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ABSTRACT: Background: The inhibitor of MyoD family (Mdfi) has been characterized as a myogenic repressor
that regulates transcription factor activity through cytoplasmic retention; however, its specific function in myoblast
proliferation remains poorly understood. This study aimed to elucidate the precise role of Mdfi in regulating myoblast cell
cycle progression and proliferation using the clustered regularly interspaced short palindromic repeat (CRISPR)/CRISPR-
associated protein 9 (Cas9)-mediated gene editing. Methods: We employed the CRISPR/Cas9 system to construct
Mdfi-knockout (Mdfi”~) C2C12 cell lines. Cell cycle distribution was analyzed by flow cytometry, proliferation was
assessed by EdU incorporation assays, and molecular mechanisms were investigated through quantitative RT-PCR,
Western blotting, and RNA sequencing (RNA-Seq). Differentially expressed genes (DEGs) between wild-type (WT)
and Mdfi-overexpressing (Mdfi-OE) were identified and subjected to Gene Ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway analyses. Results: Mdfi overexpression significantly increased the proportion
of cells in G1 (p < 0.001) phase while reducing S and G2 phase populations (p < 0.001), accompanied by decreased
EdU-positive cells. Conversely, Mdfi knockout promoted cell cycle progression into S phase (p < 0.05) and enhanced
proliferation. Mechanistically, Mdfi overexpression downregulated cyclin B1 (CcnbI) (p < 0.01), cyclin D1 (Cend1)
(p < 0.05), and proliferating cell nuclear antigen (Pcna) (p < 0.05), while upregulating the cyclin-dependent kinase
inhibitor P21 (p < 0.01). RNA-Seq analysis identified 889 DEGs (FDR < 0.05 and [log,FC| > 1), with enrichment in cell
cycle and calcium signaling pathways. Conclusions: Mdfi functions as a negative regulator of myoblast proliferation
by inducing G1 phase arrest, potentially through modulation of cyclin D within the cyclin-CDK-P21 pathway. These
findings advance our understanding of the molecular mechanisms governing muscle cell proliferation and identify Mdfi
as a potential therapeutic target for muscle regeneration and repair.

KEYWORDS: Inhibitor of MyoD family (Mdfi); myoblasts; cell cycle arrest; clustered regularly interspaced short
palindromic repeat (CRISPR)/CRISPR-associated protein 9 (Cas9); cyclin; cyclin-dependent kinase inhibitor

1 Introduction

Skeletal muscle possesses remarkable regenerative capacity dependent on the precise coordination
of satellite cell activation, proliferation, and differentiation [1]. Upon injury, quiescent muscle satellite
cells (MuSCs) become activated, re-enter the cell cycle, and undergo extensive proliferation to generate
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a sufficient pool of myogenic progenitors before terminal differentiation and fusion into multinucleated
myotubes [2]. The transition from proliferation to differentiation is tightly controlled by cell cycle regulators,
including cyclins, cyclin-dependent kinases (CDKs), and cyclin-dependent kinase inhibitors (CKIs), which
determine whether myoblasts continue dividing or exit the cell cycle to differentiate [3,4]. Dysregulation
of this proliferative phase can impair muscle regeneration, leading to compromised tissue repair and
functional deficits [5]. Understanding the molecular mechanisms that govern myoblast proliferation is
therefore essential for developing therapeutic strategies to enhance muscle regeneration.

The inhibitor of MyoD family (Mdfi) represents a unique class of myogenic regulatory proteins
containing the conserved I-mfa domain. Initially characterized as a transcriptional repressor that inhibits
MyoD family members through cytoplasmic retention by masking their nuclear localization signals [6]. Mdfi
plays a critical role in placenta development, and Mdfi knockout sharply reduces the number of trophoblast
giant cells in vivo [7]. In the developing embryo, Mdfi anchors the bHLH transcription factor Hand1, which is
essential for placentation and cardiac morphogenesis, in the nucleolus to inhibit its release and activation [8].
In osteoblasts, Mdfi regulates the osteogenesis controlled by 1,25-dihydroxy-vitamin D-3 [9]. Mdfi knockout
increases the number of osteoclasts and osteopenic surface, while Mdfi negatively fine-tunes the dynamic
range of Ca?* release-activated Ca?* (CRAC) channel through regulation of osteoclastogenesis [10]. Mdfi
also interacts with Zic family proteins to translocate them to the cytoplasmic compartment and inhibits
their transcriptional activity in vertebrate development [11]. The MyoD family inhibitor domain-containing
protein (MDFIC) is a new binding partner of the cytoplasmic glucocorticoid receptor (GR) that modulates
the transcription of GR and is also negatively regulated by GR [12]. However, despite these advances, the
specific role of Mdfi in regulating myoblast proliferation and cell cycle dynamics remains largely unexplored.

To address this knowledge gap, the present study utilized clustered regularly interspaced short palin-
dromic repeat/CRISPR-associated protein 9 (CRISPR/Cas9)-mediated genome editing to establish stable Mdfi-
overexpressing (Mdfi-OE) and Mdfi-knockout (Mdfi”'~) C2C12 myoblast cell lines. This approach enabled a
precise investigation of Mdfi function in cell cycle progression and proliferation. We hypothesized that Mdfi
regulates myoblast proliferation through modulation of key cell cycle regulators, potentially influencing the
balance between self-renewal and differentiation. Our findings provide novel insights into the molecular
circuitry controlling muscle cell expansion.

2 Materials and Methods
2.1 Cell Culture

The C2C12 mouse myoblast cell line (CRL-1772, American Type Culture Collection, ATCC, Manassas,
VA, USA) was maintained in growth medium consisting of Dulbecco’s Modified Eagle Medium (11965092,
DMEM, Gibco, Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% fetal bovine serum
(A5256701, FBS, Gibco, Thermo Fisher Scientific, Waltham, MA, USA) and 1% penicillin-streptomycin
(10378016, Gibco, Thermo Fisher Scientific, Waltham, MA, USA) at 37°C in a humidified atmosphere
containing 5% CO;. The C2C12 cells were identified by Short Tandem Repeat (STR) and were free from
mycoplasma contamination. Cells were passaged when reaching 70-80% confluency using 0.25% trypsin-
EDTA (25200072, Gibco, Thermo Fisher Scientific, Waltham, MA, USA). Cells were used within 20 passages
from thawing to minimize genetic drift.

2.2 sgRNA Design and Plasmid Construction

Five pairs of single-guide RNA (sgRNA) oligonucleotides targeting different exons of the mouse Mdfi
gene (Ensembl ID: ENSMUSG00000032717) were designed using the CRISPR design tool (https://portals.
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broadinstitute.org/gppx/crispick/public) to minimize off-target effects (Table S1). The sgRNA sequences
were cloned into the pX330-U6-Chimeric_BB-CbH-hSpCas9 plasmid (#42230, Addgene, Watertown, MA,
USA) following standard protocols [13]. Briefly, complementary oligonucleotides were annealed by heating
to 95°C for 5 min and gradually cooling to room temperature, then ligated into the BbsI (R0539S, New
England Biolabs, Ipswich, MA, USA)-digested pX330 vector with T4 DNA ligase (M0202, New England
Biolabs, Ipswich, MA, USA).

2.3 Transfection and T7EI Assay

C2C12 cells were seeded at 50-60% confluency in 6-well plates and transfected with pX330-sgRNA
plasmids using Lipofectamine 3000 (L3000015, Thermo Fisher Scientific, Waltham, MA, USA) according
to the manufacturer’s instructions. To evaluate CRISPR editing efficiency, genomic DNA was extracted
48 h post-transfection using the QuickExtract DNA Extraction Kit (D6945-02, Omega, Norcross, GA, USA).
The target region was amplified by PCR using gene-specific primers (Table S1) and 2x High-Fidelity PCR
Master Mix (M0531, New England Biolabs, NEB, Ipswich, MA, USA). The T7 Endonuclease I (T7EI) assay
was performed by incubating 200 ng of purified PCR product with 10 units of T7EI (M0302S, New England
Biolabs, Ipswich, MA, USA) at 37°C for 20 min. Cleavage products were separated on 1.5% agarose gels, and
editing efficiency was calculated based on band intensities using Image] software (v1.54s, National Institutes
of Health, Bethesda, MD, USA).

2.4 Generation of Mdfi Knockout Cell Lines

Based on T7EI screening results, sgRNA 3 and sgRNA 4 showing the highest editing efficiency were
selected for stable cell line generation. C2C12 cells were co-transfected with pX330-sgRNA3 and pX330-
sgRNA4 plasmids along with pEGFP-N1 as a transfection marker to indicate transfection efficiency. At 48 h
post-transfection, cells were subjected to limiting dilution cloning in 96-well plates at a density of 0.5 cells
per well to obtain monoclonal populations. Single-cell-derived clones were expanded and screened for Mdfi
protein expression by Western blot analysis.

2.5 Construction of Mdfi Overexpression Cell Line

The Mdfi-overexpressing (Mdfi-OE) C2C12 cell line was previously constructed and validated in our
earlier study [14]. The full-length mouse Mdfi coding sequence was amplified from C2C12 ¢cDNA and cloned
into a targeting vector (DONOR vector) for knock-in at the Rosa26 locus. The targeting vector (Mdfi donor)
contained left and right homologous arms flanking the Rosa26 locus, the Mdfi expression cassette driven by
the CAG promoter, and a neomycin resistance gene for selection. The MCP-ROSA26-CG01 vector with
DCDON-SHO02 (Wild Type) and the Mdfi donor were co-transfected into C2C12 cells, respectively. After
G418 (10131035, Thermo Fisher Scientific, Waltham, MA, USA) selection (400 pg/mL), monoclonal cell lines
were isolated by limiting dilution and screened for correct integration by PCR using primers specific for
the junction regions (Table S1) between the inserted cassette and the Rosa26 locus.

2.6 EdU Incorporation Assay

Cell proliferation was assessed using the Cell Light™ EdU Kit (C10310; Ribo Biotech Co., Guangzhou,
China) according to the manufacturer’s protocol. Briefly, C2C12 cells were seeded in 24-well plates at a
density of 1 x 10* cells per well and cultured for 24 h. EdU (5-ethynyl-2’-deoxyuridine, 10 uM) was added
to the culture medium and incubated for 2 h to allow incorporation into newly synthesized DNA. Cells
were then fixed with 4% paraformaldehyde for 15 min, permeabilized with 0.5% Triton X-100 for 20 min,
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and subjected to the click reaction with Alexa Fluor 594 azide for 30 min. The nuclei were counterstained
with DAPI (C1006, Beyotime, Shanghai, China) at a concentration of 1 pg/mL for 30 min. Images were
captured using the inverted fluorescence microscope (Axio Observer A1, Zeiss, Oberkochen, Germany).
The proportion of EdU-positive cells was quantified from three randomly selected fields per well across
three independent experiments using Image] software.

2.7 Cell Cycle Analysis by Flow Cytometry

Cell cycle distribution was analyzed by propidium iodide (PI) staining and flow cytometry. C2C12 cells
were harvested 24 h after seeding at a density of 1 x 10° cells/mL in 6-well plates. After washing with PBS,
the cells were digested with 0.25% trypsin, collected, and fixed in ice-cold 70% ethanol overnight at —20°C.
Fixed cells were washed with PBS, treated with RNase A (100 pg/mL) at 37°C for 30 min, and stained with
PI (50 pg/mL) for 30 min in the dark. Cell cycle profiles were acquired using a BD Accuri C6 flow cytometer
(BD Biosciences, San Jose, CA, USA) with excitation at 488 nm and emission at 585 nm. Data were analyzed
using FlowJo software (v10.8, BD Biosciences, San Jose, CA, USA). At least 10,000 events were collected per
sample, and experiments were performed in triplicate.

2.8 RNA Extraction and Real-Time Quantitative Polymerase Chain Reaction

Total RNA was extracted using RNAiso Plus (9109, Takara, Kusatsu, Shiga, Japan) according to the
manufacturer’s protocol. RNA purity and concentration were determined using a NanoDrop One spectropho-
tometer (Thermo Fisher Scientific, Waltham, MA, USA). First-strand cDNA was synthesized from 1 ug of
total RNA using PrimeScript™ RT reagent Kit with gDNA Eraser (RR047A, TaKaRa, Kusatsu, Shiga, Japan)
with random primers. Quantitative PCR was performed using TB Green® Premix Ex Taq™ (Tli RNaseH Plus)
(RR820A, TaKaRa, Kusatsu, Shiga, Japan) on a CFX96™ Optical Reaction Module (Bio-Rad, Hercules, CA,
USA). The relative expression levels were calculated using the comparative CT (AACT) method with 3-actin
as the internal reference gene. Primer sequences are listed in Table S2.

2.9 Western Blot Analysis

Protein samples were prepared by lysing cells in RIPA buffer (P0013C, Beyotime, Shanghai, China)
supplemented with protease inhibitor cocktail (P1005, Beyotime, China). Protein concentrations were
determined using the BCA Protein Assay Kit (P0010, Beyotime, China). Equal amounts of protein (30 pg
per lane) were separated by 10% SDS-PAGE and transferred to PVDF membranes (FFP106-20pcs, Beyotime,
China). Membranes were blocked with 5% non-fat milk in TBST for 1 h at room temperature, then incubated
overnight at 4°C with primary antibodies against CCNB1, CCND1, P21, and (3-actin (Table S3). After
washing with TBST, membranes were incubated with HRP-conjugated secondary antibodies (Table S4)
for 1 h at room temperature. Protein bands were visualized using enhanced chemiluminescence (ECL)
substrate (FD8030, FDbio Science, Hangzhou, China) and captured with a ChemiDoc imaging system
(Bio-Rad, Hercules, CA, USA). Band intensities were quantified using Image] software and normalized to
[3-actin.

2.10 RNA Sequencing and Bioinformatics Analysis

Total RNA was extracted from Wild Type (PC1, PC2, PC3) and Mdfi-OE (PE1, PE2, PE3) C2C12 cells
during the proliferation phase using RNAiso Plus (9109, Takara, Kusatsu, Shiga, Japan). RNA quality was
assessed using an Agilent 2100 Bioanalyzer, and samples with RNA integrity numbers (RIN) > 8.0 were
used for library preparation. Strand-specific RNA-seq libraries were prepared using the TruSeq Stranded
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mRNA Library Prep Kit (RS-122-2101, Illumina, San Diego, CA, USA) and sequenced on the Illumina HiSeq
platform to generate 150 bp paired-end reads.

Raw reads were filtered to remove adapter sequences and low-quality bases using Cutadapt (version
1.9.1) (Table S5). Clean reads were aligned to the mouse reference genome (GRCm38) using HISAT2 (v2.1.0)
with default parameters. Gene-level quantification was performed using featureCounts (v2.0.1) with the
GENCODE M25 annotation. Differential expression analysis was conducted using ‘DESeq2’ (v1.30.0) in R
(v4.0.3). Genes with an adjusted p-value (FDR) < 0.05 and [logzFoldChange| > 1 were considered differentially
expressed. Hierarchical clustering was performed using the ‘pheatmap’ package (1.0.13), and volcano plots
were generated using ‘ggplot2’ (4.0.0). Gene Ontology (GO) enrichment and Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway analyses were performed using ‘clusterProfiler’ (v3.18.0).

2.11 Statistical Analysis

Data are presented as mean =+ standard error of the mean (S.E.M.) from at least three biological replicates.
Prior to statistical analysis, data normality was assessed using the Shapiro-Wilk test, and homogeneity
of variances was evaluated by Levene’s test. For data satisfying the assumptions of parametric testing,
comparisons between two groups were performed using an unpaired two-tailed Student’s ¢-test, whereas
comparisons among multiple groups were conducted using one-way analysis of variance (ANOVA) followed
by Tukey’s post hoc test. A p-value < 0.05 was considered statistically significant. All statistical analyses
were performed using GraphPad Prism 9.0 software (GraphPad Software, San Diego, CA, USA).

3 Results
3.1 Construction of the Mdfi '~ C2C12 Cell Line

To investigate the function of Mdfi in the development of C2C12 cells, we used the CRISPR/Cas9
system to construct the Mdfi~'~ C2C12 cell line. First, we designed five pairs of sgRNA oligos targeted
to the Mdfi gene and constructed the all-in-one plasmid after denaturation, annealing, and renaturation
(Fig. S1 and Table S1). Then, pX330-sgRNA was transfected into C2C12 cells. The T7EI enzyme digestion
assay results showed that sgRNA 3, sgRNA 4, and sgRNA 3+4 have higher editing efficiency than all other
groups in C2C12 cells, and lower molecular weight DNA fragments were produced in sgRNA 3, sgRNA 4,
and sgRNA 3+4 groups (Fig. 1A). The sequencing results showed that various mutation forms exist in the
Mdfi”’~ C2C12 cells, including insertion, deletion, and substitution (Fig. 1B). These results indicate that
both sgRNA 3 and sgRNA 4 are efficient sgRNAs that can guide the Cas9 protein to mutate the Mdfi gene.

We chose sgRNA 3 and sgRNA 4 as efficient sgRNAs to produce Mdfi’~ C2C12 cell lines. After
transfecting C2C12 cells with sgRNA3 and sgRNA4, we used a limiting dilution assay to select the Mdfi /'~
monoclonal C2C12 cells. A total of 70 monoclonal clones were selected, and we measured the MDFI
protein level by Western blot. The results show that three clones (clone 50, clone 60, and clone 70) had no
MDFI expression at the protein level and were selected for further analyses (Fig. 1C). After comprehensive
evaluation of cell morphology, cell viability, and other relevant characteristics, clone 60 was selected as
the candidate Mdfi~’~ C2C12 cell clone for subsequent experiments. We examined the mutation in clone
60’s genome DNA by the T7EI assay. We found that the amplified fragment, which we used pX330-sgRNA-
transfected C2C12 cells’ genome DNA as a template, was cleaved, resulting in the generation of lower
molecular weight DNA fragments of ~300 bp and ~600 bp (Fig. 1D). The mRNA level of Mdfi was sharply
reduced and almost equal to zero (Fig. 1E). The MDFI protein was not identified in clone 60 by Western
blot (Fig. 1F). The results show that there is no MDFI expression in clone 60, and we have successfully
constructed the Mdfi~'~ C2C12 cell line.
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Figure 1: Generation of the Mdfi'~ C2C12 cells. (A). T7EI assay was used to identify the mutation status of the Mdfi
gene in C2C12 cells, which were transfected with pX330-sgRNA1, pX330-sgRNA2, pX330-sgRNA3, pX330-sgRNA4,
pX330-sgRNA5, pX330-sgRNA2+ pX330-sgRNA4, pX330-sgRNA3+ pX330-sgRNA 4, and pX330-sgRNA5+ pX330-
sgRNA4. The white arrow indicates the lower molecular weight DNA fragments. (B). DNA sequencing was used to
identify the mutation status of Mdfi in C2C12 cells that were transfected with pX330-sgRNA3 or co-transfected with
pX330-sgRNA3 and pX330-sgRNA4. +: insertion; —: deletion; /: substitution. (C). A limiting dilution assay was used
to select the Mdfi”’~ monoclonal C2C12 cells after being transfected with pX330-sgRNA3 and sgRNA4. Western blot
identified 70 monoclonal clones. WT: wild-type C2C12 cells. n = 3. (D). T7EI assay confirmed the Mdfi mutation of
clone 60. W: Wild type. M: Mutant. W+M: Wild type + Mutant. (E). QqRT-PCR measured the mRNA level of Mdfi in
clone 60. (F). Western blot confirmed the absence of MDFI protein in clone 60. ***p < 0.001. An unpaired two-tailed
Student’s t-test was used to assess statistical significance. Error bars represent the standard error of the mean (S.E.M.)
from biological replicates.
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3.2 Mdfi Inhibits the Entry of Myoblasts into the S and G2 Phases of the Cell Cycle

To investigate the role of Mdfi in C2C12 cell proliferation, we assessed cell cycle distribution 24 h after
seeding. Flow cytometry analysis revealed that Mdfi overexpression significantly increased the proportion of
cells in the G1 phase (p < 0.001), while reducing the proportions in both the S (p < 0.001) and G2 (p < 0.001)
phases (Fig. 2A,B). In contrast, Mdfi knockout decreased the proportion of cells in the G1 phase (p < 0.05)
while increasing the proportions in the S phase (p < 0.05) (Fig. 2C,D). Collectively, these results indicate that

Mdfi suppresses C2C12 cell proliferation by inducing G1 phase arrest and inhibiting progression into the S
and G2 phases.
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Figure 2: Effects of Mdfi on myoblast cell cycle progression. (A). Cell cycle distribution of wild-type (WT) and
Mdfi-overexpressing (Mdfi-OE) cells analyzed by flow cytometry. The colored areas indicate different cell cycle phases:
green for G1 phase, yellow for S phase, and cyan for G2 phase. n = 3. (B). Quantification of the proportions of cells at
different cell cycle phases corresponding to (A). (C). Cell cycle distribution of wild-type and Mdfi-knockout cells
analyzed by flow cytometry. The colored areas indicate different cell cycle phases: green for G1 phase, yellow for
S phase, and cyan for G2 phase. n = 3. (D). Quantification of the proportions of cells at different cell cycle phases
corresponding to (C). *p < 0.05. “**p < 0.001. An unpaired two-tailed Student’s ¢-test was used to assess statistical
significance. Error bars represent the standard error of the mean (S.E.M.) from biological replicates.

3.3 Mdfi Inhibits the Proliferation of Myoblasts

The effects of Mdfi overexpression and knockout on C2C12 cell proliferation were evaluated using
EdU incorporation assays. The results showed that, compared with the WT group, Mdfi overexpression
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significantly reduced the proportion of EdU-positive cells at 24 h (p < 0.001) during the proliferation phase
(Fig. 3A,B). In contrast, Mdfi knockout markedly increased the percentage of EdU-positive cells at 24 h
(Fig. 3C,D) (p < 0.01). These findings indicate that Mdfi suppresses the proliferation of C2C12 cells.
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Figure 3: Mdfi inhibits the proliferation of C2C12 cells. (A). EAU staining of C2C12 cells in wild-type (WT) and
Mdfi-overexpressing (Mdfi-OE) groups at 24 h of proliferation. EdU: red, the nuclei of proliferating cells; DAPI: blue,
cell nuclei; Merge: EdU-positive cells. Scale bar: 100 um. (B). Quantification of EdU-positive cells corresponding
to (A). n = 3. (C). EdU staining of C2C12 cells in WT and Mdfi-knockout (Mdfi~'~) groups at 24 h of proliferation.
Scale bar: 100 pm. (D). Quantification of EdU-positive cells corresponding to (C). n = 3. **p < 0.01. ***p < 0.001. An
unpaired two-tailed Student’s t-test was used to assess statistical significance. Error bars represent the standard error

of the mean (S.E.M.) from biological replicates.
3.4 Mdfi Suppresses Cell Cycle Progression via Downregulation of Cyclins in C2C12 Cells

Cell cycle regulation is a critical determinant of cell proliferation. To elucidate the mechanism by which
Mdfi regulates the proliferation of C2C12 cells, we examined the expression of cyclins and cyclin-dependent
kinase inhibitor 1A (P21). QRT-PCR analysis revealed that Mdfi overexpression significantly downregulated
the mRNA levels of Cenb1 (p < 0.01), Cend1 (p < 0.05), and Pcna (p < 0.05), while markedly upregulating P21
expression (p < 0.01) (Fig. 4A). In contrast, Mdfi knockout significantly increased the expression of Ccnd1
(p < 0.05) and Pcna (p < 0.05), accompanied by a notable decrease in P21 expression (p < 0.01) (Fig. 4B).
Consistent with the mRNA results, Western blot analysis demonstrated that Mdfi overexpression reduced
the protein levels of CCNB1 and CCND1, while increasing the protein level of P21 (Fig. 4C,D). In contrast,
Mdfi knockout elevated CCND1 protein expression, while decreasing the protein level of P21. In addition,
no significant change was observed in the protein level of CCNB1 (Fig. 4E,F). Collectively, these findings
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suggest that Mdfi inhibits the proliferation of C2C12 cells by suppressing cell cycle progression, particularly
the transition into the S and G2 phases, through downregulation of Cenb1 and Ccnd1 expression.
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Figure 4: Effects of Mdfi on cyclin expression in myoblasts. (A). qRT-PCR analysis of genes in WT and overexpressing
Mdfi C2C12 cells. (B). qRT-PCR detection of genes in WT and Mdfi-knockout C2C12 cells. (C). Western blot detection
of cyclins in WT and overexpressing Mdfi C2C12 cells. (D). Quantitative analysis of protein expression levels shown
in (C). n = 3. (E). Western blot detection of cyclins in WT and Mdfi-knockout C2C12 cells. (F). Quantitative analysis
of protein expression levels shown in (E). n = 3. *p < 0.05. **p < 0.01. The results are presented as Mean + S.E.M. of
three replicates for each group. An unpaired two-tailed Student’s ¢-test was used to assess statistical significance.

Error bars represent the standard error of the mean (S.E.M.) from biological replicates.
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3.5 RNA-Seq Analysis Reveals the Transcriptional Regulation of Mdfi in Myoblast Proliferation

To investigate the regulatory role of Mdfi at the transcriptional level during myoblast proliferation,
mRNA samples from wild-type (WT, PC) and Mdfi-overexpressing (Mdfi-OE, PE) myoblasts were collected
for RNA sequencing and subsequent analysis. Correlation analysis demonstrated high reproducibility
among biological replicates, with correlation coefficients exceeding 0.98 in the control group and 0.99 in
the Mdfi-OE group (Fig. 5A). As shown in Table 1, during the proliferation stage, a total of 5139 DEGs were
identified between the Mdfi-OFE and control groups under the threshold of p < 0.05. When applying more
stringent criteria (FDR < 0.05 and |log,FC| > 1), 889 DEGs were identified (Table S6). Among these, 608
genes were significantly upregulated in the Mdfi-OE group, with Mdfi itself exhibiting the highest fold
change (Tables 2 and 3). Hierarchical clustering analysis of DEGs revealed a clear separation between the
Mdfi-OE and WT groups, indicating distinct transcriptional profiles (Fig. 5B). Volcano plot analysis further
showed that the number of upregulated genes was markedly higher than that of downregulated genes
during proliferation (Fig. 5C).
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Figure 5: RNA-sequencing analysis of Mdfi in myoblasts. (A). Pearson correlation analysis between samples in the
proliferative phase. (B). Clustering analysis heatmap of differentially expressed genes in PC vs. PE. (C). Volcano plot
of differentially expressed genes in the PC vs. PE volcanic figure. (D). GO analysis of differentially expressed genes in
the proliferative phase. (E). KEGG analysis of differentially expressed genes in the proliferative phase. (F). Relative
expression of differentially expressed genes from sequencing data. n = 3, ***p < 0.001. (G). qRT-PCR identifies the
mRNA level of differentially expressed genes. n = 3, **p < 0.01, **p < 0.001. An unpaired two-tailed Student’s t-test
was used to assess statistical significance. Error bars represent the standard error of the mean (S.E.M.) from biological

replicates.

Gene Ontology (GO) enrichment analysis demonstrated that DEGs were primarily enriched in terms
related to metal ion binding, extracellular region, intracellular components, extracellular space, calcium
ion binding, and cell adhesion (Fig. 5D and Table S7). Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway analysis indicated that DEGs were mainly enriched in pathways in cancer, proteoglycans in cancer,
the Rap1 signaling pathway, regulation of actin cytoskeleton, adrenergic signaling in cardiomyocytes, the
cAMP signaling pathway, and the calcium signaling pathway (Fig. 5E and Table S8).

To further validate the reliability of the RNA-seq data, several DEGs were randomly selected for
qRT-PCR validation during both proliferation and differentiation stages. The results showed that Adamtsl2
(p < 0.001), Ctrb1 (p < 0.001), and Cox6a2 (p < 0.01) were significantly upregulated, whereas Ctsc (p < 0.01)
and Wnt5a (p < 0.01) were significantly downregulated during proliferation, consistent with the RNA-seq
results (Fig. 5F,G).

Table 1: Analysis of differentially expressed genes.

Group Total Genes DEG Up-Regulated Down-Regulated

WT vs. Mdfi-OE 5139 889 608 281

Table 2: Top 20 up-regulated differentially expressed genes in the proliferative phase.

Ensembl_ID Gene log,FC FDR

ENSMUSG00000032717 Mdfi 11.60289 4.91E-28
ENSMUSG00000019787 Trdn 7.428237 1.41E-08
ENSMUSG00000018893 Mb 6.158442 6.82E—-35
ENSMUSG00000041986 Elmod1 5.913479 4.67E—10
ENSMUSG00000036040 Adamtsl2 5.903756 4.22E-05
ENSMUSG00000031957 Ctrb1 5.886448 4.94E—-16

ENSMUSG00000079034 Gmé8300 5.771384 7.02E—-05
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Table 2: Cont.

Ensembl_ID Gene log,FC FDR
ENSMUSG00000035277 Arx 5.702098 0.000395
ENSMUSG00000030785 Cox6a2 5.515281 8.65E—06
ENSMUSG00000004939 Nmrk2 5.494865 7.41E—06
ENSMUSG00000053093 Myh7 5.256415 2.56E—05
ENSMUSG00000038067 Csf3 5.15954 4.59E—05
ENSMUSG00000093847 Eif]ad15 5.136731 0.000859
ENSMUSG00000089756 pr966 5.071461 0.001113
ENSMUSG00000116765 NA 4.987232 0.005866
ENSMUSG00000111971 NA 4.870239 0.01018
ENSMUSG00000058163 Gmb5431 4.822488 0.011026
ENSMUSG00000061825 Ces2c 4.796628 0.011729
ENSMUSG00000078495 pr984 4.718714 0.015556
ENSMUSG00000113212 NA 4.707537 0.016952

Note: NA, Not Available.

Table 3: Top 20 down-regulated differentially expressed genes in proliferative phase.

Ensembl_ID Gene log,FC FDR
ENSMUSG00000037999 Arap2 —7.70882 8.72E—-09
ENSMUSG00000062184 Hsé6st2 —7.187 1.93E-07
ENSMUSG00000021994 Wnt5a —5.54683 0.000803
ENSMUSG00000000690 Hoxb6 —5.42111 0.001515
ENSMUSG00000030560 Ctsc —4.89636 0.009437
ENSMUSG00000032263 Bckdhb —4.84987 0.003185
ENSMUSG00000079164 Tlr5 —4.70695 0.015691
ENSMUSG00000028351 Brinp1 —4.50325 4.48E—05
ENSMUSG00000053279 Aldhlal —4.4408 2.62E—-06
ENSMUSG00000029838 Ptn —4.18315 3.50E-35
ENSMUSG00000026602 Nphs2 —4.11226 0.027283
ENSMUSG00000026321 Tnfrsflla —4.10862 0.024634
ENSMUSG00000056073 Grik2 —4.06172 6.14E—-13
ENSMUSG00000034810 Sen7a —4.02727 0.030702
ENSMUSG00000033491 Prss35 —3.99412 7.88E—05
ENSMUSG00000034459 Ifit1 —3.93696 0.040801
ENSMUSG00000034613 Ppm1h —3.84891 7.57E-09
ENSMUSG00000044220 Nkx2-3 —3.56902 0.030114
ENSMUSG00000068735 Trp53i11 —3.56668 0.000143
ENSMUSG00000030666 Calcb —3.53735 3.76E-13

4 Discussion

The proliferation, differentiation, migration, and fusion of myoblasts are necessary steps involved in
muscle development and regeneration [15,16]. The precise regulation of myoblast proliferation is fundamental
to skeletal muscle development and regeneration, ensuring adequate progenitor expansion while preventing
premature differentiation or exhaustion of the stem cell pool. Our study establishes Mdfi as a critical negative
regulator of myoblast proliferation through G1 phase arrest, mediated by downregulation of Ccnd1, Cenb1,
and Pcna coupled with upregulation of the CDK inhibitor p21. These findings align with recent observations
that Calponin 3 (CNN3) regulates myoblast proliferation through similar mechanisms, where knockdown
of CNN3 enhances proliferation by upregulating cyclin B1, cyclin D1, and PCNA while increasing S and
G2/M phase fractions [17]. During bone development, deletion of Mdfi increased the number of osteoclasts
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and the osteolytic area [10]. In our study, we found that Mdfi knockout increased the EdU-positive C2C12
cells, promoting the proliferation of C2C12 cells, which is consistent with the previous findings. In the breast
cancer cell line T47D, ER60 protease induced G1/S cell arrest in breast cancer cells, and thereby inhibited
the proliferation of cancer cells [18]. In our study, the flow cytometry results showed that Mdfi arrested
C2C12 cells in G1 phase and inhibited the transformation of the cell cycle from G1 to S phase. The process of
myoblast proliferation is the result of normal maintenance of the cell cycle. Cell cycle progression is highly
conserved, and the temporal expression and regulation of cyclins, cyclin-dependent kinases (Cdks), cyclin
kinase inhibitors (CKIs), and other cytokines maintain the process of cell cycle [19]. qRT-PCR and Western
blot showed that overexpression of Mdfi could promote the expression of P21 and inhibit the expression of
Ccnbland Cendl1. Conversely, knocking out Mdfi also has corresponding results. Cend1 is the first expressed
cyclin in the cell cycle. Cend1 interacts with cyclin-dependent kinase-4/6 (Cdk4/6) to form the active Cend1-
Cdk4/6 complex and regulates the G1-phase of the cell cycle [20]. Ccna and cyclin B1 (Ccnb1) are required
for mammalian cells to enter the M-phase [21]. P21 is a cell cycle inhibitor, which blocks the activity of the
cyclin-Cdks complexes [22]. Otherwise, Mdfi has been reported to be hypermethylated in both colorectal
cancer (CRC) [23] and non-small cell lung carcinoma by methylation sequencing assay [24]. In the colorectal
cancer cell line SW480, the next-generation sequencing results showed that p53 activation increases the
expression of Mdfi [25]. The consistency between these studies underscores the importance of cell cycle
regulatory networks in controlling myoblast expansion and suggests that Mdfi may function within broader
signaling pathways that coordinate proliferation and differentiation decisions.

The mechanistic insights from our RNA-Seq analysis further illuminate Mdfi’s regulatory scope, revealing
889 differentially expressed genes enriched in pathways governing cell adhesion, calcium signaling, and
cytoskeleton regulation. Notably, the upregulation of p21 represents a critical node in Mdfi-mediated cell
cycle inhibition, consistent with established paradigms where p21 induction promotes irreversible cell cycle
withdrawal during myogenic differentiation [26]. Previous studies have demonstrated that p21 overexpression
induces cellular senescence programs in skeletal muscle, leading to atrophy and functional impairment,
suggesting that precise temporal control of p21 expression is essential for maintaining muscle homeostasis [27].
Our findings regarding cell cycle regulation are consistent with previously published transcriptomic analyses
of C2C12 proliferation [28,29]. Our observation that Mdfi knockout reduces p21 expression while promoting
proliferation supports the notion that Mdfi fine-tunes the proliferative capacity of myoblasts, potentially
influencing the transition from expansion to differentiation phases during regeneration.

The KEGG pathway enrichment analysis from our RNA-Seq data provides additional insights into the
broader signaling networks influenced by Mdfi during myoblast proliferation. Notably, the Rap1 signaling
pathway emerged as one of the most significantly enriched pathways among the differentially expressed genes.
Rap1, a small GTPase belonging to the Ras family, has been increasingly recognized as a crucial regulator of
skeletal muscle growth and development [30]. Rap1 geranylgeranylation is essential for maintaining mTORC2
activity in skeletal muscle, as simvastatin-induced impairment of Rap1 geranylgeranylation and function
leads to mTORC?2 inhibition, mitochondrial dysfunction, and cytotoxicity in C2C12 myoblasts and mouse
skeletal muscle [31]. The Rap1 signaling pathway is one of the significantly activated pathways associated
with sarcopenia in human skeletal muscle biopsies, suggesting that Rap1 may play an important role in the
molecular mechanisms underlying age-related muscle mass and function deterioration [32]. This integrative
ATAC-seq and RNA-seq study of Tianzhu white yak longissimus dorsi muscle identifies the Rap1 signaling
pathway as one of the significantly enriched pathways among differentially expressed genes related to muscle
growth and development, highlighting its potential role as a classical regulator of cellular proliferation and
migration in skeletal muscle [33]. The enrichment of Rap1 pathway components in Mdfi-overexpressing cells
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suggests that Mdfi may modulate myoblast proliferation not only through direct cell cycle regulation but also
via integration with broader growth control networks.

The calcium signaling pathway represents another significantly enriched pathway in our transcriptomic
analysis, which is particularly relevant given the central role of calcium dynamics in muscle stem cell
activation and regeneration [34]. Spontaneous calcium transients manifest in the early stages of muscle
regeneration, and perturbing calcium release from internal stores impairs the regenerative process by
reducing the number of muscle progenitor cells and activated satellite cells [35]. The calcium-dependent
phosphatase calcineurin is expressed in activated and proliferating satellite cells following injury, and
inhibiting calcineurin activity impairs regeneration while leading to muscle fiber atrophy [36]. Calcium
signaling plays a central and indispensable role in regulating skeletal muscle contraction, metabolism, and
adaptive remodeling, and disrupted mitochondrial calcium uptake impairs muscle function and integrity
during aging [37]. The orderly release of calcium from the endoplasmic reticulum (ER) is essential for
regulating muscle excitation—contraction coupling, as well as for the development, maintenance, and
regeneration of muscle cells [34,38]. Recent studies have demonstrated that elevated Mdfi levels promote
myofiber-type transition through the calcium signaling pathway [39]. The enrichment of calcium signaling
pathway genes in our Mdfi-overexpressing cells suggests that Mdfi may influence the calcium-dependent
mechanisms that govern satellite cell activation and proliferation, potentially linking cell cycle control with
calcium-mediated developmental signals.

Additionally, the cAMP signaling pathway was prominently enriched among the differentially expressed
genes in our study. cAMP signaling is dynamically regulated during embryonic muscle development, ex
vivo myogenesis, and muscle regeneration, with multiple studies demonstrating its essential role in satellite
cell-mediated repair processes [40]. The cAMP-PKA pathway has been extensively studied in the context of
skeletal muscle adaptation, contributing to myofiber size regulation, metabolic phenotype determination, and
promotion of hypertrophic responses [41]. Notably, cAMP signaling participates in almost all essential cellular
activities required for effective regeneration of adult skeletal muscle, including myoblast differentiation, mi-
gration, and fusion [42]. Activation of cAMP signaling leads to pronounced hypertrophic responses in skeletal
myofibers and can promote regeneration in models of muscular dystrophy and acute muscle injury [43,44].
Pharmacological inhibition of cAMP-PKA—-CREB1 signaling, restoration of cAMP-PKA-CREB1 signaling, and
inhibition of phosphodiesterase 4 (PDE4) can restore the expression of mitochondrial-related genes, improve
mitochondrial function, and alleviate skeletal muscle atrophy in male mice [45]. Blood vessel epicardial
substance (BVES) functions as a negative feedback regulator of adenylyl cyclase 9 (ADCY9)-cAMP signaling
in skeletal muscle and plays a critical role in maintaining muscle homeostasis [46]. The identification of cAMP
pathway components among the genes regulated by Mdfi suggests potential crosstalk between Mdfi-mediated
cell cycle control and cAMP-dependent growth regulation, which warrants further investigation to elucidate
the precise molecular mechanisms underlying this interaction.

From a methodological perspective, our successful application of CRISPR/Cas9 technology to generate
Mdfi-modified C2C12 cell lines highlights the utility of precise genome editing for dissecting gene function in
muscle biology. The CRISPR/Cas9 system is a versatile and efficient gene-editing technology. The high editing
efficiency observed in monoclonal clones demonstrates the robustness of this approach for functional studies
in myogenic cells [47]. A long fragment of DNA knock-in at the Rosa26 site via the CRISPR/Cas9 system
has been achieved in animals such as mice [48], rabbits [49], and goats [50]. In pig fibroblasts, EGFP was
transferred to the Rosa26 site of pigs by CRISPR/Cas9 technology, which achieved a positive rate of 29.6% [51].
Using CRISPR/Cas9 plasmids co-transfected with GFP plasmids can identify the function of the cystic fibrosis
transmembrane conductance regulator (CFTR) gene in human airway epithelial cells [52]. Co-transfecting
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pX330 with pEGFP-N1 was a practical way to indicate the transfection efficiency, and it can also be used
for cell sorting [53]. In this study, we used the CRISPR/Cas9 system by co-transfecting pX330-sgRNA
with pEGFP-N1 to edit the Mdfi gene in the C2C12 cells. Similarly, co-transfecting pX330-sgRNA with
pEGFP-N1 has a high transfection efficiency in C2C12 cells, and the transfected cells can be used to identify
the Mdfi~~ monoclonal clones. Besides, the monoclonal clone sequencing results showed that about 50%
(10/20) were genetically modified, indicating that the pX330 vector has high cleavage and gene editing
efficiency in C2C12 cells (Fig. 1B). Recent comprehensive reviews recommend multi-method genome-wide
analysis combining in silico prediction, biochemical assays, and cellular verification [54]. Our sgRNAs
were designed using CRISPick, which now integrates with advanced prediction tools like CCLMoff—a
transformer-based language model trained on 23 million RNA sequences that outperforms existing off-target
prediction methods [55]. For experimental validation, recent studies in myogenic cells demonstrate that
CRISPR/Cas9 achieves >60% editing efficiency in C2C12 myotubes with >90% protein reduction [56], and up
to 93.8% editing in primary human myoblasts under optimized conditions [57]. Otherwise, in this study, we
used a dual sgRNA strategy (sgRNA3 + sgRNA4) targeting different exons to increase knockout efficiency
while reducing off-target probability [58,59]. These technical advances, combined with our functional
characterization, position Mdfi as a potential therapeutic target for modulating muscle regeneration. Future
investigations should explore whether manipulation of Mdfi expression can enhance muscle repair in vivo,
particularly in contexts of acute injury or degenerative muscle diseases where accelerated progenitor
expansion may be beneficial.

This study has several notable limitations. First, the research was conducted exclusively in the
C2C12 immortalized mouse myoblast cell line, which may not fully recapitulate the complex physiological
environment of primary muscle satellite cells or in vivo muscle regeneration. Second, while CRISPR/Cas9-
mediated gene editing was employed, comprehensive off-target effect assessment was not performed.
Third, the observed mRNA-protein divergence for certain cell cycle regulators suggests potential post-
transcriptional regulation that was not mechanistically explored. Finally, the therapeutic potential of Mdfi
modulation for muscle regeneration was discussed without direct in vivo evidence.

5 Conclusion

In summary, this study establishes Mdfi as a critical negative regulator of myoblast proliferation,
potentially via the coordinated regulation of cyclin D within the cyclin-CDK-P21 axis and other signaling
pathways. Our findings demonstrate that Mdfi enforces G1 phase arrest by downregulating Cendl and
Ccnb1 while upregulating the CDK inhibitor P21, thereby controlling the transition from proliferation to
differentiation. The transcriptomic analysis further reveals that Mdfi influences multiple signaling networks—
including Rap1, calcium, and cAMP pathways—that are essential for skeletal muscle development and
regeneration. These results not only advance our understanding of the molecular mechanisms governing
muscle cell dynamics but also position Mdfi as a potential therapeutic target for enhancing muscle repair in
contexts of injury, aging, or degenerative diseases. Future studies utilizing in vivo models will be crucial to
validate these findings and explore the translational potential of modulating Mdfi expression to optimize
muscle regenerative outcomes.
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