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Purpose: Dermatomyositis (DM) is an inflammatory myopathy characterized by chronic muscle inflammation and damage. Although 
the pathogenesis of DM has been widely reported to be related to chronic inflammation, the role of ubiquitin E3 ligases in DM remains 
unclear. In the current study, we aimed to investigate the biological roles of ubiquitin E3 ligase in DM.
Methods: Deseq2 was used to screen the differential express genes in DM public datasets. Quantitative real time PCR and Western 
blot were used to examine the mRNA and protein levels. Co-immunoprecipitation assays were used to investigate the protein 
interactions between proteins. Dual-luciferase reporter assays were applied to investigate the regulation between transcription factors 
and targets.
Results: In the current study, we screened public DM-related datasets and focused on ubiquitin-proteasome-related enzymes. 
Ultimately, we identified the ubiquitin E3 ligase FBXO4. FBXO4 was significantly upregulated in DM muscle tissues compared to 
normal controls. In human muscle cells (LHCN-M2), FBXO4 knockout led to significant upregulation of genes related to muscle cell 
differentiation and significant downregulation of genes enriched in cell cycle pathways, as revealed by RNA-seq. These results suggest 
that FBXO4 knockout promotes muscle cell differentiation. Mechanistic studies showed that FBXO4 ubiquitinates and degrades β- 
catenin, thereby inhibiting the Wnt/β-catenin signaling pathway and suppressing muscle cell differentiation. On the other hand, 
FBXO4 may promote muscle cell apoptosis in DM by degrading MCL1. Additionally, we found that FBXO4 is regulated by the IFNα/ 
JAK/STAT1 signaling pathway in DM and identified FBXO4 as a direct target of STAT1.
Conclusion: In conclusion, our findings suggest that IFNα/JAK/STAT1 signaling pathway elevates the expression of FBXO4 in DM 
and then it contributes to muscle atrophy by inhibiting differentiation and promoting apoptosis. Targeting FBXO4 may offer a novel 
therapeutic approach for DM.
Keywords: dermatomyositis, IFNα/JAK/STAT1 axis, FBXO4, Wnt/β-catenin signaling, muscle cell differentiation

Introduction
Dermatomyositis (DM) is a type of inflammatory myopathy marked by distinctive skin manifestations, proximal muscle 
weakness, and perifascicular atrophy (PFA) detected in muscle biopsy specimens.1–3

The pathogenesis of DM is complex, involving both immune-mediated and non-immune factors, including inflam-
matory cytokines, ischemia, and aberrant signaling pathways.4,5 One of the key contributors to DM is the upregulation of 
type I interferons (IFNs), particularly IFNα, which is known to activate the JAK/STAT signaling pathway.6 Previous 
studies have shown that STAT1 is a key mediator of type I interferon-induced gene expression, which is highly 
upregulated in dermatomyositis-affected muscle tissues.7 In contrast, while STAT2 also participates in interferon 
signaling, its primary role is in complex formation with IRF9 rather than direct transcriptional regulation of pro- 
inflammatory and pro-atrophic genes.8 TYK2, as an upstream kinase, is more broadly involved in multiple cytokines 
signaling pathways beyond interferon signaling.9 The activation of STAT1, a crucial transcription factor in the type I IFN 
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response, has been strongly implicated in the pathophysiology of DM.10,11 STAT1 mediates the expression of a range of 
interferon-stimulated genes (ISGs), which contribute to muscle inflammation, fibrosis, and impaired regeneration, 
thereby playing an essential role in DM-associated muscle pathology including perifascicular atrophy and muscle 
weakness.7,12,13

The ubiquitin-proteasome system (UPS) plays a critical role in regulating various cellular processes, including protein 
degradation, cell cycle control, and stress response.14 Ubiquitin E3 ligases are key components of the UPS, mediating the 
transfer of ubiquitin to specific substrate proteins, thereby targeting them for proteasomal degradation.15 In the context of 
DM, the role of ubiquitin-related processes in muscle damage and repair remains largely unknown. Recent evidence 
suggests that dysregulation of ubiquitination may contribute to muscle atrophy and impaired regeneration, as many key 
signaling pathways, including those involved in inflammation, differentiation, and apoptosis, are regulated by 
ubiquitination.16,17 However, the specific ubiquitin E3 ligases that may be involved in DM pathogenesis and their targets 
have not been systematically studied.

In this study, we aimed to investigate the role of ubiquitin E3 ligases in the muscle pathology of DM, focusing on the 
potential involvement of the IFNα/STAT1 signaling axis. By analyzing public datasets, we identified several ubiquitin E3 
ligases that were significantly upregulated in DM muscle tissues, among which FBXO4 emerged as a candidate of 
particular interest. FBXO4 is an E3 ubiquitin ligase known to mediate the degradation of various substrates involved in 
cell cycle regulation and survival. We hypothesized that FBXO4 might play a role in DM muscle pathology by 
modulating key signaling pathways related to muscle cell differentiation and apoptosis. Our study aimed to elucidate 
the mechanisms through which FBXO4 contributes to DM pathogenesis, with a particular focus on its interaction with 
the IFNα/STAT1 pathway and its potential targets, such as β-catenin and MCL1. By understanding the role of FBXO4 in 
DM, we hoped to identify novel therapeutic targets to alleviate muscle damage and promote regeneration in affected 
patients.

Materials and Methods
Cell Culture and Treatments
Human immortalized skeletal muscle cell line LHCN-M2 was purchased from EVERCYTE and cultured in DMEM/ 
M199 supplemented with 15% fetal bovine serum (FBS) and 1% penicillin-streptomycin. Mouse skeletal muscle cells 
(C2C12) and HEK-293T were purchased from the Cell Bank of the Chinese Academy of Sciences (CAS) and cultured in 
Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% FBS and 1% penicillin-streptomycin. Cells were 
maintained at 37 °C in a humidified atmosphere with 5% CO2. For IFNα treatments, cells were treated with 1000 U/mL 
IFNα for 24 hours to simulate inflammatory conditions. For Wnt/β-catenin signaling inhibition, cells were treated with 
5 μM IWR-1-endo or DMSO as a control.
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Gene Knockout and Overexpression
FBXO4 and STAT1 knockouts were performed using CRISPR/Cas9 technology. Guide RNAs (gRNAs) targeting FBXO4 
and STAT1 were designed and cloned into lentiCRISPRv2 plasmid. Lentiviral particles were produced in HEK-293T 
cells and used to transduce LHCN-M2 cells. After selection with 2 μg/mL puromycin, knockout efficiency was confirmed 
by Western blotting and quantitative reverse transcription PCR (qRT-PCR).

For overexpression studies, STAT1 cDNA was cloned into the pCDH-CMV-MCS-EF1α-Puro vector. The constructs 
were transfected into HEK-293T cells using Lipofectamine 3000 (Thermo Fisher Scientific) following the manufacturer’s 
protocol.

RNA Sequencing and Data Analysis
RNA was extracted from control and FBXO4 knockout LHCN-M2 cells using the RNeasy Mini Kit (Qiagen). RNA 
sequencing analysis was performed by GENEWIZ life science. Briefly, for library construction, 1 µg of high-quality total 
RNA was used as input. mRNA was enriched using poly(A) selection with oligo(dT) magnetic beads for total RNA 
sequencing. The mRNA was then fragmented into short pieces (~200–300 bp) by incubation with divalent cations at 
elevated temperatures. First-strand cDNA synthesis was performed using reverse transcriptase (SuperScript III, Thermo 
Fisher) and random hexamer primers, followed by second-strand cDNA synthesis with DNA polymerase I and RNase 
H. Double-stranded cDNA was purified using AMPure XP beads (Beckman Coulter), followed by A-tailing and ligation 
of sequencing adapters (Illumina TruSeq RNA Library Prep Kit). After adapter ligation, libraries were size-selected 
(~350 bp) using AMPure XP beads, followed by PCR amplification (12–15 cycles) to enrich adapter-ligated fragments. 
The final library quality and concentration were assessed using the Agilent 2100 Bioanalyzer. And then the validated 
RNA-seq libraries were subjected to paired-end (PE) sequencing (150 bp reads) on an Illumina NovaSeq 6000 platform.

Differential gene expression analysis was conducted using DESeq2, with genes having a fold change > 2 and P value 
< 0.05 considered significantly differentially expressed. Gene ontology (GO) enrichment analysis was performed using 
the DAVID bioinformatics tool.

Quantitative Reverse Transcription PCR (qRT-PCR)
Total RNA was extracted from cells using the RNeasy Mini Kit (Qiagen). cDNA synthesis was performed using the 
iScript cDNA Synthesis Kit (Bio-Rad). qRT-PCR was conducted using SYBR Green Master Mix (Applied Biosystems) 
on a QuantStudio 6 Flex Real-Time PCR System (Thermo Fisher Scientific). Relative gene expression was calculated 
using the ΔΔCt method, with 18S RNA as the reference gene. Primers used for qRT-PCR are listed in Table S1.

Western Blotting
Cells were lysed in SDS lysis buffer. Protein concentrations were determined using the BCA Protein Assay Kit (Thermo 
Fisher Scientific). Equal amounts of protein were separated by SDS-PAGE and transferred to Nitrocellulose membranes. 
Membranes were blocked with 5% non-fat milk and incubated with primary antibodies overnight at 4°C, followed by 
incubation with HRP-conjugated secondary antibodies. anti-ISG15, anti-FBXO4, anti-MYC and anti-β-catenin were 
purchased from Abcam. anti-CCND1, anti-MYOG, anti-MYOD, anti-SKP1 were purchased from Proteintech. Anti-Ub, 
anti-STAT1, anti-STAT2 and β-actin were purchased from CST. Membranes were visualized using an enhanced 
chemiluminescence (ECL) detection system (Bio-Rad).

Immunoprecipitation and Ubiquitination Assay
Cells were transfected with Flag-FBXO4 using Lipofectamine 2000 (Thermo Fisher Scientific). After 48 hours, cells 
were lysed in IP lysis buffer (Thermo Fisher Scientific) containing protease inhibitors. Lysates were incubated with anti- 
Flag antibody and protein G magnetic beads (Thermo Fisher Scientific) overnight at 4°C. Immunoprecipitates were 
washed and subjected to Western blotting to detect interacting proteins. For ubiquitination assays, cells were treated with 
10 μM MG132 for 6 hours before lysis to inhibit proteasomal degradation, allowing detection of ubiquitinated proteins.
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Luciferase Reporter Assay
The promoter region of FBXO4 (−3000 to 0 bp) was cloned into the pGL3-basic luciferase vector (Promega). Top-flash 
and Fop-flash luciferase vectors were purchased from Promega. HEK-293T cells were co-transfected with the luciferase 
construct and a Renilla luciferase plasmid as a control for transfection efficiency. After 24 hours, cells were treated with 
IFNα (1000 U/mL) for an additional 24 hours. Luciferase activity was measured using the Dual-Luciferase Reporter 
Assay System (Promega), and results were normalized to Renilla luciferase activity.

Chromatin Immunoprecipitation (ChIP) Assay
ChIP assays were performed using the ChIP-IT Express Kit (Active Motif) according to the manufacturer’s instructions. 
LHCN-M2 cells were treated with IFNα (1000 U/mL) for 24 hours before crosslinking with 1% formaldehyde. 
Chromatin was sheared by sonication, and immunoprecipitation was performed using an anti-STAT1 antibody. qPCR 
was conducted to analyze the enrichment of STAT1 binding at the GAS sites in the FBXO4 promoter. Primers used for 
ChIP-qPCR are listed in Table S1.

Cell Morphology and Differentiation Assays
LHCN-M2 cells were cultured in differentiation medium (DMEM with 2% horse serum) for 5 days to induce 
differentiation. Cell morphology was observed under a phase-contrast microscope. Differentiation was assessed by 
immunofluorescence staining for myogenin (MYOG) and myosin heavy chain (MHC) using specific antibodies, followed 
by imaging with a fluorescence microscope (Nikon).

Cell Viability Assay
Cell viability was assessed using the Cell Counting Kit-8 (CCK-8, Dojindo) following the manufacturer’s instructions. 
Briefly, LHCN-M2 cells were seeded in 96-well plates and treated as indicated. CCK-8 solution was added to each well, 
and absorbance at 450 nm was measured after 2 hours using a microplate reader (BioTek).

Statistical Analysis
All experiments were performed at least three times independently. Data are presented as mean ± standard deviation 
(SD). Statistical analysis was conducted using GraphPad Prism 10.0 software. Differences between groups were analyzed 
using multiple t-test, with p < 0.05 considered statistically significant.

Results
Screening of Ubiquitin E3 Ligases in the Dermatomyositis Datasets
Although muscle damage in dermatomyositis (DM) is primarily caused by inflammation and ischemia due to immune 
system attacks on muscle fibers and blood vessels, little is known about the role of ubiquitin related biological process in 
DM-associated muscle damage. Therefore, this study aims to investigate whether ubiquitination-related enzymes, 
particularly ubiquitin E3 ligases, exhibit abnormal expression in the muscle tissues of DM patients by screening public 
databases. Differential gene expression analysis (fold change > 2, P-value < 0.01) was performed using two public 
datasets, GSE1197118 (Figure 1A) and GSE155119 (Figure 1B), comparing muscle tissues from DM patients to normal 
muscle tissues. Among the significantly upregulated genes, 53 and 87 ubiquitination-related proteins were identified in 
GSE11971 and GSE1551 datasets, respectively (Figure 1C), with 34 proteins found to be significantly elevated in both 
datasets (Figure 1C). Notably, several ubiquitin E3 ligases, including UBR2,20 DTX,21 WWP1,22 and deubiquitinating 
enzymes such as USP18,23 USP20,24,25 and USP22,26 which have been previously reported to play roles in muscle- 
related pathological or physiological processes, were identified. Thus, we hypothesize that the remaining unreported 
proteins may be involved in the pathogenesis of DM. To further explore this, human immortalized skeletal muscle cells 
(LHCN-M2) and a mouse myoblast cell line C2C12 were treated with the key inflammatory factor in DM, IFN-α, to 
simulate the effect of inflammatory factors on muscle cells during DM progression. We noticed that the cells exhibit 
a slender morphology, resembling the pathological state of perifascicular atrophy observed in muscle tissue (Figure 1D). 
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Then qRT-PCR was employed to assess the expression of the selected, yet-to-be-reported, E3 ligases in DM. As 
expected, ISG15, a known STAT1 target gene,27 was significantly increased following IFNα treatment (Figure 1E), 
indicating the effectiveness of the IFNα treatment. All the detected E3 ligases showed varying degrees of upregulation 
after IFNα treatment (Figure 1E), with the most pronounced fold change observed in FBXO4 (Figure 1E), suggesting that 
FBXO4 might play a role in the pathogenesis of DM. In addition, the protein levels of FBXO4 were elevated in both 

Figure 1 Screening of Ubiquitin E3 Ligases in Dermatomyositis Muscle Tissues. (A and B) The volcano plot illustrates the differential gene expression analysis comparing 
dermatomyositis (DM) muscle tissues to normal muscle tissues using the GSE11971 (A) and GSE1551 (B) datasets. Genes with a fold change > 2 and P value < 0.01 were 
considered significantly differentially expressed. Red and blue plots indicate significant up- and down-regulated genes respectively. Purple plots indicate ubiquitin related 
genes. (C) Venn diagram showing the overlap of ubiquitination-related proteins significantly upregulated in both datasets, with 34 common proteins identified. Green fonts 
indicate previously reported ubiquitin-related genes. (D) Cell morphology of indicated cells treated with 1000 U/mL IFNα for 24 hours. (E) qRT-PCR analysis of selected E3 
ligases and ISG15 in LHCN-M2 cells treated with 1000 U/mL IFNα. ISG15 served as a positive control, confirming the effectiveness of IFNα treatment. * Indicates P < 0.05, ** 
indicates P <0.01, *** indicates P <0.001. (F) Western blot analysis showing the protein levels of FBXO4 in LHCN-M2 and C2C12 cells following 1000 U/mL IFNα treatment.
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LHCN-M2 and C2C12 cells, a mouse skeletal muscle cell line, following treatment with IFNα (Figure 1F). In 
conclusion, these findings indicate that the ubiquitin E3 ligase FBXO4 is significantly upregulated in the muscle tissues 
of DM patients, suggesting its involvement in the pathological progression of dermatomyositis.

Depletion of FBXO4 Promotes Myocyte Differentiation
To investigate the role of FBXO4 in muscle cells, we knocked out FBXO4 in LHCN-M2 cells, as shown in Figure 2A, 
with gFBXO4#2 being more effective. We observed that, compared to the control, depletion of FBXO4 caused the 
morphology of LHCN-M2 cells to become larger and more elongated (Figure 2B), resembling a differentiated state. 
Subsequently, RNA sequencing revealed that the depletion of FBXO4 led to a significant increase in genes associated 
with muscle cell differentiation, such as MYOD1 and MYOG,28,29 while genes related to cell cycle, including E2F1, 
CCND1, and MYC, were significantly decreased (Figure 2C). Gene ontology enrichment analysis showed that the 
upregulated genes were significantly enriched in pathways related to muscle cell differentiation (Figure 2D), while the 
downregulated genes were enriched in cell proliferation and cell cycle pathways (Figure 2E). These results suggest that 
FBXO4 knockout induces differentiation in LHCN-M2 cells. qRT-PCR (Figure 2F) and Western blot (Figure 2G) 
analyses confirmed that the mRNA and protein levels of differentiation-related genes, such as MYOD1, MYOG, and 
MMP14, were significantly increased, while those related to cell proliferation, including MYC, CCND1, and E2F1, were 
markedly reduced. Furthermore, CCK8 assays validated that the depletion of FBXO4 LHCN-M2 cells was impaired 
following FBXO4 knockout (Figure 2H). Collectively, these findings demonstrate that the knockout of FBXO4 triggers 
terminal differentiation in muscle cells.

FBXO4 Ubiquitinates and Degrades β-Catenin in Muscle Cells
As a ubiquitin E3 ligase, we hypothesize that FBXO4 regulates muscle cell differentiation through the ubiquitination and 
degradation of its substrates. Using the online tool ubibrowser2.0, we analyzed the substrates of FBXO4. From the 
analysis results, it is known that the currently reported substrates of FBXO4 include CCND1,30 MCL1,31 ICAM,32 

FXR1,33 and TERF1.32 Additionally, several potential target proteins were predicted, including those involved in the Wnt 
canonical signaling pathway, such as β-catenin, RELA, and p53 (Figure 3A). We noted that in the context of muscle 
injury, the Wnt/β-catenin signaling pathway is activated, promoting the proliferation and differentiation of muscle stem 
cells (satellite cells), thereby participating in muscle regeneration. Based on these clues, we speculate that in dermato-
myositis, the elevated levels of FBXO4 might target and degrade β-catenin, thereby inhibiting the proliferation and 
differentiation of muscle stem cells, leading to sustained muscle damage. Subsequently, in LHCN-M2 cells, immuno-
precipitation experiments following the exogenous expression of Flag-FBXO4 confirmed that FBXO4 indeed interacts 
with β-catenin, MCL1 and SKP1 were used as positive control here (Figure 3B). Furthermore, depletion of FBXO4 
elevated the protein level of β-catenin (Figure 3C). These results indicate that FBXO4 might regulate the degradation of 
β-catenin through ubiquitination. We then examined the ubiquitinated level of β-catenin in FBXO4 knockout and control 
cells. As shown in Figure 3D, knockout of FBXO4 reduces the ubiquitinated β-catenin compared to control. These results 
verified that β-catenin is a direct target of FBOX4. We then asked whether FBXO4 impaired Wnt/β-catenin signaling in 
LHCN-M2 cells. Luciferase reporter assays revealed that depletion of FBXO4 enhances the Top-flash luciferase activity 
in LHCN-M2 cells (Figure 3E), indicates that depletion of FBXO4 promotes Wnt/β-catenin signaling. Altogether, these 
findings suggested that FBXO4 binds to β-catenin and promotes its degradation by ubiquitination.

Depletion of FBXO4 Promotes Muscle Cell Differentiation Through Wnt/β-Catenin 
Signaling
We investigated whether FBXO4 inhibits muscle cell differentiation via the Wnt/β-catenin pathway. FBXO4 knockout 
and control LHCN-M2 cells were treated with the Wnt signaling inhibitor IWR-1-endo34 or DMSO. Compared to 
DMSO, FBXO4 knockout cells treated with IWR-1-endo exhibited reduced cell size (Figure 4A), suggesting that IWR- 
1-endo restored the differentiation state induced by FBXO4 loss. Additionally, mRNA (Figure 4B) and protein levels 
(Figure 4C) of differentiation markers MYOG, MYOD and MMP14 were significantly rescued by IWR-1-endo in 
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Figure 2 FBXO4 Knockout Promotes Myocyte Differentiation. (A) Confirmation of FBXO4 knockout in LHCN-M2 cells using two gRNA constructs, with gFBXO4#2 
showing higher efficiency. (B) Morphological changes observed in FBXO4 knockout LHCN-M2 cells compared to control, with cells becoming larger and more elongated, 
indicative of differentiation. (C) The volcano plot illustrates the differential gene expression analysis comparing gFBXO4#2 LHCN-M2 cells to control. Genes with a fold 
change > 2 and P value < 0.01 were considered significantly differentially expressed. Red and blue plots indicate significant up- and down-regulated genes respectively. (D) 
Gene ontology enrichment analysis of upregulated genes, highlighting pathways related to muscle cell differentiation. (E) Gene ontology enrichment analysis of down-
regulated genes, showing enrichment in cell proliferation and cell cycle pathways. (F and G) qRT-PCR (F) and Western blot (G)analysis confirming increased mRNA levels of 
differentiation markers (MYOD1, MYOG, MMP14) and decreased levels of cell proliferation markers (MYC, CCND1, E2F1). (H) CCK8 assay demonstrating impaired cell 
proliferation following FBXO4 knockout in LHCN-M2 cells.
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FBXO4 knockout cells. These findings indicate that FBXO4 depletion promotes muscle cell differentiation through 
activation of the Wnt/β-catenin pathway.

We further considered that FBXO4 targets MCL1, an anti-apoptotic member of the BCL2 family,35 and hypothesized 
that in differentiation medium (DM), upregulated FBXO4 may promote MCL1 degradation, leading to muscle cell 
apoptosis. To test this, we assessed apoptosis in FBXO4 knockout and control LHCN-M2 cells treated with IFNα, and 
found that FBXO4 depletion inhibited cell death under IFNα treatment. These findings indicate that in DM, highly 
expressed FBXO4 promotes muscle cell apoptosis while inhibiting muscle cell differentiation.

In the other hand, we considered that FBXO4 targets MCL1, an anti-apoptotic member of the BCL2 family, and 
hypothesized that in DM, upregulated FBXO4 may promote MCL1 degradation, leading to muscle cell apoptosis. To 
clarify this, we evaluated apoptosis in both FBXO4 knockout and control LHCN-M2 cells after treatment with IFNα and 
found that FBXO4 depletion inhibited cell death under IFNα treatment (Figure 5). These findings indicate that in DM, 
highly expressed FBXO4 promotes muscle cell apoptosis while inhibiting muscle cell differentiation.

FBXO4 Is Induced by IFNα/STAT1 Signaling in DM
We investigated how FBXO4 is upregulated in dermatomyositis (DM). Previous results (Figure 1D) suggested that 
FBXO4 could be induced by IFNα, leading us to hypothesize that FBXO4 might be a target of the IFNα/JAK/STAT1 

Figure 3 FBXO4 Regulates β-Catenin Ubiquitination and Degradation. (A) The string analysis of the UbiBrowser 2.0 tool predicted potential substrates of FBXO4, with 
arrows highlighting those that have been previously reported as FBXO4 substrates. (B) Immunoprecipitation (IP) assays in LHCN-M2 cells expressing Flag-FBXO4, 
confirming the interaction between FBXO4 and β-catenin. MCL1 and SKP1 were used as positive controls. (C) Western blot analysis showing that FBXO4 knockout 
increases β-catenin protein levels in LHCN-M2 cells. (D) Ubiquitination assay showing reduced levels of ubiquitinated β-catenin in FBXO4 knockout cells compared to 
controls. (E) Luciferase reporter assays demonstrating that FBXO4 depletion enhances Top-flash luciferase activity, indicating activation of Wnt/β-catenin signaling.
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Figure 4 Wnt/β-Catenin Pathway Mediates FBXO4’s Effect on Muscle Cell Differentiation. (A) Morphological analysis of FBXO4 knockout and control LHCN-M2 cells 
treated with Wnt signaling inhibitor IWR-1-endo or DMSO, showing that IWR-1-endo reduces cell size in FBXO4 knockout cells. (B and C) qRT-PCR (B) and Western blot 
(C) analysis of differentiation markers MYOD and MYOG in FBXO4 knockout and control cells treated with IWR-1-endo or DMSO, demonstrating rescue of differentiation.

Figure 5 FBXO4 Modulates Apoptosis in Muscle Cells. Apoptosis analysis in FBXO4 knockout and control LHCN-M2 cells under 1000 U/mL IFNα treatment, showing that 
FBXO4 depletion inhibits cell apoptosis.
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pathway. We treated LHCN-M2 cells with Fludarabine, a STAT1 signaling inhibitor,36 and observed that it significantly 
reversed the increase in FBXO4 levels under IFNα treatment (Figure 6A), supporting that FBXO4 is downstream of 
STAT1 signaling. We then knocked out STAT1 in LHCN-M2 cells, treated them with IFNα, and found that STAT1 
depletion significantly reduced both the mRNA (Figure 6B) and protein levels (Figure 6C) of FBXO4 under IFNα 
treatment. Moreover, knockout of TYK2—the upstream kinase of STAT1 and STAT2—significantly reduced FBXO4 
expression, whereas STAT2 knockout did not (Figure S1A). In addition, STAT1 knockout resulted in a cell morphology 
similar to that observed with FBXO4 knockout (Figure S1B). Together, these findings suggest that FBXO4 is 
a downstream target of STAT1.

Additionally, promoter analysis of FBXO4 using the TFAP online tool identified six GAS (Gamma-Activated 
Sequence) sites, which are STAT1 binding sites (Figure 6D), suggesting FBXO4 as a potential direct target of STAT1. 

Figure 6 FBXO4 Is Regulated by IFNα/STAT1 Pathway in Dermatomyositis. (A) Western blot analysis showing that Fludarabine, a STAT1 signaling inhibitor, reverses the 
increase in FBXO4 levels induced by IFNα treatment. (B) qRT-PCR (B) and Western blot (C) analysis of FBXO4 mRNA and protein levels in STAT1 knockout LHCN-M2 
cells under IFNα treatment. (D) Promoter analysis of FBXO4 revealing six STAT1 binding sites (GAS sites, top panel); immunoblotting analysis of STAT1 in HEK-293T 
overexpression of STAT1 and control. (E) Dual-luciferase assay results demonstrate that STAT1 enhances FBXO4 promoter activity under 1000 U/mL IFNα treatment. 
(F and G) Immunoblotting analysis assessed the immunoprecipitation efficiency of the STAT1 antibody, with STAT2 serving as a positive control (F). qRT-PCR demonstrated 
STAT1 binding to the FBXO4 promoter in HEK-293T cells following IFNα treatment, using ISG15 as a positive control.
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We cloned the promoter sequence (−3000 to 0) of FBXO4 into the pGL3-basic vector, overexpressed STAT1 in HEK- 
293T cells (Figure 6D), and conducted dual-luciferase assays under IFNα treatment. As shown in Figure 6E, STAT1 
overexpression significantly increased FBXO4 promoter activity, with pSTAT1-TA-Luc serving as a positive control 
(Figure 6E).

Further, STAT1 ChIP-PCR was performed in HEK-293T cells after IFNα treatment. Western blot confirmed the ChIP 
assays (Figure 6F), and ChIP-qPCR demonstrated that STAT1 binds to the GAS1-3 and GAS5-6 sites of the FBXO4 
promoter (Figure 6D and G). ISG15 was included as a positive control. In conclusion, these findings reveal that FBXO4 
is induced via the IFNα-JAK-STAT1 pathway in DM and is a direct target of STAT1.

Discussion
In this study, to investigate the role of ubiquitin pathway–related proteins in muscle damage associated with DM, we 
screened publicly available datasets to identify ubiquitin E3 ligases and Deubiquitinases that are differentially expressed 
in DM compared to normal muscle tissue. A total of 34 ubiquitin-related proteins were identified, including UBR2,20 

USP18,23 and USP20,25 which have been previously reported to participate in muscle-related physiological or patholo-
gical processes, supporting the reliability of our screening strategy. Among these, we focused on the subclass of ubiquitin 
E3 ligases and identified FBXO4 as the most significantly upregulated gene at the mRNA level in an IFNα-induced cell 
model. Subsequent experiments demonstrated that elevated FBXO4 promoting β-catenin degradation, thereby inhibiting 
the canonical Wnt signaling pathway and ultimately suppresses muscle cell differentiation.

The Wnt/β-catenin signaling pathway is essential for normal organ development.37 In skeletal muscle regeneration, 
activated Wnt/β-catenin signaling by promoting muscle-specific gene expression, supporting satellite cell self-renewal, 
and regulating the transition from proliferation to myogenic differentiation.38,39 In the current study, we identified that β- 
catenin is a substrate of FBXO4. Persistent IFNα/JAK/STAT1 signaling inducing the expression of FBXO4 and thereby 
promotes the degradation of β-catenin and thereby inhibits muscle cell differentiation.

In DM, chronic inflammation, persistent type I interferon signaling, and associated pathological changes disrupt the 
normal regeneration and differentiation of myoblasts.40 High expression of FBXO4 inhibits muscle cell differentiation, 
thereby impairing muscle repair and regeneration and ultimately promoting the progression of DM.

However, there remain some concerns that should be further investigated in the future:1) all the experiments were 
done in cell models, with no animal and patient samples to assess the expression of FBXO4 and its association with Wnt/ 
β-catenin signaling, myoblast differentiation and perifascicular atrophy in DM; 2) the detailed mechanism of FBXO4 
degrades β-catenin, such as the binding site mapping; 3) Following the resolution of the above issues, we will screen for 
small molecules that disrupt the FBXO4–β-catenin interaction, aiming to identify novel therapeutics for relieving muscle 
weakness in dermatomyositis patients.

Conclusion
Our study highlights the significance of FBXO4 as a key regulator of muscle cell fate in DM, linking inflammatory signaling 
with ubiquitin-mediated degradation pathways. The upregulation of FBXO4 in response to IFNα suggests that inflammatory 
cytokines may drive muscle pathology in DM by modulating ubiquitin E3 ligase activity. Targeting FBXO4 or its downstream 
substrates, such as β-catenin and MCL1, could provide novel therapeutic strategies to promote muscle regeneration and prevent 
apoptosis in DM. Future studies should explore the potential of FBXO4 inhibitors or strategies to stabilize β-catenin and MCL1 
as possible treatments for DM, aiming to restore the balance between muscle regeneration and apoptosis in affected patients.
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