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Abstract

Background: Graves' disease is a common autoimmune disease. Cytokines and their
signalling pathways play a major part in the pathogenesis of Graves’ disease; however,

the underlying mechanism needs to be clarified.

Aims: The aim of this study was to explore whether circular RNAs participate in the
immunological pathology of Graves’ disease via cytokine-related signalling pathways.
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Methods: Bioinformatics analysis was performed to identify differentially expressed
circular RNAs and their targets and associated pathways. A total of three patients with
Graves' disease and three sex- and age-matched healthy controls were enrolled for
validation with microarray analysis and real-time quantitative PCR (qPCR). An additional
24 patients with Graves’ disease and 24 gender- and age-matched controls were
included for validation by real-time fluorescent qPCR. Flow cytometry and CCK8 assays
were used to detect the apoptotic and proliferative levels of Jurkat cells (T lymphocytes)
with the silenced expression of circRNA. ELISA was performed to detect the growth

and apoptosis-related proteins. The competition mechanism of endogenous RNA was

explored by real-time fluorescence qPCR.

Results: A total of 366 significantly differentially expressed circular RNAs were

identified in the Graves' disease group compared to healthy controls. The level of
hsa_circ_0090364 was elevated in Graves' disease patients and positively correlated with
thyroid-stimulating hormone receptor antibodies. Further analyses suggested that hsa_
circ_0090364 may regulate the JAK-STAT pathway via the hsa-miR-378a-3p/IL-6ST/IL21R

axis to promote cell growth.

Conclusions: These results provide novel clues into the pathophysiological mechanisms of

Graves' disease and potential targets for drug treatment.
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Introduction

Graves’ disease (GD) is an organ-specific autoimmune
disease that commonly manifests as hyperthyroidism and
diffuse goitre. The annual incidence of GD is 20-50 cases
per 100,000 people worldwide (1, 2). The GD phenotype
is becoming milder owing to sensitive diagnostic tests
and effective treatments. However, thyroid
can occur occasionally, and GD treatments such as
antithyroid medications, radioiodine therapy, and surgery

storms

(thyroidectomy) may be associated with side effects (2).
Thus, further exploration of the molecular mechanisms of
GD is essential, which will be beneficial for developing new
diagnostic and personalized therapeutic strategies for the
disease.

Circular RNAs (circRNAs) are a new type of ncRNA
classified into four categories depending on their parental
gene, namely exonic RNAs, intronic RNAs, exon-intron
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RNAs, and intergenic or fusion RNAs. As more and more
circRNAs are reported to be aberrantly expressed in
human tissues and associated with disease, the function
of these genes has gained increased research attention
(3). In particular, the participation of circRNAs in post-
transcriptional regulation has become a research hotspot.
Among them, the competing endogenous RNA (ceRNA)
hypothesis represents a bright spot. As miRNAs bind to
their target mRNA transcripts via miRNA recognition
elements (MREs), target gene expression is repressed.
circRNAs act as molecular sponges by competitively
binding to miRNA through MREs and negatively
regulating target gene expression. According to the
above hypothesis, a new regulatory form is recognized,
which is known as the circRNA-miRNA-mRNA or ceRNA
network (4, 5). circRNAs are believed to participate
in the pathogenesis of several autoimmune diseases
through the ceRNA network, such as rheumatoid
arthritis, systemic lupus erythematosus, and ulcerative
colitis (5, 6, 7, 8). However, there are few studies on the
involvement of circRNAs in the mechanisms underlying
GD pathogenesis. Sun et al. detected a circRNA expression
profile in serum exosomes from GD patients, which
implicated hsa_circRNA_000102 in the development of
GD via a virus infection signalling pathway (9). To date,
the functions of other circRNAs in GD remain unclear,
and more insight into the relationship between circRNAs
and GD is still required.

Cytokines are a group of small molecules secreted
by a variety of tissue cells (mainly immune cells), which
play a central role in initiating immune cascades through
their receptors and multiple signalling pathways (10). In
GD patients, pro-inflammatory cytokines are capable of
promoting T cell proliferation and differentiation, which
trigger the abnormal activation of B cells, resulting in the
overproduction of antibodies and ultimately facilitating
the occurrence and development of GD (11, 12). Therefore,
investigations of the potential molecular mechanisms
of cytokine-related signalling pathways in patients with
GD are key to study the immunological pathology of the
disease.

In this study, we first identified circRNAs expressed in
GD patients using a circRNA microarray. Subsequently,
enrichment analysis was carried out to detect the
potential function of differentially expressed circRNAs
(DECs). To gain further understanding of the GD
immunological mechanism, we constructed a circRNA-
miRNA-mRNA regulation module related to the cytokine
pathway. This study enriches our understanding of the
immunopathological mechanisms underlying GD and

reveals potential targets for both GD prevention and
treatment.

Materials and methods
Sample collection

Twenty-seven untreated patients with GD and 27 healthy
controls (HCs) were enrolled in this study from January
2022 to June 2022. Among these, three patients with
newly diagnosed GD and three sex- and age-matched HCs
were recruited for the microarray analysis and real-time
quantitative PCR (RT-qPCR) validation, and the remaining
48 participants were included in further RT-qPCR
validation only. The research protocols were approved by
the Medical Ethics Committee of the Second Affiliated
Hospital of Fujian Medical University. All participants
were fully informed of the study procedures and signed
informed consent forms.

The inclusion criteria for the GD group included the
following (13): diffuse goitre, with symptoms of increased
sweating, heat intolerance, elevated heart rate, elevated
serum thyrotropin receptor antibody (TRAb), and low
serum thyroid-stimulating hormone (TSH). The newly
diagnosed GD patients had not yet undergone treatment
for thyroid disease or ophthalmopathy. The exclusion
criteria included hepatic dysfunction, renal dysfunction,
infection, other autoimmune disease, tumours, a history
of immunosuppressive therapy within the last year, and
pregnancy or lactation. The inclusion criteria for the HC
group were normal thyroid function and no family history
ofthyroid diseases. The GD grouphadelevated FT3,FT4,and
TRAD; low TSH; and normal thyroid peroxidase antibody
and thyroglobulin antibody levels (P-value < 0.05). The
general information of the six participants included in the
microarray analysis is listed in Supplementary Table 1 (see
section on supplementary materials given at the end of
this article), and the basic information of the 48 additional
participants included in the validation study is listed in
Supplementary Table 2.

Microarray assay

Total RNA was isolated from the plasma of three newly
diagnosed GD patients and three HC subjects using
Trizol reagent (Thermo Fisher Scientific, Waltham, MA,
USA). The RNA quality was evaluated using a Nanodrop
ND-1000 spectrophotometer (Thermo Fisher Scientific).
The circRNA Microarray (Arraystar Inc., Rockville, MD,
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USA) was applied to identify the expression profile in GD.
First, the RNAs were purified, amplified, and transcribed
into complementary RNA (cRNA). Next, the cRNA was
combined onto an array slide by hybridization. The array
was then scanned, and Agilent Feature Extraction software
(version 11.0.1.1; Agilent Technologies) was used to analyse
the images from the acquired array. The subsequent data
were processed using R software (version 3.22.7; Lucent
Technologies, Murray Hill, NJ, USA). DECs in GD were
defined as those meeting the following criteria: fold-
change > 1.3 and P-value <0.05.

Enriched functional analysis

Most circRNAs have not yet been functionally annotated,
whereas most of the identified mRNAs are well known.
Therefore, the ceRNA network was built. Based on this
network, we predicted the functions of DECs via enriched
functional analysis of their target mRNAs. The specific
process was as follows. First, miRNAs matched with DECs
(Table 1) and their potential MREs were predicted using
Arraystar’s homemade miRNA target prediction software
based on miRanda and TargetScan. According to the seed
matching sequence, the top five MRE and miRNAs were
screened. Subsequently, target mRNAs were predicted with
TarPmiR (14) and miRDB (15), based on a combination
index. Theimmune-related mRNAs were obtained from the
ImmPort database (16). Only target mRNAs recognized by
the three databases and reported in the literature as related
to autoimmune thyroid diseases were selected as candidate
target mRNAs. The ceRNA network was visualized using
Cytoscape 3.8.1. Finally, based on the network, Gene
Ontology (GO) analysis, including biological process
(BP), cell component (CC), and molecular function (MF)
annotation, was performed to explore the functions of
the DECs. The Kyoto Encyclopedia of Genes and Genomes
(KEGG) tool was used to detect the potential pathways
of the identified DECs. According to an enrichment
score (-log,, (P-value)), the top ten GO terms and KEGG
pathways were selected and ranked.

Table 1 Details for the top five upregulated circRNAs.

Validation with RT-qPCR

RNA from the plasma of the six participants used for
microarray sequencing was reverse-transcribed into cDNA
by PrimeScript RT Master Mix kit (Takara, Dalian, China).
The cDNA samples were amplified with TB Green Premix
Ex Taq II kit (Takara). Blood samples were also collected
from the remaining 48 participants. Peripheral blood
mononuclear cells (PBMCs), rather than plasma, were
separated from the blood samples and used to verify the
relative expression of the upregulated circRNAs that were
validated to be abnormally expressed in the plasma from
patients with GD, as functional analysis showed that
high expression of DECs was associated with the immune
response.

The total RNA extraction from PBMCs and circRNA/
mRNA reverse-transcription steps were performed as
previously described. Poly (A) Tailing Kit (ShengGong,
Shanghai, China) was applied to reverse transcribe the
miRNA into cDNA. The expression levels of circRNA,
mRNA, and miRNA of PBMC origin were then measured
by qPCR. GAPDH was used as an internal reference to
normalize the expression levels of circRNAs and mRNAs,
whereas the expression levels of miRNAs were normalized
to that of U6. All reactions were processed three times for
each sample. The primer sequences are listed in Table 2.
The generic downstream primers from the Poly (A) Tailing
Kit were used as the reverse primers for U6 and miRNA
RT-qPCR validation. The relative expression levels of
the downstream genes were quantified using the 2-24¢t
method. The relationship between the validated circRNAs
and miRNAs, TRAb, and downstream mRNAs expression
was determined by linear regression analysis.

Cell culture and transfection

The aforementioned bioinformatic analysis and RT-qPCR
results suggested that the circRNAs differentially expressed
in PBMCs from GD patients might be involved in the JAK-
STAT pathway and target downstream mRNAs by a ceRNA
regulatory network to play a role in promoting disease

circRNAs Gene symbol Fold change P-value Regulation
hsa_circ_0090364 JADE3 2.70 0.04 Up
hsa_circ_0001228 MFNG 1.72 0.04 Up
hsa_circ_0091183 HDX 1.79 0.01 Up
hsa_circ_0030131 DGKH 1.75 0.01 Up
hsa_circ_0053141 PREB 1.73 0.04 Up

circRNAs, circular RNAs. Gene symbol, parental gene.
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Table 2 Primers for RTgPCR analysis.

Circular RNAs
hsa_circ_0090364

Primer sequences

F:5" ACACCGTTCCACAGCCTTCT3"

R:5" TGACTTGATCCTATACATTGAGCC3
F:5" AGGAGGACCCCTCCAGTGG 3

R:5" AGCCGGATGAGAGCAGATGT3'

F: 5ACTGGACTTGGAGTCAGAAGGCAA3Z

hsa_circ _0001228

hsa-miR-378a-3p

IL-6ST F:5" GATTCCTCCTGAAGACACAGCATCC3
R: 5" TTCACTCCAGTCACTCCAGTATCCC3
IL-21R F: 5" TCCTGTCCTGTGGCTGTGTCTC3

R: 5’GAGTGGGTGTCGCTGTTGA3'
JAK1 F: 5" GTCCAGCGACCTTCATTCAGATACC3
R: 5" CCTTCAAAGCCACTGCCCAGAC3'

STAT3 F: 5" CACCAAGCGAGGACTGAGCATC3'
R: 5" AGCCAGACCCAGAAGGAGAAGC3’
GAPDH(HUMAN) F: 5GGGAAACTGTGGCGTGAT3'
R: 5GAGTGGGTGTCGCTGTTGA3'
U6(HUMAN) F: 5’AGAGAAGATTAGCATGGCCCCTG3'

F, forward. R, reverse.

development. T-lymphocytes are an importantimmune cell
in PBMCs and their role in autoimmune diseases has been
confirmed by several previous studies (17, 18). Therefore, we
selected Jurkat cells, which is a T lymphocyte cell line for in
vitro analysis to further explore the function of the circRNAs.
The cells (Jurkat, Clone E6-1, FuHeng, FHO878) were
incubated in RPMI-1640 medium (Gibco) supplemented
with 10% fetal bovine serum (Gibco). A plasmid expressing
an shRNA (Hanbio Biotechnology, Shanghai, China) was
used for hsa_circ_0090364 silencing. The shRNA sequence
was given as follows: top strand, GATCCGACAGCCTTC
TCTCAGGATGCTCCAGTTCAAGAGACTGGAGCATC
CTGAGAGAAGGCTGTTTTTTTG; bottom strand, AATTC
AAAAAAACAGCCTTCTCTCAGGATGCTCCAGTCTC
TTGAACTGGAGCATCCTGAGAGAAGGCTGTCG.
shRNA-negative control (shN) was applied as a negative
control. The sequence was top strand, GATCCGTTCT
CCGAACGTGTCACGTAATTCAAGAGATTACGTGAC
ACGTTCGGAGAATTTTTTC; bottom strand AATTGAAAAA
ATTCTCCGAACGTGTCACGTAATCTCTTGAATTAC
GTGACACGTTCGGAGAACG. Transfection was carried out
according to the manufacturer’s recommendations.

Proliferation assay

The Cell Counting Kit-8 (CCK-8; Meilun, China) assay was
used to measure cell proliferation. The transfected cells
were seeded into 96-well plates at a density of 5 x 10* cells/
well. At appropriate time points (24, 48, 72, and 96 h), 10 uL
of CCK-8 reagent was added to each well. After incubation
at 37°C for 2 h, a microplate reader was applied to measure
the absorbance at 450 nm.

Flow cytometry

Apoptosiswas detected using the AnnexinV FITC ApopDtec
kit (BD Pharmaceuticals). All samples were analysed on a
BDLSRfortessa™ instrument (BD Biosciences).

Proliferation/apoptosis molecular marker
detection by enzyme-linked immunoassay

The concentrations of the proliferation-associated protein
proliferating cellnuclear antigen (PCNA) and the apoptosis-
associated proteins BCL-XL and BAX were measured using
respective ELISA kits (Meimian, Jianshu, China) according
to the manufacturer instructions.

Key ceRNA network construction and validation

A ceRNA network was constructed containing the key
circRNA (hsa_circ_0090364) and its matched miRNAs
and target mRNAs. The data were visualized using
Cytoscape 3.8.1.

The expression of hsa_circ_ 0090364, matched
miRNAs, target mRNAs, and key signalling molecules in the
JAK-STAT pathway in Jurkat cells transfected with sh-hsa_
circ_0090364 or shN was measured by RT-qPCR. The 2-22Ct
method was applied for the target gene expression assays
in the cell line.

Statistical analyses

SPSS Statistics 23 (IBM) was applied for statistical analysis.
The data are expressed as the mean * S.D. or mean + S.E.M.
Either an unpaired independent sample f-test or a non-
parametric method such as the Mann-Whitney U test was
applied for comparisons between groups, as appropriate. A
P-value < 0.05 was defined as statistically significant.

Results
Significant differences in circRNA expression

Figure 1A shows the volcano plot of the DECs identified
between GD patients and HCs. A total of 366 DECs were
identified, which included 195 upregulated and 171
downregulated circRNAs (fold-change >1.3, P-value <0.05).

The circRNAs were classified into five categories:
exonic, sense-overlapping, intronic, antisense, and
intergenic. Among the upregulated circRNAs, 173, 10, 9, 2,
and 1 were exonic, antisense, intronic, sense overlapping,
and intergenic, respectively (Fig. 1B). Among the
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Chromosome

Microarray analysis of the differential expression of circular RNAs between Graves' disease patients and healthy control subjects (n = 3:3). (A) Volcano
plot showing the differential expression profiles of Graves’ disease patients compared to healthy control subjects. The log 2 scale depicted on the x-axis
indicates the fold-change and the -log,, P value is depicted on the y-axis. The red dots in the figure represent the differential expression of circular RNAs.
(B) Category characteristics of upregulated differentially expressed circular RNAs. (C) Category characteristics of downregulated differentially expressed
circular RNAs. (D) Chromosome distributions of differentially expressed circular RNAs. ‘Count’ indicates the number of differentially expressed circular
RNAs. ‘Chromosome’ represents different chromosomes. circRNAs, circular RNAs.

downregulated circRNAs, 137, 2, 15, 16, and 1 were exonic,
sense-overlapping, intronic, antisense, and intergenic,
respectively (Fig. 1C). Among the upregulated circRNAs,
17 were on both chromosome 17 and chromosome 2,
whereas 17 of the downregulated circRNAs were located on
chromosome 3 (Fig. 1D).

Functional enrichment analysis of
upregulated circRNAs

Owing to the large proportion of upregulated DECs in GD
patients, we mainly focused on the biological functional
annotation of these circRNAs, whereas the downregulated
DECs will be used for follow-up research. According to the
fold-change and P-values, the top five upregulated circRNAs
were selected. All of these circRNAs were annotated in
CircBase. A ceRNA network was constructed based on
these S circRNAs, 25 miRNAs, and 135 mRNAs (Fig. 2). The
135 mRNAs in this network were processed for functional
enrichment analysis with GO and KEGG tools.

Overall, 192 BPs, 24 CCs, and 59 MFs were enriched
(P-values <0.05). With respect to BPs, the top five

upregulated circRNAs primarily participated in positive
regulation of the ERK1 and ERK2 cascade and regulation of
cell migration. The GO analysis of CCs showed that the top
five upregulated circRNAs mainly play a role in the plasma
membrane, extracellular region, and receptor complex
during functional execution. For MFs, these circRNAs
were associated with steroid hormone receptor activity,
growth factor binding, growth factor activity, cytokine
receptor activity, semaphoring receptor binding, and
chemorepellent activity. The top 10 BP, CC, and MF terms
are listed in Fig. 3A.

The KEGG pathway analysis showed that the top five
upregulated circRNAs principally participated in the JAK-
STAT, PI3K-AKT, T cell receptor, Rapl, Ras, and natural
killer cell-mediated cytotoxicity signalling pathways.
The top ten KEGG pathways are listed in Fig. 3B. The
JAK-STAT signalling pathway is a crucial cytokine-related
pathway and was the most meaningtul enriched pathway.
Therefore, we defined it as a candidate pathway for
follow-up research. According to the results of functional
enrichment analysis, we selected two upregulated
circRNAs (hsa_circ_0090364 and hsa_circ_0001228)
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involved in JAK-STAT signalling for circRNA expression
validation (Table 1).

Validation of circRNA expression

Only the transcript expression of hsa_circ_0090364 was
verified to be highly expressed in the plasma of GD patients
(Supplementary Fig. 1), and hsa_circ_0090364 was also
differentially highly expressed (P < 0.05) in PBMCs from
GD patients in the expanded validation sample (Fig. 4A).
Furthermore, the expression level of hsa_circ_0090364 was

positively correlated with the serum TRAb concentration
(R?=0.554, P < 0.01; Fig. 4B). These results revealed
that hsa_circ_0090364 might be related to the immune
mechanism of GD.

Knockdown of hsa_circ_0090364 inhibited
cell proliferation

To further probe the immunological function of hsa_
circ_0090364, an shRNA-hsa_circ_0090364 plasmid was
transfected into Jurkat cells. The knockdown efficiency
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analysis.

of shRNA-hsa_circ_0090364 was confirmed, as shown in
Fig. 5A (P=0.002). The CCK-8 assay further showed that
knockdown of hsa_circ_0090364 resulted in the inhibition
of Jurkat cell proliferation (Fig. 5B, P < 0.05). The flow
cytometry assay revealed no difference in cell apoptosis
in the shRNA-hsa_circ_0090364 group and shN group. In
addition, the expression of the proliferation-associated
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The validation of hsa_circ_0090364. (A) Relative expression of
hsa_circ_0090364 in PBMCs (n = 24:24) by real-time qPCR. GAPDH was
used as an internal reference gene. (B) The transcript expression of
hsa_circ_0090364 was significantly correlated with TRAD levels in Graves’
disease patients’' PBMCs.

protein PCNA was downregulated in hsa_circ_0090364
knockdown cells (Fig. 5C), whereas the expression levels
of the apoptosis-associated proteins BCL-XL and BAX
are not different between the shRNA-hsa_circ_0090364
and shN groups (Fig. 5D, E and F). Collectively, these
results demonstrated that hsa_circ_0090364 knockdown
inhibited the proliferation of Jurkat cells but did not affect
apoptosis in the cells.

The ceRNA network of hsa_circ_0090364 related to
JAK-STAT pathway

To further investigate the molecular mechanism
underlying the effects of hsa_circ_0090364 on the JAK-
STAT pathway, a ceRNA network was established based on
the aforementioned network. A ceRNA network is a many-
to-many regulatory network, where a gene is considered to
be a key gene when it is able to regulate more downstream
genes than its counterpart. Therefore, based on the above
concept, we further refined the regulatory relationships
shown in Table 3 to obtain a hub ceRNA regulatory network.
In brief, hsa-miR-378a-3p and two target mRNAs (IL-6ST
and IL21R) were integrated into this ceRNA network. The
network showed that hsa_circ_0090364 could alter the
expression of its target genes by acting as a sponge for hsa-
miR-378a-3p via their binding sites.
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Figure 5

hsa_circ_0090364 promotes Jurkat cell proliferation but does not affect apoptosis. (A) hsa_circ_0090364 knockdown efficiency after shRNA-hsa_
circ_0090364 or shRNA negative control (shN) transfection in Jurkat cells. (B) Seventy-two hours after transfection, the CCK8 assay was applied to detect
the function of hsa_circ_0090364 on cell proliferation. (C) Seventy-two hours after transfection, flow cytometry was used to assess the effect of hsa_
circ_0090364 on cell apoptosis. (D) Seventy-two hours after transfection, ELISA was used to evaluate the levels of proliferation-associated and apoptosis-

associated proteins.

As shown in Fig. 6A and B, the hsa-miR-378a-3p
expression level was lower in the GD group (P=0.006)
and was negatively correlated with the hsa_circ_0090364
level (P=0.023). Knockdown of hsa_
circ_009036 resulted in elevated miRNA expression (Fig.
6C, P=0.002). IL-6ST and IL21R are downstream mRNAs
of the hsa_circ_0090364-hsa-miR-378a-3p axis and are also
involved in the JAK-STAT pathway. Our study revealed that
the transcript levels of IL-6ST and IL21R were higher in
the GD group (Fig. 6D and G). Meanwhile, the expression
of hsa_circ_0090364 was positively correlated with the
expression of IL-6ST and IL21R transcripts (Fig. 6E and H).

expression

Table 3 A key ceRNA network related to JAK-STAT pathway.

circRNAs miRNA mRNA
hsa_circ_0090364 hsa-miR-378a-3p IL-6ST
IL-21R

circRNAs, circular RNAs.

Knockdown of hsa_circ_009036 resulted in the decreased
expression of IL-6ST and IL21R (Fig. 6F and I).

JAK1 and STAT3 were the key molecules of the JAK-
STAT pathway, as shown in Fig. 7, and the expression of
JAK1 mRNA and STAT3 mRNA was higher in GD group.
The mRNA levels of these genes were positively correlated
with the expression of hsa_circ_0090364. To determine
whether hsa_circ_0090364 affects the expression of JAK1
and STAT3 mRNA, Jurkat cells were transfected with
shRNA-hsa_circ_009036. Decreased expression of JAK1
and STAT3 mRNA was detected in transfected Jurkat cells.

Discussion

Our microarray analysis indicated a differential expression
profile in the plasma of GD patients containing five of the
most significantly upregulated circRNAs. Bioinformatics
analysis showed that the five circRNAs were mainly related
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toimmune and inflammatory responses. By RT-qPCR, hsa_
circ_0090364 was verified as the key upregulated molecule
in GD patients’ plasma and PBMCs. Further, functional
studies confirmed that hsa_circ_0090364 promotes
the proliferation of Jurkat cells. Finally, ceRNA network
analysis and validation revealed that hsa_circ_0090364
might absorb hsa-miR-378a-3p and regulate downstream
IL-6ST and IL-21R mRNAs to participate in the molecular
mechanisms of GD through the JAK-STAT signalling
pathway.

Excess production of thyroid hormones is induced by
the thyroid-stimulating antibody mediated by the TSH
receptor located in the thyroid gland. The production of
pathogenic auto-antibodies by B lymphocytes depends on
the abnormal proliferation and differentiation of CD4* T
cells (19). Some cytokines such as IFN-y, IL-4, and IL6 lead
to the activation, proliferation, and differentiation of CD4*
T cells. The dysfunction of CD4* T cells in turn leads to

%,

IL-21R mRNA expression levels are higher in the
Graves' disease patients’ PBMCs and are positively
correlated with hsa_circ_0090364 expression in
Graves' disease patients’ PBMCs. After shRNA-
hsa_circ_0090364 or shRNA negative control (shN)
transfection, the mRNA expression of IL-21R is
decreased. The results are indicated as the mean
+ s.0. of three independent experiments;
horizontal lines show the mean (“P < 0.05;
*P<0.01; P <0.001).

Relative IL-21R mRNA Expression

>
<
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inflammatory cytokine maintenance, which enhances the
autoimmune response (20). In patients with GD, cytokines
act as messengers to transfer information from one cell to
another, promoting transformation between T cell subsets
and initiating a cascade of inflammatory responses via
pro-inflammatory cytokine signalling pathways. However,
many aspects of this process still need to be further clarified.

Benefiting from the development of high-throughput
genomic technology, the differential expression profile
analysis of circRNAs has been used to study the molecular
mechanisms of a variety of autoimmune diseases. Sun et al.
identified a 15-circRNA differential expression profile
from the serum exocrine response (9). Our microarray
analysis indicated 195 upregulated and 171 downregulated
plasma circRNAs in the GD patients. Although these
DECs are derived from different tissues, this finding
confirms a crucial role of circRNAs as key molecules in the
pathogenesis of GD.
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To demonstrate the possible role of circRNAs in GD, we
analysed the classification and chromosome distribution
of DECs in patients with GD. Exonic circRNAs accounted
for the majority of the DECs (84.27%), which might be
associated with their function. The exonic circRNA is a
covalently closed continuous loop generated from exons
via back-splicing, utilizing the 3’ and 5’ sites of the same
or upstream exon. This structure makes an exonic circRNA
more inclined to regulate its linear counterpart. The DECs
were predominantly localized to chromosomes 17, 2, and
3. A previous study showed that a chromosome 17 disorder
might induce cell proliferation and differentiation (21).
We speculate that DECs in GD may be involved in the cell
processes of proliferation.

In this study, upregulated DECs accounted for a larger
proportion than downregulated DECs. To explore the
potential function of misregulated circRNAs intuitively,
we screened the top five upregulated circRNAs, and GO
and KEGG analyses were used to detect the potential
mechanisms of these circRNAs’ target genes. The GO
function of these circRNAs was mainly related to the
regulation of cell proliferation and migration, and these
transcripts mainly function on the cell membrane. At the
same time, to determine meaningful pathways, the KEGG
tool was used in pathway analysis, and the results showed
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§ The ceRNA network of hsa_circ_0090364 related
E 3] to JAK-STAT pathway. (A, B, D and E) JAKT mRNA
g and STAT3 mRNA expression are high in the GD
E 29 group and are positively correlated with hsa_
= circ_0090364 expression in Graves' disease
% 1] patients’ PBMCs. (C and F) The relative expression
i levels of JAKT mRNA and STAT3 mRNA after
2 o shRNA-hsa_circ_0090364 or shRNA negative

“@@ ,;oé control (shN) transfection in Jurkat cells. The

43“ results are indicated as the mean + s.o. of three

»4»9 independent experiments; horizontal lines show

the mean (P < 0.05; P < 0.01; P < 0.001).

that these abnormal transcripts are mainly involved in the
JAK-STAT, PI3K-AKT, T cell receptor, and Rap1l signalling
pathways. Song et al. reported that a specifically expressed
protein of thyroid-associated ophthalmopathy patients
was enriched in the JAK-STAT signalling pathway (22).
Egwuagu et al. pointed out that the JAK-STAT signalling
pathway plays a role in Th17 differentiation from naive T
cells (23). The results of these enrichment analyses reveal
that the top five upregulated circRNAs might promote the
pathogenesis of GD through a pro-inflammatory pathway;
however, this hypothesis needs to be confirmed in further
research. Most cytokines accomplish their function
through the JAK-STAT signalling pathway, which was
proven to be the most meaningful pathway in this study.
Therefore, we further explored the circRNAs that might
play a role in the pathogenesis of GD through the JAK-
STAT signalling pathway.

Microarray analysis showed that hsa_circ_0090364
and hsa_circ_0001228 were upregulated in patients with
GD. Pathway analysis revealed that these two circRNAs
might participate in the JAK-STAT signalling pathway.
Hsa_circ_0090364 was verified to be upregulated in
plasma and PBMCs from patients with GD by RT-qPCR.
Further, Pearson correlation analysis suggested that the
expression of hsa_circ_0090364 transcripts in PBMCs was
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positively correlated with that of TRAD. All of these results
indicated that hsa_circ_0090364 may play a role in the
immunological pathogenesis of GD.

To investigate the function of hsa_circ_0090364, loss-
of-function assays were performed in the Jurkat cell line. The
results demonstrated that knockdown of hsa_circ_0090364
inhibited cell proliferation. Further studies showed that
apoptosis was not a factor in promoting cell growth.

CircRNAs act as ‘sponges’, targeting miRNAs to regulate
certain mRNAs, which are related to the mechanism of
some diseases. To further explore the potential molecular
regulatory function of hsa_circ_ 0090364, a ceRNA
network was established. Intriguingly, we found that
hsa_circ_0090364 might bind closely to members of the
hsa-miR-378 family. Dubois-Camacho et al. found that
decreased expression levels of the hsa-miR-378 family
might enhance the expression of cytokines such as IL-33
and could play a pro-inflammatory role in the autoimmune
disease ulcerative colitis (24). GD is an immune-mediated
disease; thus, we speculated that the hsa-miR-378 family
is related to the occurrence and development of GD. In
this study, the expression level of mature hsa-miR-378a-3p
from this miRNA family was validated to be lower in GD
patients and negatively correlated with hsa_circ_0090364
expression. Further experiments confirmed that hsa-miR-
378a-3p expression was upregulated in hsa_circ_0090364-
knockdown Jurkat cells. Together, this evidence suggests
that hsa_circ_0090364 negatively regulates hsa-miR-
378a-3p and that the hsa_circ_0090364-hsa-miR-378a-3p
axis might play a regulatory role in the pathogenesis of GD.
Two mRNAs (IL6ST and IL21R) are downstream genes of the
above circRNA-miRNA axis. All of these mRNAs were related
to the JAK-STAT signalling pathway. IL6ST is a member of
the interleukin-6 cytokine family, which is capable of
forming a complex with IL6 receptor (IL6R) and assists in
IL6R activation, thereby initiating signal transduction
cascades in multiple autoimmune diseases (25, 26, 27). It
has been reported that IL21 binds to IL21R, affecting the
immune system via the JAK-STAT pathway, which plays
an important role in both innate and acquired immunity
(28, 29). Our study showed that IL6ST and IL21R mRNA
expression levels were higher in GD patients and positively
correlated with hsa_circ_0090364 expression. In Jurkat cells
with hsa_circ_0090364 knockdown, the mRNA expression
levels of IL6ST and IL21R were reduced compared with those
of controls. These results suggest that hsa_circ_0090364 may
act as a competitive sponge of the hsa-miR-378 family and
then affect the expression of associated mRNAs. The JAK-
STAT pathway was the key pathway identified in this study,
and we further found that the expression levels of JAK1

and STAT3, key molecules of this pathway, were elevated
in GD and positively correlated with hsa_circ_0090364
expression. Further, the positive correlation between hsa_
circ_0090364 and the JAK-STAT pathway was verified in
cells with hsa_circ_0090364 knockdown.

Our study had some limitations. The number of
samples used could have been higher and the range of
DECs in GD patients could have been further narrowed.
The analyses in this study were confined to the differential
expression profile of circRNAs and the detection of their
ability to act as miRNA sponges; however, the specific
mechanism is still unclear. Future studies should aim for
more functional validation.

Conclusions

Our results suggest that hsa_circ_0090364 may promote
cell proliferation through sponge adsorption and act as a
ceRNA to regulate the JAK-STAT signalling pathway in GD
patients. These findings provide insights into uncovering
themolecular mechanism of GD. In the future, we will focus
on investigating the potential function of dysregulated
circRNAs in GD patients.
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