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Abstract

Duchenne Muscular Dystrophy (DMD) is one of the most common inherited disorders worldwide. As there
is currently no absolute treatment, the present systems biology study aimed to propose a new drug repositioning
for DMD therapy. A microarray dataset of 16 DMD and 6 control samples were analyzed and 208 differentially
expressed genes were screened. Weighted gene co-expression network analysis (WGCNA) algorithm, was
applied to obtain co-expressed gene networks for the establishment of transcriptional modules related to clinical
and demographic data of DMD patients. Results indicated that a maximum of 11 co-expression modules is
present in datasets with a varying number of genes. Turquoise module with 3334 genes was strongly correlated
with collagen fibril organization as a positive regulator in DMD pathogenesis (r=0.98, p-value=2/00E-15)
through which other DMD related hub-genes were identified as COL1Al, FZD10, COL1A2, CRISPLD1, FMO1,
COL5A1, COL3A1, COL5A2, TP53I3, PLAGL1, RIPK2, SBF1l, MLXIP, CFAP46, and TYRP1. Drug
repositioning of the turquoise module identified some candidate drugs which are not presently approved for the
treatment of DMD. The targets in the turquoise module indicated that some drugs might greatly affect DMD

disease. Furthermore, drug repositioning introduced Zoledronic acid as a potent antagonist for COL1A1.

Keywords: Systems biology, Duchenne Muscle Dystrophy, WGCNA, Co-expression network, Drug
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1. Introduction

Duchenne muscular dystrophy (DMD) is
the most fatal muscular genetic disorder
worldwide with a prevalence of 15.9 among
100,000 infant males [1, 2]. This
neuromuscular disorder has an X-linked
recessive pattern of inheritance with mutations
in DMD gene encoding dystrophin as the
largest  structural protein  [3]. DMD
encompasses 2.2 Mb of the genome
including79 exons. Currently, 4000 mutations
have been identified in this gene [4].
Dystrophin protein is a crucial factor in
integration of the extracellular matrix (ECM)
into the cytoskeleton through the cell
membrane as a part of the dystrophin-related
glycoprotein complex [5]. The deficiency of
dystrophin in the skeletal muscles results in
sarcolemma fragility, intracellular signaling
damage, myocyte necrosis, inflammatory
infiltration and ultimately muscle replacement
with fibrotic and fatty tissue [6]. Improper
attachment of myofibrils to the basal lamina
and their eventual separation during
contraction leading to sarcolemma instability
and injury are the results of lack of dystrophin
in DMD patients [7].

Presently, there is no efficient treatment for
DMD disease. Glucocorticoid treatment is the
current standard of cure which delays the loss
of ambulation by 3-4 years [8, 9] but shows no
long-term treatment benefit and is often
associated with debilitating side effects [10-
12]. The urgency to seek therapy for DMD has
resulted in parallel efforts to develop exon
skipping [13, 14], termination codon read
through [15], dystrophin gene replacement or
editing therapies [16, 17] and non-dystrophin
strategies [18-20] such as utrophin modulation
[21, 22]. However, despite the recent
accelerated approval of Exondys 51
(eteplirsen) in the US, disappointing clinical
trials results [23] and failure of the Food and
Drug Administration (FDA) approval for
Ataluren and Kyndrisa drugs rekindle
discussions about clinical trial designs and
endpoints [24]. In spite of great knowledge of
underlying DMD devastating mutations,
detailed mechanisms of pathogenesis should
be clarified for the development of more
effective therapies. "Network Medicine" has
recently been attributed to provide a platform
for systematically study the molecular
complexity of a particular disease as a new
approach [25]. In line with the current
hypothesis that genes with comparable
patterns of expression may have functional
similarities or share common pathways, the
weighted gene co-expression network analysis
(WGCNA) has shed light on exploration
procedures of gene expression at the systems
level for different diseases [26-29]. This
bioinformatic tool constructs a network of

gene co-expression according to their
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expression patterns and assigns co-expressed
genes into the same module. Genes in the
same module could have similar functionality
or be regulated through common regulatory
pathways [30].

Systematic identification of gene clusters
involved in DMD progression remains poorly
understood. In this study, we used WGCNA to
identify modules of DMD-related co-
expressed gene networks. Integration of co-
expression clusters with differential expression
analysis and subsequent enrichment performed
to find DMD-specific gene modules. This
systems biology study represents a pivotal role
for WGCNA algorithm in the elucidation of
underlying molecular mechanisms as well as

therapeutic targets regarding DMD disorder.

2. Materials and Methods
2.1. Data Collection and Preprocessing
The microarray data were obtained from
the NCBI Gene Expression Omnibus (GEO)
database (accession number GSE38417) [31].
This dataset operates according to GPL570
platforms and contains 22 samples including
16 DMD patients and 6 controls. The raw data
were processed and quantile-normalized with
the affy package of R 3.4.1 in Bioconductor.
The annotation file published by Affymetrix
(Affymetrix Human Genome U133 plus 2.0
Array) was applied to assign probes for
appropriate genes. Unconverted data were
excluded.  Subsequently, the  average
expression data of identifiers were calculated
for each sample. Gene symbols were filtered
across all samples using their variance.

Finally, the top 4000 genes with the highest

variances were selected for the subsequent
analyses.

2.2. ldentification of Differentially
Expressed Genes (Degs)

To identify condition-specific DEGs,
GEO2R
(https://www.ncbi.nlm.nih.gov/geo/geo2r/)
was used to filter DEG data of DMD and
normal groups. Genes were considered as
differentially expressed when they met the
following criteria: Adjust p-value < 0.05, and
[log,FC| > 1.5.

2.3. Construction of Co-Expression Modules
for DMD Samples

Gene co-expression network of patients and
control groups reconstructed using WGCNA
[32]. Briefly, the matrix of the gene expression
profile was converted into the matrix of
pairwise gene similarity according to the
Pearson test followed by conversion into the
matrix of adjacency. According to already
represented scale-free gene co-expression
topological algorithm, when the B value is
considered as 7, the adjacency matrix met the
scale-free topology criteria. For the next step,
topological overlap matrix (TOM) and
dissimilarity TOM (dissTOM) were created
using  TOM similarity and dissimilarity
modules based on the correlation of the
pairwise gene-co-expression. Finally, the
clusters of highly interconnected genes were
created with a minimum module size of 30

genes and a cut height of 0.1.
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2.4. Construction of Module-Trait
Relationships for DMD Samples

In order to identify modules that are
strongly related to the DMD clinical
phenotype and calculate this correlation,
module eigengene (ME) was recruited to
assign expression profiles of each module. The
correlation of individual genes with the DMD
was measured using the gene significance
(GS). Module membership (MM) was
considered as the correlation of the ME and
the profile of gene expression for each
module. The strong correlation between GS
and MM represented with the closely
correlated substantial (central) elements in the
modules with DMD phenotype [33]. At last,
DMD related genes with both GS and
MM>0.9 were selected as hub-genes compared

to the control samples.

2.5. Functional Enrichment Analysis of
Significant Modules

Functional enrichment analysis was
performed using the DAVID (Database for
Annotation  Visualization and Integrated
Discovery)

(https://david.ncifcrf.gov/tools.jsp), Gene

Ontology (http://geneontology.org/) and Kyoto

Encyclopedia of Genes and Genomes (KEGG)

(https://www.genome.jp/kega/) databases.

Enriched ontological terms and pathways with
the threshold of Benjamin-adjusted p-
value<0.05 were selected. Functional networks
GeneMANIA
(https://genemania.org/) and Cytoscape v 3.0

were constructed by

software [34]. Venn diagram was created

using the “Venny” v 2.1 software

(http://bioinfogp.cnb.csic.es/tools/venny/).

2.6. ldentification of Candidate Regulatory
Drugs

The well-firmly established Drug-Gene
(DGIDB)
(http://lwww.dgidb.org/) was used to predict

Interaction Database
the functional and drug-able hub-genes with
the list of commercially available or clinical
trial drugs [35].

3. Results and Discussion
3.1.Results
3.1.1. Identification of WGCNA Modules

We performed quantile normalization to
reduce the effects of technical noises. The plot
of quantiles of expression levels across arrays
is shown in Fig.1A. Based on the variance of
expression values, a total of 4000 genes were
included in WGCNA. No outliers were
observed in 22 samples by sample clustering;
thus, all samples were included in the analysis
(Figure 1B). For the next step, B threshold
power considered as 4 and a weighted co-
expression network was reconstructed for
DMD patients and normal samples (Figure
1C). Hierarchical clustering dendrogram
represented with 11 modules as illustrated in
long branches (Figure 1D). The number of
genes on each module varied between 35 and
3334  (purple and turquoise  colors,

respectively) (Table 1).

3.1.2.  Module-Trait Association Analysis
Module-module correlation and association

of the modules with DMD disease were
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evaluated using eigengenes calculation. The
turquoise module was positively correlated
with DMD disease (r= 0.98, p-value=2/00E-
15) (Table 1). Furthermore, the eigengene
network and heatmap indicated a relationship
between modules and the DMD especially for
the turquoise module (Figure 2).

3.1.3. Identification of DEGs

Overall, 208 genes were selected as DEGs
(Figure 3) with the threshold of Adjust p-value
< 0.05, and |log,FC| > 1.5, including 147 up-
regulated and 61 down-regulated genes.
KEGG analysis of DEGs indicated that these
genes are involved in the extracellular matrix
organization, extracellular structure
organization, and positive regulation of
collagen fibril organization and with a high
significance in ECM-receptor interaction

functional pathways (Figure 4).

3.1.4. Hub-genes Detection and Enrichment
Analysis

The correlation between features (MM and
GS) of the turquoise module led to the
identification of the hub-genes that are highly
associated with DMD pathogenesis (Figure 5).
These genes were included as: COL1A1,
FzD10, COL1A2, CRISPLD1, FMO1,
COL5A1, COL3A1, COL5A2, TP53I3,
PLAGL1, RIPK2, SBF1, MLXIP, CFAP46 and
TYRP1 (Figure 3). Using GeneMANIA and
Cytoscape  software, the co-expression
network of the aforementioned module has
been reconstructed (Figure 4). The most
considerable pathways which are related to the

turquoise module’s genes were presented

using the ClueGO tool. Cell-cell adhesion is
an important biological function of the

turquoise module (Figure 4).

3.1.5. Drug-Target Network Construction
We have assessed the turquoise module for
drug development purposes. The turquoise
module included well-known neuromuscular
targets, promoting its significance for
neuromuscular disease research. This module
was also checked for the presence of targets
that are not presently approved for DMD
treatment. These targets included as COL1A2

(collagenase clostridium histolyticum,
ocriplasmin), COL5A1 (collagenase
clostridium histolyticum, ocriplasmin),

COL3AL (ocriplasmin, collagenase clostridium
histolyticum), COL1Al1 (zoledronic acid,
collagenase clostridium histolyticum,
somatropin, ocriplasmin) and COL5A2

(collagenase clostridium

ocriplasmin) (Figure 6).

histolyticum,

3.2. Discussion

While there is currently no ultimate
treatment for DMD as the most prevalent type
of muscular dystrophy in children, some
potential treatments have been introduced in
the form of dystrophin substitute therapies as
compensatory protein upregulation, anti-
inflammatory agents, and other cellular
targets. One of the current molecular therapies
regarding DMD treatment is the use of
oligonucleotide-mediated exon skipping by
special antisense oligonucleotides (AONS), to
mask the supposed splicing sites of exons.

This technology is attributed to the restoration
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of the correct reading frame [36]. However,
these therapeutic techniques are challenging as
convenient delivery of such large molecules to
their intracellular targets is a matter of debate
[37]. Adverse effects associated with antisense
therapy may include degenerative
accumulation- driven changes in the proximal
tubules of the kidney, antagonism of innate
immune system receptors or complement
activation [38]. Recent data have shown that
administration of Eteplirsen and Drisapersen
drugs may constantly induce the production of
functional dystrophin in DMD patients
through  oligonucleotide-mediated  exon
skipping. However Drisapersen was not
getting FDA approval due to the part of safety
concerns as reactions at the injection site and
renal failure in DMD patients. [13, 14, 39].
Similarly, the clinical efficacy of Eteplirsen
was not experientially approved as FDA
assessment questioned the extent of the
restoration of dystrophin expression and the
validity of dystrophin levels as a possible
primary consequence measure [40].

In the current study, we conducted an
assessment called drug repositioning for DMD
neuromuscular disease. Drug repositioning
means whether a drug can be used for the
treatment of disease besides its current
approved applications for a known disorder.
This situation is faster per se to get a new
application approval for a known drug and less
risky in clinical trials compared to the
development of a new drug [41].

In line with this hypothesis, we have
intentionally evaluated DMD as a candidate

disease for systems biology. To the best of our

knowledge, systematic identification of gene
clusters involved in DMD progression is not
yet reported. To address the co-expression
network of genes involved in DMD, we have
reconstructed the DMD dataset using
WGCNA package. Module-module correlation
and association of the modules with DMD
disease suggested that the turquoise module
should be strongly contributed to the disease
pathogenesis. Accordingly, this module was
chosen for further evaluation. It has a
correlation value of 0.98 and a p-value of
2/00E-15. With a LogFC=5.4. COL1A1 was
the most up-regulated gene among the hub-
genes detected from the turquoise module
(Figure 3). Several pieces of evidence indicate
that collagen | plays a crucial role in DMD
pathogenesis. Fibrosis in muscular dystrophy
is widely recognized by aggregation of
collagen type | and type Il [42]. The fibrillary
ECM consists of collagen | (COL1) and
collagen Il (COL3A1) and is adjacent to the
layers of ECM in the muscle and the tendon
outside the musculotendinous junction [43].
Our results are consistent with other findings,
as one report has indicated the critical role of
the COL1A1 gene in DMD-patients compared
to the control group. [44]. Indeed, another
survey has shown that type I and Ill collagens
have been regulated in the endomysium and
perimysium of normal muscles and congenital
myopathies [45]. Moreover, in a study
conducted by Porter and coworkers, the main
components of the collagen disease load index
(DLI), in particular, COL1A1, COL1A2, and
COL3A1 have a higher expression in mdx

skeletal muscle [46]. In the current study, we
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used the DGIDB to predict drug targets for the
hub-genes in the turquoise module. The results
indicated that Zoledronic acid has a potential
interaction with the COL1AL gene. Zoledronic
acid is used in postmenopausal osteoporosis
women to reduce fractures and also in breast
and prostate cancer therapy and other
malignancies [47]. This drug can shift the
macrophage balance from M2 to M1, which
inhibits tumor progression [48]. The M1
macrophages induce inflammation, while M2
macrophages reduce inflammatory conditions
and accelerate wound healing and fibrosis
[49]. In response to fibrinogen stimulation and
the production of pro-inflammatory cytokines,
TGF-B is produced and initiated alternative
macrophage activation and directly induces
collagen synthesis [50]. Using zoledronic acid
in combination with steroids can enhance
vertebral morphology and ameliorates DMD
symptoms by retaining the mobility status in
the affected children without serious adverse
effects [41].

Given the present results, we have
practically introduced the application of drug
repositioning for a known human disorder
using bioinformatics and database tools. Based
on our findings, Zoledronic acid can be used
as a potential therapeutic agent against DMD
and may reduce muscle fibrosis. Practical
explorations are required to establish the idea
of therapeutic intervention of Zoledronic acid
in DMD patients as well as its safety,
tolerability, and efficacy in a pre-clinical trial

setting.

4. Conclusion

In summary, the result of WGCNA study
on a microarray DMD dataset showed a
significantly correlated module containing 15
hub-genes which can be used as candidate
genes in DMD pathogenicity for further
evaluations.  Also, drug-target network
analysis has demonstrated four FDA-approved
drugs as potential candidates for the treatment
of DMD patients.
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Tables:

Table 1. Module colors characterization. The co-expression modules identified by WGCNA.

Module color Correlation p-value #Genes
turquoise 0.98 2/00E-15 3334
brown -0.49 0.02 86
blue -0.48 0.03 89
yellow -0.46 0.03 84
green -0.45 0.04 81
magenta -0.44 0.04 68
pink -0.42 0.05 68
Black 0.33 0.1 74
purple 0.28 0.2 35
red 0.23 0.3 74
grey 0.054 0.8 7
Black 0.33 0.1 74
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Figure 1. (A) Quantile-normalization of samples. Box plots of expression data after normalization. The quantile
normalization algorithms were used to adjust the values of the background-subtracted mean pixel intensities of GSE38417.
In contrast to the pre-normalization boxplots (top panel), the post-normalized box plots have been distributed in the same
intervals with the same density center, indicating successful adjustment of data. The post-normalized data were used for
further analysis. (B) Sample clustering to detect outliers. The color is proportional to the pathological stage (Red=DMD
samples and white=normal samples). (C) Selection of the soft-thresholding powers. The left panel shows the scale-free fit
index (y-axis) as a function of the soft-thresholding power (x-axis). The right panel displays the mean connectivity (degree,
y-axis) as a function of the soft-thresholding power (x-axis). The power was set as 7 for the next analysis. (D) Cluster
dendrogram and module assignment from WGCNA. The branches correspond to highly interconnected groups of genes.
Colors in the horizontal bar represent the modules.
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Module~trait relationships
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Figure 2. Module-trait relationship. Each row corresponds to a module eigengene and each column represents one DMD
status. Numbers in each cell corresponds to the corresponding correlation and p-values.
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Hub Genes DEGs

GSE38417
Hub-Genes LogFC

FZD10 4.506
COL1A2 4.289
CRISPLD1 4.238
FMO1 4.029
COL5A1 3.859
COL3A1 3.759
COLS5A2 3.551
TP5313 3.516
PLAGL1 3.493
RIPK2 2.087
SBF1
MLXIP
CFAP46
TYRPI1

Figure 3. Similarity assessment between DEGs and hub genes of the turquoise module using a Venn diagram. A total of 15
hub genes which were similar in both lists were chosen and then imported to GeneMANIA to construct a co-expression
network.
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Figure 4. Processes and pathways identified within the DEGs and turquoise module. Gene ontology and pathway analysis
were performed using significant genes across all datasets. Node size corresponds to the number of associated genes, and
node color reflects the statistical significance. The darker the pathway node, the more statistically significant it is, with a
gradient from red (p-value 0.05-0.005) to black (p-value < 0.0005).
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Module membership vs. gene significance
cor=0.99, p<1e-200
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Figure 5. Module features of GS and MM (a) Modules are significantly correlated with DMD status (control vs. patient).
Each point represents an individual gene within each module, which are plotted by GS on the y-axis and MM on the x-axis.
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Figure 6. Drug-target network of turquoise module hub-genes. FDA approved drugs were acquired from DGIDB database
for each gene.
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