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Abstract: Objective: Rheumatoid arthritis (RA) is considered to be a chronic immune disease pathologically char-
acterized by synovial inflammation and bone destruction. At present, the potential pathogenesis of RA is still un-
clear. Hub genes are recognized to play a pivotal role in the occurrence and progression of RA. Methods: Firstly, 
we attempted to screen hub genes that are associated with RA, to clarify the underlying pathological mechanisms 
of RA, and to offer potential treatment methods for RA. We acquired these datasets (GSE12021, GSE55235, and 
GSE55457) of RA patients and healthy samples from the Gene Expression Omnibus (GEO) database. Differentially 
expressed genes (DEGs) were recognized via R software. Then, Gene ontology (GO) functional analysis and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) enrichment analysis were utilized to deeply explore the underlying 
biological functions and pathways closely associated with RA. In addition, a protein-protein interaction (PPI) network 
was built to further evaluate and screen for hub genes. Finally, on the basis of the results of PPI analysis, we con-
firmed the mRNA expression levels of five hub genes in the synovial tissue of rats modeled with RA. Results: In the 
human microarray datasets, LCK, JAK2, SOCS3, STAT1, and EGFR were identified as hub genes associated with RA 
by bioinformatics analysis. Furthermore, we verified the differential expression levels of hub genes in rat synovial 
tissues via qRT-PCR (P < 0.05). Conclusions: Our findings suggest that the hub genes LCK, JAK2, SOCS3, STAT1, and 
EGFR might have vital roles in the progression of RA and may offer novel therapeutic treatments for RA.
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Introduction

Rheumatoid arthritis (RA) is an autoimmune 
inflammatory disease characterized by synovial 
inflammation, and it affects about 1% of the 
world population [1]. Eventually, RA can result 
in joint deformity and disability, severely reduc-
ing the quality of life for RA patients. Although 
the etiology of RA is not entirely clarified, envi-
ronmental and genetic elements have been 
shown to be implicated in the pathogenesis of 
RA [2]. At present, medication can ameliorate 
the clinical symptoms of RA patients, while 
long-term use has serious side effects [3]. 
Numerous studies have found that kinase pro-
teins, chemokines, and cytokines might inter-
fere with an organism’s immune homeostasis 
and affect the development of RA [4, 5]. 
Therefore, identifying the hub genes and path-
ways of RA might contribute to elucidate the 
underlying mechanisms and provide novel ther-
apeutic targets for RA.

In recent years, bioinformatics analysis has 
emerged as an essential approach for investi-
gating etiopathogenesis and screening hub 
genes for the development and occurrence of 
disease. In the gene network, hub genes are 
the genes that interact with many other genes, 
and commonly play a critical role in biological 
processes and gene regulation [6]. In addition, 
hub genes were described as the most closely 
associated with disease [7]. For example, bioin-
formatics analysis was used to confirm CXCL9 
and CXCL10 as potential hub genes for the rec-
ognition of RA and osteoarthritis [8]. A study 
found that CD53, CD79A, MS4A1, PECAM1 and 
TAGLN were identified as hub genes associated 
with the etiology of chronic periodontitis using 
bioinformatics analysis [9]. Furthermore, FADD, 
CXCL2, and CXCL8 were considered to be 
potential hub genes for RA by bioinformatics 
analytic methods [10]. However, few studies 
have further validated the results of bioinfor-
matics analysis through experiments. Conse- 
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quently, there is an urgent need for in-depth 
analysis and experimental validation of poten-
tial hub genes of RA in order to provide effec-
tive treatment strategies for RA.

In this study, we concentrated on the changes 
of genes in the progression of RA to screen  
hub genes. Firstly, we retrieved the gene 
expression profiles of RA patients and healthy 
samples from the Gene Expression Omnibus 
(GEO) database and identified differentially 
expressed genes (DEGs) by differential expres-
sion analysis. Next, the potential pathways and 
hub genes relevant to RA progression were 
explored by Gene Ontology (GO) enrichment 
analyses, Kyoto Encyclopedia of Genes and 
Genomes (KEGG) pathway enrichment analy-
ses, and protein-protein interaction (PPI) net-
work analyses. Lastly, we conducted experi-
mental validation of the screened hub genes 
using synovial tissue from RA rats, revealing 
the underlying pathogenesis involved in RA.

Materials and methods 

Data preparation

The GEO database (http://www.ncbi.nlm.nih.
gov/geo) was performed to download microar-
ray datasets of RA. The GEO database was ex- 
tracted by the following criteria: “Rheumatoid 
Arthritis”, “Homo sapiens”, “Expression profil-
ing by array”, “tissue”, and “sample count” > 
20. The GSE12021 dataset contained 12 RA 
synovial samples and 9 normal synovial sam-
ples [11]. The GSE55235 dataset included 10 
RA synovial samples and 10 normal synovial 
samples [12]. The microarray data of GSE554- 
57 consisted of 13 RA patients’ synovial sam-
ples and 10 healthy synovial samples [12]. 

Recognition of differentially expressed genes

The R package limma was employed to identify 
DEGs [13]. The statistically significant differ-
ence of DEGs was defined with adjusted P va- 
lue < 0.05 and |log2 FC| ≥ 0.585. Differential 
expression of DEGs was visualized with the R 
package ggplot2 [14] and volcano plots were 
constructed. To further investigate the relation-
ship of DEGs in the GSE12021, GSE55235, 
and GSE55457 datasets, we respectively per-
formed intersections of the upregulated and 
downregulated genes in these datasets via the 
R package venn.

Exploration of functional enrichment analysis

The GO and KEGG enrichment analyses were 
conducted to investigate the functions and 
pathways of identified genes using the “cluster-
Profiler” package (P < 0.05) [15]. 

Construction of protein-protein interaction 
network 

The PPI network was constructed to predict 
protein-protein interactions of DEGs by the 
Search Tool for the Retrieval of Interacting 
Genes database (STRING, http://www.stringdb.
org) [16]. The filtering criterion was an interac-
tion score of more than 0.7. Then, we used the 
CytoNCA 2.1 (http://apps.cytoscape.org/apps/
cytonca) [17] from Cytoscape software v3.6.0 
[18] to construct the PPI network and analyze 
the network topological characteristics. The 
values of Betweenness Centrality (BC), Close- 
ness Centrality (CC), Degree Centrality (DC), 
Eigenvector Centrality (EC), Local Average Con- 
nectivity-based method Centrality (LAC), and 
Network Centrality (NC) were used as referenc-
es for the importance of the most significant 
module. Based on the values of BC, CC, DC, EC, 
LAC, and NC ranked in the top 50%, the signifi-
cant modules were filtered. Next, according to 
the above screening results, we again filtered 
the most significant modules on the basis of 
the values of BC, CC, DC, EC, LAC, and NC in the 
top 50%. In the PPI network, a node represents 
the protein product of a differentially expressed 
gene, where Degree Centrality (DC) indicates 
the number of proteins interacting with the 
node [19]. A node with high DC is considered a 
hub node and can be used to assess the impor-
tance of a hub gene [20]. The top five genes in 
the most significant module were selected as 
the hub genes based on DC value.

Establishment of the RA rat model

A total of 16 Sprague-Dawley rats (160-180 g) 
were supplied by the Experimental Animal of 
Southwest Medical University (Luzhou, China), 
half male and half female. All animal experi-
mental procedures were approved by the Insti- 
tutional Ethics Committee of South Western 
Medical University (No: 2018030973). After 1 
week of adaptive feeding, rats were randomly 
divided into the control group and RA group  
(n = 8). Adjuvant arthritis (AA) was induced by 
Freund’s Complete Adjuvant (FCA, Sigma), whi- 
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ch consists of 1 mg of heat-killed and dried 
Mycobacterium tuberculosis (strain H37Ra, 
ATCC 25177), dissolved in 0.85 ml of paraffin 
oil and 0.15 ml of mannide monooleate [21]. 
The clinical manifestations, serological indica-
tors, and pathological changes of the AA rat 
model are similar to those of human rheuma-
toid arthritis in many aspects, making it an 
ideal animal model for studying RA [22, 23]. 
The RA grouped rats were injected with 0.15 ml 
FCA at the right foot pad to establish the AA rat 
model [24], while control group rats received 
the same volume of physiological saline.

Measurement of foot volume

The right paw volume of each rat was periodi-
cally measured on day 0 and day 7 of the exper-
iment via using a self-made foot volume mea-
suring device according to the method used in 
our previously published work [25]. To reduce 
errors, each rat was measured three times. To 
reduce the bias caused by subjective visual 
readings, each operator was fixed.

Measurement of arthritis score

On day 0, 3, and 7 of the experiment, all rats 
were measured with the arthritis score. Two 
independent observers who were unaware of 
the experimental design assessed these rats 
for signs of adjuvant arthritis. The arthritis 
score is classified into five grades, ranging  
from 0 points to 4 points: 0 = normal; 1 = slight 
swelling of skin and joints; 2 = moderate or  
mild redness and swelling of feet, pads, or 
ankles; 3 = severe and moderate redness and 
swelling of feet, toes, and joints; and 4 = 

To verify the results of the bioinformatics analy-
sis, we measured the expression levels of the 
top 5 hub genes in the synovial tissues of RA 
rats and control rats by qRT-PCR. On the basis 
of the manufacturer’s protocol, the total RNA 
was extracted from synovial tissue by RNAiso 
Plus (Takara, China). Next, cDNA was synthe-
sized from total RNA using transcriptor cDNA 
synthesis kit (Roche, Germany). The relative 
mRNA levels of LCK, JAK2, SOCS3, STAT1,  
and EGFR were measured with Stormstar 
SybrGreen qPCR Master Mix (DBI, Germany). 
The specific primers were designed by the 
Primer Premier 5.0 software (Premier Biosoft, 
USA) based on the gene sequences in the NCBI 
database. The different transcript values were 
normalized using β-actin as an internal refer-
ence gene. The relative mRNA expression lev-
els were calculated with the 2-ΔΔct method. All 
PCR assays were performed in triplicate. Table 
1 shows the primer sequences used for 
qRT-PCR.

Statistical analysis

Data were presented as the means ± standard 
deviation (SD). All statistical analyses were  
conducted by SPSS 17.0 statistical software. 
Student’s t-test statistical analysis was per-
formed for the data analysis. P < 0.05 was  
considered to indicate a statistically significant 
difference.

Results

Identification of DEGs 

We analyzed the DEGs of GSE12021, GSE552- 
35, and GSE55457 datasets based on adjust-

Table 1. Specific primer sequences in PCR
Gene Sequence (5’ to 3’) Size (bp)
LCK Forward: CTCGTCCGGCTTTATGCAGT 85

Reverse: GGAAATCTACTAGGCTCCCGTT
STAT1 Forward: GGCTGGGCTTCTATCCTGTG 134

Reverse: TTGGTGACTGACGAAAACTGC
JAK2 Forward: ACCTGTGGAATTTATGCGAA 89

Reverse: TTCCGTTGTTCTTCAGTAGCTC
SOCS3 Forward: GTGGCTACCCTCCAGCATCT 103

Reverse: GGTCCAGGAACTCCCGAAT
EGFR Forward: ATTGCCCTGAACACCGTGGA 129

Reverse: CCTAAGCCCAGTTTTGTTGGTT
β-actin Forward: CAGGTCATCACTATCGGCAAT 139

Reverse: CTTTACGGATGTCAACGTCACAC

severely and highly swollen of the whole 
paw and joints [26].

Collection of synovial tissues

Rats were sacrificed on day 8 of the  
experiment. All rats were anesthetized by 
intraperitoneal injection of sodium pento-
barbital (40 mg/kg). After the rat’s pain 
response had disappeared, the synovial 
tissues of rats were immediately resected 
and placed in liquid nitrogen and stored at 
-80°C for further testing. After synovial tis-
sue sampling, rats were euthanized via 
cervical dislocation.

Validation of quantitative PCR analysis
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ed P value < 0.05 and |log2 FC| ≥ 0.585. The 
characteristics of the three datasets are pro-
vided in Supplementary Table 1. In the 
GSE12021 dataset, we identified 433 DEGs, of 
which 219 were up-regulated and 214 were 
down-regulated (Figure 1A). A total of 1,958 
DEGs were screened from the GSE55235  
datasets, including 1,046 upregulated and  
912 down-regulated genes (Figure 1B). In the 
GSE55457 data set, 351 DEGs were signifi-
cantly up-regulated and 281 DEGs down-regu-
lated (Figure 1C). Then, we used the R package 
venn to screen for the overlap of DEGs in the 
three above datasets. The results demonstrat-
ed that there were 56 up-regulated and 140 
down-regulated overlapping DEGs in the GSE- 
12021, GSE55235, and GSE55457 datasets 
(Figure 1D and 1E).

GO and KEGG pathway analysis

To characterize the features of the DEGs, we 
conducted GO and KEGG enrichment analyses. 
The GO enrichment analysis demonstrated that 
DEGs were associated with B cell activation in 
biological process (BP); DEGs were notably 
enriched in the external side of the plasma 
membrane in cell compartment (CC); and DEGs 
were related to G protein-coupled receptor 
binding in molecular function (MF) (Figure 2). In 
addition, remarkably enriched KEGG pathways 
of DEGs mainly included cytokine-cytokine re- 
ceptor interaction, Th17 cell differentiation, 
chemokine signaling pathway, TNF signaling 
pathway, Th1 and Th2 cell differentiation, JAK-
STAT signaling pathway, and NF-kappaB signal-
ing pathway [27, 28] (Figure 3).

Construction of PPI interaction network and 
recognition of hub genes

The STRING database was applied to elucidate 
the relationship of DEGs. In total, 92 nodes and 
230 edges were recognized in the PPI network 
(Figure 4A). Six topological features of each 
node in the network were computed to find the 
hub genes. Then, 27 nodes with the values of 
BC ≥ 13.928, CC ≥ 0.072, DC ≥ 4.000, EC ≥ 
0.066, LAC ≥ 2.000, and NC ≥ 2.667 were se- 
lected as the most significant module, namely, 
CXCL11, CXCL9, PLCG2, LCK, CD79A, BLNK, 
RAD51, TRIM22, CCNA2, DDX60, CD19, MA- 
PK8, JUN, EGFR, IGF1R, GBP1, MCM5, IFI27, 
OAS2, PSMB8, STAT1, EGR1, JAK2, CXCL10, 
SOCS3, CCL5, and IL2RG. The PPI network of 

the most significant module was constructed, 
with 27 nodes and 74 edges (Figure 4B). Final- 
ly, the top 5 genes were recognized as hub 
genes with values of BC ≥ 4.752, CC ≥ 0.473, 
DC ≥ 5.000, EC ≥ 0.168, LAC ≥ 2.857, and  
NC ≥ 4.000. The hub genes were EGFR, STAT1, 
JAK2, SOCS3, and LCK. A PPI network for these 
hub genes was constructed with 7 nodes and 
13 edges (Figure 4C). Therefore, the hub genes 
were likely to be the most important genes in 
the development of RA.

Effect of FCA on foot volume and arthritis 
score variations in rats

As shown in Supplementary Figure 1, com- 
pared with the control group, there was no sig-
nificant difference in foot volume and arthritis 
score in the model group (P > 0.05) at day 0, 
indicating that the two groups were com- 
parable at baseline before modeling. On day 7, 
the model group of right foot volumes and 
arthritis scores were significantly increased (P 
< 0.01) compared to the control group, which 
suggested that creation of the AA rat model 
was successful. 

Validation of the hub genes

To validate the reliability of the results of bioin-
formatics analysis, we detected the relative 
expression levels of LCK, JAK2, SOCS3, STAT1, 
and EGFR in the synovial tissues of normal rats 
and RA rats (n = 8) via qRT-PCR. The result 
showed that compared with the normal rat 
synovial tissues, the relative expression levels 
of LCK, JAK2, and STAT1 were significantly 
increased in RA rats’ synovial tissues (P < 
0.05), while the relative expression levels of 
SOCS3 and EGFR were significantly decreased 
in RA rats’ synovial tissues (P < 0.05) (Figure 
5). The qRT-PCR results supported the bioinfor-
matics analysis findings.

Discussion

RA is an autoimmune disease with complicat- 
ed etiology characterized by bone destruction, 
pain, and swelling of synovial joints, eventual- 
ly leading to physical disability [29]. Studies 
found that kinase proteins and signaling fac-
tors could regulate the transcription and ex- 
pression of pro-inflammatory cytokines, there-
by exacerbating the synovial inflammatory res- 
ponse in RA [30, 31]. Despite numerous stud-
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Figure 1. Identification of differentially expressed genes (DEGs). Adjusted P value < 0.05 and |log2 FC| ≥ 0.585 were considered as significant difference. The vol-
cano plot shows 219 up-regulated and 214 down-regulated DEGs in GSE12021 (A), 1046 up-regulated and 912 down-regulated DEGs in GSE55235 (B), and 1046 
up-regulated and 912 down-regulated DEGs in GSE55235 (C). The venn diagram shows 56 up-regulated overlapping DEGs (D) and 140 down-regulated overlapping 
DEGs (E).
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ies having explored the formation and develop-
ment of RA, the underlying pathogenesis is 
unclear. Consequently, we identified the hub 
genes and genetic features of RA by bioinfor-
matics analysis to clarify the underlying pa- 
thogenesis of RA and offer novel approach- 
es for RA treatment.

Firstly, we conducted differential expression 
analysis to recognize a total of 196 overlapping 
RA-relate DEGs (56 up-regulated and 140 
down-regulated genes). The GO and KEGG  
functional enrichment analyses indicated that 
the DEGs were markedly implicated in cytokine 
receptor binding, cytokine-cytokine receptor 
interaction, Th17 cell differentiation, TNF sig-
naling pathway, and JAK-STAT signaling path-
way. Previous studies indicated that these 
potential signaling pathways are not only in- 
volved in participating in the inflammatory 
response and immune reactions, but also the 
physiological and pathological processes of RA 

[27, 28, 32, 33]. In addition, we constructed a 
PPI network for these DEGs on the basis of the 
STRING database, and five hub genes were rec-
ognized, including LCK, JAK2, STAT1, SOCS3, 
and EGFR. The reliability of the above results 
was further supported by qRT-PCR.

The signal transducer and activator of tran-
scription 1 (STAT1) is a member of the STAT 
transcription factor family activated by IFN-γ 
and IL-6 and it plays a crucial role in the im- 
mune response [34]. STAT1 has been found to 
be associated with numerous autoimmune dis-
eases, such as RA, asthma, and inflammatory 
bowel disease [35]. Some studies have shown 
that the expression of STAT1 in RA patients’ 
synovial tissue was notably higher compared to 
the healthy control [36]. In addition, the pro- 
tein expression level of STAT1 was higher in 
collagen-induced arthritis (CIA) rat synovial 
cells [37]. The Janus kinase 2 (JAK2) is a non-
receptor protein tyrosine kinase belongs to the 

Figure 2. GO functional enrichment of DEGs. The gradually changing color represents the P-value (P < 0.05). The 
redder the colour, the stronger the correlation.
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Janus family of kinases (JAKs). JAK2 can acti-
vate many cytokines such as interleukin-6, 
thereby may be involved in the pathogenesis of 
RA [38]. A clinical study found that JAK2 inhibi-
tors could significantly relieve pain symptoms 
in RA patients [39]. A new therapeutic approach 
for RA has been suggested as JAK2 relates 
closely to the pathogenesis of RA [40]. The sup-
pression of cytokine signaling 3 (SOCS3) is a 
negative regulator of cytokine and growth fac-
tor signaling, which plays a vital role in cell pro-
liferation, differentiation, and immunity [41]. A 
study found that local osteoclast production 
and bone destruction were significantly incre- 
ased in SOCS3-deficient RA rats [42]. Research 
showed that inducing high expression of SOCS3 
in CIA rats could alleviate synovial inflammation 
[43]. The transcription and expression levels of 
SOCS3 were significantly increased in RA rats 
[44]. Studies have proven that JAK2, SOCS3 
and STAT1 were important proteins involved in 
the JAK/STAT pathway, which play vital roles in 

the regulation of immunity and inflammation 
[45]. Besides, KEGG analysis demonstrated 
that the JAK/STAT pathway was significantly 
enriched in RA. The JAK/STAT signaling path-
way is involved in the signaling of multiple cyto-
kines and has a crucial function in the patho-
genesis of RA [46]. In addition, studies have 
confirmed that joint inflammation and bone 
destruction in RA rats were dramatically im- 
proved via inhibiting the JAK/STAT signaling 
pathway [47]. 

Lymphocyte-specific protein tyrosine kinase 
(LCK) is a member of the Src family of tyrosine 
kinases that is mainly expressed in T cells and 
natural killer (NK) cells [48]. Study has con-
firmed that LCK had remarkably higher expres-
sion in synovial tissue of RA patients [49]. LCK 
inhibitors are thought to be an effective thera-
peutic strategy in inflammatory immune dis-
eases, including RA [50]. Previous bioinformat-
ics analyses have also shown that LCK might 

Figure 3. KEGG functional enrichment of DEGs. The gradually changing color represents the P-value (P < 0.05). The 
redder the colour, the stronger the correlation.
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be a potential hub gene for RA [31]. The epider-
mal growth factor receptor (EGFR) is part of the 
ErbB family of tyrosine kinase receptors, which 
is a transmembrane glycoprotein [51]. In the 

pathogenesis of RA, EGFR can facilitate the 
production of cytokines in synovial fibroblasts 
and inhibit osteoclast formation, thereby agg- 
ravating the severity of RA [52]. Earlier studies 

Figure 4. PPI network of DEGs. The edge denotes the interaction between two genes. The degree is utilized to depict 
the significance of the protein nodes in the network. Node represents gene. Red indicates up-regulated genes and 
blue indicates down-regulated genes. A. A total of 92 nodes and 230 edges were recognized in the PPI network. 
B. A total of 27 nodes and 74 edges were recognized in the PPI network. C. A total of 7 nodes and 13 edges were 
recognized in the PPI network.
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Figure 5. The expression level of hub genes in RA and control rat synovial tissues. A-E. Validation of the top five hub genes by qRT-PCR between the RA group and 
the control group. * represents P < 0.05.
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found that an EGFR inhibitor (Herstatin) could 
significantly improve the clinical symptoms and 
reduce joint damage in CIA mice [53]. A study 
demonstrated that an EGFR inhibitor (Erlotinib) 
could effectively inhibit osteoclast formation 
and reduce bone loss and bone erosion in CIA 
mice [52]. A study reported that EGFR was 
found to be highly expressed in the synovial of 
CIA mice and RA patients [52]. Besides, EGFR 
was recognized as a potential therapeutic tar-
get for rheumatoid arthritis, which was consis-
tent with our screening findings [54].

However, there are some deficiencies in our 
study. On the one hand, the limited number of 
relevant samples obtained from the GEO data-
base may lead to some bias in the bioinformat-
ics analysis. We need to incorporate more sam-
ples to further evaluate the reliability of predict- 
ed hub genes. On the other hand, due to the 
difficulty in obtaining human synovial tissue 
samples, we used synovial tissues from RA  
rats for experimental validation. Nevertheless, 
the pathogenesis of RA in humans is complex 
and diverse, and animal models only partially 
explain the pathophysiologic manifestations of 
RA. In the future, we will endeavour to collect 
human synovial tissue samples to investigate 
and verify the expression of hub genes in 
healthy controls and RA patients. Furthermore, 
the above results need to be further verified in 
in vitro experiments and large-sample clinical 
trials.

In conclusion, we identified LCK, JAK2, SOCS3, 
STAT1, and EGFR as hub genes associated  
with the occurrence and development of RA in 
human microarray datasets by bioinformatics 
and validated them in animal experiments, 
which might offer novel candidate genes for  
the treatment of RA.
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Supplementary Table 1. The detail information on the gene expression profiles of patients with RA

Datasets
Normal Rheumatoid arthritis

Platform
Female Male Total Age (years) Female Male Total Age (years)

GSE12021 3 6 9 50.2±21.9 9 3 12 64.8±10.4 GPL96
GSE55235 NA NA 10 NA NA NA 10 NA GPL96
GSE55457 2 8 10 51.0±19.7 10 3 13 64.6±9.9 GPL96

Supplementary Figure 1. A. The right foot swelling variation of rats. B. The arthritis scores variation of rats. C. Com-
parison between control group and model group after modeling (day 7).


