1 (ab57602) and
Mfn2 (ab56889) were obtained from Abcam. Antibodies against
MuRF1 (sc-398608), atrogin-1 (sc-166806), Fis1 (sc-376447) and
Oma1 (sc-515788) were purchased from Santa Cruz Biotechnology,
OXPHOS cocktail (45-8099) and YmellL (PA-43806) were obtained
from Thermo Fisher Scientific, and antibodies against Opal (612606)
and Drp1 (611738) were purchased from BD Bioscience.

2.7 | Quantitative PCR analysis

Total RNA was extracted from differentiated C2C12 myotubes or
gastrocnemius muscle tissue using the RNeasy Mini kit (Qiagen) ac-
cording to the manufacturer's instructions. cDNA was synthesized
using SuperScript lll reverse transcriptase (Invitrogen; Thermo Fisher
Scientific, Inc). Quantitative PCR was performed using SYBR Green
Master Mix (Thermo Fisher Scientific) in a total volume of 20 pL with
the QuantStudio 6 Flex system (Thermo Fisher Scientific). The ex-
pression of the target genes was normalized to GAPDH expression,
and relative quantification was evaluated with the 2722 method.
The primer pairs for the specific target genes were designed as listed
in Table S1.

2.8 | Immunofluorescence and reactive oxygen
species measurement

Differentiated C2C12 cells were washed with PBS, fixed with 4%
paraformaldehyde in PBS for 10 minutes and then permeabilized
with 0.2% Triton X-100 for 10 minutes at room temperature. The
cells were then blocked with 2% BSA in PBS and incubated with an
MF-20 anti-MHC Alex Fluor 488 antibody (eBioscience; Thermo
Fisher Scientific, Inc) overnight. Images of microtubes were taken
using a FV1000 laser scanning confocal microscope (Olympus,
Japan).

To measure the formation of intracellular reactive oxygen spe-
cies (ROS) in CCCP-treated cells, C2C12 myotubes were incubated
in serum-free media containing 10 umol/L 2',7'-dichlorofluorescin-
diacetate (DCF-DA) cell permeant reagent (Invitrogen) for 20 min-
utes, and the cells were subsequently washed 3 times with PBS. DCF
fluorescence images were obtained using a FV1000 laser scanning

confocal microscope (Olympus, Japan).

2.9 | Statistical analysis

All results are expressed as the means + standard error of the mean
(SEM). Statistical analysis was performed using Student's t tests with
GraphPad Prism software (GraphPad). For multiple comparison,
one-way ANOVA (analysis of variance) followed up by Bonferroni's
multiple comparison test were used to analyse statistical differ-
ences. Values of P < .05 were considered statistically significant.

3 | RESULTS

3.1 | Muscle atrophy due to hindlimb immobilization
is correlated with mitochondrial dysfunction

To elucidate the underlying mechanisms of muscle atrophy, we first
established a mouse model of skeletal muscle atrophy, which was
generated by hindlimb immobilization (disuse) for 5 days. As ex-
pected, grip strength, endurance on the rotarod and muscle fibre di-
ameter were decreased in the hindlimb-immobilized mice compared

with the control mice (Figure 1A,B). There are four distinct fibre
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A OCon O Disuse B Con Disuse FIGURE 1 Muscle disuse generated
P 0002 P 0047 N T by hindlimb immobilization in mice
250 - 300 s induces muscle atrophy. A, Grip strength
@ — 0 — 1 measurements (left) and rotarod
%) 200 é g 200 test results (right) of the control and
§ 150 i hindlimb-immobilized mice (n = 8). B, A
B 100 % O reduction in muscle mass induced by
= % 100 hindlimb immobilization. H&E staining
o 50 o == ; of GA muscle sections (top). Scale bars:
0 0 ~__ 80 : 50 pm. Distribution of GA muscle fibres
Grip test Rotarod test é X 60 mCon ®Disuse in cross-sectional areas (bottom). C,
gé Muscle sections prepared from GA
(o] Con Disuse 2 é’ 40 muscles of the control and hindlimb-
(<,‘§ g 20 immobilized mice were visualized with
- o immunostaining against MyHC |, MyHC
LI>>~ 0 S OSSP lla an.d MyHC lIb. Scale bars: 50 pn.'l. D,
s pa ,,\0 ,,\63 /(19 /qfa /,\DQ ,@ 7@ Relative mRNA levels of MyHC2B in
- Fibre:size (un?) the GA muscle (n = 8). E, Changes in the
L mRNA levels of IL-1p and IL-6 in the GA
muscle (n = 8). F, Alterations in proteins
D ® Con ®Con ® Disuse related to muscle atrophy. Immunoblot

15 ,® Disuse

MyHC2a

analysis of the indicated proteins in the

5

<Z( <z( 4 GA muscle. G, Serum myostatin levels in

X 4 QEC the control and hindlimb-immobilized mice

QE) 0 3 (n = 8). Serum myostatin levels (n = 8/

-% 05 E 2 group) were quantified by using a GDF8/
8 ° & 1 myostatin Quantikine ELISA kit (R&D
% 0 0 Systems) according to the manufacturer's
5 MyHC2b IL-1B IL-6 instructions. All results are representative

of more than three independent
o el 4 = Di experiments. The data represent the
Con iSuse mean + SEM. P values < .05 obtained
F Con Disuse G 20007 ** from Student's t tests were considered
| s | . significant
G —t s —— e =g
MuRF1 — 1500- ___:=.___
| - - -| Atrogin1 = —Eé— "
g’ 10001
|—- ‘————-|Fox03a = U
| - - esaDanan@® | \/CP/p97 500 1
[ w— o oo = == w| GAPDH . =013
Myostatin

types in mammalian skeletal muscles: oxidative slow-twitch type 1
fibres, oxidative fast-twitch type 2A fibres and glycolytic fast-twitch
type 2X fibres and 2B fibres, each containing different myosin heavy
chain (MyHC) isoforms, referred to as MyHC1, MyHC2a, MyHC2x
and MyHC2b, respectively.’® Campos's group and Bloemberg's
group showed that type 2B fibres are predominant in the gastrocne-
mius (GA) muscle in mice.*¢ Coincidently, when we observed mus-
cle fibre distribution in the cross-sectional area (CSA) of GA muscle
by fluorescent staining, MyHC2b was the predominant isoform and
was significantly reduced by hindlimb immobilization (Figure 1C).
The MyHC1 and MyHC2a levels in GA muscle were low and did not
change significantly following immobilization. This result was consist-
ent with the significant reduction in the MyHC2b isoform expression
in the GA muscles from the hindlimb-immobilized mice (Figure 1D).
A previously report showed that interleukin-1 beta (IL-1p) and in-

terleukin-6 (IL-6) are involved in the muscle protein degradation.18

Consistent with this finding, muscle immobilization resulted in an in-
crease in the expression of IL-18 and IL-6 in the GA muscle (Figure 1E).
Additionally, the MuRF1, MAFbx/atrogin 1 and FoxO3a levels were
markedly increased in the GA muscles of hindlimb-immobilized mice,
and p97/VCP, an ATPase complex known to facilitate myofibrillar
protein degradation,’’ was slightly elevated (Figure 1F). Moreover,
we observed a significant increase in the serum myostatin levels in
disuse mice compared with control mice (Figure 1G).

To confirm whether muscle atrophy induced by immobilization
is accompanied by mitochondrial dysfunction, we next performed
Western blot analysis to measure the expression of different mito-
chondrial oxidative phosphorylation (OXPHOS) complex subunits.
As shown in Figure 2A, the expression of OXPHOS components, es-
pecially those belonging to complex I, was markedly reduced in the
GA muscles of hindlimb-immobilized mice. Lecker S et al previously

defined the genes that were down or up-regulated in muscle atrophy
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FIGURE 2 Disturbance in the balance A Con Disuse B Con Disuse
of mitochondrial dynamics by hindlimb
immobilization. Western blot analysis of C-V(ATP5a) |- - = c-| Mfn1
mitochondrial OXPHOS complex subunits
(A) and mitochondrial fusion and fission C-lll | L R B -| Mfn2
marker proteins (B) in the GA muscle. C, (UC]CI‘CZ)
Relative mRNA levels of ATF4, BNIP3 and R ——
Gabarapl1 in the GA muscle (n = 8). All Opa1
results are representative of more than -— e - C-ll - .
three independent experiments. The data (SDHb)
represent the mean + SEM. P values < .05 |- .. - -| Drp1
obtained from Student's t tests were o an - C-l .
considered significant (NdufB8) |- b, -| Beclin1
GA muscle | = - - — | D52
| e e we w9 w9 W | GAPDH

C mCon BmDisuse

S 2.
x
€15
o
g 17
& 05 -
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ATF4

as “atrogins”.?° Indeed, these electron transport chain complex pro-
teins were shown to be atrogins that are negatively correlated with
muscle atrophy.

Mitochondrial function is maintained by a mitochondrial qual-
ity control system. Therefore, we next measured whether proteins
related to the mitochondrial quality control systems were changed.
Mfn1, Mfn2 and the long isoform of OPA1 were significantly de-
creased (Figure 2B). Consistent with these findings, the levels of
Drpl and autophagy-related genes, such as LC3B, SQSTM1/p62
and Beclin 1, were strongly up-regulated in immobilized muscles.
Additionally, activating transcription factor 4 (ATF4), a transcription
factor that responds to mitochondrial stress 2% Bcl-2/adenovirus
E1B 19 kD-interacting protein 3 (Bnip3); and GABA receptor-asso-
ciated protein-like 1 (Gabarapl1), which are associated with mitoph-
agy, were significantly induced in disuse mice (Figure 2C). Based on
these results, we verified that the reduction in mitochondrial func-
tions is closely related to muscle wasting.

3.2 | CCCP-induced mitochondrial dysfunction
accompanies muscle atrophy in C2C12 myotubes

To understand the molecular mechanisms by which mitochondrial
dysfunction causes muscle atrophy, we used fully differentiated
C2C12 myotubes that were treated with CCCP. As expected, the mi-

tochondrial membrane potential and total ATP level were substantially

mCon mDisuse mCon BmDisuse

3 1 8 - sk
< ok <
z b
[vd X 6 -
g 2 - €
2 2 4-
g 4 &
&’ € 21
0 - 0 -
BNIP3 Gabarapl1

reduced along with the reduction in the mitochondrial electron trans-
port chain complex proteins in CCCP-treated myotube cells (Figure 3
A,B). Mitochondrial dysfunction is known to increase intracellular ROS
generation.”’23 As shown in Figure 3C, the intracellular ROS levels
were drastically elevated and the reduced by pretreatment with the
antioxidant N-acetylcysteine (NAC) in C2C12 myotubes. Next, we
measured the proteins related to the mitochondrial dynamics and
found that the levels of Mfn1, Mfn2 and the long form of OPA1 gradu-
ally decreased, while the expression of Fis1 increased upon treatment
with CCCP and these effects were rescued by pretreatment with the
antioxidant N-acetylcysteine (NAC) in C2C12 myotubes (Figure 3D,E).
Notably, the abnormal elevation of ROS shifted the mitochondrial dy-
namic balance towards mitochondrial fission.

We next examined whether the mitochondrial dysfunction as
a result of CCCP induces muscle atrophy. As shown in Figure 4A
and 4, the diameter of myotubes and the expression of MyHC
were decreased by CCCP treatment. Coincidently, the levels of
AMPK, MuRF1 and FoxO3a activity were significantly increased
in the cells treated with CCCP (Figure 4C,E). In addition, we found
that atrogins related to muscle atrophy, such as ATF4, myostatin
and Gabarapll were significantly activated, and all these effects
were attenuated by NAC (Figure 4D,E). To clarify the effects of
mitochondrial dysfunction and the subsequent elevation of intra-
cellular ROS on muscle atrophy, we specifically pretreated C2C12
myotubes with the mitochondria-targeted antioxidant Mito Q.
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FIGURE 3 CCCP treatment causes an
imbalance in mitochondrial dynamics in
C2C12 myotubes. A, The mitochondrial
membrane potential was evaluated as
described in the Materials and Methods
(left). Intracellular ATP levels were
measured in C2C12 myotubes treated
with 10 pmol/L CCCP in the presence
or absence of 2 mmol/L NAC (right).
ATP levels were estimated by using an
ATP colorimetric/fluorometric assay

kit (Abcam, ab83355) according to the
manufacturer's instructions (B) Changes

CCCP(uM) in the mRNA levels of mitochondrial
Con 2 5 10 OXPHOS complex subunits after
CCCP treatment (C) Measurement of
E - e e Opaf ROS in C2C12 myotubes as described
in the Materials and Methods. Scale
| — — | Mfn1 bars = 50 um. D, Changes in the
| | Mfn2 expression of proteins related to
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| -—— - — | GAPDH Immunoblot analyses of proteins related
CCCP CCCP to mitochondrial dynamics in C2C12
E - - myotubes. All results are representative
Con - NAC Con - NAC
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Pretreatment with Mito Q rescued mitochondrial fusion (reduc-

tion in mitophagy), and the subsequent reduction in muscle atro-
phy markers including FoxO3a, MuRF1, atrogin-1 and myostatin
(Figure 4F,G and H). As shown in Figure 4G, not only NAC but
also the mitochondria-specific antioxidant Mito Q could effec-
tively ameliorate muscle atrophy induced by CCCP treatment.
Therefore, the abnormal elevation of ROS as a result of mitochon-

drial dysfunction seems to be associated with muscle atrophy.

3.3 | Areduction in mitochondrial YmellL
specifically induces muscle atrophy

We further examined the mechanisms by which elevated ROS causes
muscle atrophy. The mitochondrial chaperones and proteases are
essential to maintain proper mitochondria functions under stress
conditions.” Therefore, we examined the relationships between the
proteases involved in mitochondrial quality control and muscle atro-
phy. As shown in Figure 5A, the expression levels of LonP1 and Hsp60
were almost unchanged in our experiment; however, the expression of
Ymell was significantly reduced in CCCP-treated myotubes. In addi-
tion, these alterations were abolished by NAC pretreatment. To further
directly analyse the effects of Ymell depletion, we transfected siRNA
specific for YmelL into C2C12 myotube cells. We first showed that the
expression of Ymell was almost completely diminished (Figure 5B) and
that the depletion of YmelL increased the short form of Opal, which

of more than three independent
experiments. The data represent the
mean + SEM. P value < .05 obtained
by one-way ANOVA was considered
statistically significant

was accompanied by an elevation in Omal expression, as previously
described (Figure 5C).}2 To determine whether the loss of Yme1lL is re-
lated to muscle atrophy, we investigated alterations in proteins involved
in muscle wasting. Intriguingly, we observed that YmellL knock-down
substantially induced the activation of AMPK and FoxO3a and concom-
itantly increased MuRF1 expression. Oma1 is known to be responsible
for the formation of s-Opal when YmelL is absent.?#?° Accordingly,
the loss of Oma1 significantly reduced not only the formation of the
short form of Opal but also level of MuRF1; however, the levels of
Ymell itself were not altered in siOmal-transfected cells (Figure 5D).
To test whether the loss of YmellL specifically induces muscle atrophy,
we transfected CCCP-treated myotubes with siRNA targeting LonP1. In
contrast to the loss of YmelL, the depletion of LonP1 did not alter the
expression of MuRF1 (Figure 5E). To confirm the relationship between
the loss of Ymell and muscle atrophy, we examined the expression
level of YmelL in the disused mice. As shown in Figure 5F, Ymell was
drastically reduced: consequently, Omal was significantly increased,

whereas LonP1 was not altered in immobilized mice.

3.4 | Ymell loss of function results in the
upregulation of myostatin in myotubes

To further elucidate the role of YmellL in muscle atrophy, we de-
termined the morphological changes in myotubes after the tran-
sient knock-down of YmellL. As shown in Figure 6A and 6, the
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FIGURE 4 CCCP treatmentinduces
muscle atrophy in C2C12 myotubes. A,
Immunofluorescence staining for the
whole myosin heavy chain in cells (left).
Scale bars = 50 pm. Measurement of
the diameter of myotubes in the CCCP-
treated cells compared with non-treated
cells (right). B, Reduction of the myosin
heavy chain in C2C12 myotubes treated
with 10 pmol/L CCCP in the presence or
absence of 2 mmol/L NAC. Quantitative
real-time PCR analysis of MyHC 1.2

DMSO

isoforms (2A, 2B and 2X). C, Changes <

in the expression of muscle atrophy E 0.8
markers in myotubes. D, Relative mRNA 5 ’
levels of ATF4, BNIP3 and Gabarapl1 =

in CCCP-treated C2C12 myotubes. E, § 04

Immunoblot analysis of proteins related
to mitochondrial dynamics or muscle
atrophy in C2C12 myotubes. (F,G)
Immunoblot analysis of proteins related
to mitochondrial dynamics or muscle
atrophy in C2C12 myotubes treated
with 10 pmol/L CCCP in the presence or E _CCCP
absence of 0.5 pmol/L MitoQ. H, Relative Con - NAC
mRNA levels of myostatin in C2C12
myotubes treated with 10 pmol/L CCCP

in the presence or absence 0.5 pmol/L
MitoQ. All results are representative

of more than three independent
experiments. The data represent the
mean + SEM. P values < .05 obtained by
Student's t tests or one-way ANOVA were
considered statistically significant

thickness of the myotubes and the myotube fusion index were sig-
nificantly reduced by the depletion of YmelL. We next analysed
the expression patterns of MyHC isoforms in siYmellL-transfected
cells. Consistent with the morphological changes, the expres-
sion of MyHC2a was significantly decreased, consistent with
the observed results in the CCCP-treated myotubes (Figure 6C).
Interestingly, myostatin expression but not GDF15 expression
was strongly increased by the transient knock-down of YmellL
(Figure 6D). These findings were consistent with the down-regula-
tion of genes responsible for mitochondrial biogenesis and muscle
protein synthesis, such as peroxisome proliferator-activated re-
ceptor-gamma coactivator 1 alpha (PGCla), PGCla4 and peroxi-
some proliferator-activated receptors delta (PPARS), observed in
myotubes following YmellL knock-down (Figure 6E). Previously,
McFarlane et al?®
via the repression of the IGF-1/PI3K/Akt pathway. Thus, we next

reported that myostatin causes muscle atrophy
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investigated whether the depletion of YmellL affects Akt signal-
ling. As shown in Figure 6F, YmellL knock-down inhibited Akt
phosphorylation in differentiated myotubes. Intriguingly, the de-
pletion of Ymell also inhibited insulin-induced insulin receptor
signalling and reduced insulin receptor substrate-1 (IRS-1) expres-
sion (Figure 6F). These results suggest that the ablation of YmellL
alone causes muscle atrophy and disrupts insulin signalling, which
may consequently lead to insulin resistance in atrophy-induced
muscle cells.

4 | DISCUSSION

In recent decades, the importance of mitochondrial quality control
in muscle atrophy has increased. Notably, the decline of mitochon-

drial function and the accompanying elevation of ROS have been
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gradually accepted as one of the hallmarks of ageing; however,
the underlying mechanisms have not been fully elucidated. In the
present study, we confirmed the causal relationship between mi-
tochondrial dysfunction and skeletal muscle atrophy and showed
that the loss of the mitochondrial i-AAA protease YmellL directly
induces muscle atrophy in C2C12 myotubes via disruption of the
balance in the mitochondrial quality control system. Here, we sug-
gest that Ymell is a key regulator in maintaining healthy muscle
based on our results from siYmell-transfected myotubes; (a) al-
tering mitochondrial dynamics towards mitochondrial fission via
the elevation of Omal and the accumulation of the short form of
Opal; (b) reducing quantity of myotubes and the subsequent mus-
cle hypotrophy; (c) inducing myostatin and the activation of the
FoxO3a-mediated ubiquitin-proteasome system; and (d) down-
regulating the genes responsible for muscle protein synthesis and
mitochondrial biogenesis, such as PGC-1a4 and PGC-la. Indeed,
the depletion of YmelL significantly induced various effects that
led to muscle wasting.

The cleavage of the long form of Opal to the short form is a
critical regulatory step in balancing mitochondrial fusion and fission.
Two mitochondrial proteases, namely, YmellL and Omal, cleave

Opal. While Ymell constitutively cleaves Opal under normal

conditions and is responsible for the maintenance of almost equi-
molar concentrations between L-Opal and s-Opal, Omal is up-
regulated under stress conditions and converts Opal to the short
form.}2 We showed that the loss of Ymell specifically results in
muscle atrophy via the elevation of Omal and the concomitant ac-
cumulation of the short form of Opal; however, the depletion of
LonP1 in C2C12 myotubes did not directly induce muscle atrophy
(Figure 5E). LonP1 is a major protein in the mtUPR and is important
for mitochondrial biogenesis.?” Previously, Wagatsuma A et al?® re-
ported that LonP1 is reduced in hindlimb unloading mice; neverthe-
less, in our work the loss of LonP1 did not trigger muscle atrophy.
LonP1 is likely reduced when mitochondria are massively decreased
by prolonged muscle unloading; however the reduction in LonP1 it-
self does not accompany muscle atrophy. In contrast, reduction in
Ymell seems directly to induce protein breakdown in muscle cells
via an imbalance in mitochondrial dynamics. Indeed, YmelL partici-
pates in various processes to maintain healthy mitochondria, includ-
ing the regulation of mitophagy by controlling Omal and s-Opal.29
YmelLisinvolved in the assembly of mitochondrial respiratory chain
subunits, including F1FO-ATPase, Cox4 and ND1,%° and it removes
damaged or misfolded mitochondrial inner membrane proteins.*!

Recently, YmellL was shown to participate in the degradation of



LEE ET AL. 907
W1 LEYJ—

FIGURE 6 Are’duction in Yme'lL ' A . BNC msiymell B BNC @siYmeillL

increases myostatin and perturbs insulin NC siYme1iL . 100 -

signalling. A, A reduction in MyHC g_ 50 1 =

following the depletion of YmelL. - 40 = 80 4

Immunofluorescence staining for the % é

myosin heavy chain in siRNA-transfected g 30 *% £ 60 1

cells (left). Scale bars = 50 pm. Analysis S S Fk

of the diameter of the myotubes (right). ot 20 g 40 1

B, Calculation of the myotube fusion g 10 20

index as a percentage of the nuclei within 5‘

a differentiated myotube containing 0 0 -

more than three nuclei among the total (o] ENC B siYmeillL D - _
nuclei (n = 4). C, Quantitative real-time 2.5 o NC B siYmeil
PCR analysis of MyHC isoforms (2A, < 2 6 ek
2B and 2X). D, Knock-down of YmelL é s <z( 5 NC siYmeil
elevated myostatin expression. Relative c 1. - .
X
mRNA levels of myostatin and GDF15 g 1 = 4 : Myostatin
in siRNA-transfected C2C12 myotubes. E - _02’ 3 EI GAPDH
E, Quantitative real-time PCR analysis & 0.5 - ® 2
of PGCla, PGCla4 and PPARS. F, K 1
Impairment of insulin activity by YmellL e Q0 qj-
depletion. Phosphorylated and total IR *\?‘O *\?\O *\3\0 OM ostatin GDF15
and Akt protein levels were determined ) o A\ Y
by Western blotting (left). Relative
mRNA levels of IRS1 (right). All results - B NC BsiYmeil F = \C
are representative of more than three NC siYme1ilL B siYme1l
independent experiments. The data _ o+ - + ins 1.2 4
represent the mean + SEM. P values < .05 <z( ‘ ‘ IR(Tyr) % 1 1 -
obtained from Student's t tests were % - - PR ﬂé 08 |
considered significant 2 ‘ —— - -‘ IR 2 06 -
& (s473) 2 02
[ | AT .
IRS1

PGC1a PGC104 PPARS

Tom22, a receptor involved in mitochondrial protein import that is
located in the mitochondrial outer membrane.32 Despite the import-
ant role of YmellL in the maintenance of mitochondrial functions,
the regulation of YmelL expression is still unclear. Previously, Hori
O et al reported that the accumulation of unassembled proteins in
the mitochondrial inner membrane triggers Ymell expression 33
however, few reports have addressed the regulation of YmellL itself.
Figure 5A shows that the reduction in YmelL is closely related to the
abnormal elevation of ROS. Here, we suggest that conditions which
induce ROS accumulation result in the decrease of the expression of
Ymell, thereby initiating muscle atrophy. When muscle atrophy is
initiated, dysfunctional mitochondria accumulate and, in turn, result
in an additional increase in ROS, forming a vicious cycle to worsen
muscle atrophy.

Myostatin is a negative regulator of muscle mass, and its over-
expression reduces muscle mass in adult mice and rats®* as well
as in humans.®> However, the regulation of myostatin expression
has not been clearly elucidated. Notably, our data showed that the
loss of YmellL drastically increases myostatin in C2C12 myotubes
(Figure 6D). The activation of myostatin following YmellL depletion

seems to be the important mechanisms by which an imbalance in

mitochondrial dynamics induces muscle atrophy, but more studies
are required to understand the precise mechanisms by which mito-
chondrial dynamics regulates myostatin expression.

In summary, our results demonstrated the correlations between
balanced mitochondrial dynamics and the maintenance of mass and
skeletal muscle function, and we suggest that YmellL may play a piv-
otal role in the regulation of muscle mass by controlling mitochon-
drial dynamics. The loss of YmellL activates AMPK but represses
IGF-1/Akt signalling, in turn activating FoxO3a. In addition, eleva-
tion of myostatin together facilitates muscle fibre breakdown which
concomitantly leads to muscle atrophy. Further studies are required
to elucidate whether Ymell is decreased in sarcopenic atrophy in
mice and humans.
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