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CREG1 deficiency impaired myoblast differentiation
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Abstract

Background CREG] (cellular repressor of E1A-stimulated genes 1) is a protein involved in cellular differentiation and
homeostasis regulation. However, its role in skeletal muscle satellite cells differentiation and muscle regeneration is
poorly understood. This study aimed to investigate the role of CREG1 in myogenesis and muscle regeneration.
Methods RNA sequencing data (GSE8479) was analysed from the Gene Expression Omnibus database (GEO, https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi). We generated Cregl knockdown and skeletal muscle satellite cells specific
Cregl overexpression mice mediated by adeno-associated virus serotype 9 (AAV9), skeletal muscle mature myofibre
Cregl knockout mice (myoblast/Cregl MKO), and control mice Creg1”"**°* (Creg’¥M) as in vivo models. The mice were
injected into tibialis anterior (TA) muscle with 100 uL of 10 uM cardiotoxin to establish a muscle regeneration model.
Creglﬂ/ M and Creg1 MKO mice were treated with AAV-sh-C-Cbl (2 x 10 genomic copies/mouse) to silence C-Cbl in the
TA muscle. 293T and C2C12 cells were transfected with plasmids using lipofectamine RNAi MAX in vitro. Mass
spectrometry analyses and RNA sequencing transcriptomic assay were performed.

Results We analysed the transcriptional profiles of the skeletal muscle biopsies from healthy older (N = 25) and youn-
ger (N = 26) adult men and women in GSE8479 database, and the results showed that Cregl was associated with hu-
man sarcopenia. We found that Cregl knockdown mice regenerated less newly formed fibres in response to cardiotoxin
injection (~30% reduction, P < 0.01); however, muscle satellite cells specific Cregl overexpression mice regenerated
more newly formed fibres (~20% increase, P < 0.05). AMPKal is known as a key mediator in the muscle regeneration
process. Our results revealed that CREG1 deficiency inhibited AMPKal signalling through C-CBL E3-ubiquitin
ligase-mediated AMPKal degradation (P < 0.01). C-CBL-mediated AMPKal ubiquitination was attributed to the
K48-linked polyubiquitination of AMPKal at K396 and that the modification played an important role in the regulation
of AMPKal protein stability. We also found that Creg] MKO mice regenerated less newly formed fibres compared with
Creg’" mice (~30% reduction, P < 0.01). RNA-seq analysis showed that CREG1 deletion in impaired muscles led to
the upregulation of inflammation and DKK3 expression. The TA muscles of CreglMKO mice were injected with
AAV-vector or AAV-shC-Cbl, silencing C-CBL (P < 0.01) in the skeletal muscles of CregIMKO mice significantly
improved muscle regeneration induced by CTX injury (P < 0.01).

Conclusions Our findings suggest that CREG1 may be a potential therapeutic target for skeletal muscle regeneration.
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Introduction

Skeletal muscle, as the largest tissue in mammals accounts
for approximately 40% of the body weight and is responsible
for the support, movement, and homeostasis of organisms.*
Muscle regeneration is an essential physiological process
in the skeletal muscles. In both muscle trauma and
exercise-induced muscle damage, skeletal muscle regenera-
tion is necessary for recovery after injury.>™* Myofibre necro-
sis and muscle mass loss are common in injured muscle, lead-
ing to muscle malfunctions. Fortunately, the skeletal muscles
of adults have an extraordinary capacity to repair these inju-
ries. This capacity for regeneration is due to the presence of
muscle-resident stem cells, also called satellite cells, which
are located between the sarcolemma and basal lamina.>®

In response to injury or disease, satellite cells can be
activated to generate myoblasts that proliferate and differen-
tiate into multinucleated myotubes.” Myoblast proliferation
and differentiation are called myogenesis, which is not only
important for muscle growth and development but is also
necessary for muscle regeneration. The damaged muscle fi-
bres are fused with myogenic cells for repair or to generate
new muscle fibres to replace the necrotic fibres. A decline
in the muscle regeneration capacity often leads to muscle
atrophy and contractile function impairment.®° Successful
muscle regeneration requires both the right number and
appropriate myogenic differentiation of satellite cells.
Previous studies have demonstrated that AMPK (5-adeno-
sine  monophosphate-activated protein kinase) plays a
critical role in regulating muscle regeneration and growth,
especially with AMPKal, the dominant AMPKa isoform in
satellite cells, playing the prominent role in facilitating
muscle regeneration.’®*' Although numerous studies have
attempted to clarify the complicated muscle regeneration
process, the explicit mechanisms of muscle regeneration
remain unclear. Besides the skeletal muscle satellite cells,
mature myofibre as an important endocrine organ, could pro-
duce and release myokines through autocrine and paracrine
ways to regulate skeletal muscle homeostasis, including
modulating muscle satellite cells differentiation and involving
in muscle atrophy.*? However, the role of mature myofibre in
regulating muscle stem cell regenerative capacity remains
further explored.

CREG1 (cellular repressor of E1A-stimulated genes 1) is a
protein involved in cellular differentiation and regulation of
homeostasis. Previous studies have shown that CREG1 is
highly expressed in differentiated and mature tissues and
cells, such as differentiated smooth muscle cells and mature
cardiomyocytes.’>* It has been demonstrated that CREG1 is
a senescence-related protein, and its expression is reduced
with age owing to high methylation in its gene promoter
region.'®> A recent study showed that CREG1 is expressed
in the skeletal muscle and plays an important role in
maintaining exercise capacity in adult mice.'® However, its

role in myogenesis and muscle remains
uninvestigated.

In this study, we aimed to investigate the role of CREG1 in
skeletal muscle regeneration. We revealed that the expres-
sion of CREG1 mRNA and protein levels were significantly
upregulated in skeletal muscle regeneration. Using Cregl
knockdown and skeletal muscle satellite cell specific CregZ
overexpression mice mediated by adeno-associated virus se-
rotype 9 (AAV9), skeletal muscle-specific CregZ knockout
mice (myoblast/CregIMKO) and Creg 2™ (creg#"") as
in vivo models, and analysed their regeneration capacity.
We uncover the important role of CREG1 regulating muscle
satellite cells differentiation and muscle regeneration. CREG1
may be a potential therapeutic target of muscle regeneration
impairment and atrophy.

regeneration

Methods
Experimental animals

Cregl knockdown and skeletal muscle satellite cell specific
Cregl overexpression mice mediated by adeno-associated
virus serotype 9 (AAV9). Skeletal muscle-specific Cregl
knockout mice (myoblast/CregZMKO) and control mice in
the same litter (CregZ”f) were generated by
Gempharmatech Co., Ltd (Shanghai, China). All male mice
were 8-week-old and used in a C57BL/6 background. All
mice were fed and placed in a 12:12 h light/dark cycle sys-
tem using an automated light-switching project and temper-
ature-controlled conditions at 22°C. The mice were injected
into each tibialis anterior (TA) muscle with 100 pL of
10 uM cardiotoxin (CTX, Sigma, USA) in order to generate
a muscle regeneration model. Animals were sacrificed at 3,
7, and 14 days after injection for histological analysis.
Creg.Zﬂ/f7 and CregIMKO mice were treated with AAV-sh-C-
Cbl (BOIO-HYKY-220810027, 2 x 10 genomic copies/
mouse) to silence C-Cb/ in the TA muscle. All experiments
were approved by the Animal Ethics Committee of Shenyang
General Hospital and conducted in accordance with the
existing guidelines on the care and use of laboratory
animals.

Construction of the adeno-associated virus

AAV9-EGFP-U6-shCreg1(AAV-shCregl) and AAV9-MHCK7-
mCreg1(AAV9-Cregl) were constructed by YUNZHOU Biosci-
ences (Guangzhou, China), shCregl:
GCCACTATCTCCACAATAA. Mice were intravenously injected
with AAV-vector, AAV-shCregl and AAV-Cregl (4 x 10
genome copies per mouse in 200 pL of PBS), to achieve
CREG1 knockdown and overexpression. Creg]ﬂ/ﬂ and
CregIMKO mice were treated with AAV-sh-C-Cbl (BOIO-
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HYKY-220810027, 2 x 10*° genomic copies/mouse) to silence
C-Cbl in the TA muscle, sh-C-Cbl: ACCAACTCCTCAAGATCATAT.

Cell lines, adenovirus vector, plasmid, small
interfering RNA, and transfection reagent

293T and C2C12 cell lines were obtained from the FuHeng
Cell Center (Shanghai, China) and cultured in 5% CO, at
37°Cin 10% FBS (Gibco, Thermo Fisher Scientific) DMEM (Life
Technologies Corporation, 2230808). When reaching 70-80%
confluence, 293T and C2C12 cells were transfected with plas-
mids using lipofectamine RNAi MAX (Thermo Fisher Scientific,
2103411) following the manufacturer’s instructions. C2C12
cells were transfected with the indicated adenovirus or siRNA
(siAmpka 1, siC-Cbl, siltch, and siCreg1). After infection, C2C12
cells were cultured in differentiation medium (2% horse
serum, Solarbio, S9050) for at least 4 days to induce their
differentiation into myotubes. C2C12 cells were treated with
MG132 (Sigma-Aldrich, M8699; 10 umol/L) 24 h. Plasmids
and adenoviral vectors construction were in the supporting
information.

Western blot and antibodies

Cells and homogenized TA and gastrocnemius (GAS) tissues
were lysed in ice-cold RIPA buffer (Thermo Fisher Scientific,
UJ289235) for 30 min and then centrifuged at 12 000x g for
10 min at 4°C. Equal amounts of samples were separated
by SDS-PAGE (at 120 V for 1 h), and then proteins were
transferred onto a polyvinylidene difluoride membrane
(Merck Millipore Ltd. R9KA84149). Membranes were blocked
in 5% nonfat milk, then were incubated with antibodies (in
the supporting information). After incubation, three washes
with TBST, membranes were incubated the HRP-conjugated
secondary antibody (1:5000; Jackson ImmunoResearch,
150783) for 2 h at room temperature. After four washes
with TBST, membranes were scanned with ECL in Amersham
Imager680 (Tokyo, Japan).

Immunoprecipitation

The TA muscle, 293T or C2C12 cells were homogenized and
lysed with immunoprecipitation (IP) lysis buffer (including
protease inhibitor cocktail) for 30 min on ice. The lysate was
then centrifuged at 12 000x g for 15 min. The protein was in-
cubated with FLAG (Solarbio, M2510) or ubiquitin-conjugated
beads (MBL, D058-8) and rotated overnight at 4°C. Then, the
beads were washed three times with IP lysis buffer. Western
blot was performed as described previously.

Real-time PCR

As described previously,'® according to the Eastep® Super
kit’s instructions (Promega, 0000287896), RNA was reverse
transcribed using the SuperScript” Il First-Strand Kit (Thermo
Fisher Scientific, 18080400). Real-time PCR was performed on
an ABI 7300 PCR System. Primers are listed in the supporting
information.

Haematoxylin and eosin and immunohistochemical
staining

All mice were anaesthetised with isoflurane and sacrificed.
Isolated TA muscles were fixed using 4% formaldehyde. The
fixed tissues were dehydrated, embedded in paraffin,
sectioned, stained with eosin, and dehydrated with alcohol.
Immunohistochemical analysis was performed as previously
described.®

Immunofiuorescent staining and EMH* muscle
fibres

C2C12 cells were fixed using 4% formaldehyde for 15-30 min,
then treated with 0.1% Triton X-100 (Sangon Biotech, T0694)
for 10 min permeabilization. The samples were analysed
using anti-MyHC (Abcam, ab207926), and the cells nuclei
were stained with DAPI. The differentiated myotube index
was calculated as the percentage of the total image number
covered by differentiated myotubes, and the measurement
was performed using Image) software. TA muscle sections
were prepared using anti-Laminin (Abcam, ab11575) and
anti-embryonic myosin heavy chain (MYH3, Abcam, F1.652).%

Statistical analysis

All data are expressed as mean * standard error (SEM). All
data were analysed using SPSS 13.0 (SPSS, Chicago, USA)
and GraphPad Prism 8.0 statistical software. The Shapiro—
Wilk test was used for normality and Levene’s test was used
for homogeneity of variance. When the data conformed to
both normal distribution and homogeneity of variance, differ-
ences between the two groups were compared using paired
or unpaired t-tests, one-way ANOVA, and repeated measures
of variance. When the data do not conform to a normal
distribution, the method is a non-parametric test. P < 0.05
was statistically significant.
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Results

CREG1 was associated with human sarcopenia and
skeletal muscle regeneration

To investigate the molecular mechanisms of human sarcope-
nia and skeletal muscle regeneration, we analysed the tran-
scriptional profiles of the skeletal muscle biopsies from
healthy older (N = 25) and younger (N = 26) adult men and
women in GSE8479 database, which was obtained from the
Gene Expression Omnibus (GEO, https://www.nchi.nlm.nih.
gov/geo/query/acc.cgi). The Volcano plot was performed to
show the upregulated and downregulated transcriptional
profiles related to sarcopenia. We found that expression of
Cregl mRNA was dramatically upregulated in older adults
compared with young adults; however, after exercise train-
ing, CregZ mRNA expression was downregulated in older
adults, markedly reversed back to that of younger levels
(Figure S1A,B). Then, C2C12 myoblast cell was treated with
differentiation medium (DM) for 4 days, the expression levels
of CREG1 were markedly increased during myoblast differen-
tiation (Figure S1C).

Further, we determined whether CREG1 participated in
skeletal muscle regeneration by assessing CREG1 expression
during regeneration in a cardiotoxin (CTX)-induced injury
and regeneration model.’” Acute muscle injury was induced
by injecting CTX into the mice TA muscle (Figure S1D). We
analysed the dynamic expression of CREG1 during regenera-
tion following injury. At 3 and 7 days post-injury (dpi), the ex-
pression levels of Creg1, Pax7, Myod1, MyoG, and Myf5 were
markedly elevated in quantitative real-time PCR (RT-PCR) and
western blot (Figure S1E,F) tests; at 14 dpi, their expression
levels were gradually restored. These results strongly indi-
cated that CREG1 may be associated with skeletal muscle
regeneration.

CREG1 knockdown impaired skeletal muscle
regeneration following injury

To determine whether CREG1 is critical for skeletal muscle re-
generation, we generated Cregl knockdown mice using
adeno-associated virus serotype 9 encoding shCregl (AAV-
shCregl) (Figure S2A). RT-PCR and western blot analysis re-
vealed efficient reduction of CREG1 transcripts and protein
levels in TA and GAS muscles (Figure S2B-D). As shown in
Figure S2E, AAV-shCregl mice did not show obvious alter-
ation in histological analysis of TA muscles or differences in
cross-sectional area (CSA). We then explored the regenera-
tive potential of CREG1 knockdown skeletal muscles in re-
sponse to CTX injection, a well-known established model of
acute skeletal muscle injury, at 3, 7, and 14 dpi. At 3 dpi, hae-
matoxylin and eosin staining showed that many muscle fibres
were necrotic in TA muscles of both AAV-shCregl mice and

Control mice (Figure S2F). However, Control mice
regenerating muscle contained many more newly formed fi-
bres in immunofluorescent staining (IHC) against EMH (myo-
sin heavy chain, MYH3), which is a marker of regenerated fi-
bres. This difference was also observed at 7 dpi. While
well-restored muscle structure with new fibres was observed
in Control mice, a much smaller number of regenerated fibres
and poorly restored structure was seen in AAV-shCregl mice
(Figure 1A,B), and the running distance of AAV-shCregl mice
was shorter than those of Control mice (Figure 1C). At 14 dpi,
while more immature muscle fibres remained in AAV-shCregl
mice, muscle structure and CSA was restored in Control mice
to close to normal size (Figure 1E). Consistently, at 7 dpi, the
expression of genes important for myogenesis, including
Myod1, MyoG, and Myf5, was lower in the regenerating mus-
cle of AAV-shCregl compared with Control mice, whereas
Pax7 was not different between them (Figure 1D). These re-
sults indicated that CREG1 knockdown attenuated muscle re-
generation, especially myogenic differentiation.

Muscle satellite cells are known as the primary contributor
of skeletal muscle regeneration. We evaluated the potential
role of CREG1 in satellite cells during myogenesis, CREG1 ex-
pression was reduced in C2C12 cells infected with Creg?
siRNA (named siCreg) compared with the control (named
siScramble) (Figure S3A,B). We revealed the differentiation
capacities of siCregl C2C12 cells in differentiation medium
(DM) for 4 days using MyHC staining (Figure 1F). The results
showed that the reduction of CREG1 resulted in the decrease
of cell differentiation index and Creatine Kinase (CK) activity.
These findings indicated that loss of CREG1 impaired the dif-
ferentiation capacity of satellite cells.

Muscle satellite cells CREG1 over-expression
enhanced myogenic regeneration following injury

To elucidate whether overexpression of CREG1 could improve
myogenic regeneration, muscle satellite cell specific Cregl
overexpression mice (AAV-Cregl) were generated
(Figure S4A). Both immunofluorescent staining and RT-PCR
(Figure S4B,C) analysis showed that the expression of CREG1
was significantly upregulated in the satellite cells of TA and
GAS muscles. As shown in Figure S4D,E, compared with
AAV-vector, AAV-Cregl mice did not show significantly alter-
ation in histological analysis of TA muscles or differences in
CSA. At 7 dpi, better restoration of muscle structure with less
necrotic muscle fibres and more regular shaped muscle fibres
was observed in AAV-Cregl mice (Figure 2A,B), and the run-
ning distance of AAV-Cregl mice was longer than those of
AAV-vector mice (Figure 2C). Moreover, in TA muscles of
AAV-Cregl mice, the mRNA level of Myodi, MyoG and
Myf5 was obviously increased (Figure 2D). At 14 dpi, we
found that there were no obvious differences in muscle struc-
ture and CSA between AAV-Cregl and AAV-vector mice
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Figure 1 CREG1 knockdown impeded skeletal muscle regeneration after injury. (A, B) Representative H&E staining examined the regeneration of TA
muscle at 7 dpi, scale bars: 50 um. EMH" muscle fibres were detected using IHC staining in TA muscle at 7 dpi, and quantified, scale bars: 50 um. N = 3.
(C) Running distance. N = 8. (D) RT-PCR analysis revealed the expression of CregZ, Pax7, Myod1, MyoG, and Myf5 mRNA in TA muscle at 7 dpi. N = 3. (E)
Representative H&E staining examined regeneration of TA muscle at 14 dpi, scale bars: 50 pm. Laminin was detected by using IHC staining in TA muscle
at 14 dpi, scale bars: 50 um. Quantification cross-sectional area (CSA). N = 5. (F) MyHC IHC staining analysis and quantification revealed the cell dif-
ferentiation index and creatine kinase (CK) activity, n = 5. For all statistical plots, data are shown as mean + SEM, **P < 0.01, *P < 0.05. Statistical
significance was determined by Student’s t test. CREG1, cellular repressor of E1A-stimulated genes 1; CSA, cross-sectional area; CTX, cardiotoxin;
dpi, days post-injury; EMH, embryonic myosin heavy chain (MYH3); H&E, haematoxylin and eosin; TA, tibialis anterior.
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Figure 2 Over-expression of CREG1 of muscle satellite cells improved skeletal muscle regeneration following injury. (A, B) Representative H&E staining
examined regeneration of TA muscle from AAV-vector and AAV-Cregl mice at 7 dpi, scale bars: 50 pm. EMH" muscle fibres were detected using IHC
staining in TA muscle at 7 dpi, and quantified, scale bars: 50 um. n = 3. (C) Running distance. n = 8. (D) RT-PCR analysis revealed the expression of
Creg1, Pax7, Myod1, MyoG, and Myf5 mRNA in TA muscle at 7 dpi. n = 3. (E) Representative H&E staining examined regeneration of TA muscle from
AAV-vector and AAV-Cregl mice at 14 dpi, scale bars: 50 um. Laminin was detected by using IHC staining in TA muscle at 14 dpi, scale bars: 50 pm.
Quantification cross-sectional area (CSA). n = 5. (F) MyHC IHC staining analysis and quantification revealed the cell differentiation index and creatine
kinase (CK) activity between AdGFP and AACREG1 C2C12 cells, n = 5. For all statistical plots, data are shown as mean + SEM, **P < 0.01, *P < 0.05.
Statistical significance was determined by Student’s t test. CREG1, cellular repressor of E1A-stimulated genes 1; CSA, cross-sectional area; CTX,
cardiotoxin; dpi, days post-injury; EMH, embryonic myosin heavy chain (MYH3); H&E, haematoxylin and eosin; TA, tibialis anterior.

(Figure 2E). In vitro, we evaluated the differentiation capaci-
ties of ADCREG1 C2C12 cells in DM for 4 days using MyHC
staining (Figure S3C). The results showed that CREG1 overex-

pression could upregulate cell differentiation index
(Figure 2F). To further evaluate the function of differentiated
muscle tubes, the CK activity of differentiated muscle tubes
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was detected. The results showed that CK activity was in-
creased in AACREG1 group compared with that in the AAGFP
group. These findings suggested that CREG1 over-expression
in muscle satellite cells significantly promoted the muscle re-
generation after injury.

CREG1 negatively regulated C-CBL expression
through ITCH in vitro and in vivo

To clarify how CREG1 modulated skeletal muscle regenera-
tion, we screened out the C-CBL protein using Mud-PIT mass
spectrometric analysis (Figure S5A—C). C-CBL is an E3 ubiqui-
tin protein ligase localized to the cytoplasm, which can inhibit
the differentiation of osteoblasts, neuroblasts, oligodendro-
cytes, and other cells,®?* but it has not been reported in

the skeletal muscle. As shown in Figure 3A,B, the results
showed that expression of C-CBL protein was increased in
siCregl C2C12 cells compared with the siScramble group,
and decreased in AJCREG1 C2C12 cells compared with the
AdGFP group (Figure 3C,D). Furthermore, to detect the effect
of C-CBL on skeletal muscle differentiation, western blot anal-
ysis revealed that skeletal muscle differentiation markers,
including MYOD1, MyoG and MYF5, were downregulated in
C-CBL-overexpressing cells (AdC-CBL) (Figure 3E); however,
they were upregulated in C-CBL-deficient cells (siC-Cbl)
(Figure 3F). These results indicated that CREG may improve
skeletal muscle differentiation by negatively regulating C-CBL.

C-CBL mRNA expression was not changed by CREG1. To
elucidate how CREG1 negatively modulated C-CBL protein,
we predicted some E3 ubiquitin ligases that may interact
with C-CBL in a comprehensive resource platform UbiBrowser
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Figure 3 CREG1 negatively regulated C-CBL expression in C2C12 cells. (A) Real-time PCR showed the expression of CregZ and C-Cbl in the siScramble
and siCregl group. n = 3. (B) Western blot analysis revealed expression of CREG1 and C-CBL protein, and quantification. n = 3. (C, D) Real-time PCR and
Western blot showed the CREG1 and C-CBL levels in AdGFP and AdCREG1 group. n = 3. (E) Western blot analysis showed the expression of C-CBL,
MYOD1, MyoG, and MYF5 protein in AdGFP and AdC-CBL group, n = 3. (F) Western blot analysis showed the expression of C-CBL, MYOD1, MyoG,
and MYFS5 protein in siScramble and siC-Cbl group. n = 3. Data are shown as mean + SEM, **P < 0.01. Statistical significance was determined by Stu-

dent’s t test.
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2.0 (http://ubibrowser.bio-it.cn/ubibrowser_v3/), especially
NEDD4, FBXW7, SMURF1, SMURF2, WWP1, WWP2, and ITCH
(Figure S6A). We found that ITCH mRNA and protein levels
were decreased in siCregZ C2C12 cells compared with
siScramble group (Figure 4A,B). Co-IP between ITCH and
C-CBL showed that ITCH interacted with C-CBL and degraded
it, the colocalization between ITCH and C-CBL was observed
by IHC when transfected with C-Cbl mcherry and pcDNA3.1-
Itch-GFP plasmids in C2C12 cells (Figure 4C). ITCH overexpres-
sion enhanced ubiquitination of C-CBL; however, ITCH silenc-
ing attenuated ubiquitination of C-CBL in C2C12 myotubes
(Figure 4D). Overexpression of ITCH in C2C12 cells was found
to degrade C-CBL protein, but did not affect C-CBL mRNA
levels (Figure 4E, Figure S6B). Conversely, silencing of ITCH in-
creased C-CBL protein (Figure 4F). These results suggested
that CREG1 negatively regulated C-CBL through ITCH.

C-CBL was an E3 ubiquitin ligase targeting
AMPKa1 for ubiquitin-dependent degradation

Interestingly, C-CBL-interacting proteins were isolated from
C2C12 cells by expressing flag-tagged C-CBL. We identified
AMPKa1 that interacted with C-CBL in immunopurified CREG1
complexes using Mud-PIT mass spectrometric analysis
(Figure S7A). AMPKal, the dominant AMPKa isoform in
muscle satellite cells, facilitates muscle regeneration.??
Western blot analysis showed that the expression of MYOD1,
MyoG, and MYF5 protein was decreased when Ampkal was
silenced in C2C12 myotubes (Figure S7B). As shown in
Figure 5A, we confirmed that C-CBL interacted with AMPKal
using the Co-IP assay in the HEK293T cells. In C2C12 myo-
tubes, the colocalization between C-CBL and AMPKal was
profoundly revealed by IHC when transfected with C-Cbl-
mcherry and Ampka1-GFP plasmids (Figure 5B). Furthermore,
the Co-IP assay revealed that C-CBL interacted with the
C-terminus of AMPKa1l (392-598 aa) (Figure S8A-B). These re-
sults implied that AMPKal was a direct substrate of C-CBL.
Further, we found that overexpression of C-CBL, but not its
E3 ligase inactive mutant (C-CBL 70Z),%*%> boosted the ubig-
uitination of AMPKal; however, knockdown of C-CBL in
C2C12 myotubes attenuated AMPKal ubiquitination
(Figure 5C). These results indicated that C-CBL functioned as
an E3 ligase to catalyse ubiquitination of the AMPKa1l protein.
We then examined whether C-CBL regulated AMPKal protein
stability. As shown in Figure 5D, when C-CBL was overex-
pressed in C2C12 cells, AMPKal protein expression signifi-
cantly decreased, but no significant change was observed in
mRNA level (Figure S8C), AMPKa2 protein expression was
also not changed, when C-CBL was silenced in C2C12 cells,
AMPKal protein expression remarkably increased; however,
AMPKa2 protein expression was not changed. In addition,
the downregulation of AMPKal by C-CBL was blocked by
the proteasome inhibitor MG132 (10 pmol/L) for 24 h

(Figure S8D). We then constructed two mutants of ubiquitin,
lysine 48 or lysine 63 to arginine (K48R or K63R),%° and found
that C-CBL-induced AMPKal ubiquitination occurred through
K48-linked chains rather than K63-linked chains (Figure 5E),
suggesting that C-CBL-mediated ubiquitination targets
AMPKa1l for degradation. Four potential mutation ubiquitina-
tion sites on AMPKa1 (Figure S8E)?” revealed that lysine 396
to arginine (K396R), but not lysine 71 (K71R), lysine 265
(K265), or lysine 485 (K485), markedly attenuated ubiquitina-
tion of AMPKal by C-CBL (Figure SE). Only AMPKal K396R
was resistant to C-CBL-mediated degradation (Figures 5F
and Figure S8F). These findings indicated that C-CBL-medi-
ated AMPKal ubiquitination was attributed to the
K48-linked polyubiquitination of AMPKal at K396 and that
this modification played an important role in the regulation
of AMPKal protein stability.

Skeletal mature myofibre-specific CREG1 deletion
impaired muscle regeneration

Mature myofibres also played an important role in regulating
muscle stem cells microenvironment and regenerative
capacity.’? To further investigate the effect of CREG1 dele-
tion in mature myofibres on skeletal muscle regeneration,
we generated a myofibre-specific CregZ knockout mouse
(CregZIMKO) and control mice Creg 2™/ (Creq 7"y using
CRISPR/Cas9-mediated genome editing, and genotyping was
identified (Figure S9A,B). RT-PCR and western blot revealed
CREG1 transcripts and protein levels were markedly down-
regulated in TA muscles (Figure S9C,D). We found that 8-
week-old CregIMKO mice were indistinguishable from
Creg]ﬂ/ﬂ mice, based on appearance, weight, and histological
analysis of TA muscles (Figure S9E,F). Next, as shown in
Figure 6A-C, we found that more newly formed muscle fi-
bres, better muscle structure restoration and longer running
distance were observed in Creg]ﬂ/ﬂ than CregIMKO mice at
7 dpi. Consistently, there was some immature muscle
fibres remained in the TA muscle of CregZMKO mice, and
CSA was markedly decreased compared with those from
Creg]ﬂ/ﬂ mice muscle at 14 dpi (Figure 6D,E). These results
suggested that CREG1 deficiency of mature myofibre im-
paired muscle regeneration.

We performed RNA sequencing analysis to examine the
gene expression profiles in Creg 2/ and CregIMKO mice TA
muscles following CTX injection for 7 dpi. These genes were
divided into two groups: Set | (CTX up and CregZMKO down)
and Set Il (CTX up and CregIMKO up). As shown in
Figure 7A—C, Gene Ontology (GO) analysis showed that the
genes were enriched in muscle development and function in
Set | section, while genes in Set Il section were enriched in
molecular dysfunction and inflammation-related pathways.
In damaged muscle, transcription levels of Myod1, MyoG,
and Myf5 were lower in Creg ZMKO than in Creg]ﬂ/ﬂ mice TA
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matoxylin and eosin; TA, tibialis anterior.

muscle (Figure 7D). Previous studies have reported that ma-
ture myofibre inactivation often impairs muscle regeneration
by disturbance muscle satellite cells environment.** As for
inflammation, transcription levels of proinflammatory factors
IL6, IL-18 and TNF-a were markedly upregulated in CregZMKO

than in Creg]ﬂ/ﬂ mice TA muscle (Figure 7E). We also found
that Dickkopf 3 (Dkk3) gene was markedly upregulated in
Creg IMKO TA muscle, which plays an important role in nega-
tive regulating muscle regeneration. RT-PCR and western blot
analysis confirmed that the expression level of DKK3 mRNA

Journal of Cachexia, Sarcopenia and Muscle 2024; 15: 587-602
DOI: 10.1002/jcsm.13427



598 H.X. Song et al.

(A) (B) ©)
CTX-7dpi GO Set |
Creg 1t Creg IMKO Regulation of cell communication JmG— 11
2 Regulation of signaling -{—— 11
l§ Animal organ development -EEE———— 11
= -2 Regulation of biological quality -— 10
= Regulation of response to stimulus -{uu——— 10
8 Cytoskeletal motor activity - 4
\% Myosin complex {3
= Myosin filament sl 2
Q —
< 0 4 8 12
GO Set Il
| structure g s 13
R Response to external stimulus - .11
% Cell junction 9
% Negative regulation of molecular function -jums
; Negative regulation of catalytic activity -jummsl 5
*U:; Negative regulation of hydrolase activity a4
2 activation of immune response -l 3
B cell mediated immunity il 2
Complement activation il 2
L
(D) (E) 0 4 8 1216
— 1.5+ [ Cregi™n .
% B CregI MKO < 1.5 4.0
< 5 2 30 —
E 1.0 2 1.0 25 i ' .—|_.
g o & z 2.0 —l—
) % k g o
> 0.57 0.5 =
g "o o * K o 10
s [ 5 = S
M O— T T T T O G \\Iﬂ\ IO = 1k\ IO
\ \ &
AR (AR A SR CRS ) \ \
Cy YO« vwo My NWS C\'@% Oo\kh C,(eop $ OO\@
cj@ @)
(F)
3.0; * 5k _ 235 * % — 301 * %
—_— o - [5)
0 _+_' § 2.04 — E 20 T
= 2.0 —l— = . < 209 1
~ ~
% 10| s £ 1.0] == £ 1.0{ g
= 3
Y o, 0.5 E
% 2 Qoo
h D 0 = 0 0 QO \i\“\ ‘é,O
| \
@ &f& A\ \&h\L e® \k“
o N e
ha o b s
C(Q/ C{ C(
CTX-7dpi
Creg]ﬂ/ﬂ CV@g]MKO
- =
DKK3 | == o o e o o
|

GAPDHF'...---"
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and protein was significantly elevated (Figure 7F). These find-
ings suggested that deficiency of CREG1 in mature myofibre
declined muscle regeneration capacity following injury.

C-Cbl knockdown could improve CregIMKO mice
muscle regeneration in vivo

Additionally, we assessed whether C-CBL knockdown could
improve the detrimental effects of CREG1 deficiency on
skeletal muscle regeneration in vivo. The TA muscles of
CregIMKO mice were injected with control or AAV-shC-Cbl
(Figure 8A). C-CBL expression in TA muscles was silenced
by AAV-shC-Cbl injection through muscle location, and de-
termined by RT-PCR and western blot analysis (Figure 8B,
C). Silencing C-CBL in the TA muscles of CregZMKO mice
significantly improved skeletal muscle regeneration induced
by CTX intramuscular injury. As shown in Figure S10, at 3
dpi, CregIMKO mice injected with AAV-shC-Cbl regenerating
muscle contained much more EMH* muscle fibres by IHC
staining. At 7 dpi, better restoration of muscle structure
with less necrotic muscle fibres and more regular shaped
muscle fibres was observed in CregZMKO mice injected with
AAV-shC-Cbl (Figure 8D), and myogenic differentiation gene
expression was upregulated (Figure 8E). These results
indicated that C-CBL knockdown rescued muscle regenera-
tion capacity following injury in CREG1 knockout mature
myofibres.

Discussion

In the present study, we identified that CREG1 was a muscle
protective factor in skeletal muscle regeneration for several
reasons: (1) CREG1 deficiency of muscle satellite cells signif-
icantly impeded myogenic differentiation and muscle regen-
eration; overexpression of CREG1 in muscle satellite cells
could accelerate the skeletal muscle regeneration process;
(2) the protective role of CREG1 in skeletal muscle regener-
ation was dependent on negatively regulating C-CBL; further
mechanistic investigations revealed that C-CBL inhibited sat-
ellite cells differentiation by directly degrading the substrate
protein AMPKal, affecting the AMPKal signalling pathway;
(3) CREG1 ablation in muscle mature myofibre inhibited
muscle satellite cells differentiation and muscle regeneration
following injury, which was probably through disturbing
muscle satellite cells microenvironment (Figure S10C). Taken
together, our findings provide promising evidence of how
CREG1 acts as a positive regulator of skeletal muscle
regeneration.

Previous studies have identified that CREG1 is a secreted
glycoprotein that is conserved throughout evolution and is
expressed in many tissues, including the spleen, liver, kidney,

lung, heart, fat tissue, and skeletal muscle. The expression
level of CREG1 is low in undifferentiated embryonic stem
cells and embryonal cells and is rapidly upregulated upon
cellular differentiation.’® These results suggest that CREG1
plays a vital role in development and normal physiology.
Studies have revealed that CREG1 could induce differentia-
tion as a soluble factor in embryonal carcinoma cells; overex-
pression of CREG1 augmented retinoic acid-induced differen-
tiation of embryonal carcinoma cells into the neuronal
lineage; CREG1 expression was induced during the differenti-
ation of human vascular smooth muscle cells; using gain- and
loss-of-function analysis, we have also shown that CREG1 in-
duced cardiomyogenic differentiation from embryonic stem
cells.**2® These research results verified that CREG1 played
an important role in promoting cell differentiation; however,
its precise role in myogenic differentiation, especially in re-
generation, is not clear. Here, our data revealed that CREG1
knockdown by AAV impeded myogenic differentiation and
skeletal muscle regeneration after injury in vivo. Further,
muscle satellite cells CREG1 over-expression accelerated
CTX-induced skeletal muscle regeneration process compared
with control mice. Thus, these findings demonstrated that
CREG1 positively regulated skeletal muscle regeneration.

To elucidate the molecular mechanism of CREG1 regulat-
ing muscle satellite cells differentiation and skeletal muscle
regeneration, we used the Mud-PIT mass spectrometric
analysis approach to identify C-CBL as a potential interactant
for CREG1 in C2C12 cells. C-CBL was identified as a gene
encoding a RING finger E3 ubiquitin ligase, regulating the
differentiation of osteoblasts, neuroblasts, oligodendrocytes,
and myeloblastic leukaemic cells.?**° Loss-of-function and
gain-of-function experiments in vitro provided evidence that
C-CBL also played a negative role in myogenic differentia-
tion. Furthermore, the lack of CREG1 resulted in increased
expression of the C-CBL protein at the post-transcriptional
level, but not at the transcriptional level; however, we found
that CREG1 may not directly interact with C-CBL. Therefore,
we used the UbiBrowser 2.0 database platform (http://
ubibrowser.bio-it.cn/ubibrowser_v3/) to predict E3 ubiquitin
ligase activity when C-CBL was the substrate protein. The
predicted results showed that Nedd4, Sumurf2, and ITCH
may participate in the degradation of C-CBL as E3 ubiquitin
enzymes. Our detection revealed that ITCH overexpression
could significantly downregulate the protein level of C-CBL,
and ITCH silenced could significantly increase the protein
level of C-CBL. Studies have found that the ITCH protein
could interact with CBL in several cell types and regulate
CBL ubiquitylation degradation®'; however, whether the
combination of the two proteins exists in satellite cells has
not yet been investigated. We verified the interaction via
Co-IP and colocalization of ITCH1 and C-CBL in C2C12 cells
by confocal imaging. ITCH overexpression increased the
ubiquitination level and led to increased degradation of
substrate CBL protein. We also demonstrated that CREG1
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sin; TA, tibialis anterior.

regulates the expression of ITCH at the transcriptional
and translational levels in vivo and in vitro. These data sug-
gest that CREG1 modulates C-CBL expression by regulating
ITCH.

C-CBL, as an E3 ubiquitin ligase, recognizes activated target
proteins and ubiquitinates them.3**3 We used the Mud-PIT

mass spectrometric analysis approach to reveal that C-CBL
may interact with AMPKal in C2C12 cells. Recent studies
have shown that AMPKal, the dominant AMPKa isoform in
satellite cells, facilitates myogenic differentiation and skeletal
muscle regeneration following injury. AICAR, an AMPK activ-
ity agonist, successfully improved muscle regeneration in
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obese mice?**; however, AMPKal knockout in satellite cells
abolished the positive effect of AICAR administration on skel-
etal muscle regeneration. These results confirm that AMPKal
plays a critical role in skeletal muscle regeneration following
injury. To further investigate how C-CBL modulates AMPKal
protein stability, in our study, AMPKal was demonstrated to
interact with E3 ubiquitin ligase C-CBL, and C-CBL can stabi-
lize AMPKal by catalysing K48-linked polyubiquitination.
K48-linked chains, the most abundant linkage type, are
involved in the delivery of substrate proteins to the
proteasome for degradation. Moreover, the C-CBL mutant
(70Z) or silencing in vitro and in vivo improved satellite cell
differentiation and muscle regeneration by destabilizing
AMPKal via inhibition of K48-linked ubiquitination. Further-
more, among the four mutants, only AMPKal K396R
prevented C-CBL-mediated degradation. Another study re-
ported that oncogenic MAGEA-TRIM28 ubiquitin ligase
targeted AMPKal for ubiquitination and proteasome-
mediated degradation in cancer.® In our study, we did not
detect MAGEA-TRIM28 ubiquitin ligase expression with or
without CREG1 deficiency following muscle injury. These find-
ings indicate that C-CBL-mediated K48-linked AMPKal poly-
ubiquitination plays a novel role in skeletal muscle regenera-
tion in the absence of CREG1.

Skeletal muscle repair is a complex process including
inflammatory  response, muscle regeneration and
remodelling.>*3” Muscle satellite cells are defined as the ma-
jor contributor of muscle regeneration, professor Meng
team'? identified that mature myofibre played an important
role in regulating satellite cells microenvironment and muscle
regeneration through the paracrine manner. In the resent
study, myofibre-specific CregZ knockout mouse was gener-
ated and did not demonstrate alterations in terms of
myofibre number and size in 8-week-old mice; however,
CREG1 deletion decreased the number of type | fibre in skel-
etal muscles of 9-month-old CregZMKO mice. RT-PCR results
showed that expression of MHCI mRNA level was significantly
downregulated in CregZMKO mice compared with Creg]ﬂ/ﬂ
mice at 9-month-old.*® These findings indicated that the loss
of CREG1 may affect the molecules involved in fibre type
switching and even cause skeletal muscle atrophy with aging,
but we would investigate this further. Following CTX injec-
tion, CREG1 deletion in mature myofibres markedly inhibited
muscle satellite cells differentiation and muscle regeneration.
RNA sequencing analysis suggested that CTX injection in
CregIMKO mice led to downregulation of genes in muscle
development and upregulation of secreted-protein encoding
genes, especially Dkk3. It was demonstrated that DKK3 was
abundantly produced and secreted in skeletal muscle®®3°
and negatively regulates skeletal muscle regeneration
through paracrine signalling. As expected, RT-PCR and west-

ern blot data confirmed that the expression of DKK3 mRNA
and protein levels were elevated significantly. We speculated
that CREG1 deficiency in mature myofibre prevented muscle
regeneration through probably promotion of DKK3 produc-
tion and secretion. Immune cells could communicate with
muscle satellite cells and impact the muscle regeneration
process. Some studies have demonstrated that perturbation
of immune homeostasis impaired muscle regeneration, and
persistent inflammation was one reason of muscle repair
deficits.>® Our data showed that CTX injection at 7 dpi in
Creg IMKO mice may cause excessive inflammatory response
and damage the differentiation capacity of muscle satellite
cells. However, the detailed molecular mechanism needs us
to explore further.

Taken together, our study uncovers a novel role of CREG1
in muscle satellite cells in modulating muscle regeneration
through regulating C-CBL-AMPKa1l signalling, and in mature
myofibres modulating muscle regeneration through
impacting muscle satellite cells microenviroment. These find-
ings suggest that CREG1 may be a potential target for thera-
peutic intervention in skeletal muscle regeneration following
injury.
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