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Abstract
Background: The study was aimed to analyze the potential gene modules and hub genes of Duchenne muscular dystrc®
(DMD) by weighted gene co-expression network analysis.

Methods: Based on the muscular dystrophy tissue expression profiling microarray GSE13608 from gene expression omnibus,
gene co-expression modules were analyzed using weighted gene co-expression network analysis, gene modules related to
DMD were screened, gene ontology and Kyoto encyclopedia of genes and genomes enrichment analyses were performed, and
signature genes in the modules were screened. The protein—protein interaction network was constructed through Cytoscape,
and hub genes were identified. The expression of hub genes in DMD versus normal muscle tissue was calculated in GSE6011.
Results: 12 co-expressed gene modules were identified, among which black module was significantly related to DMD. The
characteristic genes in the module were enriched in the regulation of immune effector processes, immune response mediated by
immunoglobulin, immune response mediated by B cells, etc. SERPING1, F13A1, C1S, C1R, and HLA-DPA1 were considered as
hub genes in protein—protein interaction network. Analysis of GSE6011 shows that expression of SERPING1, F13A1, C1S, C1R,
and HLA-DPA1 in tissues of DMD patients were higher than normal.

Conclusion: SERPING1, F13A1, C1S, C1R, and HLA-DPA1 may participate in the development of DMD by regulating innate
immunity and inflammation, and they are expected to be a potential biomarker and novel therapeutic targets for DMD.

Abbreviations: DMD = Duchenne muscular dystrophy, KEGG = Kyoto encyclopedia of genes and genomes, PPI = protein—

protein interaction, WGCNA = weighted gene co-expression network analysis.
Keywords: co-expression, Duchenne muscular dystrophy, gene module, immune, WGCNA

1. Introduction

Muscular dystrophy (MD) is a genetic disorder in which
genetic abnormalities lead to abnormalities in a group of
proteins that maintain stability of skeletal muscle cell struc-
ture and function. Chronic and progressive muscle weakness
or muscle atrophy is the main clinical manifestation of MD.
Common muscular dystrophy are Duchenne muscular dystro-
phy (DMD), Bekerer muscular dystrophy (BMD), myotonic
muscular dystrophy (MD), congenital muscular dystrophy
(CMD), limb girdle type Muscular dystrophy (LGMD), facial
scapulohumeral muscular dystrophy (FSMD), distal mus-
cular dystrophy, ophthalmopharyngeal muscular dystrophy
(OPMD), Emery-Dreifuss muscular dystrophy (EDMD), etc.
Among them, DMD is an X-recessive genetic disease caused by
mutations in the anti-atropin gene. It is the most common type
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of progressive muscular dystrophy and the most severe type in
childhood."" Most of the patients with DMD were found to
have disease at the age of 3 to 5 years, often accompanied by
delayed motor development, progressive skeletal muscle atro-
phy, scoliosis, joint spasm, respiratory muscle weakness, and
dilated heart disease. Most patients with DMD died of respira-
tory failure and heart failure around the age of 20.13

At present, there are a lot of studies on DMD. Gene substitu-
tion with adenovirus and CRISPR gene editing are considered
as potential therapeutic methods for DMD. Some targets have
been found to delay the development of DMD. For example,
drugs targeting CAT and VCAM1 can alleviate DMD related
cardiomyopathyPl, and the consumption of C3 by cobra venom
can increase the survival of muscle cells.!» 5 Although great
progress has been made in the treatment of DMD, there is still
much room for exploration.” We believe that exploring the
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molecular and mechanism involved in the occurrence and devel-
opment of DMD may help to find new therapeutic targets for
DMD, and may provide help for the treatment of DMD.

Weighted gene co-expression network analysis (WGCNA) is 1
way to identify gene modules and key genes related to phenotypic
traits.®! As a commonly used gene modular analysis technology, it
has been extensively used to identify and screen molecular markers
or drug targets for complex diseases.”! This research uses WGCNA
and other bioinformatics technologies to identify gene modules that
are highly related to DMD, and screen out key genes from them. It
is intended to provide a basis for a comprehensive understanding
of the main biological markers and molecular mechanisms of the
occurrence and development of DMD, to distinguish DMD from
other muscular dystrophy diseases, and to provide theoretical sup-
port for the diagnosis and treatment of DMD.

2. Material and methods

2.1. Data acquisition and analysis

The expression matrix of GSE13608 standardized by Dchip calcu-
lated signal intensity is downloaded from gene expression omnibus
database (https://www.ncbi.nlm.nih.gov/geo/), which is an open
genomics database of NCBI, and the ethical approval involved had
obtained by the research of data sources. Our study was based on
open-source data, so there are no ethical issues and other conflicts of
interest. GSE13608 is based on Affymetrix Human Genome U133
Plus 2.0 Array platform, including samples: 10 cases of DM1, 20
cases of DM2, 16 cases of DMx (DM-like, no DMPK or ZNF9
expansion), 5 cases of BMD (Becker Muscular Dystrophy), 1 cases
of MC-AD (Myotonia Congenita-Autosomal Dominant), 3 cases
of DMD (Duchenne Muscular Dystrophy, 4) cases of TMD (Tibial
Muscular Dystrophy), 3 cases of normal fetal (Normal Fetal), 6 cases
of normal adults (Normal individuals)."” GSE6011 was used to ver-
ify the results of GSE13608 analysis, including 22 DMD patients
and 14 normal controls.'!l Data analysis was performed by R 4.0.3.

2.2. Construction of weighted gene co expression network

Variance of the expression of each gene in all samples were cal-
culated, and co-expression network was constructed with genes
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which variance top 25% between samples through the WGCNA
package. The appropriate weighting factor f (soft threshold)
was determined used the pick soft threshold function. The inter-
gene correlation coefficient was further used to build a hierar-
chical clustering tree. Different gene modules were represented
by different colors. In the hierarchical clustering tree, different
branches represent different gene modules. Then, on the basis
of gene weighted correlation coefficients, genes were classified
according to their expression patterns. Genes with similar pat-
terns were grouped into 1 module. After gene expression pat-
tern differences were classified, multiple modules were formed.
These modules were used in the next analysis. Finally, under
the condition of the coefficient, the correlation matrix was con-
verted into an adjacency matrix, and the adjacency matrix was
further converted into a topological overlap matrix (TOM),
and 400 genes were randomly selected as TOM heat maps to
prove the high independence between modules and the relative
independence of gene expression in each module. The minimum
modaule size of 30 and the merged cutting height of 0.25 was set.

2.3. Module-trait correlation analysis

Pearson method was utilized to calculate the correlation coeffi-
cient between module characteristic genes and clinical traits. The
module with the highest DMD correlation value was identified as
the key module for analysis. Gene significance (GS) refers to the
correlation between gene expression and each clinical trait, while
module membership (MM) refers to the correlation between gene
and module characteristics. The genes which absolute value of GS
more than 0.5 (IGSI > 0.5) and absolute value of MM more than
0.8 (IMMI > 0.8) were screened out for further analysis.

2.4. Pathway and function enrichment analysis

In order to evaluate the biological function of the core genes in
the key modules, the cluster profiler package was used to ana-
lyze gene ontology functional terms and Kyoto encyclopedia of
genes and genomes (KEGG) pathway enrichment of the core
genes in the key modules."? If the P value of go and KEGG
pathway enrichment is < .05 and the number of genes is more
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Figure 1. Cluster dendrogram. 12 co-expression modules were identified by dynamic cut tree after modules merged by cutting height which was 0.25. The
original and merged modules are shown in the 2 colored bars below the dendrogram.
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than 1, it is considered that the gene is significantly correlated
with the analysis results.

2.5. Protein-protein interaction network

Genes of | GS | > 0.5 and IMM | > 0.8 were introduced into
Cytoscape 3.7.1. Gene mania 3.5.2 was used to construct
protein interaction network (PPI), and then Maximal Clique
Centrality (MCC) algorithm in cytohubba plug-in was used
to calculate the core proteins in the network. Subsequently,
the top 5 genes in the network were selected according to the
score.
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2.6. Expression of hub gene was verified by GSE6011

The top 5 genes were extracted from the expression matrix of
GSE6011. Wilcoxon test was used to calculate the difference
of these genes expression between normal control and DMD
patients. Person correlation was used to calculate the relation-
ship among the expression levels of these 5 genes. P < .05 was
considered statistically significant.

2.7. Statistics

The statistical methods used in this study have been described
above. P < .05 was considered statistically significant.

Module-trait relationships
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Figure 2. Module—trait relationship heat map. Pearson correlation coefficient for each correlation and P value in are shown in each cell.
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3. Results

3.1. Construction of weighted gene co expression network

A total of 21,654 genes were obtained from the expression data,
of which 5414 genes from the top 25% of the variation genes
were used to calculate the co-expression network. In order to
ensure the scale-free optimization of the network, pick soft
threshold is used to calculate the optimal soft threshold of 8 = 4.
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While the cutting height was 0.25, WGCNA identified 12 gene
co-expression modules (Fig. 1).

3.2. Module-trait relationship analysis

The correlation analysis of clinical information of each mod-
ule and sample showed that DM1 and brown module, DM2
and red module, normal adult and green and midnight blue

A

regulation of immune effector process o
negalive regulation of immune system process [ ]

immunoglobulin mediated immune response

B cell mediated immunity

regulation of actin cytoskeleton organization

Ilymphocyte mediated immunity

regulation of complement activation { ®

regulation of humoral immune respanse { ]
positive regulation of myeloid leukocyte mediated immunity ] a0
regulation of myeloid leukocyte mediated immunity

collagen-containing ®
extracellular matrbc

blood microparticle [ ] [

secretory granule membrane 1

membrane raft

membrane microdomain {

)

membrane region

external side of plasma membrane
secretory granule lumen ®

phagocytic vesicle { ®

early endosome membrane{ ®

010 015 020 025
GeneRatio

Pertussis ®

padjust

oo1e
ooe

Complement and coagulation cascades
P 9 . Count

® 4

@ =

Phagosome{ ®

018 018 0.20 o
GeneRatio

Figure 3. Enrichment of gene ontology (A) and Kyoto encyclopedia of genes and genomes pathway (B). BP, biological process; CC, cellular component. The
size of the bubble represented the number of genes that were enriched, and the bubble color indicated adjust P value.
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Figure 5. Top 5 genes in PPI network were distinguished by MCC algorithm
of cytohubba. The depth of the color indicates the MCC calculated score. PPI
= protein—protein interaction.

module, normal fetus and turquoise and Tan module, BMD
and black module, gender and green module were highly cor-
related (P < .05). The black module had the highest correla-
tion with DMD (correlation coefficient was 0.59, P = 1e-07,
Fig. 2).

3.3. Pathway and function enrichment

According to the thresholds of | GS | > 0.5 and | mm | > 0.8,
43 genes were selected. Enrichment analysis showed that the
43 genes in black module were enriched in biological processes
related to immune molecular regulation, such as regulation of
immune effector process, immune response mediated by immu-
noglobulin, immune response mediated by B cells, positive reg-
ulation mediated by bone marrow leukocytes, and regulation
of complement activation (Fig. 3A). The 43 genes were also
enriched into 3 KEGG pathways: pertussis pathway, coagula-
tion and complement cascade system pathway and phagosome
pathway (Fig. 3B).

3.4. Protein-protein interactions network

Protein—protein interactions are often needed to achieve biologi-
cal functions and metabolic reactions. Gene mania identified 41
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genes of the 43 genes in black modules and PPI network was con-
structed. From the network, it was obvious that the interaction
relationship came from co-expression (83.71%), physical inter-
actions (8.91%), co-localization (5.24 %), pathway (1.35%), pre-
dicted (0.45%), and genetic interactions (0.33%) (Fig. 4). MCC
algorithm in cytohubba plug-in was used to calculate the core
proteins in the network. The top 5 genes in the network were
SERPINGT, F13A1, C1S, C1R, and HLA-DPA1 (Fig. 5).

3.5. Expression of hub gene was significantly higher than
that in normal

In GSE6011, expression of SERPING1, F13A1, C1R, C1R, and
HLA-DPA1 in the muscle of DMD patients were significantly
higher than that of normal muscle tissue (Fig. 6A), and the
expression levels of 5 genes in GSE6011 samples showed signif-
icant correlation (Fig. 6B).

4. Discussion

DMD is the most common neuromuscular disease in the world,
affecting as many as 1/ 3600 male births in the world."3 Tt is a
progressive muscular dystrophy due to the deletion or reduc-
tion of myofibrin caused by gene mutation on X chromosome,
which is X-linked recessive inheritance.* Women are generally
carriers, and may have mild cardiac dysfunction, but rarely have
the disease.'>'9! The pathological degree of DMD is generally
related to the decrease of muscle function and the deficiency of
dystrophin on the plasma membrane of muscle fiber. However,
these characteristics do not fully explain the formation of DMD
muscle injury, which changes were not reported until the onset
of the apparent disease. The immune and inflammatory pro-
cesses of muscle tissue are the other important causes of muscle
pathology.'">!81 In the early stage of DMD, the rising of inflam-
mation factors (e.g., cytokines, chemokines) and the consequent
activation of the immune system (e.g., CD4+ and CD8+ T cells,
Tregs, neutrophils, macrophages) are hallmarks of DMD.!'7:18l
Many components of the innate immune system are strongly
activated shortly after birth in patients with DMD before clin-
ical symptoms appear. With the increase of age, the interaction
between chronic activation of innate immunity and non-adja-
cent and adjacent tissue degeneration and regeneration is com-
bined to promote the further development of DMD.[!!
Through WGCNA, black module was found to be sig-
nificantly associated with DMD. Go and KEGG enrichment
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analysis of the 43 genes in black showed that these genes
were significantly enriched in the regulation of immune effec-
tor process, immunoglobulin mediated immune response, B
cell mediated immunity and other immune and inflammation
related gene ontology entries, as well as the 3 KEGG path-
ways of pertussis, complex and coagulation cascades, and
phagosome. Genes in the black module may participate in
the development of DMD through immune and inflammation
related processes.

GSE6011 was used to verify the differential expression of
SERPING1, F13A1, C1S, C1R, and HLA-DPA1. Expression
of 5 genes in DMD were significantly higher than that in nor-
mal muscle tissues, and they had significant correlation among
samples. These 5 genes were also linked with the type of co-ex-
pression in PPI network, which is consistent with the results of
WGCNA. These results indicate that these 5 genes are likely to
participate in the common biological process in DMD. However,
there was also study show that level of immunoreactive activity
of C1 inactivator in the plasma DMD was lower than that in
normal.?’l This seems to suggest that C1 has a potential role in
DMD, and in our study, C1S and C1R also reflect an association
with DMD. In our knowledge, SERPING1, F13A1 and HLA-
DPA1 have not been reported in DMD.

It is noteworthy that SERPINGI, also known as C1-INH,
is a regulator of early classical and lectin pathways. Its coded
C1 inhibitor inhibits activated C1r and C1, thus regulating the
process of complement activation.?!! C1s/C1-INH complex
increases in other diseases involving classical pathway activa-
tion, such as systemic lupus erythematosus (SLE), glomerulo-
nephritis and rheumatoid arthritis.?? F13A1 is a gene encoding
the subunit A of coagulation factor XIII. The combination of
C1-INH and factor XIII can reduce the adhesion of endothelial
leukocytes and IL-1f in plasma, and increase IL-6.12°! Therefore,
regulation of coordination and completion cascades may be
an important way for black module genes to play a role in the
occurrence and development of DMD.

Multiple molecules that in same co-expression module (black
module) also show association with the occurrence and devel-
opment of DMD in previous studies and were considered as
targets for the treatment of DMD, such as: C3°®5 CXCL12,124!
LGALS3.21 We believe that 5 genes are potentially important
molecules in DMD, they may participate in the occurrence
and development of DMD by regulating innate immunity and
inflammation, but the specific molecular mechanism needs fur-
ther study.

5. Conclusion

This study was aimed to find genes and gene modules related to
DMD, and to provide help for the diagnosis and clinical treat-
ment of DMD. Through WGCNA, gene modules were divided,
in which, black module was significantly correlated with DMD.
After screening the genes in the black module, we found that
SERPINGT1, F13A1, C1S, C1R, and HLA-DPA1 may participate
in the development of DMD by regulating innate immunity and
inflammation, and they are expected to be a potential biomarker
and novel therapeutic targets for DMD. In our knowledge,
SERPING1, F13A1 and HLA-DPA1 have not been reported in
DMD and their functions and molecular mechanisms need to be
confirmed by experiments. However, there are still some limita-
tions in this study. This study was based on bioinformatics anal-
ysis, which has not been verified by experiments, and the clinical
samples was relatively small. Thus, further study is required in
the future.
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