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Abstract

Aim: Duchenne muscular dystrophy (DMD) is a rare genetic condition that results in a lack of dystrophin protein
due to a series of mutations. Current treatment strategies for DMD remain limited, highlighting the urgent need for
novel therapeutic options. This study aimed to identify drugs that can be repositioned using DMD-specific
molecular network signatures and potential diagnostic biomarkers, using a holistic, multi-omics data-integration
approach.

Methods: We have examined messenger RNA expression datasets GSE109178, GSE70955, and GSE38417 to
identify differentially expressed genes (DEGs) using adjusted P-value < 0.001 and |log,(fold change)| > 1 as the cut-
off criteria. A total of 285 DEGs were identified as common across all three datasets. Principal component
analyses were carried out using 33 hub genes identified from three-layered (protein-protein interaction,
transcription factor, and microRNA) biological network constructions.

Results: The discrimination effect of these hub genes was found to be significantly higher between DMD patients
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and healthy controls. Therefore, these hub genes might be proposed as potential DMD-specific network
biomarkers. Also, a drug repositioning analysis was conducted, revealing that celastrol, emetine dihydrochloride
hydrate, radicicol, withaferin-A, and apigenin triacetate were reported as potential drugs for the management of
DMD pathogenesis. The docking analysis with these repositioned drug candidates showed significant binding
affinities among 17 network biomarkers (SQSTM1, PML, SPTANT, SPTBN1, KIAA1429, SOX4, SP1, SPP1, NFKBT, TP53,
NKX3-1, CIITA, ARL6IP1, IGFBP5, OCIAD2, RAP2B, and NFIB).

Conclusion: Celastrol and emetine dihydrochloride hydrate were the two repurposed small molecules that
demonstrated effective docking results compared with inhibitors of hub genes and with the clinically used DMD-
specific drug vamolorone. Further studies should be conducted to recapitulate these findings through in vitro and in
vivo studies.

Keywords: Transcriptomics, Duchenne muscular dystrophy, drug repositioning, celastrol, emetine

INTRODUCTION

Duchenne Muscular Dystrophy (DMD), with an incidence of 1 in 3,000-5,000 male births, is an X-linked
(Xp21.1) recessive neuromuscular disease characterized by dystrophin gene mutations that result in loss of
function of the dystrophin protein"!. The majority of mutations (about 60%) are deletions, while the
remaining 40% include duplications and frameshift mutations”. These mutations occur in hotspot regions
of the DMD gene, specifically exons 3-9 and 45-55".

The dystrophin protein provides an essential connection between the sarcolemmal cytoskeleton of muscle
cells and the extracellular matrix, thereby preserving muscle function'”. In the absence of dystrophin
protein, the sarcolemma is damaged and membrane stabilization is disrupted, facilitating the entry of small
molecules and calcium ions into the cell'”. This causes increasing complications and pathological changes
in muscle cell dysfunction and muscle cell fiber degeneration, eventually resulting in death!*®. DMD
pathogenesis might cause some comorbidities such as gait disorders, difficulty in climbing stairs, scoliosis,
cardiomyopathy, respiratory system disorders, and neurologic/neuropsychiatric problems. Depending on
the complications accompanying these disorders, the life expectancy of patients is approximately 20-30
years'™. DMD has been generally diagnosed by biopsies, blood tests, and physical assessment to measure
motor dysfunction.

Novel therapeutic developments rely on biomarkers that hold great promise for precise management
strategies and provide potential disease indicators. Biomarkers used in blood tests for DMD diagnosis
include inflammatory markers [e.g., cytokines such as interleukin-6 (IL-6)], microRNAs [miRNAs, such as
muscle-specific miRNAs (myomiRs)], and metabolites (e.g., creatine kinase levels), which reflect
myonecrosis in DMD!"*"". Recent developments in DMD treatments include gene therapies, exon-skipping
vaccines, drugs, genome-editing techniques, anti-inflammatory drugs, and corticosteroids to reduce
symptoms™>'>"*, Although these treatments reduce the course of the disease, they do not provide a complete
cure because they cover only a certain percentage of mutations"*.

The majority of DMD-specific research published in the literature has used single-step omics data.
Although recent DMD treatments generally focus on gene therapies, a comprehensive multi-omic approach
may better uncover the molecular mechanisms of the disease by addressing the limitations of gene therapy-
based strategies. Such an approach could provide a more advanced understanding of disease pathogenesis
and therapeutic modalities. In this study, molecular networks integrating multi-omic data were constructed
based on high-throughput transcriptome data to elucidate disease-specific biomarkers. Furthermore, the
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diagnostic power of the proposed biomarkers and the drug repositioning based on these disease signatures
may provide a methodological illustration for addressing existing gaps in this field.

In this field, we identified 33 genes with the potential to serve as both network and diagnostic biomarkers
for DMD. Among these genes, we found that 17 (SQSTM1, PML, SPTAN1, SPTBN1, KIAA1429, SOX4, SP1,
SPP1, NFKB1, TP53, NKX3-1, CIITA, ARL6IP1, IGFBP5, OCIAD2, RAP2B, and NFIB) showed higher
binding affinities to candidate repositioned drugs, including celastrol, radicicol, withaferin-A, emetine
dihydrochloride hydrate, and apigenin triacetate. It is predicted that emetine dihydrochloride hydrate and
celastrol may act synergistically in the management of DMD, given their essential roles in apoptosis,
autophagy, anti-inflammatory responses, and infection-related pathways.

METHODS

Selection of datasets and identification of differentially expressed genes

The transcriptome-level data were searched through the Gene Expression Omnibus (GEO) database with
the keywords “DMD, Duchenne Muscular Dystrophy, microarray,” and the datasets with the accession
numbers of GSE109178, GSE70955, and GSE38417 were retrieved">'”. The data, including six controls and
17 test groups for the GSE109178 dataset, three controls and 3 test groups for the GSE70955 dataset, and six
controls and 16 tests for the GSE38317 dataset, were analyzed using GEO2R (https://www.ncbi.nlm.nih.gov/
geo/geo2r/). For normalization, the Linear Models for Microarray Data (LIMMA) package was employed.
Detailed information on the selected datasets is provided in Table 1. To determine the expression profiles of
these DMD datasets, the cut-off values were adjusted to 0.001 and |log,FC| 2 1.0 for P-values and fold
changes, respectively. Benjamini-Hochberg’s correction was employed to control the false discovery rate.
Genes with log,FC > 1.0 were considered upregulated, whereas those with log,FC < -1.0 were classified as
downregulated. The common differentially expressed genes (DEGs) across these three datasets were
identified and used for further analysis.

Functional enrichment analysis

Common DEGs across 3 datasets (GSE38417, GSE70955, and GSE109178) were identified. These genes were
used to enhance the understanding of biological pathways and functions around DEGs using Metascape,
which assists in analyzing certain gene or protein lists to identify the biological processes, cellular
constituents, or molecular activities associated with the genes or proteins"”. The heatmap resulting from the
analysis may indicate enriched biological pathways or processes®.

Biological network constructions around DEGs

Three-layered biological network constructions were carried out by protein-protein interactions [PPIs;
BioGrid (Biological General Repository for Interaction Datasets, thebiogrid.org)]"”, miRNA-target DEG
interactions (MiRTarBase, https://mirtarbase.cuhk.edu.cn/)"?, and transcription factor (TF)-target DEG
interactions (TRRUST, http://www.grnpedia.org/trrust)®. Network constructions were conducted using
Cytoscape 3.10.2"?. The topological properties of these networks were analyzed using the CytoHubba
plugin®’. Hubs with the highest local and global topological parameters, including degree and betweenness
centrality obtained from these three networks, were considered as DMD-specific network biomarkers and
potential targets for drug repositioning.

Principal component analysis to establish diagnostic power of network signatures

To further assess whether network biomarkers can discriminate between the healthy and diseased states of
the dataset samples, principal component analysis (PCA) was performed. R software version 4.3.2"" and
RStudio™ were used for PCA. The “BiocManager” package was used to install the required Bioconductor
dependencies, while the “factoextra” package was employed for visualization and interpretation of PCA
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Table 1. DMD-specific datasets retrieved from the Gene Expression Omnibus (GEO) at the National Center for Biotechnology
Information (NCBI)

Accession number Tissue Study design Platform

GSE38417 Muscle 16 DMD patients, six healthy controls Affymetrix human genome U133 plus 2.0 array
GSE109178 Muscle 17 DMD patients, six healthy controls Affymetrix human genome U133 Plus 2.0 array
GSE70955 Muscle 3 DMD patients, three healthy controls Affymetrix human gene expression array

DMD: Duchenne muscular dystrophy.

results. The “prcomp” function was used to perform PCA based on the gene expression matrices. PCA was
conducted separately for each dataset, using the expression values of each network signature. All PCAs were
conducted using the normalized expression matrices produced by the limma workflow, in which expression
values are mathematically adjusted for distributional differences and rendered directly comparable across
samples. Importantly, the datasets were not merged for a unified PCA; instead, each dataset underwent PCA
independently, and the clustering patterns were interpreted solely within its own sample space. Therefore,
the input values used for PCA already represented variance-stabilized, scale-adjusted measures, eliminating
the need for additional standardization beyond the limma normalization pipeline. The principal
components explaining at least 70% of the total variance were considered in determining clustering
performance, i.e., the ability to predict DMD. Hereupon, unless otherwise stated, these biomarkers will be
accepted as potential diagnostic signatures of DMD.

For PCA-based discrimination analyses, sensitivity and specificity were computed using

Sensitivity = —
ensitivity = TPTEN
S .
Specificity =T rp

where TP (True Positive) refers to DMD samples correctly clustered into the DMD group, FN (False
Negative) represents DMD samples incorrectly clustered into the control group, TN (True Negative)
signifies control samples correctly clustered into the control group, and FP (False Positive) refers to control
samples incorrectly clustered into the DMD group.

Drug repositioning via targeting diagnostic biomarkers

To identify candidate drugs or small molecules that may play essential roles in disease pathogenesis, the 33
hub genes identified through network construction were investigated using L1000CDS** based on their
expression signatures. In the L1000CDS* platform, the similarity between the DMD-associated gene
expression signature and the drug-induced expression signatures is quantified using the cosine similarity
metric (cosa). The value “1 - cosa” therefore represents the cosine distance between two signatures, with
higher values indicating a stronger ability of the drug to reverse disease-associated gene expression patterns.
Specifically, a larger 1 - cosa value reflects a more pronounced anti-correlation between the drug signature
and the DMD signature, suggesting a greater potential for therapeutic reversal of the dysregulated pathways.
The 50 potential repositioned drugs were identified and selected based on their 1-cosa values, U.S. Food and
Drug Administration (FDA) approval status, and limitations (e.g., the drug has many side effects; the
chosen drug is an antineoplastic agent). Antibiotics, antifungals, anti-inflammatory agents, and anti-
malarial drugs were selected considering the above-mentioned limitations. The mechanisms of action and
indications of drugs were investigated using publicly available datasets from PubChem"”” and Drug Bank'*®.
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Molecular docking analysis to determine efficiency of repositioned drugs in silico

Protein Data Bank (PDB)”! and UniProt"™ were used to select the structures of hub proteins. Protein
structures were selected based on X-ray crystallography data with a resolution of < 1.8 A, as higher-
resolution structures provide more accurate atomic positioning and improve the reliability of subsequent
docking analyses. Inhibitors of each diagnostic biomarker were searched through the Comparative
Toxicogenomics Database (CTD)"" from the chemical-gene interaction section. The inhibitors were
selected based on their ability to decrease the expression of the diagnostic biomarker genes. Three-
dimensional structures of inhibitors and drugs were downloaded using PubChem"”. The clinically used
DMD medication vamolorone (VBP15) was also included in the screening pipeline to benchmark our
candidate compounds. All ligands, including vamorolore, were subjected to the same preparation workflow
and docked against the hub proteins using the CB-DOCK (cavity-detecting blind docking) blind docking
platform®. This allowed direct comparison of binding affinities between FDA-approved therapeutic agents
and the repositioned drug candidates identified in this study. Molecular docking analysis was performed
using CB-Dock™.

RESULTS

Identification of DEGs for DMD

The datasets with accession numbers GSE70955, GSE38417, and GSE109178 were chosen for understanding
the molecular mechanism of DMD at the transcriptome level. With the aid of GEO2R, the test and control
groups for every set were established, and their differential expression was determined. The significance
thresholds were set at a P-value < 0.001 and an |log, fold change| 2 1.0. According to the differential
expression analysis, 971 DEGs were identified in the GSE70955 dataset, 3,915 in the GSE38417 dataset, and
6,410 in the GSE109178 dataset. A comparison of the number of DEGs across the selected datasets shows
that GSE109178 yielded the highest count. This dataset has a relatively large sample size, which increases
statistical power, provides technical robustness, and leads to more genes reaching significance under a
stringent threshold (P < 0.001, |log,FC| 2 1). The variation in the number of DEGs across the selected
datasets may arise from differences in patient cohort characteristics - such as disease severity, age, muscle
type biopsied, and treatment history - which collectively broaden or constrain overall transcriptional
variability. Among the DEGs from the three datasets, overlapping genes were identified, resulting in 285
genes shared across all datasets [Figure 1A].

Functional enrichment analysis resulted in biological pathways that play crucial roles in
pathogenesis

The common DEGs derived from specific datasets (GSE38418, GSE70955, and GSE109178) were
functionally enriched and found to be significantly associated with extracellular matrix organization, muscle
structure development, and cytoskeleton in muscle cells, as demonstrated by the Metascape results
[Figure 1B]. Dark colors were used to express the first two processes, whereas less intense colors were used
for the others. Darker hues often indicate more expressed genes or proteins, while lighter hues indicate less
expressed ones'"”.

Networks constructions revealed DMD-specific molecular signatures

Network construction for DMD was performed using three different approaches: PPI, TF, and miRNA
analyses. A total of 285 common DEGs identified from the GSE38417, GSE70955, and GSE109178 datasets
were used. The PPI network comprised 1,739 nodes, 3,961 edges, and an average of 4,555 neighbors; the TF
network included 94 nodes, 122 edges, and 2,596 average neighbors; and the miRNA network contained
2,189 nodes, 8,752 edges, and 6,095 average neighbors.
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Figure 1. (A) A Venn diagram representing intersections of DEGs for three datasets; (B) Functional enrichment analyses of common
DEGs. DEGs: Differentially expressed genes.

The PPI network was constructed using the BioGrid database. Topological analysis of the network identified
the hubs with the highest degree and betweenness values: SQSTM1, PML, SPTAN1, HSPA2, SPTBN1, HLA-
C, SSX2IP, NCOA3, PPP2R1B, GLS, and KIAA1429 [Figure 2A].

The miRNA-target gene interactions were retrieved from the MiRTarBase database. Topological analysis
considering degree and betweenness values identified the following hubs: SOX4, PEG10, NABP1, NFIB,
NCOA3, OCIAD2, ARL6IP1, IGFBP5, FKBP14, RAP2B, hsa-miR-335-5p, PLXND1 [Figure 2B].

TF-target gene interactions were obtained from the TRRUST database to construct a transcriptional
regulatory network. Topological analysis of this network, based on degree and betweenness values,
identified the following hubs: FAS, TWIST1, CD44, SP1, SPP1, NFKB1, RELA, TP53, PML, NKX3-1, HLA-C,
CIITA, MYCN, and MME [Figure 2C].

Together, these three network layers (PPI, miRNA, TF) provide a systems-level overview of the molecular
interactions underlying DMD and highlight multi-omic regulatory hubs that serve as the basis for
downstream biomarker identification and drug-repositioning analyses. The hub genes identified from these
networks were considered the network signatures of DMD, and descriptions of each signature are provided
in Table 2.

Principal component analysis unveiled predictive performance of network signatures

The network signatures indicated significantly different expression patterns between healthy controls and
DMD patients. Clustering of samples based on these expression profiles, using the first principal component
(PC1) from PCA (accounting for approximately 70% of the total variance) combined with the k-means
algorithm, resulted in two clearly distinct sample subgroups. The total variance explained by PCA was
87.7% for GSE70955, 68.5% for GSE38417, and 69.9% for GSE109178. These results demonstrated that the
diseased and control groups were well discriminated based on the expression patterns of the network
signatures [Figure 3A-C]. The cos’® values reflected the contribution of each individual to the principal
components, thereby indicating their relative importance in defining the multivariate structure. Higher
values indicate a strong representation of the variables on the corresponding principal components,
indicating that these components effectively capture their variance structure. Conversely, lower values
suggest suboptimal representation, implying that the variables are not well explained by those components.
Furthermore, sensitivity and specificity metrics of the identified network signatures were independently
evaluated for each dataset to assess their discriminatory performance [Table 3]. The contributions of each
network signature expression value were analyzed via factor analysis. As the highest contributors depending
on expression values, OCIAD2, FAS, and HSPA2 genes in the GSE70955 dataset; FKBP14, CD44, and
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Table 2. DMD-specific hubs of three-layered biological networks and their functions, inhibitor names, and UniProt IDs
g::‘i :.an iProt Regulation Function Inhibitor Name g‘uh;lé:::n D Ref
ARL6IP1 Q15041 UP It plays a role in protein transport and cell signaling during hematopoietic maturation Bisphenol A 6623 [33,
34]
CD44 P16070 UP It is a hyaluronic acid receptor and plays a role in cell-cell crosstalk, cell adhesion, and cell migration Acetaminophen 1983 [35]
CIITA P33076 Up It controls MHC class | and Il gene transcription that y-interferon initiates Melphalan 460612 [36]
FAS P25445 UP It plays a central role in programmed cell death, cancer development, and progression Alitretinoin 449171 [37,
38]
FKBP14 QO9NWMS8 UP It aids in procollagen folding, and defects in this gene can cause a type of Ehlers-Danlos syndrome Deguelin 1079352 [39]
GLS 094925 UP It encodes the K-type mitochondrial glutaminase, which is responsible for glutamine catabolism Calcitriol 5280453 [40]
HLA-C P10321 UP It functions as a ligand for killer immunoglobulin in receptors on natural killer cells and plays a role in the adaptive immune Lithocholic acid 9903 [41,
response 42]
HSPA2 P54652 DOWN It encodes a chaperone protein, supports spermatogenesis, and facilitates the successful fertilization of oocytes Aflatoxin B1 186907 [43,
44]
IGFBP5 P24593 UP-DOWN It promotes cell viability and the differentiation of muscle cells Abrine 160511 [45,
46]
KIAAT429  Q69YN4  PPI It regulates the migration and proliferation of endothelial cells in atherosclerosis Bisphenol A 6623 [47]
MME P08473 UP-DOWN  The encoded protein is a neutral endopeptidase and functions as a cell surface marker in the diagnosis of acute Fisetin 5281614 [48]
lymphocytic leukemia
MYCN P04198 UP It is essential for fetal development. Also, it is responsible for the regulation of gene expression, including proliferation, Ketamine-8 3812 [49,
growth, apoptosis, energy metabolism, and differentiation 50]
NABP1 Q96AHO  UP Itis involved in DNA replication, recombination, and repair Dronabinol 16078B [51]
NCOA3 Q9YeQ9 UP It regulates the progression of the cell cycle and functions as a transcriptional coactivator of NF-kB Gambogic acid 9852185 [52]
NFIB 000712 UP It encodes several developmental pathways involved in brain development, pons formation, and lung maturation Aristolochic acid | 2236A [53]
NFKBT1 P19838 TF It regulates immediate-early response to viral infection, and inappropriate activation of NF-kB has been associated with Bisphenol A 6623 [54]
many inflammatory diseases
NKX3-1 Q99801 UP-DOWN It acts as a transcription factor that functions critically in prostate development and tumor suppression Isoflavones 72304 [55]
OCIAD2 Q56VL3 UP It stimulates STAT3 activation and its phosphorylation, and cell motility Endosulfan 3224 [56]
PEG10 Q86TG7 UP It plays an important role in placenta formation and adipocyte differentiation. The dysregulated expression is associated ~ Azoxystrobin 3034285P [57]
with cell proliferation, apoptosis, and the development of malignancies
PLXND1 Q9Y4D7  UP-DOWN It encodes a protein involved in embryonic neurogenesis and vasculogenesis Acrylamide 6579 [58]
PML P29590 UP It regulates hemopoietic differentiation, cell growth, and tumorigenesis Amphetamine 3007 [59]
PPP2R1B P30154 UpP It triggers tumor suppression by dephosphorylating the B-catenin pathway and plays an important role in cell cycle control Bisphenol A 6623 [60]
RAP2B P61225 UP It is the p53 target that mediates survival after DNA damage Mitomycin 5746 [61]
RELA Q04206 TF It regulates physiological processes, including cell proliferation, migration, and inflammation, and limits the induction of Melphalan 460612 [62]

the IFN promoter at the posttranslational level in T cells
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SOX4 Q06945 UP It is a crucial transcription factor for controlling progenitor development, differentiation, and stemness Amitrole 1639 [63]
SP1 P08047 TF It acts as a transcription factor, and its overexpression is linked to a worse prognosis in many types of cancer Amitrole 1639 [64,
65]
SPP1 P10451 UP It is involved in osteoclast binding to the mineralized bone matrix Alandronate 17684448 [66]
SPTAN1 Q13813 UpP It functions as a pivotal scaffold protein that stabilizes the plasma membrane and organizes intracellular organelles Acetaminophen 1983 [67]
SPTBN1 Q01082 UP-DOWN It plays a role in determining cell shape and in regulating transmembrane proteins, cell adhesion, and cell migration Amitrole 1639 [68]
SQSTM1 Q13501 UP-DOWN  Encoded protein controls the activation of the nuclear factor-kB (NF-kB) signaling pathway and binds ubiquitin 1,2- 1322 [69]
dimethylhydrazine
SSX2IP Q9oY2D8 UP It acts as a centrosome maturation factor and plays a role in the organization of cell-cell adherent junctions. Levofloxacin 149096 [70]
TP53 P04637 TF It is a tumor suppressor that plays a fundamental role in the development of cancer Dust 6433340 [71]
TWISTT Q15672 UP-DOWN It regulates cell migration and proliferation during embryonic development Benzo(a)pyrene 2336 [72]

DMD: Duchenne muscular dystrophy; PPI: protein-protein interaction; NF-kB: nuclear factor-kB; IFN: interferon; MHC: major histocompatibility complex.

TWIST1 genes in the GSE38417 dataset; PLXND1, CD44, and GLS genes were found in the GSE109178 dataset [Figure 3A-C]. Across all three independent
datasets, PCA shows that the identified network biomarkers exhibit a coherent variance structure that distinguishes DMD samples from healthy controls. The
variable contribution maps further reveal gene-specific influences on clustering patterns, supporting the robustness and reproducibility of the identified
biomarker signatures.

Drug repositioning analysis revealed candidate therapeutics for the management of DMD

The L1000CDS’ search engine was used to identify repositioned drug candidates targeting potential diagnostic biomarkers, using log,FC values for each as
signature inputs. Using the genes and FC values of potential diagnostic biomarkers as input, we identified signatures and determined possible drug candidates
that could reverse gene expression. A healthy state might have been achieved by reversing the expressions of each biomarker. The resulting drug candidates
were ranked regarding 1-cosa values, which indicate overlap between input expression and drug-exposed controls in the LINCS (The Library of
Integrated Network-Based Cellular Signatures, https://lincsproject.org/) database. The resultant 50 drugs were selected for further evaluation. Three criteria
were applied to prioritize repositioned drugs: (i) preferably FDA approved, (ii) not originally indicated as antineoplastic agents to reduce side effects, and
(iii) high 1-cosa values. Applying these criteria, five potential repositioned drugs or small molecules were identified: celastrol, radicicol, apigenin
triacetate, emetine dihydrochloride hydrate, and withaferin-A. These drugs were comprehensively searched in PubChem, DrugBank, and the
relevant literature. Their indications, mechanisms of action, approval statuses, and prior reports related to DMD are summarized in Table 4.

Molecular docking analysis indicated celastrol and emetine as in silico validated repositioned drug candidates
We performed molecular docking analyses to determine the interactions between selected drugs and DMD-specific diagnostic biomarkers. Binding affinities of
inhibitors of these biomarkers were used as positive controls to evaluate the effectiveness of the selected drugs. Among the five drugs, celastrol (91%, n = 30 out
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Table 3. Sensitivity and specificity analyses of PCA results

GSE38417 GSE109178 GSE70955
Number of controls 6 6 3
Number of patients 16 17 3
Sensitivity* 100 100 100
Specificity™* 100 100 100

*Sensitivity = a/(a + b), **Specificity = d/(c + d). PCA: Principal component analysis.

Table 4. Repositioned drug candidates and their utilizations, mechanisms of action, and FDA approval statuses

Perturbation Indication MOA Approval status Reference
Celastrol Used for the treatment of Acts as an EC 5.99.1.3 [DNA Investigational [73]
inflammation and autoimmune topoisomerase (ATP-hydrolysing)]
disorders such as rheumatoid inhibitor and an Hsp90 inhibitor

arthritis, systemic lupus
erythematosus, nephritis, and asthma

Radicicol Exhibits anticancer activity and shows Inhibits the heat shock protein 90 Investigational [74,75]
potential as an antitumor agent (HSP90), disrupting protein folding
and stability
Emetine Employed in the treatment of Inhibits eukaryotic protein synthesis by Approved [76,77]
dihydrochloride  amebiasis, malaria, and SARS-CoV-2  binding to the 40S ribosomal subunit
hydrate infection and blocking the translocation step
during translation
Withaferin-A Demonstrates anti-tumor and anti- Inhibits nuclear factor-kB (NF-kB), Investigational, formerly FDA-  [78-80]
inflammatory effects, particularly in activates kB kinase via a thiol approved
pancreatic and breast cancer alkylation-sensitive redox mechanism,
therapies induces apoptosis, and targets Hsp90
Apigenin Associated with antifungal resistance Suppresses the development of Dietary supplements do not [81]
triacetate in wheat and shows anticancer, Mycobacterium tuberculosis and require extensive pre-
neuroprotective, and antibacterial exhibits neuroprotective effects in marketing approval from the
activities neurodegenerative diseases U.S. Food and Drug

Administration

FDA: Food and Drug Administration; MOA: mechanism of action; ATP: adenosine triphosphate; EC: enzyme commission number.

of 33 network signatures), apigenin triacetate (67%, n = 22), radicicol (70%, n = 23), withaferin-A (73%, n =
24), and emetine dihydrochloride hydrate (emetine, 76%, n = 25) bound effectively to the biomarkers,
comparable to the inhibitors [Figure 4]. Applying molecular docking simulations showed that 17
biomarkers (SQSTM1, PML, SPTAN1, SPTBN1, KIAA1429, SOX4, SP1, SPP1, NFKB1, TP53, NKX3-1,
CIITA, ARL6IP1, IGFBP5, OCIAD2, RAP2B, and NFIB) out of 33 network signatures bound to the
repositioned drugs better than their inhibitors and showed better binding affinities compared with the
inhibitors. Comparing all repositioned drugs analyzed by docking, celastrol and emetine demonstrated
better binding affinities for the proposed DMD biomarkers [Figure 4]. Emetine is an FDA-approved drug
with anti-malarial and anti-protozoal effects, and celastrol is an investigational drug with antioxidant and
anti-inflammatory effects. These drugs were found to bind well to DMD biomarkers. The docking results
demonstrated that the binding affinities of the network-derived candidate compounds - particularly
celastrol and emetine - were generally more favorable (i.e., more negative docking energies) toward the
DMD-specific diagnostic biomarkers compared with vamolorone. These findings indicate that the proposed
candidates exhibit stronger predicted interactions with multiple key hub proteins than the clinically used
reference drug.

DISCUSSION

DMD is a rare and progressive neuromuscular condition caused by an X-linked mutation resulting in the
loss of the protein dystrophin. DMD patients have a reduced life expectancy, with a reported median
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Figure 2. (A) PPl network constructed from the common differentially expressed genes (DEGs) identified across all datasets. Nodes
represent proteins encoded by the DEGs, and edges denote experimentally validated or computationally supported protein—protein
interactions obtained from the BioGRID database. Hub nodes (highlighted in teal triangular shapes) indicate proteins with the highest
degree and betweenness centrality values, reflecting their central regulatory roles in the network. Non-hub nodes are shown in pink
circular shapes. The inset lists the top-ranked PPl hubs prioritized for downstream analyses; (B) miRNA-gene interaction network
visualizes microRNA - target gene relationships derived from the MiRTarBase database. Each pink triangular node represents a hub gene
identified by network topology, whereas green circular nodes indicate miRNAs that interact with these targets. Edges represent
experimentally validated miRNA-mRNA regulatory interactions. The inset summarizes the key miRNA-related hub signatures predicted
to contribute to DMD-specific post-transcriptional regulation; (C) Transcription factor (TF)-gene regulatory network depicts TF-target
interactions curated from the TRRUST database. Purple triangular nodes represent TF hubs exhibiting the highest centrality metrics,
while blue circular nodes denote downstream target genes. Edges indicate known transcriptional regulatory relationships. The inset
highlights TF hubs identified as key upstream regulators potentially driving the transcriptional architecture of DMD. DMD: Duchenne
muscular dystrophy; PPI: protein-protein interaction.

survival of 22.0 years {95% confidence interval [CI], 21.2-22.4}"*.

The existing mainstay treatment is based on corticosteroids for reducing symptoms and inflammation"?;
however, they do not provide a complete cure. The recent FDA-approved treatment modalities cover
utrophin modulation to increase protein expression, and transfer of micro/mini dystrophins designed from
gene therapies with adeno-associated virus vector by skipping exon 50-52 (etepliersen)"*, skipping exon-53
(golodirsen and viltolarsen)™. Using antisense oligonucleotides (ASOs) is another recently studied
technique that enables exon skipping, with studies targeting exons 51, 53, 45, and 44 currently ongoing"?.
Although these drugs and treatments hold promise for DMD patients, full therapeutic effects might not be
achieved, as they address only a small subset of disease-causing mutations. In addition, the production costs
of ASOs and the challenges of precise targeted delivery pose significant hurdles for their clinical
application™!. Preclinical research is still ongoing due to the risk of off-target effects and unintended
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Figure 3. Principal Component Analysis (PCA) plots showing the discrimination of test and control groups for each dataset:
(A) GSE38417, (B) GSE70955, and (C) GSE109178. Each panel presents two complementary PCA visualizations: (left) the
distribution of individual samples and (right) the contribution of variables (network biomarkers) to the principal components.
PCA was performed using limma-normalized gene expression matrices for each dataset, ensuring variance-stabilized and directly
comparable values within each cohort. Left plots (PCA of individuals): Samples are projected onto the first two principal
components (Dim 1 and Dim 2), with colors representing the cos’ values, which quantify the quality of representation of each
sample in the PCA space. Higher cos’ values indicate that a sample is well explained by the selected components, whereas
lower values reflect weaker representation. Separation patterns between healthy and DMD samples demonstrate the
discriminatory capacity of the network signatures. Right plots (variable factor maps): Arrows correspond to individual biomarker
genes, and their directions and lengths indicate the strength and orientation of each gene's contribution to the PCA axes. The color
gradient encodes the cos’ values, highlighting the variables that most strongly drive the variance structure. Longer vectors with high
cos’ values represent biomarkers with greater influence on sample separation. The correlation circle delineates the
multidimensional structure of gene-gene relationships within each dataset. DMD: Duchenne muscular dystrophy.

mutations"®. Therefore, there is an urgent unmet need for the development of new therapeutics that can
overcome these limitations, potentially through the integration of multi-omics data to identify all molecular
players involved in disease progression.

The costs and development time of new treatments are major limitations for researchers and patients
struggling with rare diseases. This challenge can be significantly alleviated by state-of-the-art systems,
advances in biomedicine, and drug-repositioning approaches using drugs already on the market. Drug
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repositioning appears to be a promising strategy because it offers a unique way to identify new effects of
approved drugs more quickly, at lower cost, and with shorter clinical trial periods. This approach has been
and continues to be applied to a wide range of diseases'™".

In this study, DMD was evaluated by integrating transcriptome-level data with network biology approaches
to identify new drug candidates, including celastrol, radicicol, apigenin triacetate, emetine dihydrochloride
hydrate, and withaferin-A, which have been suggested as potential therapeutics through in silico validations
for DMD management. The construction of DMD-specific biological networks at three molecular levels -
TFs, miRNAs, and proteins - allowed us to assess the most essential hubs of the disease that carry the
information flow potentially responsible for pathogenesis [Figure 2A-C]. These 33 hubs were defined as
“network signatures of DMD” and further evaluated for their predictive performance in distinguishing
healthy from disease samples using PCA. They demonstrated significant effects in clustering healthy
samples and DMD patients, with 100% sensitivity and 100% specificity [Table 3 and Figure 3]. Network
signature-based drug repositioning revealed drugs with the potential to reverse gene expression patterns
[Table 4]. We selected approved or investigational drugs, including celastrol, apigenin triacetate, emetine
dihydrochloride hydrate, withaferin-A, dipyridamole, and radicicol. Some of these compounds were
reported to have antineoplastic effects [Table 4]. All these small molecules are discussed comprehensively in
subsequent sections.

Radicicol (monorden) is isolated from the fungus Monosporium bonorden and is known as an antibiotic'*.
Radicicol, a powerful sedative with a low toxicity rate, was first identified as a protein tyrosine kinase
inhibitor, and later its heat shock protein 90 (Hsp90) inhibitory activity was revealed”. Since Hsp9o affects
the growth of many oncogenic proteins, its inhibition leads to the shutdown of multiple pathways involved
in cancer®™*, As a result of drug repositioning research, radicicol became one of 19 drugs that provide rapid
inhibition against Naegleria fowleri™. Radicicol has also been reported as a repositioned drug candidate for
breast cancer and coronavirus disease 2019 (COVID-19)!,

As an ayurvedic herb, Ashwagandha (Withania somnifera) contains a steroidal lactone called withaferin-A.
It is well-known for its anti-inflammatory, anti-tumorigenic, and anti-carcinogenic activities”**. It is
typically utilized for patients with other unexplained gynecological malignancies, as well as lung, breast,
ovarian, colorectal, prostate, gastrointestinal, cervical, and hematological cancers”***. Beyond these diseases,
withaferin-A has demonstrated potential as a treatment for conditions such as osteoarthritis, Parkinson’s
disease, Alzheimer’s disease, and cystic fibrosis””. By preventing nuclear factor-xB (NF-xB) activation and
disrupting the CDC37-Hsp90 complex, withaferin-A has the potential to be used as a therapeutic drug in
the treatment of cancer, hematological malignancies, and chronic inflammatory disorders™. Overactivity of
NF-«B results in the loss and disruption of muscle cells, whereas withaferin-A-induced NF-«B suppression
can promote the development of new myofibers and may be useful in DMD treatment"”. Currently, no
study in the literature has reported DMD treatment with withaferin-A.

Apigenin, naturally produced by Thymelaeaceae, Verbenaceae, and Selaginellaceae plants, is a flavonoid
component. It exhibits anti-spasmodic, anti-inflammatory, antioxidant, anti-cancer (osteosarcoma,
prostate, bladder, liver, and colorectal cancer cells), and antiproliferative properties®'®. Apigenin also has
strong antiviral activity, as it inhibits Mpro, the primary SARS-CoV-2 (severe acute respiratory syndrome
coronavirus 2) protease, thereby blocking the virus’s ability to replicate”. By modulating integrin signaling
pathways and downregulating Signal transducer and activator of transcription 3 (STAT3) target genes
(TWIST1, MMP-2, MMP-9, and VEGF), it inhibits melanoma cell motility and invasion, and it also exhibits
an anti-metastatic effect by lowering VEGF gene expression in melanoma cells"”. In a recent study,
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Figure 4. Predicted binding affinities of ligands - including hub inhibitors, the clinically used DMD-specific drug vamolorone, and
repositioned drugs - were assessed by molecular docking analysis. Each drug is represented by a different color. Binding energies were
calculated using CB-Dock, with more negative values indicating stronger predicted ligand-protein interactions. Each point represents
the docking score for a specific hub protein - ligand pair. The Y-axis shows the most central network biomarkers identified through
integrated PPI, TF, and miRNA network analyses, representing key regulatory molecules implicated in DMD pathogenesis. The X-axis
lists the same hub proteins. DMD: Duchenne muscular dystrophy; PPI: protein-protein interaction; CB-Dock: cavity-detecting blind
docking.

apigenin reduced oxidative damage biomarkers, such as reactive oxygen species (ROS) and lipid
peroxidation, in facioscapulohumeral muscular dystrophy (FSHD), another muscular dystrophy
disorder"”. In addition, it reduces inflammatory processes by lowering pro-inflammatory cytokine

104]

levelste,

Celastrol (tripterine) is a compound obtained from the Tripterygium wilfordii (Thunder God Vine) plant
and is widely used in Chinese medicine. It has anti-inflammatory properties and has shown potential as a
drug in many autoimmune diseases, including rheumatoid arthritis (RA), systemic lupus erythematosus
(SLE), allergy, inflammatory bowel disease, ankylosing spondylitis, osteoarthritis"**”, and metabolic
diseases such as obesity and diabetes"™. Celastrol has also been studied in leukemia, glioma, and prostate
cancer, as it prevents tumor cell proliferation through its anticancer properties by inhibiting the NF-«xB
pathway via limiting IxBa degradation, blocking pe5 translocation, and reducing MMP-9 production"*'*.
Celastrol induces heat shock protein 70 (Hsp70), an important chaperone protein involved in
cytoprotection, protein folding, and repair in non-muscle cells"”. It has also been studied for
neurodegenerative disorders such as Parkinson’s and Alzheimer’s diseases. The effect of celastrol on
Parkinson’s disease was investigated using the Drosophila DJ-1A model, and it was found to boost
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dopamine levels, prevent dopaminergic neuron death, and alleviate locomotor dysfunction""'. A
bioinformatics study found a link between NR1D2 gene expression and mitochondrial quality control, with
mitochondrial dysfunction contributing to DMD. Docking analysis between the NR1D2 gene and celastrol
suggested that celastrol could be used to treat colorectal muscular atrophy'"”. Celastrol has also been
repurposed for the treatment of breast cancer, COVID-19, and human papillomavirus (HPV)18-based
cervical cancer!"*""*). Celastrol has not previously been reported as a repositioned drug for the treatment of
DMD.

Emetine, or emetine dihydrochloride hydrate, is an isoquinoline alkaloid and an antiprotozoal drug
obtained from the alizarin family of the Carapichea ipecacuanha species'*"”. Emetine, an FDA-approved
small molecule, has been used to treat amoebic liver abscesses, malaria, and intestinal infections”’. It is
effective in inhibiting protein synthesis in mammalian cells. Emetine has been reported to disrupt
messenger RNA (mRNA)-eIF4E interactions and is therefore proposed as an effective compound for
inhibiting viral polymerases"*. It induces apoptosis by regulating apoptotic factors'*. Drug repositioning
of emetine dihydrochloride hydrate has previously been explored for antimalarial drug trials, Alzheimer’s
disease, SARS-CoV-2, breast cancer, and squamous cell carcinoma”"*.. Emetine dihydrochloride hydrate/
emetine has not previously been reported as a repositioned drug for the treatment of DMD.

118

All these drugs may have the potential to exert therapeutic effects on DMD. Among these five drugs,
celastrol and emetine exhibited the highest binding affinities, with percentages of 91% (n = 30 out of 33
DMD biomarkers) and 76% (n = 25 out of 33 DMD biomarkers), respectively. These drugs bind effectively
to genes including SQSTM1, PML, SPTAN1, SPTBN1, KIAA1429, SOX4, SP1, SPP1, NFKB1, TP53, NKX3-1,
CIITA, ARL6IP1, IGFBP5, OCIAD2, RAP2B, and NFIB, which are involved in inflammation, infection,
autophagy, and apoptosis-related biological processes. Therefore, celastrol is proposed as an efficient
candidate, either alone or in combination with emetine. Together, they may exert a synergistic effect in
managing DMD by enhancing anti-inflammatory responses, reducing oxidative stress, inducing apoptosis,
and promoting the scavenging activities of the drugs. The possible mechanisms of action of celastrol are
detailed in the following sections.

Celastrol was reported to increase SIRT3 gene expression, which is associated with oxidative stress and has
an inflammation-lowering effect"*”. Another study reported that the absence of dystrophin in DMD
pathogenesis leads to oxidative stress*"\. In this regard, celastrol might be considered to have an oxidative
stress-reducing effect in DMD. It has been observed that pro-inflammatory cytokine levels controlled by
NF-«B, examined in dystrophic muscles of DMD patients, are expressed at much higher levels than
normal"””. Inhibiting NF-xB promotes muscle regeneration in DMD"*. Additionally, in biopsies from
Crohn’s disease patients, celastrol suppressed the production of pro-inflammatory cytokines, especially
tumor necrosis factor-o (TNF-a)"**. Celastrol functions as an immunomodulatory agent to minimize
excessive inflammation by modulating TNF-a and IL-6"*". Celastrol’s well-characterized ability to modulate
NF-«B signaling, suppress pro-inflammatory cytokines, and attenuate oxidative stress"*>"** is directly linked
to the chronic inflammation and ROS accumulation that drive muscle degeneration in DMD. The hub
genes identified in our network - such as NFKB1, RELA, SPP1, SP1, and HSPA2 - are central regulators in
these pathways, suggesting a direct mechanistic alignment between celastrol’s pharmacodynamics and the
molecular signatures disrupted in DMD. Celastrol also induces heat shock responses, enhances chaperone
expression [heat shock proteins (HSPs)], and modulates autophagy*”*®. Given that impaired proteostasis
and defective muscle regeneration are hallmark features of DMD, these molecular effects provide a
biologically plausible rationale for celastrol’s therapeutic potential, particularly through modulating
SQSTM1, HSPA2, and GLS, which emerged as key nodes in our network analysis. Therefore, celastrol is
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proposed to hold great promise for DMD patients by alleviating effects on NF-«B signaling, inflammation,
and oxidative stress responses.

Emetine, by contrast, influences a complementary set of DMD-relevant pathways. Its ability to inhibit
protein synthesis under cellular stress, regulate apoptosis, and modulate the integrated stress response”™
intersects with core degenerative mechanisms observed in dystrophic muscle, including mitochondrial
dysfunction, excessive apoptotic signaling, and endoplasmic reticulum stress. Additionally, emetine has
been reported to exert anti-inflammatory effects and reduce fibrosis-related gene expression””, processes
that are highly pertinent to the fibrotic remodeling and immune dysregulation that characterize late-stage
DMD pathology. Together, these drug-specific mechanisms map directly onto the molecular signatures
uncovered by our integrated PPI, miRNA, and TF networks - particularly through hubs such as SPP1,
CD44, MYCN, HLA-C, CIITA, and PML - highlighting how both compounds may modulate multiple
interconnected biological processes central to DMD progression.

Overall, by integrating curated pharmacological evidence with network-level molecular disruptions, our
findings provide a coherent mechanistic rationale linking celastrol and emetine to the inflammatory,
oxidative, regenerative, and proteostatic abnormalities that define DMD. These results not only strengthen
the biological plausibility of our computational predictions but also offer a focused set of hypotheses for
future experimental validation in DMD cellular and animal models.

DMD is a rare and clinically heterogeneous disorder for which comprehensive multi-omics datasets remain
limited, and this scarcity inevitably constrains the breadth and depth of computational investigations. In
this study, DMD was examined through the integration of transcriptome-derived molecular signatures and
network-level biomarkers, followed by in silico drug repositioning analyses targeting these diagnostic nodes.
Although this systems-based framework provides a valuable hypothesis-generating platform, several
important limitations should be acknowledged to contextualize the conclusions drawn from the findings.
The analyses depend entirely on publicly available transcriptome-level datasets, which, while enabling broad
molecular profiling, lack the granularity and biological control offered by experimental models. Publicly
archived datasets often differ in sample collection protocols, tissue processing methods, sequencing
platforms, and normalization strategies, all of which may introduce technical variability that cannot be fully
eliminated even with rigorous normalization and quality control. Despite employing variance-stabilized,
limma-normalized expression matrices to reduce such heterogeneity, the limited availability of matched
omics datasets for DMD restricts the capacity to capture the full molecular spectrum of the disease. The
absence of age- and sex-matched samples further complicates interpretation, as developmental stage and
biological sex are known to influence dystrophic muscle phenotypes and inflammatory responses. Even
though the combined sample size across datasets allows for statistically meaningful comparisons, the overall
omics landscape might be more accurately resolved through additional datasets encompassing broader
demographic and clinical diversity. The computationally predicted biomarker signatures and drug-target
interactions represent theoretical inferences grounded in transcriptomic and network-derived associations.
These predictions cannot be regarded as confirmatory in the absence of functional validation. DMD
patient-derived myoblasts, induced pluripotent stem cell (iPSC)-derived muscle models, and well-
established animal models such as the mdx mouse would provide the mechanistic context necessary to
validate the regulatory importance of the identified biomarkers and to test the biological efficacy of the
proposed drug candidates. The lack of experimental evaluation limits the capacity to fully infer whether the
predicted modulatory effects would manifest in physiological settings. The drug repositioning strategy
implemented here focuses predominantly on inhibitory interactions, which biases the analysis toward
regulators of inflammation, immune activation, and fibrosis that are typically upregulated in dystrophic
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muscle. This targeted emphasis may overlook compounds with activation potential capable of restoring
pathways related to muscle regeneration, mitochondrial bioenergetics, or metabolic homeostasis. The
restricted scope of screening may therefore underrepresent the therapeutic potential of drugs that act
through upregulatory mechanisms. The molecular docking simulations provide structural insight into
potential ligand-protein interactions; however, docking remains an approximation that does not account for
conformational flexibility, dynamic cellular environments, pharmacokinetic constraints, or drug
metabolism. Protein dynamics, post-translational modifications, and tissue-specific isoforms may influence
binding in vivo in ways that cannot be fully represented through static docking models.

Despite these limitations, the study establishes a coherent computational framework capable of uncovering
biologically meaningful targets and generating testable hypotheses for therapeutic development. The
integration of network biomarkers, transcriptomic perturbation signatures, and ligand-target affinity
modeling provides a foundation for future investigations that combine in silico predictions with cellular and
animal validation studies. A key direction for subsequent work involves confirming whether the in silico
predictions translate into measurable phenotypic improvements in experimental DMD models and
exploring whether activation-based therapeutics could complement the inhibitory mechanisms identified
here.

CONCLUSION

DMD is a rare and challenging disease, as there is no complete cure. In this study, omics-oriented network
constructions were performed to integrate transcriptome-level data and multi-omic crosstalk in the
pathogenesis of DMD. The identified biomarkers were used as targets to reverse the gene expression
signatures of DMD via drug repositioning. Two repositioned drug candidates, emetine dihydrochloride
hydrate and celastrol, were reported as potential therapeutic agents for the management of DMD. Emetine
dihydrochloride hydrate, a potent plant-derived alkaloid, and celastrol, a bioactive compound derived from
plants, exhibited promising pharmacological properties according to docking results. These findings
demonstrate the significant therapeutic potential of these phytochemical-derived compounds and reinforce
the importance of phytochemicals as a foundation for novel drug development in modern medicine.
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