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Aims

Rheumatoid arthritis (RA) is a systematic autoimmune disorder, characterized by synovial inflamma-
tion, bone and cartilage destruction, and disease involvement in multiple organs. Although numer-
ous drugs are employed in RA treatment, some respond little and suffer from severe side effects. This
study aimed to screen the candidate therapeutic targets and promising drugs in a novel method.

Methods

We developed a module-based and cumulatively scoring approach that is a deeper-layer ap-
plication of weighted gene co-expression network (WGCNA) and connectivity map (CMap)
based on the high-throughput datasets.

Results

Four noteworthy RA-related modules were identified, revealing the immune- and infection-
related biological processes and pathways involved in RA. HLA-DMA, HLA-DMB, HLA-DPAT,
HLA-DPB1, HLA-DQBT1, HLA-DRA, HLA-DRB1, BLNK, BTK, CD3D, CD4, IL2RG, INPP5D, LCK, PTPRC,
RAC2, SYK, and VAV1 were recognized as the key hub genes with high connectivity in gene
regulation networks and gene pathway networks. Moreover, the long noncoding RNAs (IncR-
NAs) in the RA-related modules, such as FAM30A and NEAT1, were identified as the indispen-
sable interactors with the hub genes. Finally, candidate drugs were screened by developing
a cumulatively scoring approach based on the selected modules. Niclosamide and the other
compounds of T-type calcium channel blocker, IKK inhibitor, and PKC activator, HIF activator,
and proteasome inhibitor, which harbour the similar gene signature with niclosamide, were
promising drugs with high specificity and broad coverage for the RA-related modules.

Conclusion
This study provides not only the promising targets and drugs for RA but also a novel meth-
odological insight into the target and drug screening.
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Some drugs are employed in rheumatoid
arthritis (RA) treatment, however some
patients respond little and suffer from
severe side effects.

This study is aimed to screen the candi-
date targets and promising drugs in a
novel method.

Key messages

Four noteworthy RA-related modules
were identified,  suggesting  the

processes and pathways involved in RA.

HLA-DMA, HLA-DMB, HLA-DPAT, HLA-
DPB1, HLA-DQBI1, HLA-DRA, HLA-DRBI,
BLNK, BTK, CD3D, CD4, IL2RG, INPP5D,
LCK, PTPRC, RAC2, SYK, and VAVI were
recognized as the key hub genes in RA.
Long noncoding RNAs FAM30A and
NEAT1 were identified as the indispen-
sable interactors with the identified hub
genes.
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The candidate drugs were screened by developing a
cumulatively scoring approach based on the selected
modules.

Strengths and limitations
This study provides not only the promising targets
and drugs for RA but also a novel methodological
insight into the target and drug screening.
The novel method harbours high specificity and
broad coverage for the RA-related modules, providing
the promising drugs for clinic use.
Functional research of identified RA-related genes and
IncRNAs should be further validated and the pharma-
cological research of screened compounds should be
performed.

Introduction

Rheumatoid arthritis (RA) is a chronic systematic inflam-
matory and autoimmune disorder with approximately 1%
prevalence globally," characterized by synovial inflamma-
tion, bone and cartilage destruction, and disease involve-
ment in multiple organs,? resulting in joint damage,
cardiovascular and pulmonary comorbidity, and malig-
nancy.* The joint damage is characterized as persistent
and symmetrical polyarthritis and synovial inflammation
resulting in cartilage and bone erosion and arthrosis
deformity. Although the aetiology of RA is still unclear, a
complex interaction of genetic and environmental factors
such as diet, ethnicity, smoking, and infection is involved
in RA.43

The treatments of RA are classified into the non-
pharmacological treatments and the pharmacological
treatments. Non-pharmacological therapy comprises
physical and occupational therapy and surgical
approaches. Traditional drugs such as glucocorticoids,
non-steroidal anti-inflammatory drugs (NSAIDs), and
disease-modifying antirheumatic drugs (DMARDs)
and new biological drugs including antibodies to pro-
inflammatory cytokines (e.g. tumour necrosis factor
alpha (TNF-a)) or their receptors (e.g. interelukin (IL)-1,
IL-6), or by targeting B-lymphocytes (CD20) or costimu-
latory molecules (e.g. cytotoxic T-lymphocyte-associated
protein 4 (CTLA-4)) are utilized in the treatment of RA.6
However, some patients respond little to the therapy, and
side effects can damage the lives of the patients.

An increasing number of studies have screened the
potential targets of RA based on the high-throughput
methods, such as microarray profiling” and next-
generation sequencing.® Differentially expressed genes
(DEGs) defined by specific thresholds, such as the
fold change of gene expression and p-value (e.g. fold
change = 2 and p = 0.05), are widely employed in the
target screening of RA.° However, marginally less signif-
icant genes (e.g. foldchange = 1.999 or p = 0.051) are
missed, resulting in information loss and bias. Moreover,
a different threshold was set among studies, resulting in

inconsistence of screened targets. Co-expression networks
or protein-protein interaction networks constructed by
external public databases, such as STRING and BioGRID,
are also applied to target screening.’® Due to the igno-
rance of indirect gene interactions or indeterminacy
of public databases based on different algorithms and
data sources, the limitation of this method is obvious. To
avoid these limitations, Langfelder et al'" developed the
weighted gene co-expression network analysis (WGCNA)
method, which applies the soft-threshold and considers
the indirect interactions between genes, and constructs
weighted gene regulation network to find biologically
relevant modules and genes. Based on this method, Ma
et al'? identified the critical genes in RA such CD97, FYB,
and CXCLT.

The connectivity map (CMap) is a useful tool to build
the link between disease and compounds by comparing
microarray data from more than 1,300 small molecules
to the gene signature of the phenotype using a pattern-
matching algorithm with a high level of resolution and
specificity, which allows for the screening of candidate
drugs.™" CLUE, the next generation CMap, is a platform
for the analysis of perturbational datasets generated
using gene expression (L1000) and proteomic (P100
and GCP) assays, which integrate the CMap dataset
and provide the useful tool Touchstone (Broad Institute,
Cambridge, Massachusetts, USA) to assess and visualize
connectivity among perturbagens.” Touchstone was
utilized to investigate the compounds with the similar
signature by ranking the median enrichment score (MES)
and clustering based on the gene expression signature
among multiple types of cell.

Based on the microarray datasets, this study
constructed a weighted gene network to identify the
significant RA-related modules and genes to investigate
the pathogenesis and therapeutic targets. Moreover, we
screened promising compounds for the clinical treatment
of RA by developing a module-based and cumulatively
scoring approach that ensured high specificity and broad
coverage for RA-related modules. Our study provides an
insight into the novel bioinformatic approach utilized in
the target and drug screening for RA.

Methods

Data collection and pre-processing. The datasets
GSE55235, GSE55457, and GSE55584 were included by
the criteria of “rheumatoid arthritis”, “human”, and “syno-
vial or synovium” and obtained from the National Centre
For Biotechnology Information (NCBI) Gene Expression
Omnibus (GEO).” The microarray datasets included in
this study are based on the platform of Affymetrix Human
Genome U133A Array (HG-U133A), which is designed
to analyze the expression level of 18,400 transcripts
and variants by a probe hybridization method and com-
posed of more than 22,000 probes. The datasets contain
53 synovial tissues from 33 RA patients and 20 healthy
donors, respectively. The clinical information is shown
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Sample clustering and soft-thresholding power determination. a) Heatmap plot of the top 25% genes in rank of variance. b) Sample clustering dendrogram of
the joint synovial samples of 32 rheumatoid arthritis (RA) patients and 12 healthy donors. The samples clustered based on their Euclidean distance calculated
with variance stabilized expression levels. c) Analysis of the scale-free fit index for various soft-thresholding powers.

in Supplementary Table S1. Background correction
and quantile normalization were performed by Robust
multi-array analysis method.'® Batch effect was carefully
considered by R package Batchl (v2.0; R Foundation for
Statistical Computing, Vienna, Austria).” Medians were
considered as gene expression values if the multiple
probes were mapped to the same gene symbol.

Weighted gene co-expression network analy-
sis. Considering the capacity and stability of bioinfor-
matics statistics, the top 25% genes in the rank of the
variance of expression were selected to build the gene
network by R package WGCNA (v1.69; R Foundation for
Statistical Computing)." Firstly, an essential parameter
to build the scale-free network, soft-thresholding pow-
er, was determined by functions softConnectivity and
pickSoftThreshold. In brief, the influence of power val-
ues on the mean connectivity and scale independence
was analyzed by these functions. The function softCon-
nectivity calculated the network connectivity, and the
function pickSoftThreshold calculated the scale-free
topology fit index for different powers. When the scale-
free topology fit index reaches 0.9 at the powers < 30
and the network harboured an appropriate network
connectivity, the soft-thresholding power was deter-
mined, at which the topology network was considered
scale-free and suitable for further analysis. Then, the ad-
jacency matrix was converted into Topological Overlap
Matrix (TOM), in which parts of genes harbouring the
high topological overlap with others were hierarchically

clustered. With the parameters set up as minModule-
Size =30 and deepsplit = 2, the modules were identified
by Dynamic Tree Cut algorithm. Based on the module
eigengene calculated to represent the modulesina 1D
vector, the close modules are merged by hierarchical
clustering and Merged Dynamic algorithm (cutheight
= 0.25). Finally, the eigengenes were used to calculate
the correlation between the modules and RA. In addi-
tion, the Pearson correlation coefficient was calculated
to quantify the correspondence between modules and
RA, and to identify the RA-related modules with the cri-
terions of the Pearson correlation coefficient r > 0.4 and
p < 0.05.

Functional enrichment analysis. R package ClusterProfiler
(v3.14.3; R Foundation for Statistical Computing) was
used to analysis the Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) to annotate
RA-related modules.'® Based on hypergeometric distribu-
tion, the functions enrichGO and enrichKEGG were uti-
lized to perform enrichment test for GO terms and KEGG
pathways, the results of which were visualized by bub-
ble plot. The heatmap of enriched genes and the regu-
lation network of enriched genes and relevant pathways
were plotted by function heatplot and KEGGcnetplot,
respectively.

Hub gene and long noncoding RNA identification. Hub
genes are the key regulators with high degree or con-
nectivity in the scale-free network. In order to iden-
tify the hub genes in the RA-related modules, three
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Fig. 2

Topological overlap calculation and module identification. a) Heatmap plot of topological overlap in the gene network. Red squares along the diagonal
correspond to modules. b) Gene dendrogram calculated by average linkage hierarchical clustering. The colour row underneath the dendrogram shows the
assigned original module and the merged module. c) Hierarchical clustering of module eigengenes that summarize the modules identified in the clustering
analysis. d) Heatmap plot of the eigengene adjacencies. Each row and column in the heatmap corresponds to one module eigengene.

parameters including Gene Significance (GS), Module
Membership (MM), and the degree in the RA-related
module were utilized. GS reflects the inter-relation
between genes and sample traits. MM reflects the
inter-relation between the genes and module eigen-
genes. Degree determines the gene connectivity in
the network. Hub genes were defined as the intersec-
tion of the top 10% genes in the rank of the degree
and the genes with both the absolute values of MM
and GS both larger than 0.7 and the p-value less than
0.01, harbouring high connectivity both in the gene-
phenotype mapping and gene co-expression networks.
The probe IDs of the platform of Affymetrix Human
Genome U133A Array (HG-U133A) were converted to
ENSG IDs annotated by Ensembl database (Release 98;
European Molecular Biology Laboratory's European
Bioinformatics Institute (EMBI-EBI), Hinxton, UK) and
then 106 IncRNAs were identified based on Ensembl
database (Release 98) and verified by NONCODE data-
base (v5.0)," the regulatory networks of which were
constructed and visualized by Cytoscape (Institute for
Systems Biology (ISB), Seattle, Washington, USA).

Compound screening based on modules. CMap is a
powerful tool for screening of compounds against a
genome-wide disease or physiological gene signature
by comparing microarray data from more than 1,300
small molecules to the gene signature of the pheno-
type of interest using a pattern-matching algorithm
with a high level of resolution and specificity.”*' To
find the potential therapeutic compound with high
specificity and broad coverage for the RA-related
modules, we mapped the gene expression signature
of each module to CMap to link the compounds to
the modules and performed the intersection of the
compounds targeting the corresponding module.
Enrichment scores, used to quantize the similarity be-
tween the gene expression signature of compounds
and modules, were adjusted by the module-trait cor-
relation coefficient, generating an integrated score,
namely the module-adjusted score (MAS), to evaluate
the connectivity of compounds and RA. The MAS is
calculated using the following formula:

MAS =Y Enrichment score x module-trait correlation coeffi-
cient.
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Module Membership in turquoise module

Identification of modules associated with rheumatoid arthritis (RA). a) Heatmap of the correlation between module eigengenes and RA. The value in each
square and the p-value in parentheses reflect the correlation coefficient between the module eigengene and RA.

b) Scatter plot for correlation between gene significance (GS) and gene module membership (MM) in RA-related modules (green, greenyellow, lightcyan, and
turquoise). All p-values were calculated using one-way analysis of variance and Pearson correlation coefficient.

Results

Data processing and soft-thresholding power determina-
tion. The gene expression matrices were obtained after
profile pre-processing (background correction and nor-
malization). To identify the potential outliers, samples
were clustered based on the corresponding expression
matrices. The dendrogram of the hierarchical clustering
is shown in Supplementary Figure S1. A total of eight
normal samples and one RA sample were identified as
the outliers and removed from the analysis. As shown
in Figures 1a and 1b, the sample clustering revealed
the high correlation of the phenotypes and expression
profiles after excluding the outliers. Among the 22,283
probes in expression profile (Affymetrix Human Genome
U133A Array), the top 25% genes in the rank of the ex-
pression variance were selected to perform the analysis of
the network topology for different powers in order to bal-
ance the mean connectivity and scale independence. As
shown in Figure 1c, the power of 13 is the lowest power
for which the scale-free topology fit index reaches 0.90.
Weighted co-expression network and RA-related mod-
ule identification. With the soft-thresholding power
of 13, the scale-free topology model was constructed
and the adjacency matrix was converted into a TOM

(Figure 2a). A total of 21 modules were identified by
average linkage hierarchical clustering of gene expres-
sion and dynamic tree cut method, which were subse-
quently merged to 13 modules by module eigengene
clustering (Figure 2b). The module eigengene calculat-
ed by the first principal component to represent each
module was applied to analyze the correlation of each
module (Figure 2c and 2d). To identify the RA-related
modules, the correlation between module eigengene
and RA was calculated by one-way analysis of vari-
ance (ANOVA) (significant p-value < 0.05). As shown
in Figure 3a, the green module showed the highest
correlation with RA (r = -0.93; p = 1e-19, one-way
ANOVA). Besides, the greenyellow module (r=0.91; p
= 7e-18, one-way ANOVA), the lightcyan module (r =
—-0.59; p = 2e-05, one-way ANOVA), and the turquoise
module (r = 0.59; p = 2e-05, one-way ANOVA) were
also relevant to RA. Due to the high relevance for RA
(Ir]> 0.9), the green module and the greenyellow mod-
ule were selected as modules of interest and studied in
subsequent analyses.

Functional annotation of RA-related modules. In order
to explore the biological relevance of RA-related mod-
ules, 282 genes in the green module and 1,263 genes

VOL. 9, NO. 8, AUGUST 2020



506

Enrichment_GO

response to lipopolysaccharide
response to molecule of bacterial origin
positive regulation of cell-cell adhesion
fat cell differentiation

response to glucocorticoid

clathrin-coated endocytic vesicle
clathrin-coated vesicle membrane
clathrin-coated endocytic vesicle membrane
MHC class Il protein complex o

MHC protein complex [ ]

20

transcription factor activity, RNA polymerase Il proximal
promoter sequence-specific DNA binding

proximal promoter sequence-specific DNA binding
RNA polymerase Il proximal promoter
sequence-specific DNA binding

peptide binding

peptide antigen binding

an

0.050

0.075
GeneRatio

0.100

Th1 and Th2 cell differentiation
TNF signaling pathway

Type | diabetes mellitus

h17 cell differentiation
Graft-versus—host disease
Colorectal cancer
Herpes simplex infection
Allograft rejection
Antigen processing and presentation
Influenza A

Rheumatoid arthritis

Asthma

Inflammatory bowel disease (IBD)
Leishmaniasis

Human T-cell leukemia virus 1 infection

X. LI, Y. YANG, G. SUN, W. DAL, X. JIE, Y. DU, R. HUANG, . ZHANG

b

Enrichment_KEGG

Human T-cell leukemia virus 1 infection d
Influenza A [ ]
Herpes simplex infection [ ]
Leishmaniasis [ ]
p.adjust Rheumatoid arthritis [ ] p.adjust
50807 Th17 cell differentiation ) ol
1.0e-06 36-06
1.50-06 TNF signaling pathway [ ] 4e-06
20e-06 Se-06
Inflammatory bowel disease (IBD) [ ]
Count . . . Count
®: Antigen processing and presentation [ ] ® o
12 15
: ® Colorectal cancer [ ] : 2
o Th1 and Th2 cell differentiation ) ( B
Asthma ®
Allograft rejection ®
Graft-versus—host disease{ ®
Type | diabetes mellitus{ ®
0.10 0.15 0.20
GeneRatio
| | N
|
fold change
I
EE EEE 2
0
*- G
-2
||
DX DI PR NN, SR SIS 25
<
erg 2] RZ) 0‘90‘9 Qd\—oo §/$\’

Functional annotation of green module. a) Gene ontology (GO) term enrichment and b) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis
of green module. GeneRatio indicates the gene number ration in each of the GO functions and KEGG pathways. The colour and size of each dot represents a
p-value (calculated by independent-samples t-test and adjusted using the Benjamini and Hochberg method and gene number assigned to the corresponding
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in the greenyellow module were subjected to GO
functional and KEGG pathway enrichment analyses.
With the threshold of p-value adjusted by Benjamini
and Hochberg method less than 0.05, the biological
processes of the green module were mainly involved
in the response to lipopolysaccharide (p = 2.21e-10,
independent-samples t-test), the response to mol-
ecule of bacterial origin (p = 5.88e-10), the positive
regulation of cell-cell adhesion (p = 1.15e-09), the re-
sponse to glucocorticoid (p = 1.16e-09), and fat cell
differentiation (p = 2.99e-09) (Figure 4a). In the KEGG
analysis, the green module was mainly involved in the
infection-related pathways including human T-cell
leukaemia virus 1 infection (p = 6.08e-13) and leish-
maniasis (p = 2.32e-10) and the immune-related path-
ways such as inflammatory bowel disease (p = 6.48e-
10), asthma (p = 1.31e-09), and RA (p = 2.89e-09)
(Figure 4b). Major histocompatibility complex Class Il
(MHC Class Il) genes including HLA-DMA, HLA-DMB,

HLA-DPAT1, HLA-DPB1, HLA-DQB1, HLA-DRA, and HLA-
DRB1 exhibited high connectivity to the enriched
pathways in the green module (Figure 4c).

The greenyellow module was mainly involved in
the immune-related biological processes including the
immune response-regulating cell surface receptor signal-
ling pathway (p = 2.86e-32, independent-samples t-test
and adjusted by Benjamini and Hochberg method), the
regulation of lymphocyte activation (p = 4.25e-32),
immune response-activating cell surface receptor signal-
ling pathway (p = 3.19e-31), the positive regulation of
cell activation (p = 6.20e-29), and B cell activation (p =
6.95e-29) (Figure 5a). In the KEGG pathway analysis, the
greenyellow module showed strong relevance to Fc y R
(FcyR)-mediated phagocytosis (p = 3.40e-11), osteoclast
differentiation (p = 7.65e-11), phagosome (p = 4.96e-10),
haematopoietic cell lineage (p = 9.37e-10), and primary
immunodeficiency (p = 7.02e-09) (Figure 5b). Fc frag-
ment of immunoglobulin G (IgG) receptors in the most
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significant enriched pathway, including FCGR2A, FCGR2B,
and FCGR3A, also participated in other module-related
pathways such as osteoclast differentiation and phago-
some (Figure 5c).

Identification of hub genes in RA-related modules. The
hub genes were defined as the genes with high connectiv-
ity both in gene regulation network and gene-phenotype
mapping. The intersection of the top 10% genes in the
rank of degree and the genes with both the absolute val-
ue of MM and GS larger than 0.7 and p-value less than
0.01 was identified as the hubs in the RA-related mod-
ules. In the green module, all the genes with top 10%
degree had high |[MM| and |GS| (Figure 6a), among which
MHC Class Il genes including HLA-DMA (log,FC = 1.79; p
=1.10e-12, calculated by independent-samples t-test and
adjusted by Benjamini and Hochberg method), HLA-DMB
(log,FC = 1.86; p = 8.25e-17), HLA-DPAT (log,FC = 1.21;
p = 2.31e-08), HLA-DPBT (log,FC = 1.51; p = 8.35e-12),

HLA-DQBT (log,FC = 2.28; p = 1.82e-09), HLA-DRA (log-
SFC =1.67; p = 9.95e-12), and HLA-DRB1 (log,FC = 1.19;
p =4.09e-11) were identified as the core hubs because of
their high connectivity to the significant pathways in the
green module (Figure 6b and Table I). In the greenyellow
module, 120 genes were recognized as the hub genes
(Figure 6c¢), among which BINK (log,FC = 2.20; p =
8.86e-15), BTK (log,FC = 0.79; p = 1.58e-11), CD3D (log-
JFC=1.72; p = 8.59¢e-09), CD4 (log,FC = 1.02; p = 2.99-
11), IL2RG (log,FC = 1.15; p = 2.26e-08), INPP5D (log,FC
= 0.88; p = 1.09e-09), LCK (log,FC = 1.69; p = 8.76e-09),
PTPRC (log,FC = 2.11; p = 2.38e-10), RAC2 (log,FC = 1.07;
p =1.11e-05), SYK (log,FC = 1.25; p = 2.55e-11), and VAV]
(log,FC = 0.90; p = 8.32e-09) were identified as the core
hubs functionally relevant to the greenyellow module
(Figure 6d and Table I).

Identification of IncRNAs in RA-related modules. Long
noncoding RNAs (IncRNAs) are emerging players in
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various diseases, such as RA and osteoarthritis. A total
of six INcRNAs were identified in the greenyellow and
lightcyan modules, including FAM30A (log,FC=0.75; p =
3.63e-03, calculated by independent-samples t-test and
adjusted by Benjamini and Hochberg method), NEAT1
(log,FC = -1.63; p = 7.64e-06), MEG3 (log,FC = -0.86;
p = 3.55e-05), SND1-IT1 (log,FC = -0.41; p = 3.32e-03),
SNHG17 (log,FC = -0.83; p = 7.41e-06), and THAP9-AS1
(log,FC = -0.58; p = 3.28e-04), among which FAM30A in
the greenyellow module and NEATT in the lightcyan mod-
ule were recognized as the significant regulators with the
high degree of 127 and 73, respectively (Table II).

To further investigate their roles in RA, the regula-
tion networks of IncRNAs were constructed, in which
the IncRNA-related genes were subjected to the func-
tional annotation. As shown in Figure 7a, a total of 66
genes were identified as the FAM30A-related genes in the
greenyellow module, which were functionally involved
in the module-related pathways mentioned above, such

as primary immunodeficiency, T helper type 1 (Th1) and
Th2 cell differentiation, and human T-cell leukaemia virus
1 infection, suggesting an indispensable role of FAM30A
in the greenyellow module (Figure 7c). Moreover, the hub
genes CD3D, IL2RG, and LCK were identified in the FAM30A-
regulation network. In the lightcyan module, 44 NEATT-
related genes were identified and found to be involved in
the adherent junction, parathyroid hormone, and mitogen-
activated protein kinase (MAPK) pathways, among which
FGFRT showed the highest degree of the enriched pathways
(Figures 7b and 7d). However, no IncRNAs were identified
in the green module or turquoise module.

Compound screening based on RA-related modules. Using
a pattern-matching algorithm, the CMap links com-
pounds with disease or physiological phenotypes by
measuring similarities in gene expression. To screen
the potential therapeutic compounds with high speci-
ficity for RA, we mapped the gene expression signature
of each module to CMap and constructed the relations
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Table 1. Hub genes in rheumatoid arthritis-related modules.

Gene symbol ENSG ID log2FC P.log2FC* GS PGS} MM P.MM+} Pathwayi Module
BLNK ENSG00000095585 2.20 8.86E-15 0.86 5.59E-14 0.89  3.05E-16 2 greenyellow
BTK ENSG00000010671 0.97 1.58E-11 0.81 4.34E-11 0.91  2.28E-17 2 greenyellow
CD3D ENSG00000167286 1.72 8.59E-09 0.73  2.45E-08 0.88 2.81E-15 3 greenyellow
CD4 ENSG00000010610 1.02 2.99E-11 0.80 8.58E-11 0.90 6.83E-17 3 greenyellow
IL2RG ENSG00000147168 1.54 2.26E-08 0.71 6.01E-08 0.85 3.32E-13 2 greenyellow
INPP5D ENSG00000168918 0.88 1.09E-09 0.76  2.55E-09 0.89 4.52E-16 2 greenyellow
LCK ENSG00000182866 1.69 8.76E-09 0.73  2.49E-08 0.86 1.08E-13 2 greenyellow
PTPRC ENSG00000081237 21 2.38E-10 0.77 8.55E-10 0.91  1.40E-17 2 greenyellow
RAC2 ENSG00000128340 1.07 1.11E-05 0.60 2.02E-05 0.76  3.04E-09 2 greenyellow
SYK ENSG00000165025 1.25 2.55E-11 0.80 8.55E-11 0.90 7.71E-17 2 greenyellow
VAV1 ENSG00000141968 0.90 8.32E-09 0.73  1.89E-08 0.89 1.1M1E-15 2 greenyellow
HLA-DMA ENSG00000204257 1.79 1.10E-12 0.83 5.03E-12 -0.92  3.35E-18 5 green
HLA-DMB ENSG00000242574 1.86 8.25E-17 0.89 5.91E-16 -0.91  1.54E-17 5 green
HLA-DPAT1 ENSG00000231389 1.21 2.31E-08 0.71 5.78E-08 -0.83  3.02E-12 5 green
HLA-DPB1 ENSG00000223865 1.51 8.35E-12 0.81 3.25E-11 -0.90 1.53E-16 5 green
HLA-DQB1 ENSG00000179344 2.28 1.82E-09 0.75 5.89E-09 -0.85  1.52E-13 5 green
HLA-DRA ENSG00000204287 1.67 9.95E-12 0.81 3.99E-11 -0.92  5.56E-19 5 green
HLA-DRB1 ENSG00000196126 1.19 4.09E-1 0.79 1.31E-10 -0.91  3.00E-17 5 green

FC, the fold change of rheumatoid arthritis (RA) compared to healthy donors; GS, gene significance; MM, gene module membership. P.log,FC,
P.GS, and P.MM represent the p-values of log,FC, MM, and GS, respectively.
*Calculated by independent-samples t-test and adjusted by Benjamini and Hochberg method.

TPearson correlation coefficient.
$The enriched pathway numbers of hub genes.

Table Il. Long noncoding RNAs in rheumatoid arthritis-related modules.

Gene symbol ENSG ID log2FC P.log2FC* MM P.MM* GS P.GS* Degree’ Module
FAM30A ENSG00000226777 0.75 3.63E-03 0.55 1.21E-04 0.42 4.81E-03 127 greenyellow
NEAT1 ENSG00000245532 -1.63 7.64E-06 0.58 4.01E-05 -0.60  1.48E-05 73 lightcyan
MEG3 ENSG00000214548 -0.86 3.55E-05 0.53  2.36E-04 -0.57  5.92E-05 49 lightcyan
SND1-IT1 ENSG00000279078 -0.41 3.32E-03 0.28 6.39E-02 -0.42  4.11E-03 49 lightcyan
SNHG17 ENSGO00000196756 -0.83 7.41E-06 -0.54  1.45E-04 -0.61  1.31E-05 5 greenyellow
THAP9-AS1 ENSG00000251022 -0.58 3.28E-04 -0.45 2.01E-03 -0.51  4.63E-04 2 greenyellow

FC, the fold change of RA compared to healthy donors; GS, gene significance; MM, gene module membership. P.log,FC, P.GS, and P.MM

represent the p-values of log,FC, MM, and GS, respectively.

*Calculated by independent-samples t-test and adjusted by Benjamini and Hochberg method.
FThe degree or connectivity of hub long noncoding RNAs in corresponding module.

of modules and compounds. As shown in Figure 8, 35,
47, 36, and 24 compounds were identified to target the
green, greenyellow, lightcyan, and turquoise modules,
respectively. To find the compounds targeting to as many
modules as possible, we took the intersection of the com-
pounds targeting the RA-related modules (Figure 8a).
Moreover, we adjusted the enrichment scores of com-
pounds by module-trait correlation coefficient and con-
structed the weighted compound-phenotype relations.
The top 20 compounds in the rank of the MAS were
identified as the potential therapeutic drugs with high
specificity and broad coverage for the RA-related mod-
ules (Table Ill), among which niclosamide had the highest
score of 2.01057. To assess the clinical value and mecha-
nisms of niclosamide, we further investigated the com-
pounds with similar signature to niclosamide, among
which the top ten compounds in the rank of MES were
clustered based on the expression signature in multiple

types of cell, including A375 (human malignant mel-
anoma), HATE (human renal epithelial cell), HCC515
(human lung carcinoma), A549 (human non-small cell
carcinoma), PC3 (human prostate adenocarcinoma),
MCF7 (breast adenocarcinoma), and VCAP (prostate ad-
enocarcinoma) (Figure 8b). Heliomycin harboured the
most similar signature pattern with niclosamide among
the multiple types of cells and IKK2-inhibitor-V harboured
the highest MES. Compound categories were also inves-
tigated by clustering the compounds with the similar
gene expression signature to niclosamide. As shown in
Figure 7c, T-type calcium channel blocker (MES = 99.78,
compound number = 5), IKK inhibitor (MES = 99.68,
compound number = 3), PKC activator (MES = 99.74,
compound number = 5), HIF activator (MES = 99.64,
compound number = 4), and proteasome inhibitor (MES
=99.45, compound number = 3) were the top five cate-
gories in the rank of MES.
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Identification of hub long noncoding RNAs (IncRNAs) in rheumatoid arthritis (RA)-related modules. a) The co-expression regulation network of INcRNA
FAM30A in greenyellow module. b) The co-expression regulation network of IncRNA NEAT1 in lightcyan module. c) Heatmap plot of enrich genes of Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathways in FAM30A-regulated network. (d) Heatmap plot of enrich genes of KEGG pathways in NEAT1-
regulated network. IgA, immunoglobulin A; MAPK, mitogen-activated protein kinase; SNARE, SNAP REceptor; Th, T helper cell.

Discussion

Rheumatoid arthritis is a systematic autoimmune
disorder, the aetiology of which is still unclear. In this
study, we performed WGCNA analysis based on the
microarray datasets from a multicentre study including
33 RA patients and 20 healthy donors. Four significant
RA-related modules were identified in our results, the
functional annotation of which revealed the important
pathways in RA.

The role of pathogens in the pathogenesis of RA is
increasingly being recognized. Virus is identified as an
important factor triggering autoimmunity in genetically
susceptible patients and leading to diseases such as RA,
Sjogren's syndrome, antiphospholipid syndrome, and
systemic lupus erythematosus (SLE).?° The infection of
human T-cell leukaemia virus type-1 or human T-lym-
photropic virus type-1 (HTLV-1) was involved in the
development of RA.Z' HTLV-1-positive RA patients were
subjected to higher inflammation and greater resis-
tance to anti-TNF treatment.?? Biichel et al?® revealed a
relationship between the influenza-A pathway and RA

by an integrative pathway-based approach for genome-
wide association studies (GWAS). Although no signifi-
cant difference was determined for the serologic markers
of herpes simplex viruses (HSV) in RA compared to the
control group,? HSV infection acts as a trigger of autoim-
munity resulting in autoimmune diseases such as post-
herpes simplex encephalitis, Guillain-Barré syndrome,
and Bell’s palsy.?*2¢ Moreover, the enriched items such
as Th17 cell differentiation, response to lipopolysaccha-
ride and molecule of bacterial origin, and leishmaniasis
revealed the indispensable role of bacteria in RA. Bacteria
are also important pathogens in triggering autoimmu-
nity. Th17 lineage cells, which function in the clearance
of extracellular bacterial infections, play important roles
in autoimmune disorders including inflammatory bowel
disease and RA.#” Serum markers of RA, including rheu-
matoid factor and anti-cyclic citrullinated peptide anti-
body, were detected in visceral leishmaniasis,?® which
may suggest the relevance between leishmaniasis and
RA.
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Compound screening based on rheumatoid arthritis (RA)-related modules. a) Intersection of compounds targeting to specific RA-related modules and
enrichment scores adjusted by module-trait correlation coefficient. b) Heatmap of gene expression signature of niclosamide and the compounds with similar
signature. c) Compound categories with similar gene expression signature to niclosamide. EGFR, epidermal growth factor receptor; mTOR, mammalian target
of rapamycin; NFkB, nuclear factor kappa-light-chain-enhancer of activated B cells; PDGFR, platelet-derived growth factor receptor; PKC, protein kinase C.

The role of immune disorders in RA has been widely
recognized. Phagocytosis is an essential element of
the immune response in the elimination of pathogens,
cellular debris, apoptotic cells, and tumour cells.?® FcyR-
mediated phagocytosis and lysosome were proven to
be involved in four common autoimmune diseases,
including Type 1 diabetes mellitus (T1D), multiple scle-
rosis (MS), SLE, and RA.3%3! The expression of FcyRl and
FcyRIl on monocytes was elevated in the RA patients
compared with healthy controls,?? and FcyRIIA polymor-
phism contributes to the course of RA.** The imbalance
between activating and inhibitory FcyRs on macro-
phages, a deciding factor for the cellular response to
immune complexes (ICs), is crucial in modulating the
synovial inflammation.?* T and B lymphocytes also play
a pathological role in the development and propagation
of RA.3* B lymphocytes are recruited to the synovial fluid,
where they contribute to local inflammation through the
secretion of pro-inflammatory cytokines, the production
of autoreactive pathogenic antibodies, and the antigen
presentation for autoreactive T cells.

In this study, we recognized hub genes by two crite-
rions, including the degrees in co-expression networks
and the GS for RA. Almost all of the top 10% genes in
the rank of degree show high GS. Given that we assumed
the core hub gene should be functionally relevant in the
module, we constructed the hub gene pathway networks
and screened for the more critical cores among hundreds
of hub genes. MHC Class Il genes including HLA-DMA,
HLA-DMB, HLA-DPA1, HLA-DPBI1, HLA-DQBIT, HLA-DRA,
and HLA-DRBT were identified as the core hubs in the
green module. The HLA allele polymorphisms influenced
the susceptibility to RA.3¢ High frequency expression of
HLA-DPB1*0401 and *0601 were identified as the risk
factors, however low frequency expression of DPB1*0101,
*0402, and *0501 may be the protective factors for RA.%
Moreover, BLNK, BTK, CD3D, CD4, IL2RG, INPP5D, LCK,
PTPRC, RAC2, SYK, and VAV1 were identified as the core
hubs functionally relevant to the greenyellow module.
Liubchenko et al®® showed that decreased phosphor-
ylation of BLNK was associated with the loss of anergic
B cell tolerance in RA. During B cell development and
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Table Ill. Potential therapeutic compound screening based on module
analysis.

Module adjusted Module
Compound score* number{ Ranki
Niclosamide 2.01057 3 1
Anisomycin 2.00309 3 2
Lanatoside C 1.98056 4 3
Lycorine 1.95975 3 4
Helveticoside 1.87462 3 5
Cephaeline 1.81156 3 6
Phenoxybenzamine 1.76391 3 7
Lomustine 1.73451 3 8
Thapsigargin 1.71736 2 9
5,253,409 1.66515 2 10
lkarugamycin 1.6206 2 1l
Proscillaridin 1.60605 2 12
Lasalocid 1.58465 2 13
Oxyphenbutazone 1.476 2 14
Digitoxigenin 1.43979 3 15
Prestwick-1082 1.41483 2 16
Semustine 1.40952 2 17
STOCK1N-35696 1.40523 2 18
Nomegestrol 1.40221 2 19
Hexetidine 1.40123 2 20

*Compound enrichment scores adjusted by module-trait correlation
coefficient.

fTargeted-module number of compounds.

$Rank of compounds according to the module adjusted scores.

activation, BTK is involved in multiple signalling path-
ways downstream of the pre-B cell receptor (BCR) and
Fc receptors (FcR), which is associated with RA.3* Chang
et al*® found that /L2RG was differentially expressed in
RA synovial tissues by RNA-sequencing. INPP5D was
recognized as a negative regulator, which regulates
interferon (IFN)-beta production downstream of toll-like
receptor 3 (TLR3).# Romagnoli et al*’> showed a direct
quantitative correlation between T cell hyporesponsive-
ness and modulation of LCK, a critical protein tyrosine
kinase required for T cell activation. PTPRC rs10919563,
a confirmed RA susceptibility locus, was the most repli-
cated genetic biomarker of response to TNF inhibitors.*
Dey et al** found that RAC2 was up-regulated consistently
in the RA synovium and revealed the interplay between
RAC2 and STATT in the regulation of nitric oxide. The phos-
phorylation of SYK in peripheral blood B cells was greatly
elevated in RA, accompanied by strong anti-citrullinated
protein antibody (ACPA) positivity.** Guerreiro-Cacais
et al*® addressed the role of VAV1 in RA pathogenesis
in experimental models and the patients of anti-cyclic
citrullinated peptide (CCP)-negative RA.

In recent years, noncoding RNAs (ncRNAs) such as
microRNAs (miRNAs) and IncRNAs are recognized as
the emerging players in diverse biological processes
and diseases including arthritis.**¢ FAM30A showed its
crucial role in the function of some immune cells, such
as Th1, Th2, Th17, and natural killer cells (NK cells).
Moreover, CD3D, IL2RG, LCK, and HLA-DOB presented

high functional connectivity with FAM30A, among which
CD3D, IL2RG, and LCK are the core hub genes we iden-
tified. NEATT-related hub genes were mainly involved in
the MAPK pathway, among which FGFRT showed high
functional connectivity with NEATI. Zhang et al*® iden-
tified the role of NEATT in the TLR4-mediated inflamma-
tory process, which affected the activation of the MAPK
signalling pathway. Some studies*®->? have indicated the
roles of FGFRT in RA,** however the relationship between
FGFR1 and NEATT has not been confirmed.

Given that some respond little to the RA pharmaco-
logical treatment and suffer from severe side effects,’
we developed a novel algorithm based on modules to
screen the promising drugs. In our study, we identified
the drugs harbouring the opposite gene expression
signature of RA-related modules and ranked them by
the MAS, which ensures the high specificity and broad
coverage for RA. Niclosamide, which had the highest
MAS, was proven to be effective in the treatment of
RAS* In an eight-week randomized controlled pilot
study, Al-Gareeb et al** found that niclosamide was an
adjuvant to etanercept for the Iraqgi patients of active RA
and greatly improved life quality, reduced the clinical
assessment scoring indices, and decreased the serum
level of IL-1B, E-selectin, vascular cell adhesion mole-
cule 1 (VCAM1), and intercellular adhesion molecule 1
(ICAM1).35 Niclosamide reduced the secretion of multiple
cytokines from TNF-o-induced human RA fibroblast-like
synoviocytes (FLS) and inhibited the migration and inva-
sion of FLS by suppressing F-actin alterations. Moreover,
niclosamide suppressed MAPK and nuclear factor kappa-
light-chain-enhancer of activated B cells (NF-kB) pathway
activity in FLS. The treatment effect was also confirmed
in the collagen-induced arthritis mouse model.*¢ Huang
et al*” confirmed that niclosamide induced mitochon-
drial apoptosis and inhibited proliferation of human
RA fibroblast-like synoviocytes via the Akt signalling
pathway.>” Still, more clinical evidence and mecha-
nism research is needed in future. Due to the variance
of genetic background among ethnicities, the response
to niclosamide should be considered among different
ethnicities. In addition to oral administration, other types
of drug delivery should be a valuable direction, such as
intra-articular injection which may reduce the effective
amount. Given that we constructed the mapping of
niclosamide and modules, it is valuable to investigate the
regulation between niclosamide and those hub genes in
the modules, such as BTK and LCK, to reveal underlying
molecular mechanisms.

In conclusion, we constructed a WGCNA to identify
the significant RA-related modules and potential targets,
the functional annotation of which revealed their indis-
pensable roles in RA. To screen the promising drugs
for RA, we developed a module-based and cumula-
tively scoring approach which ensured high specificity
and broad coverage of RA-related modules. Our study
provides not only the promising targets and drugs for RA
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but also a novel methodological insight into the potential
target and drug screening.

Supplementary material

Figure showing a dendrogram of the hierarchical
clustering in the study, and table showing clinical
features of the patients and healthy donors included.
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