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Abstract

Cellular repressor of E1A-stimulated genes 1 (CREGH1), a glycoprotein secreted by
various cell types, plays a crucial role in cellular differentiation and energy metabo-
lism. While previous research has linked CREG1 deficiency in skeletal muscles to
impaired exercise capacity and altered muscle fiber-type composition, its specific

role in skeletal muscle function and differentiation remains unclear. In this study, we
investigated the impact of CREG1 on muscle performance and fiber-type composition
in adipocyte P2-CREG1-transgenic (Tg) mice and explored muscle differentiation

in C2C12 myotubes. Tg mice exhibited significantly improved muscle performance
compared to wild-type mice, as indicated by enhanced grip strength. Additionally,

the proportion of type lIx fiber in the soleus muscle was significantly increased in Tg
mice, along with a tendency towards elevated Myh7 mRNA expression. Enhanced
CREG1 expression and activation of the Akt-mTOR signaling pathway, which is
involved in muscle protein synthesis, were observed in the skeletal muscles of Tg
mice. In C2C12 myotubes, Creg?1 knockdown appears to decrease myoblast determi-
nation protein 1 (Myod1) expression, while recombinant CREG1 treatment restored
Myod1 expression and promoted Akt-mTOR phosphorylation. These findings suggest
that CREG1 stimulates muscle differentiation by enhancing protein synthesis, thereby
influencing skeletal muscle function.

Introduction

In humans, skeletal muscle constitutes 40-50% of total body mass and plays a cru-
cial role in various physiological processes, including movement, posture, and metab-
olism [1,2]. Sarcopenia refers to the age-related decline in muscle mass, strength,
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and function. Sarcopenia is a key contributor to the development of locomotive syn-
drome, which is associated with physical disability and poor quality of life [3,4]. Fur-
thermore, sarcopenia is associated with an elevated risk of cardiovascular disease
and type 2 diabetes mellitus [5]. Therefore, maintaining skeletal muscle mass and
strength is essential for preventing various diseases and maintaining overall health.

Cellular repressor of E1A-stimulated genes 1 (CREG1) is a secreted glycopro-
tein consisting of 220 amino acids (aa), including a 31-aa signal peptide in both
humans and mice. Initially identified as a transcriptional regulator, CREG1 binds to
the retinoblastoma tumor suppressor protein in vitro and represses the E1A-mediated
activation of the adenovirus E2 promoter. In addition to its role in transcriptional
regulation, CREG1 inhibits cell growth and promotes the differentiation of several
cell types, including human embryonic teratocarcinoma NTERA-2 [6], smooth mus-
cle [7], and cardiomyogenic [8] cells. Our previous study demonstrated that CREG1
upregulates uncoupling protein 1 and promotes brown adipogenesis in the murine
mesenchymal stem cell line C3H10T1/2 [9]. An examination of the effects of CREG1
on energy metabolism in adipocyte P2 (aP2)-CREG1-transgenic (Tg) mice revealed
that CREG1 overexpression stimulates brown fat thermogenesis and prevents diet-
induced obesity [10]. Furthermore, administration of the recombinant form of CREG1
stimulates the differentiation of brown adipocytes and ameliorates diet-induced obe-
sity in mice [11]. Recent findings from our group further demonstrated an increase in
CREG1 expression, with the concurrent induction of myoblast determination protein
1 (MyoD), a key marker of skeletal muscle differentiation, during muscle regeneration
[12]. However, the role of CREG1 in skeletal muscle differentiation remains incom-
pletely understood.

Consequently, determining the role of CREG1 in skeletal muscle has gained con-
siderable attention. In a study involving muscle-specific CREG1-knockout (KO) mice,
Song et al. (2021) reported that the absence of CREG1 in skeletal muscles reduced
the anti-fatigue capacity during endurance exercise in 9-month-old mice [13]. Muscle
performance is closely linked to muscle fiber-type composition, which is broadly cate-
gorized into two types: (1) fast-twitch fibers, which are optimized for explosive power
and force generation, and (2) slow-twitch fibers, which are adapted for endurance in
sustained low-intensity exercise [1]. Notably, CREG1 deficiency resulted in a reduced
proportion of type | fibers and an increased proportion of type Il fibers in the skeletal
muscles of 9-month-old muscle-specific CREG1-KO mice [13]. This finding suggests
that CREG1 may influence skeletal muscle performance and muscle fiber-type com-
position. However, the effects of CREG1 on skeletal muscle strength and fiber-type
composition remain incompletely understood.

Akt (protein kinase B) is a serine/threonine-specific protein kinase that plays a
key role in various cellular processes, including protein synthesis, glucose metabo-
lism, apoptosis, and cell proliferation [14]. The Akt/ mechanistic target of rapamycin
(mTOR) pathway is essential for integrating intracellular signaling related to protein
synthesis in skeletal muscle cells [15]. In addition to regulating muscle protein syn-
thesis, the Akt/mTOR pathway also plays a critical role in muscle differentiation and
regeneration [16—18]. In our previous study, we observed a significant increase in
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CREGH1 expression during muscle regeneration. However, there is currently no evidence of the impact of CREG1 on the
Akt/mTOR signaling pathway in skeletal muscle.

Therefore, in the present study, using aP2-CREG1-Tg mice, we aimed to determine the effect of CREG1 on skeletal
muscle phenotypes, including muscle strength and fiber-type composition. This approach was based on the fact that
skeletal muscle and brown adipocytes share the same embryological origin [19,20]. Additionally, we evaluated the effect of
CREG1 on skeletal muscle differentiation using mouse C2C12 myoblast cultures.

Materials and methods
Animals

The aP2-CREG1-Tg (Tg) mice were generated as previously described [10]. The aP2 protein is selectively expressed in
adipocytes, as well as in macrophages [21,22]. We crossed the heterozygous transgenic mice (Tg; 14 th generation) with
their wild-type (WT) littermates, and used the resulting Tg mice and their WT littermates for the experiments. Male WT and
Tg mice (line 52) were fed a standard chow diet (CE-2; CLEA Japan, Inc., Shizuoka, Japan), and tap water was provided
ad libitum. These mice were housed at approximately 23 °C under a 12-h light/12-h dark cycle. At 5 months of age, blood
and tissue samples were collected from the mice under isoflurane anesthesia and stored at —80 °C. All experiments were
conducted in strict accordance with the recommendations outlined in the Fundamental Guidelines for Proper Conduct of
Animal Experiment and Related Activities in Academic Research Institutions under the jurisdiction of the Ministry of Edu-
cation, Culture, Sports, Science, and Technology, Japan. The protocol was approved by the Institutional Animal Care and
Use Committee of Chubu University (#202110004). The study was carried out in accordance with the ARRIVE guidelines.

Grip strength test

The grip strength test was performed following our previously established protocol [23]. Grip strength was measured using
a force transducer (Model-761; AIKOH ENGINEERING, Aichi, Japan). Briefly, 3-month-old mice were allowed to rest on a
horizontal wire mesh with their forelimbs and then gently pulled back until their maximum muscle strength was reached. A
total of five consecutive measurements were recorded, and the mean grip strength was calculated, excluding the maxi-
mum and minimum values. The data, normalized to body weight, are expressed as N/g.

Immunohistochemistry (IHC) analyses

Serial transverse cryosections (8-um thick) of the frozen samples were cut at —20 °C and mounted on glass slides [24].
The sections were air-dried and then blocked with 1% Roche Blocking Regent (Roche Diagnostics, Penzberg, Germany)
for 1 h at 23 °C. After blocking, the samples were incubated overnight at 4 °C with primary antibodies targeting type |
[1:100; BA-D5, Developmental Studies Hybridoma Bank (DSHB), lowa City, 1A, USA], type lla (1:200; SC-71, DSHB), type
lIb (1:100; BF-F3, DSHB) fibers, and laminin (1:200; L9393, Sigma-Aldrich, St. Louis, MO, USA) [25]. Staining was visual-
ized by incubating the sections with the following secondary antibodies: goat anti-mouse IgG2b cross-adsorbed second-
ary antibody, Alexa Fluor™ 350 (1:500; A21140, Invitrogen, Carlsbad, CA, USA); goat anti-mouse IgG1 cross-adsorbed
secondary antibody, Alexa Fluor™ 488 (1:500; A21121, Invitrogen); goat anti-mouse IgM cross-adsorbed secondary anti-
body, Alexa Fluor™ 555 (1:500; A21426, Invitrogen); and goat anti-rabbit IgG (H+L) cross-adsorbed secondary antibody,
Alexa Fluor™ 647 (1:500; A21244, Invitrogen) for 1 h at room temperature. Samples were visualized under a microscope
(BZ-9000, Keyence, Osaka, Japan) and analyzed using Image J software for IHC staining. All stained fibers in the muscle
cross-section were counted manually.

C2C12 cell culture

Cell culture was performed as previously described [26,27]. Mouse myoblast C2C12 cells were cultured in 12-well
plates with type | collagen-coated surfaces [AGC techno glass (IWAKI), Shizuoka, Japan]. The cells were maintained in
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Dulbecco’s modified Eagle’s medium (DMEM), supplemented with 10% heat-inactivated fetal bovine serum, high glucose
(4,500 mg glucose/L), 4 mM L-glutamine, 110 mg/L sodium pyruvate, and 1% Penicillin-Streptomycin Solution (168—23191,
WAKO, Osaka, Japan) in a humidified atmosphere of 95% air and 5% CO, at 37 °C. When the cells reached approxi-
mately 80% confluence, the culture medium was replaced with a differentiation medium (DMEM supplemented with 2%
horse serum, low glucose (1,000mg glucose/L),4 mM L-glutamine, and 1% Penicillin-Streptomycin Solution). The differen-
tiation medium was replaced with a fresh medium every 2 days.

RNA interference and CREG1 treatment

Twenty-four hours after seeding or 3 days after differentiation, RNA oligos were transfected into myoblasts or myotubes
using Lipofectamine RNAiIMax reagent (Thermo Fisher Scientific, Waltham, MA, USA), as previously described [12].
Creg1-silencing experiments were performed using stealth small interfering RNA (siRNA) targeting CREG1 (MSS243209)
and a scrambled stealth negative control (Invitrogen). The final siRNA concentration was 5nM. One day after transfec-
tion, the cells were stimulated with purified C-terminal His-tag-fused CREG1 (CREG1-MH), as previously described [12].
CREG1-MH was added to the differentiation medium at a final concentration of 1 ug/mL.

Quantitative reverse transcription-polymerase chain reaction

Total RNA was extracted using TRIzol reagent (Thermo Fisher Scientific) and reverse-transcribed using a High-Capacity
cDNA Reverse Transcription Kit (Thermo Fisher Scientific), according to the manufacturer’s instructions [28,29]. Quanti-
tative reverse transcription-polymerase chain reaction (QRT-PCR) was performed using a Light-Cycler" and THUNDER-
BIRDTM SYBR" gPCR Mix (TOYOBO, Osaka, Japan) to quantify mRNA levels. Gene expression was quantified using the
relative standard curve method, with 36b4 serving as an internal standard for the normalization of the total RNA amount in
each reaction. The following primers were used: Creg1, 5-GACCTGCAGGAAAATCCAGA-3' (forward) and 5'-AACAAA
CAGCGAATCCCTTG-3' (reverse); Myh1, 5-AGTCCCAGGTCAACAAGCTG-3' (forward) and 5-CACATTTTGCT
CATCTCTCTTTG-3' (reverse); Myh2, 5-AGTCCCAGGTCAACAAGCTG-3' (forward) and 5'-GCAT
GACCAAAGGTTTCACA-3' (reverse); Myh4, 5'-AGTCCCAGGTCAACAAGCTG-3' (forward) and 5'-TTTCTCCTGT
CACCTCTCAACA-3' (reverse); Myh7, 5-AGTCCCAGGTCAACAAGCTG-3' (forward) and 5-TTCCACCTAAAGGGCT
GTTG-3' (reverse); Myod1, 5-AAGACGACTCTCACGGCTTG-3' (forward) and 5-GCAGGTCTGGTGAGTCGAAA-3'
(reverse); and 36b4, 5'-TCATCCAGCAGGTGTTTGACA-3' (forward) and 5'- CCCATTGATGATGGAGTGTGG-3' (reverse).

Western blot analysis

Western blot analysis was performed as previously described [30,31]. Protein samples (10 pg) were separated using
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on a 12% polyacrylamide gel and transferred
onto polyvinylidene difluoride membranes (Millipore, Burlington, MA, USA). The membranes were blocked for 1h at room
temperature in nonfat dry milk and then incubated overnight at 4 °C with the following antibodies: anti-CREG1 (ab233282;
Abcam, Cambridge, UK), anti-Akt Ser*”® [9271; Cell Signaling Technology (CST), Danvers, MA, USA], anti-Akt (9272;
CST), anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (2118; CST), anti- insulin-like growth factor 2 receptor
(IGF2R) (14364; CST), anti- mTOR Ser?*¢ (2971; CST), anti- mTOR (2972; CST), and anti-a/B-tubulin (2148; CST). After
incubation with secondary antibodies for 1 h at room temperature, protein bands were visualized using ImmunoStar LD
(WAKO). Protein signals were detected using the LAS4000 system (FUJIFILM, Tokyo, Japan).

Statistical analyses

Data are expressed as meanz+standard error of the mean (SEM). Multiple comparisons were made using a one-way ANOVA,
followed by post-hoc analysis with the Tukey—Kramer test or Student’s t-test. Statistical significance was set at P<0.05.
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Results
aP2-CREG1-Tg mice exhibited elevated muscle performance

In a previous study, we demonstrated that CREG1 plays an important role in muscle regeneration [12]. In the present
study, to evaluate the effect of CREG1 on muscle performance, we first assessed muscle strength in Tg mice using the
grip strength test. There were no significant differences in body weight or muscle mass between Tg and littermate WT
mice (Table 1). However, the grip strength of the forelimbs in Tg mice was significantly higher (13%) than that in WT mice
(Fig 1). This finding suggests that Tg mice exhibit superior muscle function relative to WT mice.

CREG1 upregulation in skeletal muscle alters the composition of muscle fiber types

Muscle strength is closely related to fiber-type composition [32,33]. Skeletal muscle fibers are broadly classified into “slow-
twitch” (type 1) and “fast-twitch” (type Il) fibers, with type 1l muscle fibers designed for short, powerful bursts of energy.

To investigate potential changes in muscle-fiber phenotypes in Tg skeletal muscles, we assessed fiber-type composition
using immunohistochemistry staining of the soleus and plantaris muscles in WT and Tg mice. In the soleus muscle, the
proportion of type IIx muscle fibers was higher in Tg mice than in WT mice (Figs 2A and 2C). Consistently, the number

of type lIx fibers in the soleus muscle of Tg mice was significantly higher than that in WT mice (Fig 2E). In contrast, no
significant differences in fiber-type distribution were observed in the plantaris muscle between WT and Tg mice (Figs 2B
and 2D). Similarly, there was no significant difference in the number of fiber types in the plantaris muscle between WT
and Tg mice (Fig 2F). Skeletal muscle contains four myosin heavy-chain isoforms: Myh7 (Type I), Myh2 (Type lla), Myh1
(Type lIx) and Myh4 (Type lIb). The Myh1 and Myh7 mRNA levels tended to be higher in the soleus muscles of Tg mice
compared to WT mice, although the differences were not statistically significant (Fig 2G). In contrast, the levels of myosin
heavy-chain isoforms in the plantaris muscle did not differ between the groups (Fig 2H).

CREGH1 upregulation in skeletal muscle tissue enhances Akt-mTOR signaling

We examined the mRNA and protein expression of CREG1 in the soleus muscles of mice, as CREG1 expression is
significantly induced during muscle regeneration [12]. Although the serum CREG1 level was higher in Tg mice than in
WT mice (Fig 3A), the difference was not statistically significant. However, the Creg7 mRNA level in the soleus muscle
was significantly higher in Tg mice than in WT mice (Fig 3B). Similarly, the CREG1 protein level in the soleus muscle was
significantly higher in Tg mice than in WT mice (Fig 3C). A previous study demonstrated that CREG1 binds to IGF2R [34],
and in the soleus muscle, IGF2R expression tended to be higher in Tg mice than in WT mice (Fig 3D and 3E). Skeletal
muscle development is regulated at the translational level through the stimulation of protein synthesis [35]. Therefore, we
investigated the effect of CREG1 on Akt-mTOR signaling [36]. Notably, phosphorylation of Akt Ser*® (Fig 3D and 3E) and
mTOR Ser?42 (Fig 3D and 3E) in the soleus muscles was significantly higher in Tg mice than in WT mice, suggesting an

Table 1. Body weight and muscle weight in wild-type (WT) and adipocyte P2-CREG1-transgenic (Tg) mice.

WT Tg p-value

Body Weight (g) 31.0+0.63 29.6+0.67 0.197
Absolute muscle wet weight

Soleus (mg) 11.0+£0.55 9.2+0.30 0.065
Plantaris (mg) 21.0+£0.94 19.4+0.66 0.209
Relative muscle wet weight

Soleus (mg/g) 0.35+£0.01 0.31+£0.01 0.057
Plantaris (mg/g) 0.68+0.03 0.65+0.009 0.441

https://doi.org/10.1371/journal.pone.0328485.t001
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Fig 1. Muscle performance in wild-type (WT) and adipocyte P2-CREG1-transgenic (Tg) mice. Grip strength was performed on 3-month-old WT
and Tg mice. Forelimb grip strength. Data are presented as mean + SEM; n = 8 per group. A student's t-test was performed; *P < 0.05, versus WT.

https://doi.org/10.1371/journal.pone.0328485.9001

increase in muscle protein synthesis in Tg mice. There was no significant difference in total Akt and mTOR levels between
WT and Tg mice (Fig 3D and 3E).

Effects of CREG1 on muscle differentiation and Akt-mTOR signaling in vitro

To further investigate the role of CREG1 in muscle development, we examined its impact on the differentiation of mouse
C2C12 myoblasts into myotubes in vitro. The Creg1 mRNA level increased significantly over the course of 1-3 days of
differentiation stimulation in C2C12 cells (Fig 4A). MyoD, a key transcriptional regulator of muscle differentiation in C2C12
cells [37], exhibited a delayed upregulation of Myod1 mRNA expression (Fig 4B) compared to the early increase in Creg1
mRNA expression during differentiation. Next, we determined whether CREG1 influences Myod1 expression during
C2C12 cell differentiation. One day after Creg? knockdown in myoblasts, the cells were treated with C-terminal His-tag-
fused CREG1 (CREG1-MH) for 4 days in a differentiation medium. The expression of Creg7 mRNA was significantly sup-
pressed in myotubes transfected with Creg? siRNA compared to those transfected with scrambled non-targeting control
siRNA (Con siRNA) (Fig 4C). As shown in Fig 4D, the Myod7 mRNA level shows a tendency to decrease in myotubes
transfected with Creg? siRNA compared to those transfected with Con siRNA; however, no significant difference was
observed. Notably, this decrease in Myod1 mRNA was reversed upon treatment with recombinant CREG1-MH.

Finally, we evaluated the effects of CREG1 on the protein synthesis pathway in C2C12 cells. Myotubes treated with
Creg1 siRNA and CREG1-MH showed a time-dependent increase in CREG1 protein levels (Fig 5A), consistent with
findings from our previous study in C2C12 myotubes [12]. As shown in Figs 5B and 5C, phosphorylation of Akt Ser’®
and mTOR Ser?*® significantly increased upon CREG1-MH treatment in Creg? siRNA-transfected myotubes in a time-
dependent manner. At 24 h, phosphorylation of Akt and mTOR was 40.6- and 7.0-fold higher than that at 0 min, respec-
tively (Figs 5B and Fig 5C).
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(F) muscles of WT and Tg mice. (G-H) Relative levels of Myh7, Myh2, Myh1 and Myh4 mRNA in the soleus (G) and plantaris (H) muscles. Data were
normalized to the 36b4 mRNA level. Data are presented as mean + SEM; n = 4—6 per group. A student's t-test was performed; *P < 0.05, versus WT.

https://doi.org/10.1371/journal.pone.0328485.9g002
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are presented as mean + SEM; n = 4—6 per group. A student's t-test was performed; *P < 0.05, versus WT.

https://doi.org/10.1371/journal.pone.0328485.9003

Discussion

This study revealed significant enhancement of muscle performance in aP2-CREG1-Tg mice, as demonstrated by
increased grip strength. These results suggest that CREG1 may contribute to the observed improvements in muscle
strength in the Tg mice. Consistent with our findings, Song et al. (2021) recently reported that skeletal muscle-specific
CREG1-KO mice exhibited a significant reduction in exercise duration to exhaustion and that recombinant CREG1 protein
administration improved muscle motor function in CREG1-KO mice [13]. Furthermore, our results showed a significant
increase in CREG1 expression in the soleus muscle of aP2-CREG1-Tg mice compared to WT mice (Fig 3C). These
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mean + SEM; n = 3 per group. One-way ANOVA with Tukey—Kramer multiple comparisons post hoc test was performed; *P < 0.05, **P < 0.01, versus 0
day or Con siRNA.

https://doi.org/10.1371/journal.pone.0328485.g004

findings suggest that the increase in muscle strength in aP2-CREG1-Tg mice may be associated with elevated expression
of CREGH1 in skeletal muscle.

Fast-twitch fibers utilize anaerobic metabolism to generate fuel, making them more adept at producing short bursts of
strength or speed than slow-twitch fibers [1]. Consequently, athletes, particularly sprinters, tend to have a higher pro-
portion of fast-twitch fibers than non-athletes [38]. Fast-twitch fibers are glycolytic, using anaerobic glycogen breakdown
for energy production required for high-intensity, short-duration activities [1,39]. Accordingly, this is reflected in the sig-
nificantly higher anaerobic capacity observed in athletes, as demonstrated by the Wingate test [40]. In muscle-specific
CREG1-KO mice, Myh1 mRNA expression was significantly reduced in the gastrocnemius muscle, which contains both
slow- and fast-twitch fibers [13]. This finding aligns with our results and suggests that CREG1 plays a role in promoting
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Fig 5. Effect of CREG1 treatment on protein expression in myotubes. Mouse C2C12 cells transfected with Creg7-specific siRNA were differentiated
into myotubes and then treated with recombinant CREG1 (1 pg/mL) for the indicated time. (A) Relative levels of CREG1 in C2C12 myotubes (n = 2-3).

The data were normalized to Tubulin level. (B) Relative levels of phospho-Akt Ser*® in C2C12 myotubes (n = 2-3). The data were normalized to the total
Akt level. (C) Relative levels of phospho-mechanistic target of rapamycin (MTOR) Ser?* in C2C12 myotubes (n = 2-3). The data were normalized to the
total mTOR level. The data are presented as mean + SEM. One-way ANOVA with Tukey—Kramer multiple comparisons post hoc test was performed; *P

< 0.05, **P < 0.01, versus Omin.

https://doi.org/10.1371/journal.pone.0328485.9005
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type lIx fibers. However, another study using CREG1-KO mice reported a decrease in the proportion of type | fibers and
an increase in type Il fibers in the soleus muscle, although they did not assess Myh gene expression [13]. Notably, while
KO mice showed an increase in type Il fibers, our study found an increase in the proportion of type lIx fibers in the
Tg-soleus muscle, which may explain the discrepancy. The study by Song et al. (2021) did not categorize the type Il
fibers, which could account for the differences in our results. However, the reasons for the differences between our study
findings and those reported by Song et al. (2021) remain incompletely understood. One possible explanation could be due
to the source of CREG1. Because CREGH1 is thought to be mainly supplied by the liver to other organs, including skeletal
muscles. Therefore, exogenous CREG1 produced by non-muscle tissues may still influence skeletal muscle function in
the absence of endogenous CREG1 in skeletal muscle. Indeed, exogenous CREG1 is incorporated into myotubes via
IGF2R and stimulates cellular glucose uptake [12]. Therefore, it is possible that exogenous CREG1 affects muscle biology
through IGF2R even in the absence of endogenous CREG1. Further studies are needed to fully understand the changes
in Myh expression patterns and classification of type Il fibers in the soleus muscle of muscle-specific CREG1-KO mice.

In the present study, we observed a significant increase in Creg? mRNA levels in the skeletal muscles of aP2-
CREG1-Tg mice compared to WT mice (Fig 3B). This observation was unexpected because the aP2-CREG1-Tg mice
were specifically designed to overexpress CREG1 in adipose tissue. Indeed, Creg? mRNA expression in the adipose tis-
sue of Tg mice was approximately 20-fold higher than in the adipose tissue of WT mice, while no induction was detected
in the liver, heart, or kidney [10]. In contrast, the increase in Creg7 mRNA levels in the soleus muscle was considerably
lower (4-fold) than in the adipose tissues of Tg mice. The exact reason for the stimulation of Creg? expression in skeletal
muscles remains unclear. However, a possible explanation is that CREG1 secreted from adipose tissue and the liver may
circulate through the bloodstream and influence skeletal muscle. Although serum CREG1 levels were higher in Tg mice
than in WT mice, no significant differences were observed (Fig 3A). This observation suggests that the effects of CREG1
on skeletal muscle could be mediated not only by exogenous CREG1 but also by endogenous CREG1 in an autocrine
and/or paracrine manner. In support of this hypothesis, CREG1 administration stimulates the differentiation of brown
adipocytes [11], which share the same embryological origin as skeletal muscles [19,20]. Moreover, Creg1 expression is
significantly induced during muscle regeneration in mice, which correlates with an increase in Myod1 expression [12]. We
previously demonstrated that CREG1 stimulates glucose uptake through AMPK activation in skeletal muscle cells [12].
More recently, Song et al. (2021) reported similar findings using a conditional mouse model, showing that CREG1 influ-
ences muscle regeneration through AMPK signaling; however, the connection between CREG1 and Akt/mTOR signaling,
as well as protein synthesis, was previously unknown.

In the present study, we found that the mRNA levels of Creg7 and Myod1 increased concomitantly during C2C12
myoblast differentiation (Figs 4A and 4B). Moreover, our results showed that Creg7 knockdown decreased Myod1 expres-
sion, while recombinant CREG1 treatment restored its expression (Fig 4D), suggesting that CREG1 may regulate Myod1
expression. Therefore, exogenous CREG1 may have stimulated its own transcription in the skeletal muscles of Tg mice,
contributing to the rearrangement of muscle fiber composition. Future studies are needed to clarify the molecular mecha-
nisms by which CREG1 stimulates fiber-type transitions in skeletal muscles.

Muscle fiber-type transition is a complex process involving protein synthesis and degradation. Autophagy, a catabolic
process that degrades organelles and cytoplasmic constituents in the lysosome, has been implicated in this process [41].
Song et al. (2021) reported that CREG1 protects against myocardial ischemia/reperfusion injury by regulating myocardial
autophagy [42], and CREG1 also plays a role in mitophagy during growth or disease development [13]. In the present
study, we observed a trend toward lower soleus muscle weight in Tg mice than in WT mice, suggesting that CREG1 may
stimulate autophagy for muscle rearrangement. In contrast, the Akt-mTOR-p70S6K pathway is widely recognized as a
key regulator of protein synthesis [36]. Wilson et al. (2007) demonstrated that Akt1 activation positively regulates MyoD
expression and myogenic differentiation [43]. Additionally, studies using rapamycin, an mTOR inhibitor, have shown that
inhibition of mMTOR negatively affects C2C12 myogenesis, indicating the importance of the Akt-mTOR pathway in muscle
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differentiation [44]. In the present study, we observed significant activation of the Akt-mTOR pathway in the skeletal
muscles of Tg mice, as well as in C2C12 myotubes treated with CREG1-MH. These findings suggest that CREG1 may
regulate both protein synthesis and myogenic gene expression through Akt-mTOR pathway activation.

In conclusion, this study suggests that CREG1 plays an important role in skeletal muscle differentiation and function.
Increased CREG1 expression may contribute to the enhancement of muscle strength. In addition, CREG1 can stimulate
Myod1 expression by activating the Akt/mTOR signaling pathway, supporting muscle differentiation.

Limitations

In this study, we revealed that CREG1 enhances Akt-mTOR signaling in skeletal muscles; however, the underlying mech-
anism remains unclear. Another limitation of this study is the absence of data on muscle performance and phenotype of
skeletal muscle-specific CREG1-Tg or KO models. Future studies using transgenic animals should address these gaps.

Supporting information

S1 Raw images. Raw data images of the original immunohistochemistry and western blot images.
(PDF)

File S1. Supporting data: Table S1. Data for Figure 1. Table S2. Data analysis results for Figure 1 using Student’s
t-test. Table S3. Data for Figure 2C. Table S4. Data analysis results for Figure 2C using Student’s t-test. Table S5. Data
for Figure 2D. Table S6. Data analysis results for Figure 2D using Student’s t-test. Table S7. Data for Figure 2E. Table S8.
Data analysis results for Figure 2E using Student’s t-test. Table S9. Data for Figure 2F. Table S10. Data analysis results
for Figure 2F using Student’s t-test. Table S11. Data for Figure 2G. Table S12. Data analysis results for Figure 2G using
Student’s t-test. Table S13. Data for Figure 2H. Table S14. Data analysis results for Figure 2H using Student’s t-test. S15.
Data for Figure 3A-C. Table S16. Data analysis results for Figure 3A-C using Student’s t-test. Table S17. Data for Figure
3D. Table S18. Data analysis results for Figure 3D using Student’s t-test. Table S19. Data for Figure 4A-B. Table S20.
Data analysis results for Figure 4A-B using one-way ANOVA with post-hoc Tukey—Kramer test. Table S21. Data for Figure
4C-D. Table S22. Data analysis results for Figure 4C-D using one-way ANOVA with post-hoc Tukey—Kramer test. Table
S23. Data for Figure 5A-C. Table S24. Data analysis results for Figure 5A-C using one-way ANOVA with post-hoc Tukey—
Kramer test.

(PDF)

Acknowledgments

The authors would like to thank M. Matsui, Y. Yamashita, Y. Nishimoto, Y. Endo, |. Matsuda, and K. Miyake (Chubu Univer-
sity) for their technical support.

Author contributions

Conceptualization: Ayumi Goto, Hitoshi Yamashita.
Data curation: Ayumi Goto.

Formal analysis: Ayumi Goto.

Funding acquisition: Ayumi Goto, Hitoshi Yamashita.
Investigation: Ayumi Goto, Sho Yokogawa, Yuzu Naruse.
Methodology: Ayumi Goto.

Project administration: Ayumi Goto.

PLOS One | https://doi.org/10.137 1/journal.pone.0328485 July 17, 2025 12/14



http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0328485.s001
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0328485.s002

PLO\Sﬁ\\.- One

Resources: Ayumi Goto.

Software: Ayumi Goto.

Supervision: Michihiro Hashimoto, Hitoshi Yamashita.

Validation: Ayumi Goto, Hitoshi Yamashita.

Visualization: Ayumi Goto, Michihiro Hashimoto, Hitoshi Yamashita.

Writing — original draft: Ayumi Goto, Michihiro Hashimoto, Hitoshi Yamashita.

Writing — review & editing: Ayumi Goto, Michihiro Hashimoto, Hitoshi Yamashita.

References

1.

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Frontera WR, Ochala J. Skeletal muscle: a brief review of structure and function. Calcif Tissue Int. 2015;96(3):183-95. https://doi.org/10.1007/
s00223-014-9915-y PMID: 25294644

Thyfault JP, Bergouignan A. Exercise and metabolic health: beyond skeletal muscle. Diabetologia. 2020;63(8):1464—74. https://doi.org/10.1007/
s00125-020-05177-6 PMID: 32529412

Santilli V, Bernetti A, Mangone M, Paoloni M. Clinical definition of sarcopenia. Clin Cases Miner Bone Metab. 2014;11(3):177-80. PMID: 25568649

Walston JD. Sarcopenia in older adults. Curr Opin Rheumatol. 2012;24(6):623-7. https://doi.org/10.1097/BOR.0b013e328358d59b PMID:
22955023

Lopez-Jaramillo P, Lopez-Lopez JP, Tole MC, Cohen DD. Muscular Strength in Risk Factors for Cardiovascular Disease and Mortality: A Narrative
Review. Anatol J Cardiol. 2022;26(8):598-607. https://doi.org/10.5152/AnatolJCardiol.2022.1586 PMID: 35924286

Veal E, Eisenstein M, Tseng ZH, Gill G. A cellular repressor of E1A-stimulated genes that inhibits activation by E2F. Mol Cell Biol. 1998;18(9):5032—
41. https://doi.org/10.1128/MCB.18.9.5032 PMID: 9710587

Peng C, Shao X, Tian X, Li Y, Liu D, Yan C, et al. CREG ameliorates embryonic stem cell differentiation into smooth muscle cells by modulation of
TGF-B expression. Differentiation. 2022;125:9—17. https://doi.org/10.1016/j.diff.2022.03.001 PMID: 35349881

Liud, QiY, Li S, Hsu S-C, Saadat S, Hsu J, et al. CREG1 Interacts with Sec8 to Promote Cardiomyogenic Differentiation and Cell-Cell Adhesion.
Stem Cells. 2016;34(11):2648-60. https://doi.org/10.1002/stem.2434 PMID: 27334848

Kusudo T, Hashimoto M, Kataoka N, Li Y, Nozaki A, Yamashita H. CREG1 promotes uncoupling protein 1 expression and brown adipogenesis in
vitro. J Biochem. 2019;165(1):47-55. https://doi.org/10.1093/jb/mvy083 PMID: 30295852

Hashimoto M, Kusudo T, Takeuchi T, Kataoka N, Mukai T, Yamashita H. CREG1 stimulates brown adipocyte formation and ameliorates diet-
induced obesity in mice. FASEB J. 2019;33(7):8069-82. https://doi.org/10.1096/f].201802147RR PMID: 30917000

Kusudo T, Okada T, Hashimoto M, Takeuchi T, Endo Y, Niwa A, et al. CREG1 administration stimulates BAT thermogenesis and improves diet-
induced obesity in mice. J Biochem. 2022;171(1):63—73. https://doi.org/10.1093/jb/mvab106 PMID: 34647124

Goto A, Endo Y, Yamashita H. CREG1 stimulates AMPK phosphorylation and glucose uptake in skeletal muscle cells. Biochem Biophys Res Com-
mun. 2023;641:162—7. https://doi.org/10.1016/j.bbrc.2022.12.028 PMID: 36528955

Song H, Tian X, Liu D, Liu M, LiuY, Liu J, et al. CREG1 improves the capacity of the skeletal muscle response to exercise endurance via modula-
tion of mitophagy. Autophagy. 2021;17(12):4102—18. https://doi.org/10.1080/15548627.2021.1904488 PMID: 33726618

Manning BD, Cantley LC. AKT/PKB signaling: navigating downstream. Cell. 2007;129(7):1261-74. https://doi.org/10.1016/j.cell.2007.06.009 PMID:
17604717

Bodine SC, Stitt TN, Gonzalez M, Kline WO, Stover GL, Bauerlein R, et al. Akt/mTOR pathway is a crucial regulator of skeletal muscle hypertrophy
and can prevent muscle atrophy in vivo. Nat Cell Biol. 2001;3(11):1014-9. https://doi.org/10.1038/ncb1101-1014 PMID: 11715023

Yoon M-S. mTOR as a Key Regulator in Maintaining Skeletal Muscle Mass. Front Physiol. 2017;8:788. https://doi.org/10.3389/fphys.2017.00788
PMID: 29089899

Ge Y, Wu A-L, Warnes C, Liu J, Zhang C, Kawasome H, et al. mTOR regulates skeletal muscle regeneration in vivo through kinase-dependent and
kinase-independent mechanisms. Am J Physiol Cell Physiol. 2009;297(6):C1434-44. https://doi.org/10.1152/ajpcell.00248.2009 PMID: 19794149

Gardner S, Anguiano M, Rotwein P. Defining Akt actions in muscle differentiation. Am J Physiol Cell Physiol. 2012;303(12):C1292-300. https://doi.
org/10.1152/ajpcell.00259.2012 PMID: 23076793

Timmons JA, Wennmalm K, Larsson O, Walden TB, Lassmann T, Petrovic N, et al. Myogenic gene expression signature establishes that
brown and white adipocytes originate from distinct cell lineages. Proc Natl Acad Sci U S A. 2007;104(11):4401-6. https://doi.org/10.1073/
pnas.0610615104 PMID: 17360536

Seale P, Bjork B, Yang W, Kajimura S, Chin S, Kuang S, et al. PRDM16 controls a brown fat/skeletal muscle switch. Nature. 2008;454(7207):961—
7. https://doi.org/10.1038/nature07182 PMID: 18719582

PLOS One | https://doi.org/10.1371/journal.pone.0328485 July 17, 2025 13/14



https://doi.org/10.1007/s00223-014-9915-y
https://doi.org/10.1007/s00223-014-9915-y
http://www.ncbi.nlm.nih.gov/pubmed/25294644
https://doi.org/10.1007/s00125-020-05177-6
https://doi.org/10.1007/s00125-020-05177-6
http://www.ncbi.nlm.nih.gov/pubmed/32529412
http://www.ncbi.nlm.nih.gov/pubmed/25568649
https://doi.org/10.1097/BOR.0b013e328358d59b
http://www.ncbi.nlm.nih.gov/pubmed/22955023
https://doi.org/10.5152/AnatolJCardiol.2022.1586
http://www.ncbi.nlm.nih.gov/pubmed/35924286
https://doi.org/10.1128/MCB.18.9.5032
http://www.ncbi.nlm.nih.gov/pubmed/9710587
https://doi.org/10.1016/j.diff.2022.03.001
http://www.ncbi.nlm.nih.gov/pubmed/35349881
https://doi.org/10.1002/stem.2434
http://www.ncbi.nlm.nih.gov/pubmed/27334848
https://doi.org/10.1093/jb/mvy083
http://www.ncbi.nlm.nih.gov/pubmed/30295852
https://doi.org/10.1096/fj.201802147RR
http://www.ncbi.nlm.nih.gov/pubmed/30917000
https://doi.org/10.1093/jb/mvab106
http://www.ncbi.nlm.nih.gov/pubmed/34647124
https://doi.org/10.1016/j.bbrc.2022.12.028
http://www.ncbi.nlm.nih.gov/pubmed/36528955
https://doi.org/10.1080/15548627.2021.1904488
http://www.ncbi.nlm.nih.gov/pubmed/33726618
https://doi.org/10.1016/j.cell.2007.06.009
http://www.ncbi.nlm.nih.gov/pubmed/17604717
https://doi.org/10.1038/ncb1101-1014
http://www.ncbi.nlm.nih.gov/pubmed/11715023
https://doi.org/10.3389/fphys.2017.00788
http://www.ncbi.nlm.nih.gov/pubmed/29089899
https://doi.org/10.1152/ajpcell.00248.2009
http://www.ncbi.nlm.nih.gov/pubmed/19794149
https://doi.org/10.1152/ajpcell.00259.2012
https://doi.org/10.1152/ajpcell.00259.2012
http://www.ncbi.nlm.nih.gov/pubmed/23076793
https://doi.org/10.1073/pnas.0610615104
https://doi.org/10.1073/pnas.0610615104
http://www.ncbi.nlm.nih.gov/pubmed/17360536
https://doi.org/10.1038/nature07182
http://www.ncbi.nlm.nih.gov/pubmed/18719582

PLO\S\% One

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Makowski L, Brittingham KC, Reynolds JM, Suttles J, Hotamisligil GS. The fatty acid-binding protein, aP2, coordinates macrophage cholesterol
trafficking and inflammatory activity. Macrophage expression of aP2 impacts peroxisome proliferator-activated receptor gamma and IkappaB
kinase activities. J Biol Chem. 2005;280(13):12888-95. https://doi.org/10.1074/jbc.M413788200 PMID: 15684432

Yang J, Liu S, Li Y, Fan Z, Meng Y, Zhou B, et al. FABP4 in macrophages facilitates obesity-associated pancreatic cancer progression via the
NLRP3/IL-1B axis. Cancer Lett. 2023;575:216403. https://doi.org/10.1016/j.canlet.2023.216403 PMID: 37741433

Egawa T, Tsuda S, Goto A, Ohno Y, Yokoyama S, Goto K, et al. Potential involvement of dietary advanced glycation end products in impairment of
skeletal muscle growth and muscle contractile function in mice. Br J Nutr. 2017;117(1):21-9. https://doi.org/10.1017/S0007114516004591 PMID:
28093090

Yasuhara K, Ohno Y, Kojima A, Uehara K, Beppu M, Sugiura T, et al. Absence of heat shock transcription factor 1 retards the regrowth of atrophied
soleus muscle in mice. J Appl Physiol (1985). 2011;111(4):1142-9. https://doi.org/10.1152/japplphysiol.00471.2011 PMID: 21817109

Sandona D, Desaphy J-F, Camerino GM, Bianchini E, Ciciliot S, Danieli-Betto D, et al. Adaptation of mouse skeletal muscle to long-term micro-
gravity in the MDS mission. PLoS One. 2012;7(3):e33232. https://doi.org/10.1371/journal.pone.0033232 PMID: 22470446

Ohno Y, Ando K, Ito T, Suda Y, Matsui Y, Oyama A, et al. Lactate Stimulates a Potential for Hypertrophy and Regeneration of Mouse Skeletal Mus-
cle. Nutrients. 2019;11(4):869. https://doi.org/10.3390/nu11040869 PMID: 30999708

Ohno Y, Oyama A, Kaneko H, Egawa T, Yokoyama S, Sugiura T, et al. Lactate increases myotube diameter via activation of MEK/ERK pathway in
C2C12 cells. Acta Physiol (Oxf). 2018;223(2):e13042. https://doi.org/10.1111/apha.13042 PMID: 29377587

Nasu T, Hori A, Hotta N, Kihara C, Kubo A, Katanosaka K, et al. Vacuolar-ATPase-mediated muscle acidification caused muscular mechanical
nociceptive hypersensitivity after chronic stress in rats, which involved extracellular matrix proteoglycan and ASIC3. Sci Rep. 2023;13(1):13585.
https://doi.org/10.1038/s41598-023-39633-1 PMID: 37604935

Fujiyoshi H, Egawa T, Kurogi E, Yokokawa T, Kido K, Hayashi T. TLR4-Mediated Inflammatory Responses Regulate Exercise-Induced Molecular
Adaptations in Mouse Skeletal Muscle. Int J Mol Sci. 2022;23(3):1877. https://doi.org/10.3390/ijms23031877 PMID: 35163799

Egawa T, Ogawa T, Yokokawa T, Kido K, Goto K, Hayashi T. Methylglyoxal reduces molecular responsiveness to 4 weeks of endurance exercise in
mouse plantaris muscle. J Appl Physiol (1985). 2022;132(2):477-88. https://doi.org/10.1152/japplphysiol.00539.2021 PMID: 35023763

Ohno Y, Sugiura T, Ohira Y, Yoshioka T, Goto K. Loading-associated expression of TRIM72 and caveolin-3 in antigravitational soleus muscle in
mice. Physiol Rep. 2014;2(12):e12259. https://doi.org/10.14814/phy2.12259 PMID: 25539835

Wilson JM, Loenneke JP, Jo E, Wilson GJ, Zourdos MC, Kim J-S. The effects of endurance, strength, and power training on muscle fiber type
shifting. J Strength Cond Res. 2012;26(6):1724—9. https://doi.org/10.1519/JSC.0b013e318234eb6f PMID: 21912291

Andersen JL, Aagaard P. Effects of strength training on muscle fiber types and size; consequences for athletes training for high-intensity sport.
Scand J Med Sci Sports. 2010;20 Suppl 2:32-8. https://doi.org/10.1111/j.1600-0838.2010.01196.x PMID: 20840560

Veal E, Groisman R, Eisenstein M, Gill G. The secreted glycoprotein CREG enhances differentiation of NTERA-2 human embryonal carcinoma
cells. Oncogene. 2000;19(17):2120-8. https://doi.org/10.1038/sj.onc.1203529 PMID: 10815803

Damas F, Libardi CA, Ugrinowitsch C. The development of skeletal muscle hypertrophy through resistance training: the role of muscle damage and
muscle protein synthesis. Eur J Appl Physiol. 2018;118(3):485-500. https://doi.org/10.1007/s00421-017-3792-9 PMID: 29282529

Miyazaki M, Esser KA. Cellular mechanisms regulating protein synthesis and skeletal muscle hypertrophy in animals. J Appl Physiol (1985).
2009;106(4):1367-73. https://doi.org/10.1152/japplphysiol.91355.2008 PMID: 19036895

Braun T, Gautel M. Transcriptional mechanisms regulating skeletal muscle differentiation, growth and homeostasis. Nat Rev Mol Cell Biol.
2011;12(6):349-61. https://doi.org/10.1038/nrm3118 PMID: 21602905

Trappe S, Luden N, Minchev K, Raue U, Jemiolo B, Trappe TA. Skeletal muscle signature of a champion sprint runner. J Appl Physiol (1985).
2015;118(12):1460-6. https://doi.org/10.1152/japplphysiol.00037.2015 PMID: 25749440

Westerblad H, Bruton JD, Katz A. Skeletal muscle: energy metabolism, fiber types, fatigue and adaptability. Exp Cell Res. 2010;316(18):3093-9.
https://doi.org/10.1016/j.yexcr.2010.05.019 PMID: 20580710

Malinauskas R, Dumciene A, Mamkus G, Venckunas T. Personality traits and exercise capacity in male athletes and non-athletes. Percept Mot
Skills. 2014;118(1):145-61. https://doi.org/10.2466/29.25.PMS.118k13w1 PMID: 24724519

Kaur J, Debnath J. Autophagy at the crossroads of catabolism and anabolism. Nat Rev Mol Cell Biol. 2015;16(8):461—72. https://doi.org/10.1038/
nrm4024 PMID: 26177004

Song H, Yan C, Tian X, Zhu N, Li Y, Liu D, et al. CREG protects from myocardial ischemia/reperfusion injury by regulating myocardial autophagy
and apoptosis. Biochim Biophys Acta Mol Basis Dis. 2017;1863(8):1893-903. https://doi.org/10.1016/j.bbadis.2016.11.015 PMID: 27840305

Wilson EM, Rotwein P. Selective control of skeletal muscle differentiation by Akt1. J Biol Chem. 2007;282(8):5106-10. https://doi.org/10.1074/jbc.
C600315200 PMID: 17218321

Erbay E, Chen J. The mammalian target of rapamycin regulates C2C12 myogenesis via a kinase-independent mechanism. J Biol Chem.
2001;276(39):36079-82. https://doi.org/10.1074/jbc.C100406200 PMID: 11500483

PLOS One | https://doi.org/10.1371/journal.pone.0328485 July 17, 2025 14714



https://doi.org/10.1074/jbc.M413788200
http://www.ncbi.nlm.nih.gov/pubmed/15684432
https://doi.org/10.1016/j.canlet.2023.216403
http://www.ncbi.nlm.nih.gov/pubmed/37741433
https://doi.org/10.1017/S0007114516004591
http://www.ncbi.nlm.nih.gov/pubmed/28093090
https://doi.org/10.1152/japplphysiol.00471.2011
http://www.ncbi.nlm.nih.gov/pubmed/21817109
https://doi.org/10.1371/journal.pone.0033232
http://www.ncbi.nlm.nih.gov/pubmed/22470446
https://doi.org/10.3390/nu11040869
http://www.ncbi.nlm.nih.gov/pubmed/30999708
https://doi.org/10.1111/apha.13042
http://www.ncbi.nlm.nih.gov/pubmed/29377587
https://doi.org/10.1038/s41598-023-39633-1
http://www.ncbi.nlm.nih.gov/pubmed/37604935
https://doi.org/10.3390/ijms23031877
http://www.ncbi.nlm.nih.gov/pubmed/35163799
https://doi.org/10.1152/japplphysiol.00539.2021
http://www.ncbi.nlm.nih.gov/pubmed/35023763
https://doi.org/10.14814/phy2.12259
http://www.ncbi.nlm.nih.gov/pubmed/25539835
https://doi.org/10.1519/JSC.0b013e318234eb6f
http://www.ncbi.nlm.nih.gov/pubmed/21912291
https://doi.org/10.1111/j.1600-0838.2010.01196.x
http://www.ncbi.nlm.nih.gov/pubmed/20840560
https://doi.org/10.1038/sj.onc.1203529
http://www.ncbi.nlm.nih.gov/pubmed/10815803
https://doi.org/10.1007/s00421-017-3792-9
http://www.ncbi.nlm.nih.gov/pubmed/29282529
https://doi.org/10.1152/japplphysiol.91355.2008
http://www.ncbi.nlm.nih.gov/pubmed/19036895
https://doi.org/10.1038/nrm3118
http://www.ncbi.nlm.nih.gov/pubmed/21602905
https://doi.org/10.1152/japplphysiol.00037.2015
http://www.ncbi.nlm.nih.gov/pubmed/25749440
https://doi.org/10.1016/j.yexcr.2010.05.019
http://www.ncbi.nlm.nih.gov/pubmed/20580710
https://doi.org/10.2466/29.25.PMS.118k13w1
http://www.ncbi.nlm.nih.gov/pubmed/24724519
https://doi.org/10.1038/nrm4024
https://doi.org/10.1038/nrm4024
http://www.ncbi.nlm.nih.gov/pubmed/26177004
https://doi.org/10.1016/j.bbadis.2016.11.015
http://www.ncbi.nlm.nih.gov/pubmed/27840305
https://doi.org/10.1074/jbc.C600315200
https://doi.org/10.1074/jbc.C600315200
http://www.ncbi.nlm.nih.gov/pubmed/17218321
https://doi.org/10.1074/jbc.C100406200
http://www.ncbi.nlm.nih.gov/pubmed/11500483

