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Abstract. Systemic lupus erythematosus (SLE) is a severe 
autoimmune disorder, the pathogenesis of which remains 
largely unknown. The present study aimed to investigate the 
role and mechanism of circular RNAs in the etiopathogenesis 
of SLE. CD4+ T cells in patients with SLE expressed higher 
levels of hsa_circ_0010957 compared with healthy individuals 
and was a good differentiator of the active from inactive SLE 
disease. It was also determined that hsa_circ_0010957 medi‑
ated microRNA (miR)‑125b/STAT3 signaling and subsequent 
secretion of inflammatory cytokines interleukin (IL)‑18, IL‑6 
and IL‑17, which are important factors in the process of SLE. 
Hsa_circ_0010957 abrogated the proinflammatory effect of IL‑6 
via the blockade of STAT3 signaling. In conclusion, increased 
hsa_circ_0010957 may be involved in SLE pathogenesis via 
miR‑125b/STAT3 signaling. Hsa_circ_0010957 promises to be 
a potential biomarker and therapeutic target for SLE.

Introduction

Systemic lupus erythematosus (SLE) is a severe autoimmune 
disorder that affects several organs, such as the skin, kidney, 
heart, joints, and the central nervous system (1,2). Despite an 
imperfect understanding of the pathogenesis of SLE, signifi‑
cant gains have been made in recent years. One of the principal 
pathophysiological characteristics of SLE is the dysfunction 
of various immunocyte populations, including macrophages, 
dendritic cells, neutrophils and peripheral blood mononuclear 
cells (PBMCs) such as B cells and CD4+ T cells, resulting in 
changes in inflammatory and immune responses (3). Increased 
understanding of the pathogenesis of SLE can help to develop 
targeted immunotherapy in treating patients with SLE (4).

Circular RNAs (circRNAs) are a novel class of noncoding 
RNA molecules formed by a covalently closed loop structure 
without a 5'cap or 3'poly A tail; they are widely expressed in 
mammals (5). Growing evidence has shown that circRNAs 
play critical roles in the course of multiple diseases (6). Some 
studies have shown that circRNAs play important roles in 
SLE (7,8). CircRNAs can act as novel biomarkers for SLE; 
for example, circRNA_002453 might serve as a biomarker for 
diagnosing lupus nephritis (9); circPTPN22 may function as a 
potential activity indicator in SLE (10). CircRNAs such as circ‑
IBTK (11), hsa_circ_0045272 (12) and hsa_circ_0012919 (13) 
are also involved in SLE disease progression. Nevertheless, 
few studies have been done on circRNAs in SLE, and their 
roles in SLE are unclear.

Therefore, the present study investigated the expression 
and function of circRNAs in SLE. Hsa_circ_0010957 is 
encoded within the SEPN1 gene locus and is highly expressed 
in SLE‑derived CD4+ T cells, as demonstrated by circRNA 
microarray analysis (13). The expression of hsa_circ_0010957 
was verified in SLE‑derived CD4+ T cells and healthy controls 
(HCs), and its function in SLE progression was investigated.

Materials and methods

Subjects. Thirty patients diagnosed with SLE (three males and 
twenty‑seven females; mean age, 32.78±7.42) and twenty‑five 
age‑ and sex‑matched HCs (two males and twenty‑three females; 
mean age, 33.12±7.31) were recruited from Jinhua Municipal 
Central Hospital. This study was approved by the Human 
Ethics Committee of Jinhua Municipal Central Hospital and 
written informed consents were obtained from all participants 
in this study. The diagnostic criteria for SLE were according 
to the 2012 Systemic Lupus International Collaborating Clinic 
(SLICC) revised criteria for classification of SLE (14). The 
SLEDAI scoring system was applied to assess disease activity, 
and SLEDAI score >4 was considered as active disease.

CD4+ T cell separation, culture and treatment. PBMCs were 
separated from peripheral venous blood using Ficoll‑Paque 
(Sigma‑Aldrich; Merck KGaA). CD4+ T cells were selected by 
Miltenyi beads (Miltenyi Biotec GmbH). Cells were cultured 
in RPMI‑1640 medium (Gibco; Thermo Fisher Scientific, Inc.) 
containing 20% fetal bovine serum (Gibco; Thermo Fisher 
Scientific, Inc.) in an incubator at 37˚C containing 5% CO2. 
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CD4+ T cells were treated with interleukin (IL)‑6 (10 ng/ml, 
24 h; cat. no. HY‑P7044, MedChemExpress) (15).

Transfection. Human T Cell Nucleofector kit (Lonza Group, 
Ltd.) was used to transfect hsa_circ_0010957 small interfering 
(si)RNAs (50 nM), microRNA (miR)‑125b mimics (50 nM), 
miR‑125b inhibitor (50 nM), STAT3 siRNA (50 nM) and 
corresponding negative control (NC) (50  nM) into CD4+ 
T cells. hsa_circ_0010957 siRNAs and NC siRNA, miR‑125b 
mimics and NC mimics, miR‑125b inhibitor and NC inhibitor 
were purchased from Shanghai GenePharma Co., Ltd. The 
mimic and inhibitor‑NCs used in the present study were 
non‑targeting sequences (sense, 5'‑UUC​UCC​GAA​CGU​GUC​
ACG​UTT‑3' and antisense, 5'‑ACG​UGA​CAC​GUU​CGG​AGA​
ATT‑3'. Target sequences (5'→3') of hsa_circ_0010957 siRNA: 
siRNA#1, AGA​GAA​GAC​TAA​CGT​CCA​TCA; siRNA#2, 
GAA​GAC​TAA​CGT​CCA​TCA​CAT; siRNA#3, GAC​TAA​CGT​
CCA​TCA​CAT​CAA. STAT3 siRNA (cat. no. sc‑29493) and 
control siRNA (cat. no. sc‑37007) were purchased from Santa 
Cruz Biotechnology, Inc. Cells were harvested 48 h after trans‑
fection at 37˚C, and transfection efficacy was then assessed by 
reverse transcription‑quantitative PCR (RT‑qPCR).

RT‑qPCR. TRIzol LS reagent (Invitrogen; Thermo Fisher 
Scientific, Inc.) was used to isolate total RNA from CD4+ T cells. 
cDNAs were synthesized with a PrimeScript RT‑PCR kit 
(Takara Bio, Inc.; 37˚C for 15 min and 85˚C for 5 sec. RT‑qPCR 
was performed with SYBR Premix Ex Taq (Takara Bio, Inc.) 
using the following thermocycling conditions: 95˚C for 2 min, 
followed by 40 cycles of 95˚C for 20 sec, 60˚C for 30 sec and 
72˚C for 20 sec. Primers for hsa_circ_0010957 were: Forward, 
5'‑AGA​GAA​GAC​TAA​CGT​CCA​TCA​CA‑3'; reverse, 5'‑TGG​
ACG​GGT​CTT​CAA​AGG​TG‑3'. β‑actin was used as an 
internal reference: Forward, 5'‑GTG​GCC​GAG​GAC​TTT​GAT​
TG‑3'; reverse, 5'‑CCT​GTA​ACA​ACG​CAT​CTC​ATA​TT‑3'. 
miR‑125b was detected using TaqMan Human MicroRNA 
assays (Applied Biosystems; Thermo Fisher Scientific, Inc.) 
and normalized to the U6 small nuclear RNA (U6 snRNA). 
The data were analyzed by 2‑ΔΔCq method (16).

Enzyme‑linked immunosorbent assay (ELISA). IL‑18, IL‑6 
and IL‑17 concentrations were measured in the cell superna‑
tants and serum of patients with SLE by ELISA using Human 
IL‑18 ELISA kit (cat. no. ab215539; Abcam), human IL‑6 
ELISA kit (cat. no. ab46042; Abcam) and human IL‑17 ELISA 
kit (cat. no. ab119535; Abcam), respectively.

Luciferase reporter assay. Wild‑type and mutant sequences 
of hsa_circ_0010957 or STAT3 3'UTR containing 
miR‑125b binding sites were synthesized and inserted 
into the downstream of firefly luciferase reporter vector 
pmirGLO (Promega Corporation). The luciferase and 
Renilla luciferase reporter vectors were co‑transfected 
into CD4+ T  cells with miR‑125b mimics using Human 
T Cell Nucleofector kit (Lonza Group, Ltd.) according to 
the manufacturer's protocol. After 48 h culture, luciferase 
activity was quantified with a Dual Luciferase Reporter 
Assay kit (Promega Corporation) according to the manufac‑
turer's protocol. Firefly luciferase activity was normalized 
to Renilla luciferase.

Western blotting. Total protein was extracted from CD4+ T cells 
using RIPA buffer (cat. no. P0013B; Beyotime Biotechnology) 
and quantified using the BCA Protein Assay Kit (Beyotime 
Biotechnology). Equal amounts of protein (20 µg/lane) were 
resolved on a 10% SDS‑denaturing polyacrylamide gel and 
transferred to PVDF membranes. The membranes were subse‑
quently blocked by 5% fat‑free buffered milk for 2 h at room 
temperature and then incubated overnight at 4˚C with anti‑
bodies to STAT3 (cat. no. ab119352; 1:2,000; Abcam), STAT3 
(phospho Y705; cat. no. ab76315; 1:1,000; Abcam) and β‑actin 
(cat.  no.  ab8226; 1:2,000; Abcam). The membranes were 
then washed with PBS‑T solution (PBS with 0.1% Tween‑20) 
and incubated with HRP‑labeled Goat Anti‑Rabbit IgG 
(cat. no. A0208; 1:1,000; Beyotime Institute of Biotechnology) 
and HRP‑labeled Goat Anti‑Mouse IgG (cat. no. A0216; 1:1,000; 
Beyotime Institute of Biotechnology) at room temperature for 
2 h. Protein bands were visualized using a high sensitivity ECL 
chemiluminescence Kit (cat. no. P0018M; Beyotime Institute 
of Biotechnology). ImageJ software (version 1.8.0; National 
Institutes of Health) was used for densitometry.

Statistical analysis. Data analysis was performed using SPSS 19.0 
statistical software (SPSS, Inc.). All experiments were performed 
in triplicate, and data are reported as mean ± standard deviation 
(SD). Differences between three or more groups were analyzed by 
one‑way analysis of variance following Tukey's test. Differences 
between two groups were analyzed using paired (for paired 
groups) or unpaired (for unpaired groups) Student's t‑test, when 
applicable. Non‑parametric method was used to analyze the AUC 
(Area Under Curve) of receiver operating characteristic (ROC) 
curves. Spearman's analysis was used to test correlation. P<0.05 
was considered to indicate a statistically significant difference.

Results

Hsa_circ_0010957 expression is increased in SLE and can 
serve as a biomarker. Previous microarray analyses have 
shown that hsa_circ_0010957 is upregulated in SLE‑derived 
CD4+ T cells (12), but the level of hsa_circ_0010957 had not 
been verified by RT‑qPCR. SLE‑derived CD4+ T cells and 
cells derived from healthy volunteers demonstrated higher 
expression of hsa_circ_0010957 in SLE (Fig. 1A). There was 
also a difference in hsa_circ_0010957 expression between 
patients with active SLE and those with inactive disease 
(Fig. 1B), but there was no significant difference between 
patients with inactive disease and HCs (Fig. 1B). A receiver 
operating characteristic curve showed the diagnostic value of 
hsa_circ_0010957 for differentiating patients with SLE from 
HCs (Fig. 1C) and differentiating patients with active SLE 
from those with inactive disease (Fig. 1D). Thus, increased 
hsa_circ_0010957 expression might be a prospective 
biomarker for SLE.

Hsa_circ_ 0010957 absorbs miR‑125b in SLE‑derived 
CD4+ T  cells. A common mechanism of circRNA func‑
tion is to act as miRNA sponges to regulate target miRNA 
activity (17,18). Putative miRNA targets of hsa_circ_0010957 
were searched using the StarBase database (http://starbase.
sysu.edu.cn/index.php) (Fig. 2A) and identified miR‑125b, 
which has previously been associated with SLE  (19,20). 
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Luciferase reporter assays were used to test the putative 
interaction (Fig. 2B). Overexpression of miR‑125b decreased 
wild‑type hsa_circ_0010957 activity but did not affect 
the mutant vector (Fig.  2C). Indeed, hsa_circ_0010957 
knockdown led to increased miR‑125b expression (Fig. 2D). 
miR‑125b expression was also decreased in SLE‑derived 
CD4+ T cells (Fig. 2E) and was lower in patients with active 
SLE compared with those with inactive disease (Fig. 2F). 
Moreover, miR‑125b expression was negatively associated 
with hsa_circ_0010957 expression (Fig.  2G). Thus, hsa_
circ_0010957 acts as a miR‑125b sponge. It was also found 
that miR‑125b is a good diagnostic marker for differentiating 
patients with SLE from HCs (Fig. 2H) and differentiating 
active SLE from inactive disease (Fig.  2I). These results 
suggested that decreased miR‑125b expression in SLE might 
also be a prospective biomarker for the disease.

Hsa_circ_0010957 modulates inflammatory cytokines 
secretion via miR‑125b. To investigate the biological role of 
hsa_circ_0010957 and miR‑125b in SLE, first, we detected the 
overexpression or silence efficiency (Fig. 3A). Knockdown of 
hsa_circ_0010957 significantly reduced secretion of inflam‑
matory cytokines IL‑18, IL‑6, and IL‑17, while silencing 

miR‑125b reversed these effects (Fig. 3B‑D). We also observed 
a positive correlation between hsa_circ_0010957 and inflam‑
matory cytokines expression (Fig.  3E‑G) and a negative 
correlation between miR‑125b and inflammatory cytokines 
(Fig. 3H‑J). Therefore, we suggest hsa_circ_0010957 modu‑
lates inflammatory cytokine secretion via miR‑125b.

Hsa_circ_0010957 regulates activation of STAT3 signaling 
via miR‑125b. Through the microRNA.org database, STAT3 
was identified as a potential target of miR‑125b regulation 
(Fig. 4A). Luciferase reporter assays showed that miR‑125b 
overexpression inhibited the activity of wild‑type STAT3 
3'‑UTR but not a variant STAT3 3'‑UTR (Fig. 4B). In addi‑
tion, miR‑125b overexpression led to decreased STAT3 protein 
expression, while miR‑125b silencing had an inverse effect 
(Fig. 4C and D). The results showed that hsa_circ_0010957 
siRNA decreased total and phosphorylation levels of STAT3 
protein, and this effect can be rescued by miR‑125b inhibi‑
tion (Fig. 4E). These results indicated that hsa_circ_0010957 
regulates STAT3 signaling activation via miR‑125b. STAT3 
was also successfully silenced in SLE‑derived CD4+ T cells 
and showed that knockdown of STAT3 inhibited the expression 
of inflammatory cytokines IL‑18, IL‑6 and IL‑17 (Fig. 4F‑I). 

Figure 1. Hsa_circ_0010957 expression is increased in *P<0.05. NS, no significance and can serve as a biomarker. (A) Relative expression of has_circ_0010957 
in CD4+ T cells from 30 patients with SLE and 25 HCs tested using reverse transcription‑quantitative PCR. (B) Comparisons of relative has_circ_0010957 
expression in CD4+ T cells from 25 HCs, 18 inactive and 12 active patients with SLE. (C and D) Receiver operating characteristics showing diagnosis value 
of hsa_circ_0010957 in differentiating patients with SLE from HCs (C) and differentiating active from inactive patients with SLE. (D) Data are shown as 
mean ± SD *P<0.05. NS, no significance; SLE, systemic lupus erythematosus; AUC, area under the curve; HCs, healthy controls.
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It was also found that hsa_circ_0010957 could regulate the 
activation of STAT3 signaling via miR‑125b in CD4+ T cells 
from healthy controls (Fig. S1).

Hsa_ circ_ 0010957 deplet ion blocks IL ‑ 6 ‑induced 
activation of STAT3 signaling. Given that serum IL‑6 levels 
are increased in SLE, and IL‑6 is an established activator 
of STAT3 signaling, the role of hsa_circ_0010957 in 
IL‑6/STAT3 signaling was explored. CD4+ T cells obtained 
from patients with SLE were incubated with IL‑6 and then 
transfected with hsa_circ_0010957 siRNA and miR‑125b 
inhibitor. Silencing hsa_circ_0010957 blocks IL‑6‑induced 

activation of STAT3 signaling via miR‑125b (Fig. 5A). It 
was also observed that silencing hsa_circ_0010957 abol‑
ished IL‑6‑induced secretion of inflammatory cytokines 
(Fig. 5B‑D).

Discussion

In recent years, circRNAs have garnered attention as a new 
class of noncoding RNA. CircRNAs are potential biomarkers 
and therapeutic targets for many diseases; however, few studies 
have been done on circRNAs in SLE. The present study focused 
on hsa_circ_0010957, whose role in SLE was unknown.

Figure 2. Hsa_circ_0010957 absorbs miR‑125b in SLE‑derived CD4+ T cells. (A) StarBase database showing the potential target miRNAs of hsa_circ_0010957. 
(B) Potential binding site and the mutant site of hsa_circ_0010957 and miR‑125b. (C) Luciferase assay showing overexpression of miR‑125b decreased the 
luciferase activity of wide‑type hsa_circ_0010957 vector, while not the mutant vector. (D) Relative miR‑125b level was detected using RT‑qPCR after knock‑
down of hsa_circ_0010957. (E) Relative miR‑125b expression in CD4+ T cells from 30 patients with SLE and 25 HCs tested using RT‑qPCR. (F) Comparisons 
of relative miR‑125b expression in CD4+ T cells from 25 HCs, 18 inactive and 12 active patients with SLE. (G) Pearson's correlation analysis of hsa_
circ_0010957 and miR‑125b expression in CD4+ T cells of patients with SLE. (H and I) Receiver operating characteristic showing diagnosis value of miR‑125b 
in differentiating patients with SLE from HCs (H) and differentiating active from inactive patients with SLE. (I) Data are shown as mean ± SD *P<0.05. 
NS, no significance; SLE, systemic lupus erythematosus; wt, wild‑type; mut, mutant type; miR/miRNAs, microRNA; C, negative control; RT‑qPCR, reverse 
transcription‑quantitative PCR; HC, healthy control; AUC, area under the curve.
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CircRNAs are prospective biomarkers for many diseases, 
and it was demonstrated that hsa_circ_0010957 might serve 
as a potential biomarker for SLE. The present study found that 
hsa_circ_0010957 expression increases in SLE and is a good 
diagnostic indicator for differentiating patients with active 
SLE from inactive or no disease.

CircRNAs act as miRNA sponges, thus influencing their func‑
tion (17,18). In the present study, it was found that hsa_circ_0010957 

was a sponge for miR‑125b in SLE. miR‑125b is downregulated 
in SLE and inhibits autophagy by targeting UVRAG (19). Low 
expression of miR‑125b, mainly in T cells, is inversely corre‑
lated with lupus nephritis and contributes to the pathogenesis of 
SLE (20). Here, it was shown that hsa_circ_0010957 modulates 
the expression of inflammatory cytokines IL‑18, IL‑6 and IL‑17 
via miR‑125b. These cytokines are increased in SLE and play 
vital roles in disease progression (21‑23).

Figure 3. Hsa_circ_0010957 modulates inflammatory cytokines secretion via miR‑125b. (A) Overexpression or silencing efficiency of hsa_circ_0010957 or 
miR‑125b in CD4+ T cells of SLE detected by reverse transcription‑quantitative PCR. (B‑D) IL‑18, IL‑6 and IL‑17 levels detected in cell supernatant after CD4+ 
T cells were transfected with hsa_circ_0010957 siRNAs and miR‑125b inhibitor. (E‑J) Pearson's correlation analysis between hsa_circ_0010957 or miR‑125b 
expressions in CD4+ T cells of SLE with inflammatory cytokines in serum of patients with SLE. Data are shown as mean ± SD *P<0.05. SLE, systemic lupus 
erythematosus; miR, microRNA; siRNA, small interfering RNA; NC, negative control; IL, interleukin.

https://www.spandidos-publications.com/10.3892/mmr.2021.12108
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Subsequently, it was shown that the hsa_circ_0010957/ 
miR-125b axis activated STAT3 signaling via mediating 
STAT3 expression. STAT3, an essential element of the 
JAK‑STAT signal pathway  (24), was reported to partici‑
pate in the pathogenesis of lupus‑susceptible mice  (25). 
Increased expression of STAT3 in SLE T cells promotes 
chemokine‑mediated cell migration (26). It was found that 
knockdown of STAT3 inhibited the secretion of IL‑18, IL‑6 
and IL‑17 and concluded that hsa_circ_0010957/miR‑125b 
influences the secretion of these inflammatory cytokines via 
regulating STAT3 signaling.

In addition, it was revealed that silencing hsa_
circ_0010957 inhibited IL‑6‑induced inf lammatory 
cytokines secretion through restraining STAT3 signaling. 
High IL‑6 level presents in the serum of patients with 
SLE (19,20) and is responsible for the activation of STAT3 
signaling (27). Another role of hsa_circ_0010957 in impeding 
the proinflammatory effect of IL‑6 was also demonstrated. 
The proposed model of hsa_circ_0010957/miR‑125b/STAT3 
signaling in SLE is illustrated in Fig. 6.

In conclusion, the present findings show that the 
increased level of hsa_circ_0010957 in SLE is involved in 

Figure 4. Hsa_circ_0010957 regulates activation of STAT3 signaling via miR‑125b. (A) Potential binding site and the mutant site of STAT3 3'UTR and 
miR‑125b. (B) Luciferase assay showing overexpression of miR‑125b decreased the luciferase activity of wide‑type STAT3 3'UTR vector, while not the mutant 
vector. (C and D) STAT3 protein level after transfecting miR‑125b mimics or inhibitor into CD4+ T cells of patients with SLE. (E) STAT3 and phosphorylated 
STAT3 protein level after transfecting hsa_circ_0010957 siRNA and miR‑125b inhibitor into CD4+ T cells of patients with SLE. (F) Silence efficiency of 
STAT3 in CD4+ T cells of SLE detected by reverse transcription‑quantitative PCR. (G‑I) IL‑18, IL‑6 and IL‑17 levels detected in cell supernatant after trans‑
fecting STAT3 siRNA into CD4+ T cells of patients with SLE. Data are shown as mean ± SD *P<0.05. NS, no significance; SLE, systemic lupus erythematosus; 
wt, wild‑type; mut, mutant type; UTR, untranslated region; miR, microRNA; siRNA, small interfering RNA; NC, negative control; IL, interleukin.
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Figure 5. Hsa_circ_0010957 depletion blocks IL‑6 induced activation of STAT3 signaling. (A) STAT3 and phosphorylated STAT3 protein levels when CD4+ 
T cells were treated with IL‑6 and transfected with hsa_circ_0010957 siRNA and miR‑125b inhibitor. (B‑D) IL‑18, IL‑6 and IL‑17 levels detected in cell 
supernatant when CD4+ T cells were treated with IL‑6 and transfected with hsa_circ_0010957 siRNA and miR‑125b inhibitor. Data are shown as mean ± SD 
*P<0.05. NS, no significance; IL, interleukin; miR, microRNA; siRNA, small interfering RNA; NC, negative control.

Figure 6. Schematic diagram exhibiting the hsa_circ_0010957/miR-125b/STAT3 signaling pathway in SLE. Upregulated hsa_circ_0010957 in CD4+ T cells of SLE 
is able to act as a sponge for miR‑125b, and thereby activated the STAT3 signaling by suppressing miR‑125b. Hsa_circ_0010957 in SLE is involved in the secretion of 
inflammatory cytokines of CD4+ T cells via regulating miR‑125b/STAT3 signaling. SLE, systemic lupus erythematosus; miR/miRNA, microRNA; IL, interleukin.

https://www.spandidos-publications.com/10.3892/mmr.2021.12108
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the secretion of inflammatory cytokines of CD4+ T cells via 
regulating miR‑125b/STAT3 signaling. Hsa_circ_0010957 and 
miR‑125b can be used as a potential biomarker and therapeutic 
target for SLE.
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