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ABSTRACT

CREG1 (cellular repressor of E1A-stimulated genes 1) is involved in tissue homeostasis and influences
macroautophagy/autophagy to protect cardiovascular function. However, the physiological and patho-
logical role of CREG1 in the skeletal muscle is not clear. Here, we established a skeletal muscle-specific
cregl knockout mouse model (cregl;Ckm-Cre) by crossing the Cregi-floxed mice (Creg1™") with
a transgenic line expressing Cre recombinase under the muscle-specific Ckm (creatine kinase, muscle)
promoter. In creg1;Ckm-Cre mice, the exercise time to exhaustion and running distance were signifi-
cantly reduced compared to Creg1™" mice at the age of 9 months. In addition, the administration of
recombinant (re)CREG1 protein improved the motor function of 9-month-old creg1;,Ckm-Cre mice.
Moreover, electron microscopy images of 9-month-old creg1;Ckm-Cre mice showed that the mitochon-
drial quality and quantity were abnormal and associated with increased levels of PINK1 (PTEN induced
putative kinase 1) and PRKN/PARKIN (parkin RBR E3 ubiquitin protein ligase) but reduced levels of the
mitochondrial proteins PTGS2/COX2, COX4l1/COX4, and TOMM20. These results suggested that CREG1
deficiency accelerated the induction of mitophagy in the skeletal muscle. Mechanistically, gain-and loss-
of-function mutations of Creg1 altered mitochondrial morphology and function, impairing mitophagy in
C2C12 cells. Furthermore, HSPD1/HSP60 (heat shock protein 1) (401-573 aa) interacted with CREG1
(130-220 aa) to antagonize the degradation of CREG1 and was involved in the regulation of mitophagy.
This was the first time to demonstrate that CREG1 localized to the mitochondria and played an
important role in mitophagy modulation that determined skeletal muscle wasting during the growth
process or disease conditions.
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Abbreviations: CCCP: carbonyl cyanide m-chlorophenylhydrazone; CKM: creatine kinase, muscle;
COX411/COX4: cytochrome ¢ oxidase subunit 411; CREG1: cellular repressor of E1A-stimulated genes 1;
DMEM: dulbecco’s modified eagle medium; DNM1L/DRP1: dynamin 1-like; FCCP: carbonyl cyanide
p-trifluoro-methoxy phenyl-hydrazone; HSPD1/HSP60: heat shock protein 1 (chaperonin); IP: immuno-
precipitation; MAP1LC3B/LC3B: microtubule-associated protein 1 light chain 3 beta; MFF: mitochondrial
fission factor; MFN2: mitofusin 2; MYH1/MHC-I: myosin, heavy polypeptide 1, skeletal muscle, adult; OCR:
oxygen consumption rate; OPA1: OPA1, mitochondrial dynamin like GTPase; PINK1: PTEN induced
putative kinase 1; PPARGC1A/PGC-1a: peroxisome proliferative activated receptor, gamma, coactivator
1 alpha; PRKN/PARKIN: parkin RBR E3 ubiquitin protein ligase; PTGS2/COX2: prostaglandin-endoperoxide
synthase 2; RFP: red fluorescent protein; RT-qPCR: real-time quantitative PCR; SQSTM1/p62: sequesto-
some 1; TFAM: transcription factor A, mitochondrial; TOMM20: translocase of outer mitochondrial
membrane 20; VDAC: voltage-dependent anion channel.

Introduction
mechanisms underlying the effects of skeletal muscle

The skeletal muscle constitutes approximately 50% of body damage are not clear.

mass in healthy and lean individuals. It plays a critical
determinant role in metabolic homeostasis and whole-
body energy expenditure. Loss of muscle mass or strength
due to aging or diseases may result in decreased physical
activity and elevated risks for cardiovascular diseases, type 2
diabetes mellitus (T2DM), and cancer [1-3]. Conversely,
maintaining skeletal muscle mass might be effective in the
prevention and treatment of T2DM, cardiovascular diseases
and cancer/cachexia [4-6]. However, the precise molecular

Earlier studies on the ablation of skeletal muscles have
focused on overstimulation of the ubiquitin-proteasome
pathway, which promotes the loss of myofibrillar proteins
[7,8]. Recently, extensive studies have revealed that mito-
chondria-mediated macroautophagy/autophagy, also known
as mitophagy, is essential in maintaining myofiber home-
ostasis under physiological or pathological conditions and
supports skeletal muscle plasticity [9-11]. In addition,
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mitophagy plays a critical role in maintaining skeletal muscle
mass via tightly regulated mitochondrial biogenesis turnover
and reduction of abnormal proteins, which accumulate in
response to chronic exercise, disuse, aging, and disease [12--
12-15]. However, excessive mitophagy flux appears to be
detrimental to the skeletal muscle. In contrast, deficient mito-
phagy initiates myopathies due to accumulation of dysfunc-
tional mitochondria and myofibrillar proteins. Elucidation of
the exact mechanism underlying the modulation of mito-
phagy in the physiology and pathology of the skeletal muscle
might allow us to control its wasting and develop new ther-
apeutic approaches.

CREGI (cellular repressor of E1A-stimulated genes 1) is
a protein involved in cellular differentiation and regulation
of homeostasis. It acts by antagonizing transcriptional acti-
vation and cellular transformation induced by the adeno-
virus E1A oncoprotein [16]. Previous studies have shown
that CREG1 is highly expressed in differentiated and
mature tissue and cells, such as differentiated smooth mus-
cle cells and mature cardiomyocytes, but expressed less in
immature cells, such as embryonic stem cells and tumor
cells [17-19]. Several studies have revealed that CREG1 is
a senescence-related protein, and its expression is reduced
with age due to high methylation in its gene promoter
region [20]. A recent study has indicated that CREGI
might be a lysosomal protein [21] that improves cardio-
myocyte autophagy to maintain cardiac function in both
angiotensin II-induced heart fibrosis and ischemia-reperfu-
sion injury [22,23]. Since autophagy plays a crucial role in
skeletal muscle homeostasis, understanding its dysfunction
in the pathogenesis of different diseases is critical to
develop new therapies against muscle damage and abnorm-
alities. However, the physiological and pathological role of
CREGI in the skeletal muscle has not yet been investigated
from the perspective of its homeostasis regulating function.
In this study, we constructed a skeletal muscle-specific
knockout cregl mice model to examine CREG1 mediated
modulation of skeletal muscle homeostasis and investigate
the underlying molecular mechanism, both in vivo and
in vitro.

Results

Generation of skeletal muscle specific Creg1 knockout
mice

To explore the role of CREGI in muscle function, we
generated a muscle-specific cregl knockout mouse (cregl;
Ckm-Cre). Cregl-floxed mice (Creglﬂ/ﬂ) were crossed with
a transgenic line expressing Cre recombinase under the
muscle-specific Ckm (creatine kinase, muscle) promoter,
whose expression began during embryogenesis (Fig. S1A).
The effective ablation of the floxed sequence in genomic
DNA was confirmed by PCR genotyping (Fig. S1B).
Quantitative real-time PCR (RT-PCR, Fig. SIC and SI1D)
and western blotting (Fig. S1E and S1F) revealed efficient
reduction of Cregl transcripts and protein levels in some
tissues (heart, liver and spleen, et al) and several hind limb
skeletal muscles, including the soleus, extensor digitorum
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longus (EDL), peroneus, tibialis anterior (TA), gastrocne-
mius, and quadriceps. Meanwhile, the expression of
CREG1 was reduced to half that in heart tissue from
cregl;Ckm-Cre mice compared to Creg’" mice (Fig. S1G
and S1H).

Lack of CREG1 reduced the capacity of endurance
exercise in the skeletal muscle in 9-month-old mice

Using a treadmill exhaustion test [24,25], we estimated the
capacity for exercise endurance in Creglﬂ/ﬂ and cregl;Ckm-
Cre mice. Interestingly, the exercise time to exhaustion
(Figure 1A and Figure 1B) and running distance (Figure
1C and Figure 1D) of cregl;Ckm-Cre mice was significantly
shorter than those of Creg’" mice at age 9 months, but
not at age 3 months. In contrast, mice with CREG1 defi-
ciency in the skeletal muscle performed 25% less work than
9-month-old Creg’"" mice aged (Figure 1E). The results
indicate that the lack of CREGI in the skeletal muscle could
reduce the anti-fatigue capacity in endurance exercise in
9-month-old mice.

Recovery of CREG1 expression rescued the exercise
capacity in creg1;Ckm-Cre mice

To elucidate whether CREG1 could modulate the endur-
ance of exercise, we administered an infusion of recombi-
nant (re)CREG1 protein (reCREG1, 1 mg/kged) for 3 d in
9-month-old cregl;Ckm-Cre mice, as reported previously
[26]. Both western blotting (Fig. S2A and S2B) and immu-
nofluorescent staining (Fig. S2C) showed that reCREGI1
infusion clearly increased the expression of CREGI in
the skeletal muscle of 9-month-old cregl;Ckm-Cre mice
compared to a control group treated with only vehicle
(saline). As expected, the potential for physical exercise,
including the exercise time to exhaustion (Figure 1F) and
running distance (Figure 1G) also improved in mice with
reCREGI1 treatment compared to that in control mice
treated with saline. These results confirm that CREGI
regulates the potential for exercise capacity in the skeletal
muscle.

CREG1 regulated the exercise capacity independent of
heart function

Because Ckm is partly expressed in cardiomyocytes, we
examined whether the reduction of exercise capacity was
due to heart dysfunction. Using micro-ultrasound, we
showed that no difference in heart function, including EF
and FS values in Cregl"" and cregl;Ckm-Cre, either in 3-
or 9-month-old mice, before or after endurance exercise.
However, the EF and FS values of each group did not
increase significantly after exercise (Fig. S3A-D). These
results suggest that the impairment of exercise capacity
induced by the lack of CREGI is independent of heart
function.
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Figure 1. Lack of CREG1 remarkedly reduced in endurance performance in 9-month-old mice. (A and E) Exercise performance was assessed in age-matched Creg1™"
and creg1;Ckm-Cre mice by performing a treadmill exhaustion test. Time to exhaustion (A) and corresponding quantitative analysis (B); running distance (C) and
corresponding quantitative analysis (D); and work (E) performed during the test. (Cregl"/ﬂ 3-month-old: n = 6, creg1,Ckm-Cre 3-month-old age: n = 7, Creglﬂ”’
9-month-old: n = 6, creg1;,Ckm-Cre 9-month-old age: n = 6). (F and G) Exercise performance was also assessed in 9-month-old creg1;Ckm-Cre and reCREG1-treated
mice by performing a treadmill exhaustion test. Quantitative analysis of time to exhaustion (F). Quantitative analysis of running distance (n = 6) (G). Data are shown
as mean = SEM, **p < 0.01. Creglﬂ/ﬂ: mice bearing Cregi-floxed alleles; cregl;,Ckm-Cre: skeletal muscle-specific knockout creg? mice; reCREG1: treated with

recombinant CREG1 protein.

CREGT1 ablation reduced the distribution of type I fiber in
the skeletal muscle in 9-month-old creg1;Ckm-Cre mice

We further investigated whether CREG1 could modulate the
morphology and distribution of different fiber types in the
skeletal muscle. H&E staining, RT-PCR and immunobhisto-
chemical staining revealed that there were no obvious changes
in the expression and distribution of type I or type II fibers in
the skeletal muscle of Creg’”" and cregl;Ckm-Cre mice at
3-month-old (Fig. S4A-F). However, with 9-month-old
cregl;Ckm-Cre mice, we found a reduction of type I fiber
size both in the soleus and gastrocnemius, not see in Cregl™”
mice (Figure 2A and Figure 2B). Moreover, RT-PCR analysis
also highlighted that the expression of the Myhl/Mhc-I iso-
form was markedly reduced in the gastrocnemius from
9-month-old cregl;Ckm-Cre mice but not Creg’" mice. In
contrast, the expression of the Myh2/Mhc2a isoform was

significantly higher, while Myh4/Mhc2b isoform did not
change, in 9-month-old cregl;Ckm-Cre mice compared to
Creg]ﬂ/ﬂ mice (Figure 2C). This suggests that CREG1 defi-
ciency primarily could decrease type I fiber in skeletal muscles
of 9-month-old cregl;Ckm-Cre mice.

CREG1 ablation modulated the skeletal muscle
mitochondrial morphology

Mitochondria are key organelles for energy production, which
is closely related to exercise endurance in the type I fibers
[27-29]. Therefore, we further investigated whether loss of
CREGI changed the biofunction of mitochondria in skeletal
muscle. Electron microscopy (EM) images (Figure 2D) and
quantification analysis (Figure 2E-G) revealed the accumula-
tion of abnormal mitochondria in CREGI1-deficient muscles
in 9-month-old mice. It showed that the average size (Figure
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Figure 2. Creg1 ablation reduced the distribution of type | fiber and modulated the skeletal muscle mitochondrial morphology in 9-month-old creg1,Ckm-Cre mice. (A
and B) Representative photomicrographs used for quantitative analysis of immunostaining for MYH1/MHC-I in the gastrocnemius and soleus of 9-month-old cregi;
Ckm-Cre mice. Type |l fibers were negative to antibody anti-MYH1. The analysis was performed using 5 fields per section (50 pm). An average of 400 fibers was

analyzed in the gastrocnemius and soleus for each mouse. (C) RT-PCR analysis of M
(D) Electron microscopy (EM) analysis of gastrocnemius from 9-month-old Creg1™’
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and 9-month-old creg1,Ckm-Cre, scale bars: 1.0 um. Size (E), mitochondrial number
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2E) and number of mitochondria (Figure 2F) decreased, and
the proportion of abnormal mitochondria (Figure 2G)
increased progressively in 9-month-old cregl;Ckm-Cre mice
compared to the corresponding age Creg’"" mice. Similar
morphological changes, the ratio of mitochondrial DNA
(mtDNA) to nuclei DNA (nuDNA; mtDNA: nuDNA) was
found to be significantly reduced in CREG1-deficient muscles
from 9-month-old mice (Figure 2H). Meanwhile, the expres-
sion of mitochondrial proteins (PTGS2/COX2, COX4I1/
COX4, and TOMM20) markedly decreased in CREG1-defi-
cient skeletal muscle in 9-month-old mice (Figure 2I and
Figure 2J). However, there were no obvious changes in the
mRNA level of these proteins in cregl;Ckm-Cre and Cregl™"
mice, either at 3-month-old or 9-month-old (Fig. S4G-I).

In contrast, reCREGI treatment significantly increased the
percentage of type I fiber (Figure 2K) and expression of
mitochondrial proteins (PTGS2, COX4I1, and TOMM?20)
(Figure 2L and Figure 2M) in the skeletal muscle compared
to that in untreated mice. Consistent with these results, EM
images confirmed that reCREGI treatment rescued mitochon-
drial impairment in cregl;Ckm-Cre mice (Figure 2N-Q).
Taken together, these results imply that the lack of CREG1
impairs the morphology and numbers of mitochondria in the
skeletal muscle, while overexpression of CREG1 can improve
them.

Deficiency of CREG1 did not change the biogenesis of
mitochondrial

Because the reduction of mitochondria depends both on its
biogenesis and mitophagy in the skeletal muscle, we first
measured the expression of related proteins that regulated
mitochondrial biogenesis with or without CREG1. As shown
in Fig. S5A to S5E, the transcription related proteins that were
involved in mitochondrial biogenesis PPARGC1A/PGCl-a
(peroxisome proliferative activated receptor, gamma, coacti-
vator 1 alpha) and TFAM (transcription factor A, mitochon-
drial) did not change in Creg’" and cregl;Ckm-Cre mice,
both at the mRNA level (Fig. S5D and S5E) and protein level
(Fig. S5A-C), either in 3-month- or 9-month-old mice.

CREG1 ablation increased the mitophagy in the skeletal
muscle tissue

Next, we analyzed mitophagy in the skeletal muscle with or
without CREG1. The protein levels of PINK1 (PTEN induced
kinase 1) and PRKN/PARKIN (RBR E3 ubiquitin protein
ligase), proteins directly involved in mitophagy, increased in
the mitochondrial fraction (Figure 3A-C) in 9-month-old
cregl;Ckm-Cre mice. In contrast, the expression of PINKI in
the cytoplasm decreased in the skeletal muscle of 9-month-old

cregl;Ckm-Cre mice compared to that in Creg/" mice (Fig.
S5F and S5G), and the mRNA expression of Prkn and Pinkl
also increased in the skeletal muscle of 9-month-old cregl;
Ckm-Cre mice (Fig. S5H and S5I). Consistently, the autopha-
gic marker proteins SQSTM1 and LC3-II were also increased
in the mitochondrial protein fractions in the skeletal muscle
of 9-month-old cregl;Ckm-Cre mice compared to Cregl™”
mice, which suggested an increased state of mitophagy in
CREGI-deficient skeletal muscle (Figure 3D-F). To confirm
the findings, we further assessed the mitophagy flux in the
skeletal muscle of 9-month-old cregl;Ckm-Cre mice and
Cregt™" mice with colchicine treatment in vivo.
Colocalization of LC3B and TOMM?20 showed that colchi-
cine-mediated autophagy inhibition resulted in significant
accumulation of LC3B in 9-month-old cregl;Ckm-Cre skeletal
muscle mitochondria compared to Cregl™" mice (Figure 3G).
Furthermore, western blotting analysis also confirmed signifi-
cant accumulation of LC3-II on mitochondria from the ske-
letal muscle of 9-month-old cregl;Ckm-Cre treated with or
without colchicine (Figure 3H and Figure 3I). The results
suggest that CREGI ablation could increase mitophagy in
the skeletal muscle in vivo.

CREG1 modulated the mitochondrial morphology and
function in myoblast cells

To confirm the in vivo result, we altered the expression of
CREGI in a cultured myoblast cell line (C2C12) using gain-
and loss-of-function approaches. As shown in Fig. S6A-C,
CREGI levels were higher at both the mRNA and protein
levels in C2C12 cells infected with adenovirus-carrying Cregl
gene (named AdCREGI) than in those infected with adeno-
virus carrying green fluorescent protein (named AdGFP).
Meanwhile, a reduction in CREG1 was detected in cells trans-
fected with silent-Cregl vector (named siCregl) compared to
control cells (named siScramble) in both mRNA and protein
levels. Using MitoTracker Red probe, we found that the
mitochondria were more elongated and tubular in
AdCREGI than those in AdGFP cells (Figure 4A). These
features implied that the mitochondria in cells with
AdCREGI infection were healthy. In contrast, accumulation
of MitoTracker Red was significantly reduced in siCregl-trea-
ted C2C12 cells as compared to siScramble-treated cells
(Figure 4A). Moreover, EM images also showed that over-
expression of CREG1 increased the numbers of mitochondria
and improved their morphology in C2C12 cells (Figure 4B-
D). Conversely, the numbers of mitochondria were decreased
and the morphology of mitochondria was the punctate and
fragmented in siCregl-treated cells compared to siScramble-
treated ones (Figure 4B-D). Furthermore, more impaired
mitochondria were detected in autophagosome in siCregl-

(F) and the ratio of abnormal mitochondria (G) in the two groups. (H) MtDNA analysis of gastrocnemius in the two groups (n = 3). (I and J) Western blotting analysis

of mitochondrial marker proteins in the gastrocnemius of 9-month-old Creg?ﬂ/” and 9-month-old creg1;,Ckm-Cre, PTGS2, COX411, and TOMM20 expression. (K) Confocal
microscopy analysis of the localization of his-CREG1 and MYH1, scale bars: 50 um. (L and M) Western blotting analysis of mitochondrial marker proteins in the
gastrocnemius of 9-month-old creg1;,Ckm-Cre treated with saline and treated with recombinant (re)CREG1 protein (reCREG1), PTGS2, COX4l1, and TOMM20 expression.
(N) Electron microscopy (EM) analysis of gastrocnemius from 9-month-old creg1;Ckm-Cre treated or not treated with reCREG1, scale bars: 1.0 pm. (O) Size,
mitochondrial number (P) and the ratio of abnormal mitochondria (Q) in the two groups. Yellow asterisks represented normal mitochondria. Red asterisks
represented abnormal mitochondria. Data are shown as mean = SEM, *p < 0.05, **p < 0.01.
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Figure 3. Deficiency of CREG1 enhanced mitophagy in the gastrocnemius of 9-month-old creg1,Ckm-Cre mice. (A and C) Western blotting (A) and quantification
analysis showed the expression of PINK1 (B) and PRKN (C) in the mitochondria of the gastrocnemius of 3- and 9-month-old Creglﬂ/” and creg1;Ckm-Cre mice. (D and F)
Western blotting (D) and quantification analysis (E and F) showed the expression of LC3-Il and SQSTM1 protein in the mitochondria of the gastrocnemius of 3- and

9-month-old Creglﬂ/ﬂ and creg1;Ckm-Cre mice. (G) Confocal microscopy analysis
colocalization of LC3B and TOMM?20, scale bars: 50 pm. (H and I) Western blotting

protein in the mitochondria of the gastrocnemius treated with colchicine (0.4 mg/kg-day). Data are shown as mean + SEM, **p < 0.01,

treated C2C12 cells (Figure 4B). Similarly, mtDNA analysis
also identified an increase in mitochondria in AdCREGI-
infected C2C12 cells, but a decrease in siCregl-treated
C2C12 cells (Figure 4E). Consistently, the protein levels of
PTGS2, COX4I1, and TOMM20 were decreased in siCregl-

of the colocalization of LC3B and TOMM?20, yellow asterisks represented the
(H) and quantification analysis (I) showed the expression of SQSTM1 and LC3-II
#p < 0.01.

treated cells, while they increased in AACREGI cells (Figure
4F and Figure 4G), while no differences were found in mRNA
levels (data not shown). To confirm the morphological
changes, we also detected expression of fusion proteins and
fission proteins in C2C12 cells with or without CREGI
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expression. As expected, the fusion proteins MFN2 (mitofu-
sin 2) and OPAl (OPAl, mitochondrial dynamin like
GTPase) were increased in C2C12 cells with overexpression
of CREGI and were decreased in cells with silenced CREG1.
Moreover, the fission proteins DNMI1L/DRP1 (dynamin
1-like) and MFF (mitochondrial fission factor) exhibited the
reduced expression in AdCREGI-infected C2C12 cells but
were enhanced in expression in siCregl-treated cells (Figure
4H and Figure 4I).

We also used oxygen consumption rate (OCR) to evalu-
ate the mitochondrial respiration capacity in C2C12 cells
with or without CREGI expression. As shown in Figure 4]
and Figure 4K, overexpression of CREGI increased the
OCR, including maximal respiration and spare respiratory
capacity. Moreover, the ablation of CREGI significantly
dropped the OCR in siCregl-treated C2C12 cells compared
to siScramble. These results suggest that CREG1 could
modulate both mitochondrial morphology and function in
myoblast cells.

CREG1 deficiency induced mitophagy in myoblasts

We further examined whether ablation of CREGI could
induce mitophagy in C2C12 cells. First, we detected the accu-
mulation of PINK1 and PRKN by western blotting in mito-
chondrial fraction from siCregl-treated C2C12 cells compared
to those treated with siScramble. As shown in Figure 5A and
Figure 5B, moderate PINK1 and PRKN accumulation was
detected in the mitochondrial fraction from siCregl-treated
C2C12 cells compared to siScramble. Meanwhile, SQSTM1
and LC3-II also accumulated in the mitochondrial fraction
of siCregl-treated C2C12 cells compared to siScramble.
Further, to confirm the result, we also assessed mitophagy
flux using carbonyl cyanide m-chlorophenylhydrazone
(CCCP) [30], which uncouples mitochondrial oxidative phos-
phorylation, damaging the mitochondria and initiating mito-
phagy. Confocal images and quantification analysis identified
that higher LC3B protein levels and increased co-localization
of LC3B and the MitoTracker probe were detected in mito-
chondria from siCregl-treated C2C12 with CCCP treatment
compared to siScramble-treated cells (Figure 5C and Figure
5D). Similarly, western blotting analysis also showed that
mitophagy proteins such as PINKI, PRKN, LC3-II and
SQSTM1 increased in the mitochondrial fraction from
siCregl-treated-C2C12 cells with or without CCCP treatment
(Figure 5E and Figure 5F). Consistent with these results,
staining of mt-Keima and co-localization of PINK1/
MitoTracker also confirmed that inhibition of CREGI
increased mitophagy in C2C12 cells with or without CCCP
treatment (Fig. S6D-G).
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CREG1 interacted with HSPD1/HSP60 in vitro and in vivo

To elucidate how CREGI modulated mitophagy, we iso-
lated CREG1-interacting proteins from C2C12 myotubes by
expressing His-tagged CREG1. Using Mud-PIT mass spec-
trometric analysis, we identified HSPD1 (heat shock pro-
tein 1), a mitochondrial chaperon protein [31], in
immunopurified CREG1 complexes (Fig. S7A). To confirm
the results, we further analyzed the relationship between
CREGI and HSPDI1 protein. As shown in Figure 6A and
Figure 6B, co-IP assay confirmed the interaction between
CREG1 and HSPD1 by co-transfection with HA-tagged
Hspdl and FLAG-tagged Cregl plasmids into 293 T cells.
Furthermore, immunofluorescent staining showed colocali-
zation between the CREG1 and HSPDI in C2C12 cells
when transfected with CregI-GFP infusion plasmid (Figure
6C). Similarly, co-IP analysis also showed that CREGI1
interacted with HSPD1 in the skeletal muscle in Cregl™”
mice but not in cregl;Ckm-Cre mice (Figure 6D and Figure
6E). These results suggest that CREGI interacts with
HSPD1 directly both in vivo and in vitro.

CREG1 and HSPD1 regulated the stability of one another
in vivo and in vitro

HSPD1 has been reported to regulate mitophagy in vitro or
in vivo [32-34]. To elucidate whether HSPD1 could med-
iate the CREGI1-regulated mitophagy in the skeletal muscle,
first, we evaluated the expression of HSPDI in the skeletal
muscle from Cregt"" mice or cregl;Ckm-Cre in 3-month-
old and 9-month-old mice. As shown in Figure 6F and
Figure 6G, the expression of HSPD1 protein was signifi-
cantly lower in the skeletal muscle from cregl;Ckm-Cre
than Creg™" mice, in both 3-month-old mice and
9-month-old mice. Conversely, recovery of CREGI in
cregl;Ckm-Cre mice by fusion into reCREGI protein clearly
increased the HSPDI1 expression in the skeletal muscle
(Figure 6H and Figure 6I). In contrast, the mRNA expres-
sion of Hspdl did not change in cregl;Ckm-Cre or
reCREG1-treated mice compared to Creg™" mice (Fig.
S8A). Similarly, when Cregl expression was silenced in
C2C12, HSPD1 protein level remarkably decreased (Figure
6] and Figure 6K) but not in mRNA level (Fig. S8B). To
examine how the CREGI modulated the reduction of
HSPD1 protein level, we further measured the expression
of HSPD1 in siCregl-treated C2C12 cells with or without
MG132 treatment (10 pmol/L). As shown in Figure 6] and
Figure 6K, MG132 administration rescued the reduction of
HSPD1 induced by CREG1 deficiency in C2Cl2.
Interestingly, we found that when Hspdl was silenced in
C2C12, the expression of CREGI also reduced in protein

the AdGFP, AdCREG1, siScramble, and siCreg1-treated C2C12 cells, left column, scale bars: 1.0 um. Right column, magnified view of the area marked with a yellow
square. Quantification for mitochondrial number (C) and the ratio of abnormal mitochondria (D). (E) MtDNA analysis in the AdGFP, AdCREG1, siScramble, and siCreg1-
treated C2C12 cells. Yellow asterisks represented normal mitochondria. Red asterisks represented abnormal mitochondria. (F and G) Western blotting (F) and
quantification analysis (G) revealed the expression of PTGS2, COX4l1, and TOMM20 in mitochondrial fraction of AdGFP, AACREG1, siScramble, and siCregi-treated
C2C12 cells. (H and 1) Western blotting (H) and quantification analysis (I) revealed the expression of DNM1L, MFF, OPA1 and MFN2 in mitochondrial fraction of AdGFP,
AdCREGT, siScramble and siCregil-treated C2C12 cells. Representative oxygen consumption curves (J) and quantification analysis (K) in the AdGFP, AdCREG1,
siScramble, and siCreg1-treated C2C12 cells. Basal respiration rate was measured followed by proton leak after the addition of oligomycin, maximal respiration after
the addition of FCCP, and non-mitochondrial respiration after the addition of rotenone. Data are shown as mean + SEM, n = 3, *p < 0.05, **p < 0.01, ‘”’p < 0.01.
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Figure 6. Interaction between CREG1 and HSPD1 in vitro and in vivo. (A and B) 293 T cells were transfected with Creg7-HA plasmid and Hspd1-FLAG plasmid together.
Co-IP of CREGT and HSPD1 in 293 T cells. (C) Confocal microscopy analysis of the colocalization of CREG1-GFP and HSPD1, scale bars: 20 pym. (D and E) Co-IP assay
showed the interaction between CREG1 and HSPD1 in the skeletal muscle protein from 9-month-old creg1,Ckm-Cre and Cregl”/ﬂ mice. (F and G) Western blotting and
quantification analysis showed the expression of HSPD1 protein in the skeletal muscles of 3-month or 9-month-old mice Creglﬂ/ﬂ and creg1,Ckm-Cre mice. (H and I)
Western blotting analysis demonstrated the expression of HSPD1 protein in the skeletal muscles of 9-month-old creg1,Ckm-Cre with or without reCREG1 protein
treatment. (J and K) Western blotting and quantification analysis showed the expression of HSPD1 protein in siScramble, siCreg1, and siCreg1+ MG132 (10 umol/L)
cells. (L and M) Western blotting and quantification analysis showed the expression of CREG1 protein in siScramble, siHspd1, and siHspd1+ MG132 (10 pmol/L) cells.
Data are shown as mean + SEM, **p < 0.01, &p < 0.01.

level (Figure 6L and Figure 6M) but not in mRNA level These results indicate that the CREG1 and HSPD1 could
(Fig. S8C). Similarly, the decrease of CREG1 was also regulate the protein stability of one another.
inhibited by MGI132 in C2C12 with silencing of Hspdl.
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CREG1 small peptide (130-220 aa) interacted with HSPD1
through its 401-573 amino acids peptide fragment

To study how CREGI regulated the degradation of HSPD1
in protein level, we constructed the vector that expressed
the three short peptides of HSPD1 protein, according to its
crystal structure (Fig. S8D and S8E). As shown in Figure
7A to Figure 7C, co-IP analysis showed that the interaction
of CREG1 with HSPD1 occurred in cells when infected
with the short peptide 401-573 fragment of Hspdl plasmid
(Figure 7A-C). To clarify whether the protein fragment that
CREGI protein interacted directly with HSPD1 small pep-
tide, we further produced two small peptides of CREGI
protein (from 1-100 aa and 130-220 aa respectively). In
contrast, the C-terminal peptide of CREG1 (130-220 aa),
but not N-terminal peptide of CREG1 (1-100 aa), inter-
acted with HSPD1 in AD293T cells (Figure 7D and
Figure 7E).

CREG1 rescued HSPD1 deficiency-induced mitophagy in
C2C12 cells

To clarify the role of the CREG1 and HSPD1 interaction in
skeletal muscle mitophagy, we overexpressed HSPD1 in
siCregl-treated C2C12 cells. As shown in Figure 8A and

Figure 8B, overexpression of HSPDI could not mitigate
siCregl-induced mitophagy in C2C12 cells. Interestingly, wes-
tern blotting showed that overexpression of CREG1 could
rescue mitophagy induced by siHspdI in C2C12 (Figure 8C
and Figure 8D). In contrast, the MitoTracker staining (Figure
8E), EM images (Figure 8F) and western blotting of fusion
and fission proteins (Figure 8G and Figure 8H) also showed
that overexpression of CREGI1 protein could rescue the
impairment of mitochondrial morphology induced by silen-
cing Hspdl in C2C12 cells.

Discussion

In the present study, we demonstrated for the first time that
CREGI was localized to the mitochondria both in vivo and
in vitro and played an important role in mitophagy. cregl;
Ckm-Cre mice significantly showed reduction of exercise
capacity, a phenotype explained by mitophagy impairment.
These observations established that CREG1 played a crucial
role in the homeostasis of mitochondria and can improve
abnormal skeletal muscle energy metabolism.
Mechanistically, CREG1 mediated the effect of HSPDI,
a mitochondrial chaperon protein, the instability of which
resulted in increased mitophagy and muscle dysfunction
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(Fig. S8F). Overall, our findings showed an important func-
tion of CREGI that it was to maintain exercise capacity in
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Figure 8. Overexpression of CREG1 rescued siHspd1-induced mitophagy in C2C12. (A and B) Western blotting analysis showed the expression of PINK1, PRKN, MFN2,
LC3-1/LC3-Il and SQSTM1 protein in siScramble, siCreg1, and siCreg1+ Hspd1 plasmid cells. (C and D) Western blotting analysis showed the expression of PINK1, PRKN,
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in siScramble, siHspd1+ AAGFP and siHspd1+ AdCREG1 three C2C12 cells, scale bars: 20 pm. (F) Electron microscopy (EM) analysis of cells from the three groups, scale
bars: 1.0 um. Yellow asterisks represented normal mitochondria, red asterisks represented abnormal mitochondria. (G and H) Western blotting analysis to measure
the expression of DNM1L, MFF, OPA1 and MFN2 in the mitochondria from the cell groups. Data are shown as mean + SEM, **p < 0.01, *p < 0.01.

Skeletal muscle homeostasis is affected by many different
types of stimuli and stresses. Loss of muscle mass and strength
is already a well-known feature of aging in humans [35-38].
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However, direct and robust evidence on the molecular
mechanisms of the growth process in skeletal muscle function
is lacking. In the present study, we reported that CREGI
deficiency directly modulated injury to skeletal muscle func-
tion, which could shorten the time and distance of exercise
endurance in mice. To elucidate the mechanism by which
CREG regulated skeletal muscle damage, we first determined
that the quantity of type I fiber was reduced both in the soleus
and gastrocnemius of 9-month-old cregl;Ckm-Cre mice com-
pared to Creg’™" mice. Moreover, RT-PCR analysis revealed
that the expression of Myhl was significantly reduced in
gastrocnemius of 9-month-old cregl;Ckm-Cre mice compared
to in Cregl" mice. The data showed that deficiency of
CREG1 decreased the expression of type I fiber in skeletal
muscles in 9-month-old cregl;Ckm-Cre mice. Then we mon-
itored the mitochondrial morphology of the skeletal muscle
with or without CREGI1 expression. Interestingly, more
abnormal mitochondria were found in the gastrocnemius
from cregl;Ckm-Cre mice than Creg’™" mice according to
EM images. Furthermore, western blotting analysis confirmed
that loss of CREG1 significantly reduced mitochondrial mar-
ker proteins and mtDNA expression in 9-month-old cregl;
Ckm-Cre mice as compared to Creg™" mice. These results
suggested that CREG1 deficiency induced mitochondrial
impairment. Meanwhile, the accumulation of damaged mito-
chondria in autophagosomes was shown in the skeletal muscle
with CREG1-deficient mice, using EM images and expression
of autophagy marker proteins LC3-II and SQSTMI1. Some
studies have found that mitochondrial fusion and fission
proteins are essential for muscle homeostasis, mitochondrial
development and function [39,40]. We analyzed the expres-
sion of the fusion (OPA1, MFN2) and fission (DNM1L, MFF)
factors, the fission proteins DNMI1L and MFF increased, but
the fusion proteins OPA1 and MFN2 were reduced in
9-month-old cregl;Ckm-Cre gastrocnemius muscle compared
to Creglﬂ/ﬂ mice (data not shown). Meanwhile, we also
obtained similar results on the expression of the fusion and
fission proteins in C2C12 cells using overexpressed or silent
Cregl. This indicated that CREGI deficiency affected the
dynamic balance of mitochondrial fusion and fission and led
to the changes in muscle phenotype and mitochondrial
morphology.

As reported, the maintenance of a functional mitochon-
drial machinery is probably critical for skeletal muscle mass,
quality, and function [38,41]. Therefore, the abnormal accu-
mulation of damaged mitochondria could point to the failure
of mitochondrial protein turnover, either through impaired
mitochondrial biogenesis or degradation [42-45]. Here, we
further identified that CREG1 modulated mitochondrial
impairment through inhibition of its autophagic degradation
in vivo and in vitro. Autophagy is long considered to be
a nonselective degradation system, but it is now widely
acknowledged that autophagy promotes the degradation of
specific cellular components with concomitant specific path-
ways. The selective autophagic elimination of defective mito-
chondria is called mitophagy. The mitochondrial life cycle
includes the biogenesis, maintenance, and clearance of
damaged or inefficient mitochondria [46-50]. Although mito-
phagy is the most important turnover activity of mitochondria

in cellular pathophysiology, the detailed mechanisms that
regulate mitophagy are still unclear. In this study, we used
Creg™" and cregl;Ckm-Cre mice models to confirm that the
lack of CREGI1 led to mitophagy in the skeletal muscle by
promoting the mitophagy proteins PINK1 and PRKN, both at
the mRNA and protein levels, while overexpression of CREG1
ablated the expression of these proteins in cells. Similar to
previous reports [16,51] that CREGL is also involved in the
modulation of autophagy by maintenance of lysosome home-
ostasis, we identified that a lack of CREGI in the skeletal
muscle not only promoted mitophagy but also increased the
SQSTML1 in 9-month-old cregl;Ckm-Cre mice, which implied
that the impairment of autophagocytosis was through
impaired lysosome homeostasis. Therefore, CREG1 deficiency
exhibited two functions in regulating mitophagy, one caused
mitochondrial damage, the other was impairment of
autophagy.

More interestingly, we found that CREG1 promoted mito-
phagy by direct interaction with the chaperon protein HSPDI.
HSPD1 is classically described as a mitochondrial protein with
multiple roles in health and disease [52-54], participating in
the maintenance of protein homeostasis. The eukaryotic
HSPD1 belongs to chaperonins group I that assists with the
correct folding of mitochondrial proteins [55], together with
its co-chaperonin, HSPE1/HSP10 [56,57]. Several studies have
demonstrated that HSPD1 deficiency is involved in mito-
phagy in many kinds of cells and tissues [58]. Moreover, the
potential usage of HSPD1 as a marker for disease and the
evaluation of novel treatment options are also discussed [59].
However, the current literature is lacking in information
regarding HSPD1 involvement in skeletal muscle fiber bio-
genesis and regeneration during exercise, aging, and under
disease conditions. Here, we demonstrated that the stability of
HSPD1 was regulated by CREGI, which directly interacted
with HSPD1 short peptide fragment (401-573 aa) to sustain
its expression and mediated the regulation for mitochondrial
housekeeping proteins in vivo and in vitro. Meanwhile, we
also showed that the c-terminal peptide of CREG1 (130-220
aa) was involved in the interaction with HSPD1.

Taken together, our results revealed a pathway regulated by
CREG1, which protected skeletal muscle homeostasis by
improving mitochondrial function. These findings have impli-
cations for our understanding of the mechanisms involved in
the development of skeletal muscle rescue of reductions in
endurance performance associated with growth and disease
and, therefore, important clinical implications.

Materials and methods

Generation of muscle-specific creg1 knockout mice and
treatment groups

Mice bearing Cregl-floxed alleles (Creg’") (GemPharmatech
Co.,Ltd. B004226) were crossed with transgenic mice expres-
sing Cre recombinase (GemPharmatech Co.Ltd. B004226)
under muscle-specific Ckm (creatine kinase, muscle) promo-
ter. Genomic DNA isolated tail clips from Creg™" mice were
used to confirmed mouse genotypes by real-time PCR analy-
sis. Cre-mediated recombination was also determined by PCR



from the skeletal muscle. All male mice were used and main-
tained in a C57BL/6 background, cregl;Ckm-Cre mice, and
the control mice Creg™" were used in all experiments. Mice
were 3- to 9-month-old when used for each experiment. cregl;
Ckm-Cre 9-month-old mice were treated with recombinant
(re)CREG1 protein (reCREG1, 1 mg/kg-d; Origene,
TP750059) subcutaneously for three days by osmotic pumps
(DURECT Corporation, Alzet model 1004). All mice were fed
and placed in a 12:12 h light/dark cycle system by an auto-
mated light switching project and temperature-controlled
conditions at 22°C. All experiments were approved by the
Animal Ethics Committee of Shenyang General Hospital and
conducted in accordance with existing guidelines on the care
and use of laboratory animals.

Training and fatigue experiments

Mice were treated with a run-to-exhaustion protocol on
a motorized treadmill [24,25], after familiarization with the
treadmill for 30 min at 10 m/min for 3 consecutive days. The
mice were then tested by running at 10 m/min for 10 min,
while the speed was increased by 2 m/min every 10 min until
reaching 20 m/min, when the mice were considered
exhausted. The exhaustion endpoint was confirmed when
the mice sat on the shock grid at the back of the treadmill
for longer than 5 s. Work was calculated as Work = body
weight (kg) x running time (min) x running speed (m/min) x
grade x 9.8 (J/kg x m); values were averaged from two
sessions to determine exercise capacity as described [25].

Western blotting and antibodies

Homogenized tissues were lysed in RIPA buffer (Thermo Fisher
Scientific, UJ289235) and then centrifuged at 12,000 x g for
10 min at 4°C. Equal amounts of gastrocnemius muscle samples
were separated by SDS-PAGE (at 120 V for 1 h), and then
proteins were transferred onto a polyvinylidene difluoride mem-
brane (Merck Millipore Ltd. ROKA84149). After 5% nonfat dry
milk (Sangon Biotech Co.,Ltd, A600669-0250) in TBST (Sangon
Biotech Co.,Ltd, G901BA0002) blocking, the membrane was
incubated with antibodies against GAPDH (Cell Signaling
Technology, 5174S), TUBA/alpha TUBULIN (Abcam, ab7291),
CREGI1 (Abcam, ab191909), PINK1 (Abcam, ab23707), PRKN/
PARKIN (Abcam, ab77924), MEN2 (Cell Signaling Technology,
9482S), LC3B (Cell Signaling Technology, 3868S), SQSTM1/p62
(Cell Signaling Technology, 16177S), PPARGCI1A/PCGla
(Abcam, ab54481), TFAM (Abcam, ab176558), HSPD1/HSP60
(Abcam, ab46798), COX4I1/COX4 (Abcam, abl53709),
TOMM20 (Abcam, ab56783), PTGS2/COX2 (Abcam,
ab179800), VDAC (Cell Signaling Technology, 4866T), OPAI
(Cell Signaling Technology, 80471S), DNMI1L/DRP1 (Cell
Signaling  Technology, 8570S), MFF (Cell Signaling
Technology, 84,580 T), MYH1/MHC-I (NOVUS, NB120-
15,680), or CALR/CALRETICULIN (Abcam, ab92615) at 4°C
overnight, all antibodies were diluted 1:1000. After washing, the
membrane was incubated with goat anti-rabbit or mouse
(1:5000; Jackon ImmunoResearch, 150,783) for 2 h at 25°C.
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Immunoprecipitation (IP)

CREGI protein was synthesized with several small peptides
(Mimotopes, p190411-SJ703366). The skeletal muscle cell line
C2C12 (NanJing KeyGen Biotech Co.,Ltd, KG349) were col-
lected at indicated time points, then homogenized and lysed
with IP lysis buffer for 60 min on ice. The lysate was centri-
fuged at 14,000 x g for 15 min. The protein was mixed and
incubated with antibody-conjugated beads (Thermo Fisher
Scientific, UE284649) and rotated overnight at 4°C. Then,
the beads were washed 3 times with IP lysis buffer. Western
blotting was performed as described previously [60].

Cell culture, adenovirus vector, plasmid, siRNA and
transfection reagent

293 T and C2C12 cell lines were purchased from the Chinese
Academy of Sciences Shanghai Institute for Cell Resource
Center; they were cultured in 5% CO, at 37°C in the 10%
FBS (Biological industries, 2,025,067) DMEM (life technolo-
gies corporation, 2,230,808). Adenoviral vector (AdGFP and
AdCREG1) (OBiO Technology Corp., Ltd, K0030 and HYKY-
190,530,019-YADV) and siCregl RNA were transfected to
establish C2C12 cell lines with up-and-down regulated Cregl
expression. Ad-GFP-LC3B (Hanbio Biotechnology Co., Ltd.
AP20033001) was also transfected into C2CI12 cells treated
with carbonyl cyanide m-chlorophenylhydrazone (CCCP,
10 uM; Solarbio, C6700). Hspdl/Hsp60 plasmid (Genewiz,
80-420,360,134) and siRNAs of Cregl (Thermo Fisher
Scientific, 14,291,308) and Hspdl (Santa Cruz Biotechnology,
12,404) were infected into C2C12 cells by using lipofectamine
RNAi MAX (Thermo Fisher Scientific, 2,103,411). C2C12
cells were treated with MGI132 (Sigma-Aldrich, M8699;
10 pmol/L) 24 h. Adenoviral vector RFP-GFP-LC3B (Hanbio
Biotechnology Co., Ltd, HS-AP2100001) infected cells were
used to monitor autophagic flow.

Real-time PCR

The gastrocnemius and soleus muscle of mice and C2C12 cells
were prepared. According to the Eastep® Super kit’s instruc-
tions (Promega, 0000287896), RNA was reverse transcribed
using the SuperScript™ III First-Strand Kit (Thermo Fisher
Scientific, 18,080,400) for 5 min at 85°C according to the
manufacturer’s instructions. Real-time PCR was performed
on an ABI 7300 PCR System. The sequences of primers
(forward and reverse) for mouse were as follows:

Cregl, 5-TGTCGGGAACTGTGACCAAG-3' and 5-CTTTA
GTTGTTGAAATCTGTG-3"; Gapdh, 5'-TCAACGACCCCTTC
ATTGAC-3' and 5'-ATGCAGGGATGATGTTCTGG-3'; Hspd1/
Hsp60: 5'- CCGCCCCGCAGAAATGCTTCGAA-3" and 5'-AGG
CTCGAGCATCCGCACCAA-3"; Pinkl, 5-CGACAACATCCT
TGTGGAGTGG-3' and 5-CATTGCCACCACGCTCTACACT-
3% NdI, 5-CCCATTCGCGTTATTCTT-3'and 5-AAGTTGAT
CGTAACGGAAGC;  Ppargcla/Pgcla, 5-  CTGCGGG
ATGATGGAGACAG-3'and  5-TCGTTCGACCTGCGTAAA
GT-3"; Ptgs2/Cox2, 5-TTCAACACACTCTATCACTGGC-3'
and 5- AGAAGCGTTTGCGGTACTCAT-3"; Cox4il/Cox4, 5'-
CTGCCCGGAGTCTGGTAATG -3'and 5-CAGTCAACGTAG
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GGGGTCATC-35 Tomm20, 5'- GCCCTCTTCATCGGGT
ACTG-3' and 5-ACCAAGCTGTATCTCTTCAAGGA-3';
Tfam, 5-ATTCCGAAGTGTTTTTCCAGCA-3' and 5'- TCTG
AAAGTTTTGCATCTGGGT-3; Prkn/Parkin, 5'- TCTTCCA
GTGTAACCACCGTC-3" and 5-GGCAGGGAGTAGCCA
AGTT-3; Myhl, 5'-ACTGTCAACACTAAGAGGGTCA’ and
5-GGCAG TTGGATGATTTGATCTTCCAGGG;  Myh2/
Mhc2a, 5'- AAGTGACTGTGAAAACAGAAGCA’ and 5'-
GCAGCCATTTGTAAGGGTTGAC; Myh4/Mhc2b, 5'-TTGA
AAAGACGAAGCAGCGAC and 5- AGAGAGCGGGAC
TCCTTCTG.

Mitochondrial Assays

Mitochondria from the gastrocnemius muscle of mice and
C2C12 Cells were isolated as described [61]; the key steps
when isolating mitochondria from skeletal muscle or C2C12
cells were always the same using a Mitochondria Isolation Kit
(Abcam, ab110170). Mitochondria oxygen consumption rate
(OCR) was measured in C2C12 cells using the Seahorse
Extracellular Flux (XF96) Analyzer (Seahorse Bioscience Inc.
North Billerica, MA, USA) as described previously. C2C12
cells were grown overnight, treated with AdCREGI and
siRNA for Cregl (upregulated and downregulated CREGIL
expression), then the cells were consecutively administrated
oligomycin A (Sigma-Aldrich, 75,351; 2.5 pM), FCCP (Sigma-
Aldrich, C2920; 0.7 uM) and rotenone (Sigma-Aldrich, R8875;
2 uM) [62,63).

Autophagic flux quantification

As previously described [39], autophagic flux was monitored
in mice using colchicine (0.4 mg/kg; Sangon Biotech,
A600322). Briefly, skeletal muscle cregl KO mice were treated
with colchicine or saline by intraperitoneal injection. The
treatment was repeated at 15h prior to muscle harvesting.
C2C12 cells were transfected with Adenoviral vector RFP-
GFP-LC3; 48 h later, the cells were fixed in 4% formaldehyde
solution for 15 min, then dyed with DAPI and visualized by
fluorescence microscopy. The number of GFP and mRFP dots
was detected by counting fluorescent puncta in five fields
from three different C2C12 cell preparations [64].

Electron microscopy (EM)

The gastrocnemius muscle was removed and quickly fixed
using 2% glutaraldehyde for 24 h. C2C12 cells were treated
with adenoviral vector, Hspdl plasmid and siRNA for Cregl
and Hspdl for 48 h, and the samples were fixed using 2%
glutaraldehyde for 24 h. The samples were subjected to dif-
ferent processing steps, such as fixation, gradient alcohol
dehydration, and displacement, prior to imaging them with
a transmission electron microscope (JEM-2000EX TEM,
Japan). Morphometric analysis of mitochondria’s number
and size was done with iTEM software. The number of mito-
chondria was analyzed using the same magnification in
a 100 pum square field. For each experiment, mitochondrial
diameter was measured from 3 mice per group as previously
described [40]. In the images yellow asterisks represent

normal mitochondria, red asterisks represent abnormal
mitochondria.

Hematoxylin and eosin (Heé*E) and immunohistochemical
staining

At 3 and 9 months of age, mice were anesthetized with
isoflurane and their skeletal muscles removed. Isolated gastro-
cnemius and soleus muscles were fixed for 24 h using 4%
formaldehyde. They were then dehydrated, embedded in par-
affin, dewaxed, stained with eosin, and dehydrated with alco-
hol. Immunohistochemical analysis was performed as
previously described [65], according to kit instruction (MX
biotechnologies, KIT-9720).

Immunofluorescent and mitotracker staining

Fluorescence of mt-Keima (Public Protein/Plasmid Library,
ADY190808) was detected in 2 channels (488 nm, green;
561 nm, red). The mitophagy index was identified by the
ratio of 561 nm: 488 nm fluorescence [66]. Cells were trans-
fected with Ad-GFP-LC3B 48 h, treated with carbonyl
cyanide m-chlorophenylhydrazone (CCCP, 10 uM) for 1 h,
and then stained with MitoTracker® Red FM (Thermo Fisher
Scientific, 1,941,460; 100 nM) for 15-30 min. After staining,
washing, and fixing the cells with 4% formaldehyde for
15 min, they were subjected to 0.1% Triton X-100 (Sangon
Biotech, T0694) for 10 min permeabilization and animal
nonimmune serum (Biomics Biotech, SP KIT-B3) blocking
15 min. The cells were then incubated with PINK1-specific
antibody.

Mitochondria fraction isolation

Briefly, as previously described [67], the gastrocnemius muscle
and C2C12 cells were prepared. Mitochondria Isolation Kit
(Abcam, ab110170) was used for Mitochondria fraction isola-
tion. Cells underwent freeze-thaw to weaken membranes.
They were then suspended in Reagent A at 5.0 mg/ml, incu-
bated on ice for 10 min, and homogenized with a Dounce
homogenizer (Sangon Biotech, F519064). After centrifugation
at 1,000 x g for 10 min at 4°C, the supernatant was collected
and the pellet was resuspended and re-centrifuged; the super-
natant was again saved. After another re-suspension and
centrifugation at 12,000 x g for 10 min at 4°C, the pellet
was resuspended in Reagent C supplemented with Protease
inhibitor cocktail (Sangon Biotech, C600386), aliquoted, and
frozen at —80°C.

Statistical analysis

Data are presented as the mean + standard error of the mean
(SEM). All data were analyzed using the statistical software
SPSS 13.0 (SPSS, Chicago, IL, USA). Differences between two
groups were compared using an unpaired Student’s t-test.
Differences among three or more groups were compared
using a one-way analysis of variance (ANOVA). P < 0.05
was considered statistically significant.
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