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Background. Systemic lupus erythematosus (SLE) is an autoimmune disease with strong heterogeneity, leading to variable clinical
symptoms, which makes diagnosis and activity evaluation difficult. Methods. The original dataset of GSE88884 was analyzed to
screen differentially expressed genes (DEGs) of SLE and the correlation between DEGs and clinical parameters (SLEDAI, anti-
dsDNA, C3, and C4). The result was validated by microarray GSE121239 and SLE patients with RT-qPCR. Next, receiver
operator characteristic (ROC) analysis, correlation analysis, and ordinal logistic regression were applied, respectively, to
evaluate the capability of diagnosis and prediction of the candidate biomarker. Subsequently, the biological functions of the
candidate biomarker were investigated through KEGG and GO enrichment, protein—protein interaction network, and the
correlation matrix. Results. A total of 283 DEGs were screened, and seven of them were overlapped with SLE-related genes.
DDX60 was identified as the candidate biomarker. Analyses of GSE88884, GSE121239, and SLE patients with RT-qPCR
indicated that DDX60 expression level is significantly higher in patients with high disease activity. ROC analysis and the area
under the ROC curve (AUC =0.8818) suggested that DDX60 has good diagnostic performance. DDX60 expression level was
positively correlated with SLEDALI scores (r = 0.24). For every 1-unit increase in DDX60 expression value, the odds of a higher
stage of activity of SLE disease are multiplied by 1.47. The function of DDX60 mainly focuses on IFN-I-induced antiviral
activities, RIG-I signaling, and innate immune. Moreover, DDX60 plays a synergistic role with DDX58, IFIH1, OASL, IFITI,
and other related genes in the SLE pathogenesis. Conclusions. DDX60 is differently expressed in SLE, and it is significantly
related to both serological indicators and the disease activity of SLE. We suggested that DDX60 might be a potential biomarker
for SLE diagnosis and management.

1. Introduction

Systemic lupus erythematosus (SLE) is a chronic inflamma-
tory autoimmune disease with variable clinical manifesta-
tions. It is characterized by repeated flares that seriously
affect the quality of life. The heterogeneity of SLE brings a
challenge for its diagnosis and management [1]. However,
accurate monitoring of disease activity is critical for the
management of SLE.

Serologic indicators, including anti-double-stranded
DNA (anti-dsDNA), complement component C3 (C3), and
complement component C4 (C4), are essential in diagnosing
and assessment of disease activity. However, a large single-
center cohort study revealed that fluctuations in anti-
dsDNA or complement levels are not sensitive in predicting
flares [2]. It is also widely believed that serological parame-
ters are not positively related with clinical symptoms such
as joint pain. Therefore, a composite biomarker is needed
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F1GURE 1: The flow chart of the study. SLE: systemic lupus erythematosus; HCs: healthy controls; DEGs: differentially expressed genes;
CFRGs: clinical feature-related genes; DDX60: DExD/H-Box helicase 60; ROC: the receiver operator characteristic (ROC) curve; GO:

Gene Ontology; KEGG: Kyoto Encyclopedia of Genes and Genomes.

that can help diagnose SLE and monitor the state of the
disease.

Type I interferons (IFNs) have been reported to be a
major pathogenic factor in SLE [3]. Type I IFNs induce
DExD/H-Box helicase 60 (DDX60) as demonstrated by viral

infection-induced gene microarray analysis in human den-
dritic cells [4]; DDX60 is an uncharacterized DEXD/H-box
RNA helicase, similar to S. cerevisiae Ski2, a protein complex
required for cytoplasmic RNA integrity. In innate immune
cells, DDX46 can demethylate m~6A-modified antiviral
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TasBLE 1: Classification of SLE patients according to four clinical assessments.

Clinical assessments Classification

SLEDAI 0-4, inactive; 5-9, mild activity; 10-14, moderate activity; >15, severe activity

Anti-dsDNA <301U was defined as the “negative” group and >301U as the “positive” group

C3 <0.9 g/L was defined as the “low” group and >0.9 g/L as the “normal or high” group

C4 <0.1g/L was defined as the “low” group and >0.1 g/L as the “normal or high” group

SLEDAL: systemic lupus erythematosus disease activity index; anti-dsDNA: anti-double-stranded DNA; C3: complement component C3; C4: complement

component C4.

gene mRNA through its helicase domain binding ALKBH5
and then retain it in the nucleus during viral infection, fur-
ther inhibit interferon production, and inhibit antiviral
innate immunity. Therefore, this theory may be involved
in the pathophysiology of SLE. Increased DDX60 expression
in CD14 monocytes has been reported in childhood-onset
SLE patients; this effect is thought to be characteristic of type
I IFN activation [5]. However, the role of DDX60 in SLE has
not been reported. In this study, DDX60 was identified as a
potential biomarker of SLE. We found that the expression
level of DDX60 was related to SLEDALI as well as the anti-
dsDNA, C3, and C4. ROC (receiver operator characteristic)
analysis and correlation analysis indicate that DDX60 has
good performance for SLE diagnosis and disease activity
prediction. Our findings suggest that DDX60 reflects both
the immune inflammation level and the overall clinical
activity of SLE and might be a potential biomarker for better
diagnosis and management of SLE.
The flow chart of the study is shown in Figure 1.

2. Materials and Methods

2.1. Identification of Differentially Expressed Genes. GSE88884
was obtained from the GEO database (https://www.ncbi.nlm
.nih.gov/gds/). It contains the baseline gene expression profil-
ing data as well as the clinical and laboratory characteristics
of 1760 SLE patients and 60 healthy controls (HCs) from
two phase III, 52 week, randomized, placebo-controlled, dou-
ble-blind, parallel studies (Table S1). Patients meet with 1997
ACR dlassification criteria were diagnosed as SLE [6]. Detailed
inclusion and exclusion criteria are shown in Information S1.
In order to get a list of the relationship between probes of the
chip corresponding to gene IDs, gene probes were transferred
to gene symbols according to the platform file—GPL17586.
The “limma” package is a tool for performing differential
analysis. The probe with the maximum expression was
selected if there were duplicate probe names. Then, the
differentially expressed genes (DEGs) between SLE patients
and HCs were screened by the “limma” package with the
criteria of a ~ log fold change > 0.5 and an adjusted P value
< 0.01. The heatmap and volcano map of the DEGs were
visualized by the R software.

2.2. Identification of Clinical Feature-Related DEGs. The
clinical data of 1751 SLE patients (9 were incomplete and
deleted, listed in Table S1) from GSE88884, including
SLEDALI scores, anti-dsDNA, C3 level, and C4 level, were
arranged. Patients were classified into different groups
according to clinical assessments, as shown in Table 1.

Genes differentially expressed in any two subgroups of
any of the four clinical evaluations were identified as SLE
clinical feature-related genes (CFRG) by R software. Inter-
group differences were evaluated by the Wilcox test and
the Kruskal-Wallis test with a P value < 0.01. The DEG
and CFRG overlap genes were operated by the FunRich soft-
ware (version 3.1.3).

2.3. Analysis of the Relation between the Candidate Gene and
Clinical Data. The candidate gene was classed into four sub-
groups according to the four clinical indicators SLEDAI
scores, anti-dsDNA, C3, and C4. The relationship of the
candidate gene and four clinical evaluations was analyzed
and visualized by the “ggpubr” software package. Intergroup
differences were evaluated by the Kruskal-Wallis test.

2.4. Confirming the Results Using Another Microarray
GSE121239. To further verify the role of DDX60 in SLE,
GSE121239 microarray (312 samples) was downloaded from
the GEO database, which contains longitudinal disease activ-
ity and whole-genome gene expression data of 20 HCs and
65 SLE patients with more than three visits. SLE was defined
according to the 1997 ACR classification criteria or the Sys-
temic Lupus International Collaborating Clinics classification
criteria [6, 7]. The 92% of the patients were female with a
median age of 47 years (interquartile range 37-55). Patients
are consisted of 58% Caucasian American, 35% African
American, and 7% of other race/ethnic groups. The average
SELENA-SLEDALI at baseline was 2.4 (SD =2.6), ranging
from 0 to 12. Of the 243 patients in the analysis, 62 had SLE-
DALI score of 0 for all follow-up visits. The microarray analy-
sis method of GSE121239 is mentioned above.

2.5. RT-gPCR Validation of the Relation between the
Candidate Gene Expression and Clinical Data. To validate
the expression of the candidate gene in patients with SLE
and HCs, whole blood transcriptional expression of the candi-
date gene was analyzed by RT-qPCR. Outpatients who met
with 1997 ACR classification criteria and has normal white
blood cell and lymphocyte count and HCs were recruited from
the Second Affiliated Hospital of Zhejiang Chinese Medical
University during October to November in 2020 [6]. The
detail information of the subjects was given in Table S3. The
study was reviewed and approved by the Institutional
Review Board of the Zhejiang Chinese Medical University.
All participants signed the informed consent.

A total of 1 mL of fresh whole blood samples were col-
lected from each participant, and total RNA was extracted
using TRIzol reagent (Takara, Kusatsu, Shiga, Japan). Total
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Ficure 2: Differentially expressed gene (DEG) expression profile between healthy controls and SLE patients from GSE88884. (a) Heatmap
indicates the top 15 upregulated (red) and downregulated (green) DEGs. (b) Volcano plot showed 231 upregulated (red) and 52
downregulated (green) DEGs. (c) The Venn chart showed the seven overlapped genes of the 18 most differently expressed DEGs and 439

clinical feature-related genes from GSE88884.

RNA was reversed to cDNA using ReverTra Ace qPCR RT
Kit (Toyobo, Osaka, Japan) in a T100TM Thermal Cycler
(Bio-Rad, CA, USA). The cDNA was then subjected to RT-
qPCR wusing UltraSYBR Mixture (cwbiotech, Taizhou,
Jiangsu, China) in a Light Cycler 96 (Roche, Basel, Switzer-
land). The primer sequences were designed according to an
online website. The following qPCR primers were used:
DDX60, forward, 5'-CAGCTCCAATGAAATGGTGCC-3',
and  reverse, 5-CTCAGGGGTTTATGAGAATGCC';
GAPDH, forward, 5'-TCAAGGCTGAGAACGGGAAG-3/,
and reverse, 5-GACTCCACGACGTACTCAGC'. RT-
qPCR data were presented as mean with 95% confidence
interval (CI). Outliers were identified using Grubb’s method.
The significance of the difference between groups was deter-
mined by unpaired ¢-test (Student’s t-test or Welch’s t-test)
after determining the variances using the F test. Differences
with P <0.05 were considered statistically significant. All
statistics were analyzed and visualized with GraphPad Prism
9.1.1 (GraphPad Software, San Diego, USA).

2.6. Receiver Operator Characteristic Analysis of the
Biomarker. We used simple logistic regression to fit a model
to predict the presence of SLE based on the expression value
of the candidate biomarker. The biomarker expression data
of SLE patients and HCs were collected from GSE88884. Then,
the ROC analysis was performed to assess the diagnostic per-
formance of the biomarker, including the calculation of the
area under the ROC curve (AUC). An AUC > 0.8 indicates
that the predicted model has good efficacy. Wald’s test and
likelihood ratio test were used to test if the odds ratio (OR)
is 1.0. Outliers were identified using the ROUT method
(Q=1%). All statistical analyses were performed with Graph-
Pad Prism 9.1.1 (GraphPad Software, San Diego, USA).

2.7. Evaluating the Predictive Capacity of Disease Activity of
the Biomarker. Correlation analysis and ordinal logistic
regression were conducted to evaluate the relation between
candidate biomarker expression and SLE disease activity
with GraphPad Prism 9.1.1. Correlation analysis was per-
formed using Spearman’s rank correlation test, and the
D’Agostino and Pearson omnibus normality test was used
to test for normal distribution. The candidate biomarker

expression data and SLEDAI scores were collected from
GSEB88884. Then, the ordinal logistic regression was con-
ducted using SPSS 26.0.0 (IBM SPSS Statistics, IBM, USA).
The expression value of the candidate biomarker was used
as the independent variable, and SLE disease activity was
the dependent variable. As an ordinal variable, SLE disease
activity was classified into four stages according to SLEDAI
scores from low to high: 0-4, inactive; 5-9, mild active; 10-
14, moderate active; and >15, severe active. Test of parallel
lines was performed before the ordinal logistic regression.
A P value > 0.05 indicates that the location parameters
(slope coeflicients) are the same across response categories.

2.8. Identification of Candidate Biomarker-Related DEGs.
According to the median expression level of DDX60, 1820
samples were divided into “high expression group” and
“low expression group.” DEGs between the high expression
group and the low expression group were screened by the
package “limma” with a " log fold change” > 0.5 and an
adjusted P value < 0.01. The volcano plot was performed
with the R software.

2.9. Gene Ontology and KEGG Pathway Analyses of
Candidate Biomarker-Related Genes. The “org.Hs.eg.db”
package mainly annotates human genes for transformation
between different database IDs. Gene symbols were con-
verted into gene ID using the “org.hs.eg/.db” package. Gene
Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) analyses were performed by the “cluster-
Profiler” and “enrichplot” packages in the R program.

2.10. Protein—Protein Interaction Network Construction and
Correlation Analysis of Candidate Biomarker-Related DEGs.
The protein—protein interaction (PPI) network data of the
DEGs between the high DDX60 expression group and low
DDX60 expression group was derived from the Search Tool
for the Retrieval of Interacting Genes database (https://
string-db.org/). Cytoscape (version 3.5.0) was applied to
construct and visualize the PPI network (https://cytoscape
.org/). The Molecular Complex Detection (MCODE) plug-
in (version 2.0) of Cytoscape was employed to identify
highly connected subclusters with the degree cutoff =2,
max. depth =30, k-core=2, and node score cutoff =0.1.
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FIGURE 3: DDX60 expression levels of different subgroups according to SLE Disease Activity Index (SLEDAI), anti-dsDNA, complement
component C3 (C3) level, and complement component C4 (C4) level in GSE88884 and GSE121239. (a) DDX60 expression levels of the
four subgroups that were distinguished according to the number of positive indicators (SLEDAI > mild active, anti-dsDNA = “positive,”
C3 = “low,” and C4 = “low”). ****P <0.0001; ***P < 0.001; **P < 0.01; *P < 0.05; error bars show the standard deviation of the mean.
(b) DDX60 levels in patients with inactive SLE (0 ~4), mild active (5~9), moderate active (10~ 14), and severe active SLE (>15) of
GSE88884. (c) DDX60 levels in the negative or positive anti-dsDNA subgroups of GSE88884. (d, ) DDX60 levels in patients with low
C3/C4 level and normal or high level from GSE88884. (f) DDX60 expression level in systemic lupus erythematosus (SLE) patients is
significantly higher than in healthy controls (HC) from GSE121239 (P < 0.0001). (g) The expression levels of DDX60 of patients with the
SLEDALI scores 10-14 and 5-9 are significantly higher than those of score 0-4 (P <0.05) from GSE121239. Box-whisker plots show

median, interquartile range, nonoutlier range, and outliers.

The heatmap of the 15 most significantly upregulated and 15
most downregulated DEGs was performed by R. The
correlation matrix was visualized by the “corrplot package”
in R.

3. Results

3.1. Identification of the Candidate Biomarker. We identified
283 genes as DEGs (Figures 2(a) and 2(b)) in SLE patients as
compared with HCs, including 231 upregulated and 52
downregulated genes. A total of 439 genes were identified
as CFRGs. Seven DEGs, namely, DDX60, IFI44L, IFI6,
[F144, RSAD2, PLSCRI, and HERCS, overlapped with 439
CFRGs (Figure 2(c)). Most of these seven genes have been
reported to be related to SLE (Table S4). However, the role
of DDX60 in SLE pathogenesis remains unclear.

3.2. Relative Expression Levels of DDX60 in Different Groups
of Clinical Evaluation Indicators. The relative expression
levels of DDX60 in 1751 SLE patients were analyzed. As
the number of positive indicators (SLEDAI > mild active,
anti-dsDNA = “positive,” C3 = “low,” and C4 = “low”
according to the classification in Table 1) in the four indicators
increased, the DDX60 expression level increased significantly
accordingly (Figure 3(a)). Furthermore, the expression levels
of DDX60 differed among the four SLEDAI groups, except
for the no-activity group from the mild-activity group, with
a positive relation trend between DDX60 expression levels
and SLEDALI scores (Figure 3(b)). As shown in Figure 3(c),

the DDX60 expression level in anti-dsDNA positive patients
was significantly higher than in anti-dsDNA negative patients
(P <0.0001). Moreover, the expression levels of DDX60 were
significantly higher in patients with low C3 and C4 levels
than in patients with normal or high levels (P < 0.0001)
(Figures 3(d) and 3(e)).

3.3. Validation of the Relation between DDX60 and Clinical
Features of SLE. The DDX60 expression level of SLE patients
is significantly higher than that of HCs (P < 0.0001) in micro-
array GSE121239 (Figure 3(f)). As shown in Figure 3(g),
DDX60 expression levels of mild and moderate active patients
are significantly higher than inactive patients (P < 0.05).

Then, we performed RT-qPCR on clinical samples to
validate the speculation of the relation between DDX60
expression level and SLE clinical evaluations. A total of 29
peripheral blood samples and related clinical information
were obtained from 18 female SLE patients and 11 female
HCs. The DDX60 expression value of one HC (3.832) was
identified as an outlier and excluded. Patients’ specific infor-
mation was listed in Table S4. As shown in Figure 4(a), the
DDX60 expression level of SLE patients was significantly
higher than that of healthy controls (HCs) (P < 0.0001).
Furthermore, the level of DDX60 expression of patients with
positive anti-dsDNA antibody was higher than that of
patients with negative dsDNA antibody (Figure 4(b)).
However, no significant difference (P> 0.05) in DDX60
expression level was observed between patients with SLEDAI
> 5 and patients with SLEDAI from 0 to 4 (Figure 4(c)).
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FIGURe 5: The receiver operator characteristic (ROC) curve of
DDX60. The curve represents the diagnostic performance of
DDX60 in SLE patients. The AUC is 0.8818 (95% CI 0.8614 to
0.9021, P<0.0001). An AUC> 0.8 indicates that the predicted
model has good efficacy. ROC: receiver operator characteristic;
AUC: area under the ROC curve.

3.4. Receiver Operator Characteristic Analysis of DDX60. The
result of simple logistic regression was shown in Table S5,
indicating that DDX60 expression has a significant effect
on the diagnosis of SLE (OR 4.608 (95% CI 3.328 to
6.706), P <0.0001). The ROC curve is presented in
Figure 5, with an AUC of 0.8818 (95% CI 0.8614 to 0.9021,
P <0.0001), suggesting that DDX60 has a good diagnostic
performance. One DDX60 expression value (8.304) from
HCs was identified as an outlier and excluded.

3.5. The Predictive Capacity of Disease Activity of DDX60.
Spearman’s rank correlation test showed a positive correla-
tion (r=0.24 (95% CI: 0.19 to 0.28), P <0.0001) between
DDX60 expression and SLEDAI scores (Table S6).
Moreover, the results of ordinal logistic regression for
DDX60 expression and SLEDAI indicate that DDX60
expression has a definite effect on SLE disease activity

(Table 2). For every 1-unit increase in the expression value
of DDX60, the odds of a higher stage of SLE disease
activity are multiplied by 1.47 (95% CI (1.349-1.611), P <
0.0001).

3.6. KEGG and GO Pathway Analyses of DDX60-Related
Genes. A total of 222 DEGs (199 upregulated and 23 down-
regulated) were differentially expressed between the DDX60
high expression group and the low expression group
(Figure 6(a)). To further investigate the biological functions
of DDX60-related genes, the KEGG and GO analyses of 222
DEGs were performed. The KEGG pathway analysis dis-
played that the DEGs were mainly enriched in 6 pathways,
including NOD-like receptor signaling pathway, mineral
absorption, RIG-I-like receptor (RLR) signaling pathway,
necroptosis, viral protein interaction with cytokine and cyto-
kine receptor, and Toll-like receptor signaling pathway
(Figure 6(b)). Besides, GO enrichment analysis indicated
that DEGs were mainly enriched in 30 pathways, including
complement activation, humoral immune response medi-
ated by circulating immunoglobulin, protein activation cas-
cade, and immunoglobulin- (Ig-) mediated immune
response (Figure 6(c)).

3.7. PPI Network Construction and Correlation Analysis of
DDX60-Related Genes. To further explore the interaction
between DDX60 and its 222 related DEGs, a PPI network
consisting of 95 nodes and 956 edges was constructed
(Figure 7(a)). The most highly interconnected subcluster
was separated from the PPI network by the MCODE plug-
in according to the MCODE score (Figure 7(b)). All nodes
in this subcluster were connected to DDX60, indicating that
DDX60 was one of the hub genes of the subcluster.

Moreover, the 15 most upregulated and 15 most down-
regulated DEGs of the 222 DDX60-related DEGs are shown
in the heatmap (Figure 7(c)). Then, the correlation of these
30 DEGs was analyzed and visualized by the correlation
matrix (Figure 7(d)).
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TaBLE 2: Ordinal logistic regression for DDX60 and SLEDAL

Model fitting
Chi-square Sig.

Test of parallel lines
Chi-square Sig.

B (95% Wald’s CI)

Ordinal logistic regression

Wald’s chi-square Sig. OR (95% Wald’s CI)

2.361 0.307 76.649 <0.0001

0.388 (0.299 to 0.477)

73.336 <0.0001 1.474 (1.349 to 1.611)

CI: confidence interval; OR: odds ratio.
4. Discussion

In this study, we applied bioinformatics to search for genes
that are both related to SLE clinical evaluation scales (SLE-
DAI) and serological indicators (anti-dsDNA, C3, and C4)
and discovered DDX60 as the candidate biomarker. We
found that DDX60 expression level is positively related with
disease activity and serological indicators’ level. Then, a sec-
ond microarray, GSE121239, and RT-qPCR performed on
peripheral blood samples of SLE patients, and HCs were
used to verify the findings. Furthermore, simple logistic
regression and ROC analysis indicated that DDX60 has a
significant effect on SLE diagnosis and might have good
diagnostic performance. Moreover, the results of ordinal
logistic regression for DDX60 expression and SLEDAI sug-
gested that DDX60 might have a good predictive capacity
of SLE disease activity.

DDX60 codes an antiviral protein, a novel DEAD-box
RNA helicase. However, the role of DDX60 in SLE has not
been reported. To investigate the biological function of
DDX60 in SLE, we first identified 222 DEGs that were differ-
entially expressed between the DDX60 high expression and
DDX60 low expression groups. Then, we performed KEGG
and GO pathway enrichment for these 222 DDX60-related
DEGs. KEGG analysis showed that DDX60-related DEGs
were enriched mainly in 6 pathways (Figure 6(b)), while GO
analysis showed that DEGs were enriched in 30 pathways
(Figure 6(c)). Most of these pathways were involved in antivi-
ral immune response, innate immune, type I IEN (interferon)
induction, RLR signaling, complement activation, and
immune regulation and were confirmed to have a vital role
in SLE. For example, virus infection is one of the environmen-
tal factors of SLE, and the antiviral immune response plays a
central role in the pathogenesis of SLE [8-10]. Viral RNA or
DNA stimulates the production of large amounts of autoanti-
bodies through molecular simulation mechanisms. These
autoantigens further expand epitopes and react with other
autoantigens, leading to activation of the immune system
and promoting the development of SLE [11, 12]. The nucleic
acid of the virus can be recognized by RLRs, which induces
the production of IFN and leads to the expression of hundreds
of interferon-stimulated genes (ISGs). ISGs mediate various
immune cell effects similar to antiviral immune responses.
The expression of ISGs was significantly higher in patients
with SLE than in HC [13-16]. The widespread activation of
ISGs and their regulation of the immune system have been
demonstrated to be central mechanisms in SLE pathogenesis
[17, 18]. Immune complex (IC) formed by autoantibodies in
SLE patients with IFN-I signature will further induce the pro-
duction of IFN-I [19]. The IFN-I system is continuously acti-
vated and drives autoimmune responses and chronic
inflammation leading to multiple tissue damage in SLE.

DDX60 played an important role in these biological
mechanisms. DDX60 is highly expressed in various viral
infections and autoimmune diseases [20-24]. DDX60 is
induced by virus RNA or IFN and functions as a sentinel
for the cytoplasmic antiviral innate immune response [24].
DDX60 localizes and binds viral RNA, activates RIG-I sig-
naling, and promotes RIG-I recognition and binding of viral
dsRNA [4, 24, 25]. DDX60 positively regulates RIG-I-
dependent IFN-I and ISG expression [4, 24, 26]. DDX60
knockout is described to weaken the RIG-I signal, reduce
the IFN level, and increase the titer of the virus [26].
DDX60 and RIG-I induce the production of IFN-I, and
IFN-I induces the expression of both DDX60 and DDX58,
forming a circulation that leads to the continuous activation
of the immune system and IFN system in SLE. SLE patients
with high IFN-« expression have higher anti-dsDNA, ESR
(erythrocyte sedimentation rate) levels, and lower comple-
ment levels [13], which may explain the relevance between
DDX60 expression level and SLE activity indicators like
C3, C4, anti-dsDNA, and SLEDAL

Complement, one of the most commonly used clinical
indices of SLE, is also the primary humoral medium of the
innate immune response. As an adjuvant, complement plays
a vital role in scavenging the IC formed by Ig binding with
the antigen. Virus infection stimulates DDX60 expression
and promotes RLR-dependent innate immune responses,
accompanied by the production of large amounts of autoan-
tibodies, antigen-antibody reactions, and the generation of
ICs. Since the complement system plays a vital role in the
clearance of immune complexes and the innate immune
response, complement can be consumed in large amounts,
resulting in reduced complement levels in SLE.

To further explore the role of DDX60 and its related genes
in SLE, we firstly performed the PPI network analysis. Genes in
the most highly interconnected subcluster (Figure 7(b)) were
mostly ISGs and were all connected with DDX60 in the PPI
network which suggests that these genes have a strong synergis-
tic effect with DDX60 and together play a role in the IFN-
related pathogenesis of SLE. For example, DDX58 encodes
RIG-I, and IFIHI1 encodes MDA5. RIG-I and MDAS5 were
two main RLRs, which were essential in the innate immune
response to recognize viral RNA and induce IFN-I and play a
central role in the pathogenesis of SLE [27]. Studies have
reported the high expression level of RIG-I mRNA in urine
sediment from patients with LN [28]. Upregulation of the
expressions of RLR-related ISGs such as DDX58 and IFIH1
was found in childhood-onset SLE patients [5]. IFIH1 has been
reported to be associated with SLE phenotype, anti-dsDNA,
and susceptibility [29-31]. These RLRs are both ISGs and,
therefore, are rapidly activated by IFN stimulation. RIG-I-
and MDA5-dependent IFN-I expression and ISG expression
were positively regulated by DDX60, as mentioned above.
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FiGure 7: PPI network, heatmap, and correlation matrix of DDX60-related DEGs. (a) PPI network constructed with the DDX60-related
DEGs. The green nodes represent upregulated genes, the pink nodes stand for downregulated genes, and the blue node is DDX60. The
gradual change of node size from small to big indicates the MCODE score from small to large. (b) The most highly interconnected
subcluster separated from the PPI network by the Molecular Complex Detection (MCODE) plug-in according to the MCODE score. The
gradual change of node size from small to big indicates the degree value from small to large. (c) Heatmap of the 15 most significantly
upregulated (red) and 15 most downregulated (blue) DDX60-related DEGs. (d) Correlation matrix shows the intercorrelation of the 15
most upregulated and 15 downregulated genes. The colors refer to the correlation coefficient magnitude, ranging from positive (red) to
negative (green) correlation. Large circles indicate strong correlations, whereas small ones reflect weak correlations.

Then, the correlation analysis of DDX60 and the 15 most
upregulated DEGs along with the 15 most downregulated
DEGs were analyzed (Figures 7(c) and 7(d)). The result
shows that DDX60 and the 15 most upregulated DEGs were
strongly correlated with each other, suggesting that DDX60
may have a strong synergistic effect with these genes. In
addition, these 15 genes are consistent with those in the sub-
cluster of the PPI network (Figure 7(b)). Most of these genes
are IFN-I inducible and have been reported closely related to
the disease activity, pathogenesis, and IFN signature expres-
sion of SLE [19, 32-36]. For example, upregulated genes

OASL, OAS1, OAS2, and OAS3 belong to the OAS family,
a group of antiviral enzymes induced by type I IFNs, which
can locate and bind viral dsRNA after viral infection. In par-
ticular, OASL binds to RIG-I and activates and enhances
RIG-I signaling; OASI binds to viral dsRNA and, together
with DDX60, helps RIG-I recognize viral RNA and amplify
viral-induced RIG-I-mediated type I IFN expression after
viral infection [37-39]. Moreover, OAS1, OAS2, and OAS3
were closely related to lupus nephritis (LN) progression
[36]. IFIT1, also induced by IFN stimulation and viral infec-
tion, plays an essential role in SLE immune disorders and
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tissue damage [14]. Knockdown of DDX60 was found to
decrease IFIT1 expression [24]. In summary, the function
of DDX60 and related genes mainly focused on antiviral
immune responses, RIG-I signaling pathway, and type I
IFN-mediated innate immune responses. These mechanisms
also play a vital role in SLE and lead to its hyperimmune,
autoimmunity, and chronic inflammation.

There are some limitations in this study. On the one hand,
since there is no gold diagnostic standard for SLE, we were
unable to verify its diagnostic ability with relevant data further.
On the other hand, more studies are still needed on the predic-
tive capacity of disease activity in the time dimension.

5. Conclusions

In this study, we identified that DDX60 was differently
expressed in SLE patients. It was significantly related to both
serological indicators and the overall clinical activity of SLE.
We provided that high levels of DDX60 predicted high disease
activity in SLE. Integrated bioinformatics analysis indicates
that DDX60 may play a synergistic effect with its related genes
in the signaling pathways of antiviral activity, RIG-I signaling
pathway, and IFN-I-induced immune responses in SLE. The
close association of DDX60 with immune inflammation and
tissue damage in SLE may explain its association with both
serological indicators and clinical scores of SLE. Collectively,
our findings implied the potential clinical value of DDX60 in
the diagnosis and management of SLE.

Abbreviations

SLE: Systemic lupus erythematosus
Anti-dsDNA: Anti-double-stranded DNA
C3: Complement component C3
C4: Complement component C4
SLEDAL SLE Disease Activity Index

ROC: Receiver operator characteristic
HC: Healthy control

DEGs: Differentially expressed genes
CFRG: Clinical feature-related genes
CL Confidence interval

AUC: Area under the ROC curve
OR: Odds ratio

GO: Gene Ontology

KEGG: Kyoto Encyclopedia of Genes and Genomes
PPI: Protein-protein interaction
MCODE: Molecular Complex Detection
Ig: Immunoglobulin

RLRs: RIG-I-like receptors

ISGs: Interferon-stimulated genes

IC: Immune complex

IFN: Interferon

ESR: Erythrocyte sedimentation rate.
Data Availability

The datasets GSE88884 and GSE121239 analyzed during the
current study are available in the Gene Expression Omnibus.
The websites of two datasets are listed as follows: https://

Disease Markers

www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE88884
and https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=
GSE121239.

Ethical Approval

The studies involving human participants were reviewed and
approved by the Institutional Review Board of Zhejiang Chi-
nese Medical University (permit number: 2015zjtcm-016).

Consent

The patients/participants provided their written informed
consent to participate in this study.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Authors’ Contributions

Qiao Wang was responsible for the conceptualization. Qiao
Wang, Zhi-Yu Li, and Chen Wu were responsible for the
methodology. Zhi-Yu Li, Chen Wu, and Qiao Wang were
responsible for the data analysis. Zhi-Yu Li, Chen Wu, and
Qiao Wang were responsible for the writing—original draft
preparation. Zhi-Yu Li, Qiao Wang, Chen Wu, and Lin Huang
were responsible for the writing—review and editing. Dong-
Hai Zhou and Xu-Feng Zhang were responsible for the blood
sample collecting. Lin Li was responsible for the RT-qPCR.
Qiao Wang, Zhi-Yu Li, and Wen-Qing Luo were responsible
for the visualization. Cheng-Ping Wen was responsible for
the supervision. Qiao Wang and Cheng-Ping Wen were
responsible for the project administration. All authors have
read and agreed to the published version of the manuscript.
Wu Chen and Zhi-Yu Li contributed equally to this work.

Acknowledgments

This research was funded by the Research Fund of Zhejiang
Chinese Medical University (grant numbers 2020ZR10 and
2020ZG07), the Foundation from Zhejiang Provincial
Administration of Traditional Chinese Medicine (grant
number 20217Q028), the Zhejiang Provincial Natural Sci-
ence Foundation of China (grant number LQ22H270011),
and the National Natural Science Foundation of China
(grant number 81973829).

Supplementary Materials

Table S1: clinical information from GSE88884. Table S2:
details of incomplete data of nine patients. Table S3: clinical
information of 29 participants. Table S4: seven overlapped
genes of DEGs and clinical feature-related genes from
GSE88884. Table S5: simple logit regression of DDX60
expression in SLE/HC. Table S6: correlation analysis of
DDX60 expression and SLEDAI in SLE patients. Informa-
tion S1: patient inclusion criteria and exclusion criteria for
GSE88884. (Supplementary Materials)


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE88884
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE88884
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE121239
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE121239
https://downloads.hindawi.com/journals/dm/2023/8564650.f1.docx

Disease Markers

References

(1]

(2]

(10]

(11]

(12]

(13]

(14]

(15]

A. Fanouriakis, M. Kostopoulou, A. Alunno et al., “2019
update of the EULAR recommendations for the management
of systemic lupus erythematosus,” Annals of the Rheumatic
Diseases, vol. 78, no. 6, pp. 736-745, 2019.

A.J. Steiman, D. D. Gladman, D. Ibafiez, and M. B. Urowitz,
“Prolonged serologically active clinically quiescent systemic
lupus erythematosus: frequency and outcome,” The Journal
of Rheumatology, vol. 37, no. 9, pp. 1822-1827, 2010.

M. Postal, J. F. Vivaldo, R. Fernandez-Ruiz, J. L. Paredes,
S. Appenzeller, and T. B. Niewold, “Type I interferon in the
pathogenesis of systemic lupus erythematosus,” Current Opin-
ion in Immunology, vol. 67, pp. 87-94, 2020.

H. Oshiumi, E. J. Mifsud, and T. Daito, “Links between recog-
nition and degradation of cytoplasmic viral RNA in innate
immune response,” Reviews in Medical Virology, vol. 26,
no. 2, pp. 90-101, 2016.

M. ]. Wahadat, I. L. A. Bodewes, N. I. Maria et al., “T'ype I IFN
signature in childhood-onset systemic lupus erythematosus: a
conspiracy of DNA- and RNA-sensing receptors?,” Arthritis
Research & Therapy, vol. 20, no. 1, p. 4, 2018.

M. C. Hochberg, “Updating the American College of Rheuma-
tology revised criteria for the classification of systemic lupus
erythematosus,” Arthritis and Rheumatism, vol. 40, no. 9, arti-
cle 1725, 1997.

M. Petri, A. M. Orbai, G. S. Alarcdn et al., “Derivation and val-
idation of the Systemic Lupus International Collaborating
Clinics classification criteria for systemic lupus erythemato-
sus,” Arthritis and Rheumatism, vol. 64, no. 8, pp. 2677-
2686, 2012.

T. Yokochi, A. Yanagawa, Y. Kimura, and Y. Mizushima,
“High titer of antibody to the Epstein-Barr virus membrane
antigen in sera from patients with rheumatoid arthritis and
systemic lupus erythematosus,” The Journal of Rheumatology,
vol. 16, no. 8, pp. 1029-1032, 1989.

U. Moon, S. Park, S. Oh et al., “Patients with systemic lupus
erythematosus have abnormally elevated Epstein-Barr virus
load in blood,” Arthritis Research & Therapy, vol. 6, no. 4,
article R295, 2004.

G. Newell and D. Stevens, “E.B. Virus antibody in systemic
lupus erythematosus,” The Lancet, vol. 297, no. 7700, p. 652,
1971.

D. S. Pisetsky, “Role of Epstein-Barr virus infection in SLE:
gene-environment interactions at the molecular level,” Annals
of the Rheumatic Diseases, vol. 77, no. 9, pp. 1249-1250, 2018.
A. H. Draborg, K. Duus, and G. Houen, “Epstein-Barr virus
and systemic lupus erythematosus,” Clinical and Developmen-
tal Immunology, vol. 2012, Article ID 370516, 10 pages, 2012.
K. A. Kirou, C. Lee, S. George, K. Louca, M. G. E. Peterson, and
M. K. Crow, “Activation of the interferon-a pathway identifies
a subgroup of systemic lupus erythematosus patients with dis-
tinct serologic features and active disease,” Arthritis and Rheu-
matism, vol. 52, no. 5, pp- 1491-1503, 2005.

J. Kong, L. Li, L. Zhimin et al., “Potential protein biomarkers
for systemic lupus erythematosus determined by bioinformat-
ics analysis,” Computational Biology and Chemistry, vol. 83,
article 107135, 2019.

F. Yang, Z. Zhai, X. Luo et al., “Bioinformatics identification of
key candidate genes and pathways associated with systemic
lupus erythematosus,” Clinical Rheumatology, vol. 39, no. 2,
pp. 425-434, 2020.

(16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

(24]

[25]

[26]

(27]

(28]

[29]

(30]

(31]

13

T. Imaizumi, H. Tanaka, A. Tajima et al, “Retinoic acid-
inducible gene-I (RIG-I) is induced by IFN- in human mesan-
gial cells in culture: possible involvement of RIG-I in the
inflammation in lupus nephritis,” Lupus, vol. 19, no. 7,
pp. 830-836, 2010.

V. Pascual, L. Farkas, and J. Banchereau, “Systemic lupus ery-
thematosus: all roads lead to type I interferons,” Current Opin-
ion in Immunology, vol. 18, no. 6, pp. 676-682, 2006.

L. Ronnblom and V. Pascual, “The innate immune system in
SLE: type I interferons and dendritic cells,” Lupus, vol. 17,
no. 5, pp. 394-399, 2008.

S. Luo, Y. Wang, M. Zhao, and Q. Lu, “The important roles of
type I interferon and interferon-inducible genes in systemic
lupus erythematosus,” International Immunopharmacology,
vol. 40, pp. 542-549, 2016.

X. Sudrez-Calvet, E. Gallardo, G. Nogales-Gadea et al.,
“Altered RIG-I/DDX58-mediated innate immunity in derma-
tomyositis,” The Journal of Pathology, vol. 233, no. 3,
pp. 258-268, 2014.

L. Fert, N. Cagnard, S. Glatigny et al., “Reverse interferon sig-
nature is characteristic of antigen-presenting cells in human
and rat spondyloarthritis,” Arthritis & Rheumatology, vol. 66,
no. 4, pp. 841-851, 2014,

E. Carnero-Montoro, G. Barturen, E. Povedano et al., “Epige-
nome-wide comparative study reveals key differences between
mixed connective tissue disease and related systemic autoim-
mune diseases,” Frontiers in Immunology, vol. 10, article
1880, 2019.

T. Kouwaki, Y. Fukushima, T. Daito et al., “Extracellular vesi-
cles including exosomes regulate innate immune responses to
hepatitis B virus infection,” Frontiers in Immunology, vol. 7,
p. 335, 2016.

M. Miyashita, H. Oshiumi, M. Matsumoto, and T. Seya,
“DDX60, a DEXD/H box helicase, is a novel antiviral factor pro-
moting RIG-I-like receptor-mediated signaling,” Molecular and
Cellular Biology, vol. 31, no. 18, pp. 3802-3819, 2011.

J. W. Schoggins, S. J. Wilson, M. Panis et al., “A diverse
range of gene products are effectors of the type I interferon
antiviral response,” Nature, vol. 472, no. 7344, pp. 481-485,
2011.

H. Oshiumi, M. Miyashita, M. Okamoto et al., “DDX60 is
involved in RIG-I-dependent and independent antiviral
responses, and its function is attenuated by virus-induced
EGEFR activation,” Cell Reports, vol. 11, no. 8, pp. 1193-1207,
2015.

H. Kato and T. Fujita, “RIG-I-like receptors and autoimmune
diseases,” Current Opinion in Immunology, vol. 37, pp. 40-45,
2015.

K. Tsugawa, E. Oki, K. Suzuki, T. Imaizumi, E. Ito, and
H. Tanaka, “Expression of mRNA for functional molecules
in urinary sediment in glomerulonephritis,” Pediatric Nephrol-
0g), vol. 23, no. 3, pp- 395-401, 2008.

M. Funabiki, H. Kato, Y. Miyachi et al., “Autoimmune disor-
ders associated with gain of function of the intracellular sensor
MDAS,” Immunity, vol. 40, no. 2, pp. 199-212, 2014.

L. V. Eyck, L. De Somer, D. Pombal et al., “Brief report: IFIH1
mutation causes systemic lupus erythematosus with selective
IgA deficiency,” Arthritis & Rheumatology, vol. 67, no. 6,
pp. 1592-1597, 2015.

C. Enevold, L. Kjeer, C. H. Nielsen et al., “Genetic polymor-
phisms of dsRNA ligating pattern recognition receptors



14

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

TLR3, MDA5, and RIG-I. Association with systemic lupus ery-
thematosus and clinical phenotypes,” Rheumatology Interna-
tional, vol. 34, no. 10, pp. 1401-1408, 2014.

N. Isorce, B. Testoni, M. Locatelli et al., “Antiviral activity of
various interferons and pro-inflammatory cytokines in non-
transformed cultured hepatocytes infected with hepatitis B
virus,” Antiviral Research, vol. 130, pp. 36-45, 2016.

C. Landolt-Marticorena, G. Bonventi, A. Lubovich et al., “Lack
of association between the interferon-a signature and longi-
tudinal changes in disease activity in systemic lupus erythe-
matosus,” Annals of the Rheumatic Diseases, vol. 68, no. 9,
pp. 1440-1446, 2009.

E. Scott, M. A. Dooley, B. J. Vilen, and S. H. Clarke, “Immune
cells and type 1 IFN in urine of SLE patients correlate with
immunopathology in the kidney,” Clinical Immunology,
vol. 168, pp. 16-24, 2016.

M. Zhao, Y. Zhou, B. Zhu et al., “IFI44L promoter methylation
as a blood biomarker for systemic lupus erythematosus,”
Annals of the Rheumatic Diseases, vol. 75, no. 11, pp. 1998-
2006, 2016.

Y. Cao, X. Mi, Z. Wang, D. Zhang, and W. Tang, “Bioinfor-
matic analysis reveals that the OAS family may play an impor-
tant role in lupus nephritis,” Journal of the National Medical
Association, vol. 112, no. 6, pp. 567-577, 2020.

J. Zhu, Y. Zhang, A. Ghosh et al., “Antiviral activity of human
OASL protein is mediated by enhancing signaling of the RIG-I
RNA sensor,” Immunity, vol. 40, no. 6, pp. 936-948, 2014.
M. S. Ibsen, H. H. Gad, L. L. Andersen et al., “Structural and
functional analysis reveals that human OASL binds dsRNA
to enhance RIG-I signaling,” Nucleic Acids Research, vol. 43,
no. 10, pp. 5236-5248, 2015.

J. Zhu, A. Ghosh, and S. N. Sarkar, “OASL - a new player in
controlling antiviral innate immunity,” Current Opinion in
Virology, vol. 12, pp. 15-19, 2015.

Disease Markers



	Integrative Bioinformatics Analysis Identifies DDX60 as a Potential Biomarker for Systemic Lupus Erythematosus
	1. Introduction
	2. Materials and Methods
	2.1. Identification of Differentially Expressed Genes
	2.2. Identification of Clinical Feature-Related DEGs
	2.3. Analysis of the Relation between the Candidate Gene and Clinical Data
	2.4. Confirming the Results Using Another Microarray GSE121239
	2.5. RT-qPCR Validation of the Relation between the Candidate Gene Expression and Clinical Data
	2.6. Receiver Operator Characteristic Analysis of the Biomarker
	2.7. Evaluating the Predictive Capacity of Disease Activity of the Biomarker
	2.8. Identification of Candidate Biomarker-Related DEGs
	2.9. Gene Ontology and KEGG Pathway Analyses of Candidate Biomarker-Related Genes
	2.10. Protein–Protein Interaction Network Construction and Correlation Analysis of Candidate Biomarker-Related DEGs

	3. Results
	3.1. Identification of the Candidate Biomarker
	3.2. Relative Expression Levels of DDX60 in Different Groups of Clinical Evaluation Indicators
	3.3. Validation of the Relation between DDX60 and Clinical Features of SLE
	3.4. Receiver Operator Characteristic Analysis of DDX60
	3.5. The Predictive Capacity of Disease Activity of DDX60
	3.6. KEGG and GO Pathway Analyses of DDX60-Related Genes
	3.7. PPI Network Construction and Correlation Analysis of DDX60-Related Genes

	4. Discussion
	5. Conclusions
	Abbreviations
	Data Availability
	Ethical Approval
	Consent
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments
	Supplementary Materials



