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Abstract

Background Skeletal muscle is the largest tissue in mammals, and it plays a crucial role in metabolism and
homeostasis. Skeletal muscle development and regeneration consist of a series of carefully regulated changes in gene
expression. Leiomodin2 (LMOD?2) gene is specifically expressed in the heart and skeletal muscle. But the physiological
functions and mechanisms of LMOD?2 on skeletal muscle development are unknown.

Results In this study, we examined the expression levels of the LMOD2 in porcine tissues and C2C12 cells. L(MOD? is
mainly expressed in the heart, followed by skeletal muscle. The expression level of LMOD?2 gradually decreased with
skeletal muscle growth, but increased after injury. LMOD2 expression levels increased gradually with C2C12 cells
proliferation and differentiation. In terms of function, the muscle fiber types were altered after L(MOD2 was knocked
out in C2C12 cells, MyHC-I and MyHC-2b were inhibited, whereas MyHC-2a and MyHC-2x were promoted. LMOD?2
knockout has different effects on LMOD family, LMOD1 expression level was promoted, while LMOD3 was inhibited.
Loss of LMOD2 suppressed cell viability and PAX7 protein expression. At the transcriptome level, proliferation-related
genes and muscle contraction-related genes were respectively inhibited after LMOD2 knockout. In terms of molecular
networks, a series of experiments have shown that MyoG is a transcription factor for LMOD2, while miR-335-3p can
negatively regulate LMOD2 expression. We screened ACTCT as a candidate interacting protein for LMOD2 using
protein prediction software and RNA-seq, and Co-IP experiments confirmed the relationship between LMOD2 and
ACTCI. In vivo, Lentivirus-mediated LMOD2 knockdown reduces muscle mass. LMOD2 knockdown inhibited MyHC-|
mMRNA expression, but had no effect on MyHC-2b. The protein expression of MyHC-I, MyHC-2x, and MyHC-2b was
suppressed after LMODZ2 knockdown.

Conclusions Collectively, our data indicates that LMOD2 knockout inhibits myoblast proliferation and alters muscle
fiber types. MyoG is a transcription factor for LMOD2, while miR-335-3p can negatively regulate LMOD2 expression.
Moreover, LMOD2 and ACTCT interact to regulate myogenic differentiation. Our study provides a new target for
skeletal muscle development.
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Background

Skeletal muscle accounts for about 50% of adult body
weight in mammals, and is one of the most dynamic and
flexible tissues, playing a crucial role in metabolism and
movement [1]. Embryonic skeletal muscle generation and
postnatal regeneration depend on myogenesis [2]. How-
ever, myogenesis is a complex and rigorous process in
which mononuclear myoblasts proliferate and differenti-
ate to form multinucleated myofibers [3]. This process is
tightly and sophisticatedly regulated by myogenic regula-
tory factors (MRFs), including Myf5, MyoD1, MyoG and
Myf6. Skeletal muscle is composed of a series of muscle
fibers. However, with the increasing global aging, muscle
atrophy and muscle loss have become a common disease.
It is significant to identify more key genes involved in
skeletal muscle development.

Intricately designed striated muscles are composed
of different cytoskeletons. Coordinated action between
the sarcomere and the cytoskeletons is crucial for myo-
genesis. With huge advances in technology, numerous
other significant muscle contraction proteins will cer-
tainly be discovered [4]. In 2001, Transcripts encoding
the novel Lmod gene are present in fetal and adult heart
and adult skeletal muscle, and it is named cardiac Leio-
modin (LMOD?2) [5]. It is worth noting that the LMOD2
transcript was first detected in the hearts of chickens
only after the heart began beating. Immunofluorescent
staining of rat and chicken cardiomyocytes indicated that
LMOD?2 localizes to actin filament pointed ends [6]. The
increase in the expression level of LMOD?2 in the heart
can lead to a 10% elongation of filaments [7]. Conversely,
heart-specific conditional LMOD2 knockout mice died
with severe left ventricular systolic dysfunction, and the
cardiac filaments of the knockout mice were uneven and
significantly reduced in length [8]. These indicate that
LMOD?2 plays an important role in regulating cardiac
contractility and thin filament length [9]. So far, the focus
on the LMOD?2 gene has mainly been on the heart, while
its role in skeletal muscle has been ignored. However,
recent sequencing results have revealed that LMOD?2 is
differentially expressed at different stages of skeletal mus-
cle development [10]. LMOD?2 is also highly expressed
in injured and aged skeletal muscles [11, 12]. Compared
with other muscle types, LMOD?2 is mainly expressed in
the soleus muscle, and LMOD?2 is critical for specifying
thin-filament length in skeletal muscle [13]. The soleus
muscle of LMOD2 knockout mice has shorter filaments,
and the fiber type switched from fast muscle to the slow
muscle [14]. However, the function of LMOD?2 in skel-
etal muscle myogenesis and its molecular mechanisms
remain unclear.

In this study, we speculated that LMOD2 gene could
be a crucial factor in skeletal muscle myogenesis. This
prompted us to conduct an in-depth study on the effect
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of LMOD2 on myogenesis in this research. We found that
the proliferation ability of LMOD2 knockout cells was
suppressed and the muscle fiber type was altered. We
constructed the molecular network of LMOD?2 regulating
myogenic differentiation. Our results demonstrate that
LMOD?2 plays an important role in the regulation of skel-
etal muscle.

Result

In vitro and in vivo characterization of LMODs family
expression in skeletal muscle

Pigs are often used as a research model. We detected
the expression level of LMODI1-3 in pig tissues, and
found that LMODI1 was lowly expressed in heart and
skeletal muscle (Fig. 1A), LMOD2 was highly expressed
in heart and skeletal muscle (Fig. 1B), and LMOD3 was
highly expressed in skeletal muscle and lowly expressed
in heart (Fig. 1C). LMOD1 protein expression was not
detected in pig skeletal muscle. The protein expression of
LMOD?2 and LMOD3 were upregulated at 1 and 4 days
after skeletal muscle injury, then decreased to normal
levels (Fig. 1D-E). The protein expression of LMOD2 and
LMOD3 gradually decreased after birth in pigs (Fig. 1F-
G). In vitro, we found that LMODI gradually decreased
with myoblasts proliferation, while LMOD2 and LMOD3
were the opposite (Fig. 1H). The mRNA and protein
expression of LMODs increased gradually with the myo-
blasts differentiation (Fig. 1I-J). According to previous
research, LMOD3 can promote differentiation and prolif-
eration of myoblasts through the AKT and ERK pathways
[15]. Considering that the expressions of LMOD2 and
LMOD3 are similar, we speculated that LMOD?2 is also a
crucial factor in skeletal muscle myogenesis. Therefore,
LMOD?2 is selected as the object of further study.

The effect of LMOD2 knockout on myogenic differentiation
To investigate the role of LMOD?2 in myogenesis, we con-
structed LMOD?2 knockout cell lines with CRISPR-Cas9
technology (Fig. 2A). The PCR and Sanger sequenc-
ing results showed that exon 1 of the LMOD?2 gene was
deleted at 79 bp (Fig. 2B-C), and further verification
results showed that LMOD2 could not be detected at
mRNA and protein levels (Fig. 2D-F). Functionally, the
mRNA expression of MyHC-I and MyHC-2b was inhib-
ited after LMOD2 knockout, while the opposite results
were observed for MyHC-2a and MyHC-2x (Fig. 2G-
J). Immunofluorescence staining results showed that
MyHC-I and MyHC-2b were rarely observed in LMOD2
knockout compared to the wild type, whereas MyHC-2a
and MyHC-2x were the opposite (Fig. 2K). Western blot
results showed that after LMOD2 knockout, MyHC-I and
MyHC-2b protein expression was inhibited, MyHC-2a
protein expression was promoted, and MyHC-2x protein
expression was not statistically significant (Fig. 2L-M).
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Fig. 1 In vitro and in vivo characterization of LMOD family expression in skeletal muscle. A-C The expression profile of LMOD1-3 in pig tissues was de-
tected by gRT-PCR (n = 3). D-G The protein expression of LMOD2 and LMOD3 during pig skeletal muscle regeneration (n = 3), and development (n =
4), was detected by Western blot. H The mRNA expression of LMODs during C2C12 cells proliferation was detected by gRT-PCR (n = 3). I-J gRT-PCR and
Western blot were used to detect the expression of LMODs during C2C12 cells differentiation. Values represent mean=+SE. *, P<0.05; **, P<0.01
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Fig. 2 The effect of LMOD2 knockout on myogenic differentiation. A gRNAs of LMOD2 gene were designed and synthesized. B-C PCR and Sanger se-
quencing techniques were used to identify whether the LMOD2 gene was knocked out. The red word indicate the sequences in which LMOD2 gene was
deleted. D-F The efficiency of LMOD2 gene knockout was detected by gRT-PCR and Western blot (n=3). G-M gRT-PCR, Immunofluorescence staining and
Western blot were used to detect the regulatory effect of LMOD2 knockout on four types of muscle fibers (n=3), scale bar =200 um. N-Q gRT-PCR and
Western blot were used to detect the effect of LMOD2 knockout on LMOD1 and LMOD3 (n=3).Values represent mean +SE. ", P<0.05; ", P<0.01

LMODI and LMOD3 genes are homologous genes of
LMOD2, After LMOD2 knockout, LMODI expression
was enhanced, but LMOD3 expression was inhibited

(Fig. 2N-Q).

RNA-seq reveals the effect of LMOD2 knockout on
transcription levels

In order to understand the effect of LMOD2 gene on
myoblast proliferation, CCK-8 and Western blot experi-
ments showed that cell proliferation was suppressed
after LMOD2 knockout (Fig. 3A-C). Then, during the
cell proliferation phase, RNA-seq found that 1745 genes
were down-regulated and 1631 genes were up-regulated
after LMOD?2 knockout (Fig. 3D-E). Among the down-
regulated genes contains some proliferative marker genes
such as Mki67 and Pcna (Fig. 3F). The GO, KEGG, and
GSEA analyses of Down-regulated genes found that most
of the genes were involved in DNA replication (Fig. 3G-
]). During the cell differentiation stage, RNA-seq found
that 1239 genes were down-regulated and 881 genes were
up-regulated after LMOD?2 knockout (Fig. 3K-L). Down-
regulated genes GO analyses found that most of the genes
were related to muscle contraction (Fig. 3M). Down-reg-
ulated genes KEGG analyses found that most of the genes
were related to hypertrophic cardiomyopathy and MAPK
signaling pathway (Fig. 3N). Integration of transcriptome
data showed that the LMOD?2 gene was highly correlated
with muscle contraction genes (Fig. 30).

LMOD?2 is a target gene of MyoG and miR-335-3p
Myogenic regulatory factors (MRFs) are responsible for
determining the fate of myoblasts. We examined the
effects of LMOD2 knockout on MyoDI and MyoG genes,
and found that MyoD1 expression was promoted, while
MyoG expression was inhibited (Fig. 4A-C). Further,
Compared with MyoDI1, MyoG knockdown inhibited
LMOD?2 expression at both proliferation and differen-
tiation stages (Fig. 4D-E). This may be because MyoD1
is mainly expressed in type II muscle fibers, while MyoG
is mainly expressed in type I muscle fibers. Therefore,
we speculated that MyoG is a transcriptional regulator
of LMOD?2. Further, this idea was confirmed by Double-
luciferase reporter experiment (Fig. 4F). These results
indicate that MyoG and LMOD2 are mutually adjustable.
Our results indicate that LMOD? is a positive regulatory
factor for satellite cell differentiation, and LMOD2 mainly
regulates slow muscle phenotype.

MicroRNAs (miRNAs) usually act as negative regula-
tors by influencing mRNA stability. To further under-
stand the molecular regulatory network of LMOD2 in
myoblasts, we use miRNA-seq to screen the upstream
miRNAs of LMOD?2. Compared with the wild type (WT),
148 miRNAs were down-regulated and 118 miRNAs
were up-regulated after LMOD2 knockout (Fig. 4G). The
correlation between samples showed good reproducibil-
ity in the group (Fig. 4H). Cluster heat maps showed up
and down regulated miRNAs (Fig. 4I). The venny results
from miRNA-seq and miRDB website indicated that
miR-335-3p is a candidate miRNA for LMOD?2 (Fig. 4]).
Further verification results showed that miR-335-3p
expression was up-regulated after LMOD2 knockout
(Fig. 4L). The expression level of miR-335-3p gradu-
ally decreased with myoblasts differentiation (Fig. 4M).
MiR-335-3p overexpression significantly suppressed
the mRNA expression of LMOD?2, but had no effect on
the protein (Fig. 4N-P). Then, miR-335-3p overexpres-
sion decreased the luciferase activity of LMOD2-W'T
(Fig. 4Q). These results indicated that LMOD?2 is the
direct target gene of miR-335-3p.

LMOD?2 interacts with ACTC1 to regulate myogenic
differentiation

To further understand the mechanism by which LMOD2
regulates myogenic differentiation, we used RNA-seq and
STRING to screen the proteins that bind to LMOD?2 in
myoblasts. The venn diagram results from RNA-seq and
STRING showed that seven genes could possibly interact
with LMOD2, namely HSPB7, LMOD3, TRIMS54, CASQ2,
ACTCI, MYLI and MYH?7 (Fig. 5A-B). It is worth noting
that ACTCI (Actin alpha cardiac muscle 1), is an essen-
tial member of the actin family and is mainly expressed
in heart tissue. Therefore, we speculate that ACTC1 is a
potential binding protein of LMOD2. We found ACTC1
protein expression level was inhibited after LMOD2
knockout (Fig. 5C-D). To confirm the LMOD2-ACTC1
association, we immunoprecipitated ACTC1 in myo-
blasts and found that both ACTC1 and LMOD2 were
present in the precipitate (Fig. 5E). The above results
validated the interaction between LMOD2 and ACTCI.
We found that ACTC1 protein increased gradually
with myoblast differentiation, suggesting that ACTCI
may be involved in the regulation of myoblast differen-
tiation (Fig. 5F). To clarify the function of ACTCI, we
designed three pairs of small interfering RNA (siRNA)
for ACTC1, and si-ACTCI-1073 was found to have the
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Fig. 3 RNA-seq reveals the effect of LMOD2 knockout on transcription levels. A Cell proliferation rate after LMOD2 knockout was detected by CCK-8
(n=3). B-C The protein expression of proliferation marker gene PAX7 was detected by Western blot after LMOD2 knockout (n=3). D During the cell pro-
liferation phase, Volcanic maps of RNA-seq indicated differentially expressioned genes after LMOD2 knockout (n=3). E Cluster heat maps showed up and
down regulated genes (n=3). F Genes associated with proliferation were shown in picture after LMOD2 knockout (n=3). G-J During the cell proliferation
phase, Down-regulated genes of RNA-seq were analyzed by GO, KEGG and GSEA (n=3). K During the cell differentiation stage, Volcanic maps of RNA-seq
indicated differential genes after LMOD2 knockout (n=3). L Cluster heat maps showed up and down regulated genes (n=3). M-N During the cell differen-
tiation stage, Down-regulated genes were analyzed by GO and KEGG (n =3). O The expression of muscle fiber MyHC type and muscle contraction-related
genes was shown in picture after LMOD2 knockout (n=3).Values represent mean +SE. ", P<0.05; ~, P<0.01

best inhibitory effect (Fig. 5G). Functionally (Fig. 5H-]),
ACTCI knockdown inhibited the expression of myogenic
differentiation marker genes MYHC and LMOD?2. Our
results indicate that LMOD?2 interacts with ACTCI to
regulate myogenic differentiation.

Lentiviral-Mediated LMOD2 knockdown reduced muscle
mass

To verify the effect of LMOD2 on muscle mass and myo-
genic differentiation in vivo, we injected LV-sh-NC and
LV-sh-LMOD?2 intramuscularly into the left and right
legs respectively of 4-week-old mice (Fig. 6A-B). Knock-
down of LMOD?2 significantly reduced the weight of the
hind limb, QU and GAS muscles, but it has no effect on
the TA muscle (Fig. 6C-G). qRT-PCR showed that the
mRNA expression of MyHC I was significantly decreased
after LMOD?2 knockdown, and MyHC 2b had no effect
(Fig. 6H). Western blot showed the protein expression of
MyHC I, MyHC 2x, MyHC 2b were remarkably reduced
by LMOD?2 knockdown, while that of MyHC 2a was no
effected (Fig. 61-]). These results show that the LMOD2
gene mainly regulates MyHC I type muscle fibers.

Discussion

The process of myoblast proliferation and differentia-
tion is called myogenesis, and it is not only important for
muscle development and growth, but also necessary for
muscle regeneration [16]. In this study, we revealed that
LMOD2 and LMOD3 expression trends are highly similar
in tissue, skeletal muscle development and regeneration,
and myogenesis, suggesting that LMOD2 may have the
same function as LMOD3. Remarkably, LMODI has long
been known as a smooth muscle specific expression gene
[17]. We first discovered that LMODI is lowly expressed
in skeletal muscle, but differentially expressed during
myogenesis, suggesting that LMODI may have regulatory
function in myogenesis. After a comprehensive compari-
son, we chose LMOD?2 for further study.

CRISPR-Cas9 gene editing system is a common tool
for studying gene function [18]. Thus, we successfully
constructed the LMOD2 knockout (KO) C2C12 cells
using CRISPR-Cas9 in vitro, and found that LMOD2-
KO inhibited MyHC-I and promoted MyHC-2a expres-
sion, which is inconsistent with a previous report in mice
[19]. We speculate that this may be caused by differences
in vivo and in vitro. Further, LMODI expression was

upregulated 10-40 times after LMOD2 knockout com-
pared to the wild type (WT). That may be because the
CArG boxes for LMOD2 and LMODI are similar [20].
In addition, elevated LMODI levels may be a compensa-
tory mechanism for LMOD2 deficiency. In contrast, the
LMOD3 expression was inhibited after LMOD2 knock-
out. LMOD3 may coordinate with LMOD2 to regulate
myogenic differentiation.

In fact, we observed functional and morphological
differences between LMOD2-KO and WT. At the tran-
scriptome level, KEGG of down-regulated genes such as
MYH7 and ACTCI are mainly enriched in hypertrophic
cardiomyopathy. Interestingly, human LMOD2 is located
near the hypertrophic cardiomyopathy locus CMH6 on
chromosome 7q3 [21]. Taking these results into consider-
ation, ACTC1I, a gene that is highly expressed in the heart
and skeletal muscle [22, 23], caught our attention. ACTC1
expression in myoblasts differentiation is the same as that
of LMOD?2. Functionally, ACTC1 knockdown suppressed
myogenic differentiation, consistent with the previous
report on bovine myoblast [24]. In addition, our study
further found that ACTCI knockdown did not change
muscle fiber types. In summary, LMOD2 and ACTCI
only synergistically act on myoblast differentiation, but
not on muscle fiber type transformation.

Myogenesis is regulated by several crucial transcription
factors, including myogenic differentiation 1 (MyoDI)
and myogenin (MyoG) [25-27]. MyoD1 is prevalent in
fast muscles and MyoG in slow muscles [28]. LMOD2
knockout results in up-regulation of MyoD1 and down-
regulation of MyoG. Compared with MyoD1, MyoG is
highly positively correlated with LMOD2 expression.
Mice with MyoD1 knockout display a slow muscle pheno-
type [29]. In contrast, low doses of MyoG promote a fast
muscle phenotype [30]. We finally confirmed that MyoG
is a true transcription factor for LMOD2. MicroRNA
(miRNA) is a class of conserved small single-stranded
RNA, generally act as a negative regulator of protein
translation [31]. In order to construct the molecular net-
work that LMOD?2 regulates myoblast differentiation,
we performed miRNA-seq sequencing and found that
148 genes were down-regulated and 118 genes were up-
regulated. The expression trend of miRNA was usually
opposite to that of its target genes [32]. After LMOD2
knockout, the miR-335-3p expression was up-regulated.
On the other hand, contrary to LMOD2, miR-335-3p
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(See figure on previous page.)

Fig.4 LMOD?2 is a target gene of MyoG and miR-335-3p. A-C gRT-PCR and Western blot were used to detect the mRNA and protein expression of MyoD1
and MyoG after LMOD2 knockout (n=3). D The effect of MyoD1 knockdown on LMOD?2 gene expression in the proliferation (Pro) and differentiation (Dif)
of C2C12 cells was detected by gRT-PCR (n=3). E The effect of MyoG knockdown on LMOD2 gene expression in the proliferation (Pro) and differentia-
tion (Dif) of C2C12 cells was detected by gRT-PCR (n=3). F In the Dual-luciferase reporter assay, the LMOD2-WT and LMOD2-MUT report vector was co-
transfected with the MyoG or Vector into HEK293T cells (n=3). G Volcanic maps of miRNA-seq indicated up-regulated and down-regulated miRNAs after
LMOD?2 gene knockout (n=3). H Correlation analysis between samples of miRNA-seq (n = 3). I Cluster heat maps showed up and down regulated miRNAs
(n=3).J The candidate miRNAs of LMOD2 were screened by miRNA-seq and miRDB website. K-L The Effect of LMOD2 gene knockout on miRNA-335-3p
was detected by RNA-seq and gRT-PCR (n=3). M The expression trend of miRNA-335-3p in myogenic differentiation was detected by qRT-PCR (n=3). N
The effect of miRNA-335-3p overexpression on LMOD2 was detected by gRT-PCR during myoblasts proliferation and differentiation stages (n=3). O-P,
During the differentiation of myoblasts, the effect of miRNA-335-3p on LMOD? protein was detected by Western blot (n=3). Q In the Dual-luciferase
reporter assay, the LMOD2-WT and LMOD2-MUT report vector was co-transfected with the miRNA-335-3p mimic or mimic NC into HEK293T cells (n=3).

Values represent mean + SE. * P<0.05;" P<0.01

expression gradually decreased with myogenic differen-
tiation. Similar to miR-100-5p [33], miR-335-3p may be
negatively correlated with myoblast differentiation. Pre-
vious studies have shown that miR-335-3p regulates cel-
lular biological processes by targeting different genes,
but has not been reported in skeletal muscles [34—36].
At present, our study only proved that miR-335-3p has a
targeting relationship with LMOD2, and the function of
miR-335-3p still needs to be further explored.
Intramuscular injection of lentiviruses in mice has been
widely used to study gene function [37]. We injected len-
tiviruses in vivo to silence LMOD2 expression and found
that LMOD2 knockdown significantly reduced muscle
mass. In more detail, LMOD2 knockdown in vivo has a
stronger inhibitory effect on slow muscles than on fast
muscles. Previous studies have reported that the LMOD2
gene is associated with muscle fiber hypertrophy in ani-
mals [38, 39]. Thus, it can be concluded that LMOD2
mainly positively regulates the expression of slow muscle
genes to affect the process of muscle differentiation.

Conclusions

Collectively, LMOD2 knockout inhibits myoblast prolif-
eration and alters muscle fiber types. In molecular net-
works, MyoG is a transcription factor for LMOD?2, while
miR-335-3p can negatively regulate LMOD2 expression.
Moreover, ACTCI and LMOD?2 interact to regulate myo-
genic differentiation. Our study provides a new target for
skeletal muscle development.

Materials and methods

Sample Preparation

In this study, all the animals were euthanized. These pigs
were stunned by electric shock and then bled to death.
We collected longissimus dorsi muscle of pigs at differ-
ent developmental stages (n=4). In terms of muscle injury
and regeneration in pigs, 1 mL of 40 uM Cardiotoxin
(9012-91-3, BOYAO, Shanghai, China) was injected into
the longissimus dorsi muscle of 35-day-old pigs to induce
muscle injury. The pigs were euthanized on the 1st, 4th,
and 16th days after injection. Samples of the longissimus
dorsi muscle were taken from the injection site.

Cell culture

C2C12 cells and 293T cells (ATCC, New York, USA)
were cultured in growth medium (GM). In short, the cells
were cultured in DMEM (Gibco, CA, USA) containing
10% bovine serum (FBS, Gibco, CA, USA). For C2C12
cells differentiation, when the cell density reaches 80%,
the cells were cultured in DMEM containing 2% Horse
serum (HBS, Gibco, CA, USA). All cells were cultured in
an incubator of humid environment at 5% CO, and 37 C.

Plasmids, sirnas, and transfection

The Plasmids and siRNAs in this paper were designed
and synthesized by GenePharma (Suzhou, China). When
the cell density reached about 35%, transient transfection
was performed with lipofectamine 2000 reagent (Invitro-
gen, Carlsbad, CA, USA) according to the instructions.
All ligonucleotide sequences are listed in Table S1.

Total RNA extraction and quantitative Real-time PCR

Total RNA was extracted from cells and tissues using
TRIzol reagent (Invitrogen, Carlsbad, CA, USA). Then,
total RNA was reverse-transcribed into cDNA by using
a kit (Invitrogen, Carlsbad, CA, USA). RT-qPCR was
performed using SYBR Green Kit (TransGen, Beijing,
China), and the relative expression of genes was cacu-
lated by the 2722t method. All primer sequences are
listed in Table S2.

Generation of LMOD2 knockout C2C12 cells

LMOD?2 gene was knocked out using CRISPR-Cas9 sys-
tem. In brief, a pair of guide RNA (gRNA) was designed
and transfected into C2C12 cells. The deletion of target
sites was verified by DNA sequencing and PCR.

RNA-seq and analysis

Total RNA was extracted from LMOD2-KO and C2C12
cells for sequencing. Sequencing and analysis were per-
formed by Majorbio Bio-Pharm Technology Co. Ltd.
(Shanghai, China). In the process of differential expres-
sion gene detection, Fold Change was greater than 2 and
FDR<0.01 were used as screening criteria. During the
detection of differentially expressed miRNA, |log2(FC)]| is
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Fig. 5 LMOD? interacts with ACTCT to regulate myogenic differentiation. A RNA-seq screened differential genes in myoblasts proliferation (0d) and dif-
ferentiation (4d) after LMOD2 knockout (n = 3). B Venn diagram analyzed the intersection genes of RNA-seq and STRING. C-D ACTCT protein expression
in LMOD2 knockout cells was detected by Western blot (n = 3). E The C2C12 cells were Immunoprecipitated with ACTCT antibody and then Western
blot with anti-ACTC1 and anti-LMOD2. F The protein expression of ACTC1 during myogenic differentiation was analyzed by Western blot (n = 3). G The
knockdown efficiency of ACTCT gene in myoblasts by small interfering RNAs (siRNAs) was detected by gRT-PCR (n = 3). H-1 Western blot analysis of the
effect of ACTC1 knockdown on MYH3 protein (n = 3). J The effect of ACTCT knockdown on LMOD2, MyHC I, MyHC 2a, MyHC 2x and MyHC 2b was detected
by gRT-PCR (n = 3). Values represent mean+SE. *, P<0.05; **, P<0.01
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knockdown was analyzed by Western blot (n = 3). Values represent mean+SE. *, P<0.05; **, P<0.01
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greater than 0.58 and FDR<0.05 was used as screening
criteria.

Cell counting Kit-8 (CCK-8) assay

LMOD2-KO and C2C12 cells were seeded at a density of
1x10° in 96-well plates. Then, CCK-8 (AFExBIO, USA)
solution was added at O h, 24 h and 48 h after cell culture.
The absorbance at 450 nm was detected by the instru-
ment after incubation for 4 h.

Western blot analysis

The total proteins were extracted from cells and tissues
using the RIPA (Beyotime). Antibody information is as
follows: Anti-LMOD1 (15117-1-AP, 1:1000, Protein-
tech, China), Anti-LMOD2 (DF15006, 1:1000, Affinity
Biosciences, China), Anti-LMOD3 (14948-1AP, 1:1000,
Proteintech, China), Anti-MyHC-I (22280-1-AP, 1:1000,
Proteintech, China), Anti-MYHC-2a (2F7, 1:500, DSHB,
USA), Anti-MyHC-2x(67299-1-Ig, 1:1000, Proteintech,
China), Anti-MyHC-2b (BF-F3, 1:500, DSHB, USA),
Anti-PAX7 (20570-1-AP, 1:1000, Proteintech, China),
Anti-MyoD1 (ER1913-45, 1:1000, HuaBio, China),
Anti-MyoG (HA721688, 1:1000, HuaBio, China), Anti-
ACTCI1 (11032-1-AP, 1:1000, Proteintech, China), Anti-
MYH3 (bs-10905R, 1:1000, Bioss, China), Anti-p-actin
(66009-1-Ig, 1:20000, Proteintech, China), Anti-GAPDH
(10494-1-AP, 1:20000, Proteintech, China), and two sec-
ondary antibodies (BF03001X and BF03008X, 1:10000,
Biodragon) were used in this study. Finally, protein bands
were measured by the Image] software.

Immunofluorescence assay

The differentiated LMOD2-KO cells and C2C12 cells
were fixed with 4% formaldehyde, and permeabilized with
Triton X-100 for 1 h. Subsequently, the cells were incu-
bated with primary and secondary antibodies. Antibody
information is as follows: Anti-MyHC-I (22280-1-AP,
1:200, Proteintech, China), Anti-MyH-2b (14-6503-80,
1:200, Invitrogen, USA), Anti-MyHC-2x(67299-1-Ig,
1:200, Proteintech, China), Anti-MyHC-2a (2F7, 1:200,
DSHB, USA). and two secondary antibodies (bs-
0296G-Cy3, Bioss, 1:200; AF594, ZENBIO, 1:200) were
used in this study. Finally, the cells were incubated with
DAPI (1:1000). The images were obtained by a micro-
scope (Leica SP8) and processed by Image] software.

Dual-Luciferase reporter assay

Dual-Luciferase Reporter Assay was applied to verify the
targeting relationship between LMOD?2 and its upstream
regulators (MyoG and miR-335-3p). In brief, MyoG and
miR-335-3p overexpressed plasmids were synthesized.
Next, wild and mutant sites of LMOD2 were predicted by
softwares (JASPAR and miRDB). Finally, these luciferase
activities were detected by co-transfection experiment.
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Identification of LMOD2 interacting partners by
Co-immunoprecipitation

For each Co-IP assay, proteins were extracted from cells
that had differentiated for 4 days. The protein lysate was
added to the culture plates for cell lysis. The protein
lysate was centrifuged at 10,000 rpm for 15 min and then
supernatant was collected. The ACTC1 antibody (11032-
1-AP, Proteintech, China) was added to the protein lysate.
Pierce™ Protein A/G agarose beads (Invitrogen, Carls-
bad, CA, USA) were washed with the buffer. The micro-
spheres were added to the cell lysate, incubated at 4°C
overnight, and centrifuged at 3000 rpm at 4°C for 5 min.
The supernatant was removed and the agarose beads
were washed with buffer. Then 100 pl 2 x SDS loading
buffer was added, and incubated at 90°C for 10 min, and
Western blot analysis was performed.

Lentiviruses mediated LMOD2 knockdown in skeletal
muscles

The sequence for the siRNA against mouse LMOD2 was
GGACCAAGAAUGAGUAUGATT. Mouse LMOD?2 siR-
NAs were designed as shRNA and cloned into the LV3
vector, and the virus titer is 10° (GenePharma, Suzhou,
China). Four-week-old wild-type C57BL/6j male mice
were injected with the lentivirus (n=6). Concretely, the
right and left muscles were injected with LV-shRNA-
LMOD2 and LV-shRNA-NC once a week for 4 weeks,
respectively. Finally, the muscles at the injection site were
collected.

Statistical assay

All the data were presented as the meanst+standard
error. Unpaired Student’s t-test was performed between
the treatment group and the control group using Graph-
Pad prism 8. Values represent mean+SE. , P<0.05; ~,
P<0.01.
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