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Background: No currently available biomarkers or treatment regimens fully meet therapeutic needs of type 1 diabetes mellitus 
(T1DM). Circular RNA (circRNA) is a recently identified class of stable noncoding RNA that have been documented as potential 
biomarkers for various diseases. Our objective was to identify and analyze plasma circRNAs altered in T1DM.
Methods: We used microarray to screen differentially expressed plasma circRNAs in patients with new onset T1DM (n=3) and 
age-/gender-matched healthy controls (n=3). Then, we selected six candidates with highest fold-change and validated them by 
quantitative real-time polymerase chain reaction in independent human cohort samples (n=12). Bioinformatic tools were adopt-
ed to predict putative microRNAs (miRNAs) sponged by these validated circRNAs and their downstream messenger RNAs 
(mRNAs). Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses were performed to 
gain further insights into T1DM pathogenesis. 
Results: We identified 68 differentially expressed circRNAs, with 61 and seven being up- and downregulated respectively. Four of 
the six selected candidates were successfully validated. Curations of their predicted interacting miRNAs revealed critical roles in 
inflammation and pathogenesis of autoimmune disorders. Functional relations were visualized by a circRNA-miRNA-mRNA 
network. GO and KEGG analyses identified multiple inflammation-related processes that could be potentially associated with 
T1DM pathogenesis, including cytokine-cytokine receptor interaction, inflammatory mediator regulation of transient receptor 
potential channels and leukocyte activation involved in immune response.
Conclusion: Our study report, for the first time, a profile of differentially expressed plasma circRNAs in new onset T1DM. Fur-
ther in silico annotations and bioinformatics analyses supported future application of circRNAs as novel biomarkers of T1DM.
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INTRODUCTION

Type 1 diabetes mellitus (T1DM) is a chronic autoimmune dis-
order that is characterized by destruction of insulin-producing 
pancreatic islet β-cells. Although the exact number of individ-
uals with T1DM worldwide is unknown, as many as approxi-

mately 78,000 youths are diagnosed with T1DM each year [1]. 
T1DM can cause serious complications including ketoacidosis, 
kidney failure, heart disease, stroke and blindness. Aside from 
its physical and social burdens, T1DM also incurs an estimated 
economic loss of $14.4 to 14.9 billion merely in the USA [2]. 
As a result, considerable efforts have been devoted to the dis-
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covery of biomarkers for T1DM, such as serum autoantibodies 
against β-cell antigens, HLA genes and several nongenetic 
markers, that are expected to either predict the onset/progres-
sion of T1DM or aid in diagnosing the asymptomatic stage of 
this disease [3]. However, all these biomarkers have major lim-
itations in terms of specificity at risk identification, early diag-
nosis prior to full-blown autoimmunity and assessment of 
therapeutic outcomes [4]. Therefore, it is urgently needed to 
identify novel biomarkers that are associated with initiation 
and progression of T1DM.

Circular RNAs (circRNAs) are a class of non-coding RNA 
transcripts that is characterized by covalent bonding between 
3´ and 5´ ends, generating an unique enclosed structure [5]. 
Although the majority of circRNAs still lack functional signifi-
cance, some are known to regulate gene expression by acting as 
microRNA (miRNA) sponges, nuclear transcription regulators 
and messenger RNA (mRNA) splicing competitors [6]. The 
high biological stability of circRNAs is a prerequisite for their 
usage as clinical biomarkers. Indeed, certain circRNAs are in-
volved in numerous physiological and pathological events, 
such as brain development [7], Alzheimer disease [8], epitheli-
al-to-mesenchymal transition [9], and atherosclerosis [10]. 
Markedly, many circulating circRNAs are differentially ex-
pressed in patients with type 2 diabetes mellitus (T2DM) [11], 
wherein hsa_circ0054633 has been proposed as a diagnostic 
biomarker of pre-diabetes and T2DM [12]. However, the ex-

pression profile and clinical significance of circRNAs in T1DM 
have remained unknown. 

Given the urgent need for novel biomarkers for T1DM and 
the potential diagnostic values of circRNAs, we performed the 
current study to identify differentially expressed plasma cir-
cRNAs and to explore their roles in new onset T1DM. 

METHODS

Human subjects 
This study was reviewed and approved by the Institutional Eth-
ics Review Board of the Second Hospital of Jilin University 
(Approval ID: 2013-009). Written and informed consents were 
obtained from legal guardians of participants in accordance 
with the Declaration of Helsinki. Specifically, six subjects were 
recruited for the microarray study: three patients with newly 
diagnosed T1DM and three age-/gender-matched healthy 
controls (Table 1). For the validation study, we recruited an-
other 12 patients with new-onset T1DM by the same criteria as 
used in microarray and another 12 age-/gender-matched 
healthy controls (Table 1). All participants were Han Chinese 
that aged between 5 to 18 years old. Patients’ state of T1DM 
was determined by the diagnostic criteria from American Dia-
betes Association [13] and by the World Health Organization 
reports on the classification of diabetes [14]. Specifically, they 
were positive for at least one islet autoantibody (glutamic acid 

Table 1. Characteristics and demographics of human participants

Characteristic
Microarray screening qRT-PCR validation

Control (n=3) T1DM (n=3) Control  (n=12) T1DM (n=12)

Age, yr 16 (12–18) 15 (12–17) 12.6 (6–18) 12.8 (5–17)

Gender, female/male 0/3 2/1 6/6 7/5

Disease duration, mo - 3.7±2.1 - 3.0±1.9

HbA1c, % 5.6±0.1 9.7±0.8 5.4±0.4 9.9±1.2

Subjects positive for ≥1 islet Aba 0 3 0 12

Serum C-peptide during OGTT, ng/mLb

   0 min - 0.16±0.15 - 0.19±0.18

   60 min - 0.21±0.18 - 0.39±0.37

   120 min - 0.3±0.41 - 0.54±0.38

Values are presented as median (range) or mean±standard deviation.
qRT-PCR, quantitative real-time polymerase chain reaction; T1DM, type 1 diabetes mellitus; HbA1c, glycosylated hemoglobin; Ab, autoanti-
body; OGTT, oral glucose tolerance test.
aNumber of subjects who were positive for at least 1 of the following islet autoantibodies: glutamic acid decarboxylase autoantibodies (GADA), 
insulinoma associated-2 autoantibodies (IA-2A), and zinc transporter-8 autoantibodies (ZnT8A), bSerum C-peptide were measured 0 (fasting 
level), 60 and 120 minutes during OGTT.
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decarboxylase autoantibodies [GADA], insulinoma associat-
ed-2 autoantibodies [IA-2A], and zinc transporter-8 autoanti-
bodies [ZnT8A]), had little fasting serum C-peptide (mea-
sured by radioimmunoassay), showed complete β-cell loss 
during follow-up visits and required exogenous insulin thera-
py. Diminished secretion capacity of β-cells was confirmed by 
a 2-hour oral glucose tolerance test, whereby patients were 
fasted for at least 10 hours before ingestion of glucose (1.75 g/
kg or a maximum of 75 g of glucose). Blood samples were ob-
tained at 0 (fasting level), 30, 60, and 120 minutes after glucose 
administration for C-peptide measurements. Participants re-
ceiving any types of drug interventions, including nonsteroidal 
anti-inflammatory drugs, disease modifying anti-rheumatic 
drugs, glucocorticoids and immune suppressants, or those 
with severe liver or kidney diseases, were excluded. 

RNA extraction, sample preparation, and microarray 
hybridization
Total RNA was isolated from human plasma using TRIzol LS 
reagent according to manufacturer’s instructions (Invitrogen, 
Carlsbad, CA, USA). Integrity and concentrations of total 
RNA samples were determined by NanoDrop ND-1000 before 
sending to KangChen Biotech (Shanghai, China) to perform 
Arraystar Human circRNA Microarray. All experimental pro-
cedures of microarray were conducted according to a standard 
protocol provided by the company. 

Microarray data analysis
Scanned images were imported into Agilent Feature Extrac-
tion software for raw data extraction. Quantile normalization 
of raw data and subsequent data processing were performed 
using the R software limma package (R Foundation for Statisti-
cal Computing, Vienna, Austria). Fold-change and P value be-
tween T1DM and healthy controls were calculated by ratio of 
group means and t-test, respectively. Differentially expressed 
circRNAs were defined as having fold-change ≥2 and P<0.05, 
and were displayed in volcano plot. Hierarchical clustering was 
also created to visualize patterns of circRNA expression be-
tween T1DM and healthy controls. The raw data supporting 
the conclusions of this manuscript will be made available by 
the authors, without undue reservation, to any qualified re-
searchers.

Prediction of miRNA response elements 
The circRNA:miRNA interaction was predicted with Array-

star’s home-made miRNA target prediction software based on 
TargetScan & miRanda. Differentially expressed circRNAs 
were annotated in detail with the information of their interact-
ing miRNAs.

Quantitative real-time polymerase chain reaction validation
Total plasma RNA (free of RNase treatment) were reversely 
transcribed by SuperScript III reverse transcriptase according 
to the supplier’s protocol (Invitrogen). Then quantitative real-
time polymerase chain reaction (qRT-PCR) was performed on 
ViiA 7 Real-time PCR System machine (Applied Biosystems, 
Foster City, CA, USA) using HieffTM SYBR green assay kit 
(Yeasen, Shanghai, China). Specific divergent primers were de-
signed to amplify the circular transcripts. PCR reaction set-
tings included an initial stage at 95°C for 10 minutes, subse-
quent 40 cycles of 95°C for 10 seconds and 60°C for 60 sec-
onds, and finally melting curve analysis. All the results were 
first normalized to β-actin, quantified by the 2−∆∆Ct method 
and expressed as fold-change over healthy controls. Details of 
all the primers are summarized in Supplementary Table 1.

Construction of the circRNA-miRNA-mRNA network
Downstream mRNAs targeted by circRNA-interacting miR-
NAs were predicted by TargetScan 7.2 software, wherein 
mRNAs with cumulative weighted context++ scores lower 
than –0.4 were selected as putative candidates. To further elu-
cidate relations among the four validated circRNAs, their in-
teracting miRNAs and the predicted downstream mRNAs, a 
circRNA-miRNA-mRNA network was constructed and dis-
played via Cytoscape 3.6.1. For the convenience of viewing, 
only mRNA candidates with higher stringency (cumulative 
weighted context++ scores lower than –0.7) were used to gen-
erate the network. 

GO and KEGG analyses
To further explore functions of those four validated circRNAs, 
their predicted downstream target mRNAs were submitted 
and annotated by the Database for Annotation, Visualization 
and Integrated Discovery bioinformatic tool (DAVID; http://
www.david.abcc.ncifcrf.gov/) for Gene Ontology (GO) enrich-
ment analysis that includes three terms: biological processes 
(BP), cellular component (CC), and molecular function (MF), 
and for the Kyoto Encyclopedia of Genes and Genomes 
(KEGG) analysis that identifies altered pathways potentially 
mediated by dysregulated circRNAs in T1DM. 



Circular RNAs in new onset T1DM

857Diabetes Metab J 2020;44:854-865 https://e-dmj.org

Statistical analysis
Microarray data were first analyzed by t-test, then corrected 
for false discovery rate by Benjamini Hochberg. The qRT-PCR 
validation data were expressed as mean±standard error of the 
mean. Two-tail Student t-test was used for data analysis by 
GraphPad Prism. P<0.05 was considered to be statistically sig-
nificant.

RESULTS

Identification of differentially expressed plasma circRNAs 
by new onset T1DM 
To identify differentially expressed plasma circRNAs, we per-
formed Arraystar Human circRNA Array analysis in three pa-

tients with new onset T1DM and three age-/gender-matched 
healthy controls (Table 1). A total of 8,124 circRNAs were de-
tected (data available upon request). Box plots showed that dis-
tributions of circRNA expression intensities were virtually the 
same across all the six samples after normalization, indicating 
highly comparable datasets with similar global expression pat-
terns (Fig. 1A). Scatter plot provided an overview of circRNAs 
with an absolute fold-change ≥2, which are indicated by data 
points lying beyond the upper and bottom threshold lines 
(Supplementary Fig. 1). Among those circRNAs, 68 were con-
sidered differentially expressed with P<0.05 and are depicted 
in the Volcano plot, wherein 61 and 7 were up- and down-reg-
ulated, respectively (Fig. 1B). These differentially expressed cir-
cRNAs are also detailed in Supplementary Table 2. A heatmap 

Fig. 1. Overview of differentially expressed plasma circular RNAs (circRNAs) identified in patients with newly diagnosed type 1 
diabetes mellitus (T1DM) by microarray. (A) The box plot shows intensity distribution of expressed circRNA across all the sam-
ples after normalization. The central line within each box represents the median of the data, whereas the error bars represent the 
upper and lower quartiles. (B) Volcano plots show differentially expressed plasma circRNAs with fold-change greater than 2 and P 
value less than 0.05 between control and T1DM subjects. The upwards and downwards arrows indicate up- and down-regulated 
circRNA clusters, respectively. (C) Hierarchical cluster analysis (heat map) for visualizing differentially expressed circRNAs, 
wherein red and green colors denote high and low expression levels, respectively. C1-C3, healthy controls; D1-D3, T1DM patients. 
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was constructed to visualize these circRNAs and showed dis-
tinguishable expression patterns between the two groups (Fig. 
1C). Further classification of differential circRNAs based on 
their genomic origins showed that the upregulated circRNAs 
included 85% exonic, 5% intronic, 7% sense overlapping, and 
3% antisense. In contrast, all the downregulated circRNAs were 
exonic (100%) (Fig. 2A). We also summarized distributions of 
differential circRNAs across human chromosomes (Fig. 2B). 
Together, our results demonstrated an altered expression pro-
file of plasma circRNAs during new onset T1DM.

Validation of differentially expressed circRNAs by qRT-PCR
Most of our differentially expressed circRNAs were upregulat-
ed. Besides, changes of all the downregulated ones were less 
significant in terms of fold-change and P values. Therefore, we 
focused on upregulated circRNAs and randomly selected six 
candidates with highest magnitude of fold-change for further 
analysis. We first validated them by qRT-PCR using indepen-

dent plasma samples from another 12 patients with new onset 
T1DM and 12 age-/gender-matched healthy controls (Table 1). 
Intriguingly, four circRNAs (hsa_circRNA_101062, hsa_cir-
cRNA_100332, hsa_circRNA_085129, and hsa_circRNA_ 
103845) were significantly upregulated again, while changes of 
one circRNA (hsa_circRNA_005178) did not reach statistical 
significance (Fig. 3). The other circRNA (hsa_circRNA_059571) 
was under detection (data not shown). Specificity of qPCR 
products was confirmed by electrophoresis that showed a sin-
gle distinct band (Supplementary Fig. 2). In summary, qRT-
PCR validation results demonstrated a good consistency with 
those of microarray, confirming a high reliability of our micro-
array dataset.

Prediction of miRNA response elements in differentially 
expressed circRNAs
CircRNAs interact via intrinsic miRNA response elements 
(MREs) with complementary miRNAs to control the function 

Fig. 2. Classification of differentially expressed circular RNAs (circRNAs). (A) Genomic origins of differentially expressed cir-
cRNAs. (B) Chromosome distribution of differentially expressed circRNAs.
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of target mRNAs. To find these miRNAs, we used Arraystar’s 
homemade miRNA target prediction software based on Tar-
getScan & miRanda to predict circRNA/miRNA interaction. A 
total of 340 MREs (five per circRNA) were identified within all 
differential circRNAs (Supplementary Table 3). Then we fo-
cused on the four experimentally validated circRNAs to fur-
ther explore their biological functions. Their most likely 20 
complementary miRNAs are summarized in Supplementary 
Table 4. Detailed annotation of circRNA/miRNA interaction 
included depicted MRE sequence, the target miRNA seed type 
and 3’ pairing sequence in “2D structure” column. The “local 
AU” column presented compositions of A/U (red bars) and G/
C (black bars) contents of 30 nucleotides upstream and down-
stream of the seed sequence. Height of the bars indicated ex-
tent of accessibility. The “Position” column showed position of 
MREs in the linear form of circRNA (Supplementary Figs 3 

and 4). Remarkably, literature-based curation revealed a num-
ber of these predicted miRNAs to be implicated in normal im-
mune response and/or pathogenesis of other autoimmune dis-
eases (Supplementary Table 5), many of which share co-mor-
bidity with T1DM. In summary, our results supported a tight 
association of these differential circRNAs with the pathogene-
sis of T1DM. 

Construction of circRNA-miRNA-mRNA network
To better understand functions of the four validated circRNAs, 
using TargetScan 7.2 program we predicted the downstream 
targets of their complementary miRNAs and identified a total 
of 1,827 unique mRNAs (Data available upon request). Then, a 
circRNA-miRNA-mRNA network was constructed to reveal 
the relations among validated circRNAs, miRNAs and repre-
sentative target mRNAs (Fig. 4). Markedly, hsa-miR-660-3p 

Fig. 3. Verification of microarray data by quantitative real-time polymerase chain reaction. Using independent human samples, 
our results confirmed that hsa_circular RNA (circRNA)_085129 (A), hsa_circRNA_100332 (B), hsa_circRNA_101062 (C) and 
hsa_circRNA_103845 (D) were all upregulated in type 1 diabetes mellitus (T1DM). However, expression of hsa_circRNA_ 
005178 (E) remained unchanged. circRNA, circular RNA. Data are expressed as fold-change over healthy controls and represent-
ed as the mean±standard error (n=12). NS, not significant. aStatistically significant difference (P<0.05), bStatistically significant 
difference (P<0.01).
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had the largest number of downstream target genes and hsa-
miR-612 exhibited the most interactions with other circRNA 
clusters, suggesting that hsa_circRNA_101062 may serve as a 
hub regulator in the network by acting upstream of these two 
miRNAs. 

GO and KEGG pathway analyses 
To further explore the significance of our microarray data, we 
performed GO and KEGG analysis using the 1,827 predicted 
target mRNAs. For GO analysis, results were sorted by enrich-
ment scores and top five terms of each category (BP, CC, MF) 
were displayed (Fig. 5A). Specifically, the top five enriched 
terms of BP analysis included positive regulation of protein in-
sertion into mitochondrial membrane involved in apoptotic 
signaling pathway, exocytosis, axon extension involved in axon 

guidance, negative regulation of proteasomal protein catabolic 
process and leukocyte activation involved in immune re-
sponse. The CC analysis suggested actomyosin, condensed 
chromosome kinetochore, cell junction, integral component of 
mitochondrial inner membrane and integral component of 
synaptic vesicle membrane as the top five enriched terms. In 
MF analysis, protein binding, phosphatidylinositol-4-phos-
phate binding, phosphatidylinositol-5-phosphate binding, be-
ta-catenin binding and phosphatidylinositol-3-phosphate 
binding were identified as the top five enriched terms. For 
KEGG analysis, results were ranked according to their enrich-
ment scores and the top 10 pathways were listed (Fig. 5B), 
among which cytokine-cytokine receptor interaction, GAB-
Aergic synapse, retrograde endocannabinoid signaling, Wnt 
signaling pathway and influenza A were the top five pathways. 

Fig. 4. The circular RNA (circRNA)-microRNA (miRNA)-messenger RNA (mRNA) network for the validated four circRNAs. 
Each circRNA interacts with its five miRNA response elements (MREs) and representative downstream mRNAs. For the conve-
nience of visualization, only mRNAs with cumulative weighted context++ score no more than –0.7 were included. Specifically, 
hsa-miR-660-3p had the largest number of downstream target genes and hsa-miR-5189-5p exhibited the most interactions with 
other circRNA clusters. Red diamonds, circRNAs. Blue squares, miRNAs. Green ovals, mRNAs.
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Importantly, we identified cytokine-cytokine receptor interac-
tion as the most significantly altered pathway that is critical for 
pathogenesis of T1DM [15]. Overall, functional annotations 
revealed possible mechanisms underlying the inflammatory 
state of T1DM and supported the use of our differentially ex-
pressed circRNAs as potential diagnostic biomarkers.

DISCUSSION

T1DM still remains as a dreadful threat to human health with 
a continually rising prevalence worldwide, despite enormous 
efforts dedicated for the search of therapeutic strategies. To 

better understand the precise mechanisms underlying T1DM 
and to promote discovery of novel biomarkers, here we studied 
the differential expression profile of plasma circRNAs via mi-
croarray in patients with new onset T1DM and healthy con-
trols. Specifically, we detected a total of 8,214 distinct cir-
cRNAs, out of which 68 were considered significantly altered 
by T1DM, with 61 and seven being up- and down-regulated, 
respectively. Next, four upregulated circRNAs with highest 
magnitude of fold-change (hsa_circRNA_101062, hsa_cir-
cRNA_100332, hsa_circRNA_085129, and hsa_circRNA_ 
103845) were confirmed by qRT-PCR in independent human 
plasma samples. Functional annotations by GO and KEGG 

Fig. 5. Gene Ontology (GO) enrichment and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis using pre-
dicted target messenger RNAs (mRNAs) of validated four circular RNA (circRNA). (A) GO enrichment analysis comprises three 
categories: biological process (in blue), cellular component (in green) and molecular function (in orange). Top five terms of each 
category are displayed. (B) KEGG pathway analysis shows top 10 terms that may be involved in the regulatory network mediated 
by differentially expressed circRNAs in type 1 diabetes mellitus.
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pathway analyses provided novel insights to better understand 
the pathogenesis of T1DM. To our knowledge, this is the first 
report demonstrating a differential expression profile of plas-
ma circRNAs that are potentially associated with the onset of 
T1DM. 

Since circRNAs function as sponges to sequester comple-
mentary miRNAs [5], we performed literature-based curation 
on the 20 predicted complimentary miRNAs (Supplementary 
Table 5) and revealed many of them to be implicated in normal 
immune responses and pathogenesis of several autoimmune 
diseases [16-19]. For example, hsa-miR-892a targeted by hsa_
circRNA_100332, is downregulated in CD4+ T cells during the 
inflammatory transition from latent to active tuberculosis [20]. 
Moreover, hsa-miR-145-5p targeted by hsa_circRNA_085129, 
ameliorates the inflammatory status of macrophages by inhib-
iting secretion of inflammatory factors [21]. Finally, hsa-miR-
127-3p targeted by hsa_circRNA_103845, is downregulated by 
lipopolysaccharide (LPS) and may participate in LPS-triggered 
development of T1DM [22]. Therefore, our observed upregu-
lation of all the upstream circRNAs predicts a pro-inflamma-
tory state that potentially underlies etiology of T1DM. 

Interestingly, many of the predicted complimentary miR-
NAs are potentially associated with other autoimmune disor-
ders that share strong comorbidities with T1DM. One example 
of such disorders is celiac disease wherein hsa-miR-212-5p, 
hsa-miR-26b-3p, hsa-miR-145-5p, and hsa-miR-432-5p are all 
dysregulated. Furthermore, hsa-miR-200c-5p, hsa-miR-145-
5p, hsa-miR-769-3p, and hsa-miR-127-3p are all implicated in 
the development of inflammatory bowel disease. Previous 
studies showed that hsa-miR-892a is dysregulated in rheuma-
toid arthritis [23], and that hsa-miR-493-5p and hsa-miR-145-
5p are proposed as biomarkers for multiple sclerosis [24]. Fi-
nally, islet specific miRNAs such as hsa-miR-493-5p and hsa-
miR-127-3p are tightly associated with insulin biosynthesis 
and secretion. In keep, our findings predicted these two miR-
NAs to be inhibited, possibly reflecting a destruction state of 
β-cells in the context of T1DM. In summary, our findings are 
consistent with the theory that T1DM is frequently associated 
with other organ-specific autoimmune diseases [25].

Two of the complementary miRNAs, hsa-miR-432-5p and 
hsa-miR-145-5p, were predicted to be sponged by hsa_cir-
cRNA_103845 and hsa_circRNA_085129, respectively. Conse-
quent inhibition of these two miRNAs seems paradoxically to 
ameliorate the overt inflammatory status in T1DM by reduc-
ing production of inflammatory cytokines [26,27]. This dis-

crepancy may be partially explained by the fact that different 
sample sources were analyzed in each study. Indeed, we used 
human plasma samples whereas one of the contradictory stud-
ies used THP-1 monocyte cell line [27]. Alternatively, cyto-
kines stimulated by these two miRNAs may regulate (i.e., sup-
press) autoimmune responses that would otherwise result in 
β-cell destruction. In all, the exact role of hsa-miR-432-5p and 
hsa-miR-145-5p in the pathogenesis of T1DM remains unde-
termined and warrants further investigation.

Our results do not exclude the possibility that circRNAs ex-
ert their diabetogenic effects in an miRNA sponge-indepen-
dent manner. In fact, only a few reported candidate circRNAs 
might function as miRNA sponges, not to mention none of 
them has yet been validated. Some circRNAs can regulate gene 
expression by affecting transcription [5]. For example, some 
nuclear circRNAs interact with the elongating Pol II complex 
and promotes Pol II-dependent transcription of ankyrin repeat 
domain 52 (ANKRD52) and sirtuin 7 (SIRT7) genes. Another 
potential function of circRNAs could be to compete with 
mRNA splicing, as in the case of muscleblind (MBL) gene. Un-
fortunately, direct evidence for the regulatory effect of circRNA 
on T1DM still lacks.

The biological functions of our four validated circRNAs were 
predicted by GO and KEGG pathway analyses through inter-
rogating downstream mRNAs (data available upon request), 
which were targeted by the 20 complementary miRNAs. Iden-
tified among the top GO terms were mitochondria-dependent 
apoptotic pathway (BP term) and integral component of mito-
chondrial inner membrane (CC term), supporting the hypoth-
esis that mitochondria-mediated apoptosis is the main mode 
of β-cell death in the early stage of T1DM [28]. Besides, bind-
ing of multiple phosphoinositides, such as phosphatidylinosi-
tol-4-phosphate, phosphatidylinositol-5-phosphate and phos-
phatidylinositol-3-phosphate, were identified as top MF terms. 
These findings agree with phosphoinositides as required stim-
uli of novel protein kinase C isoforms (δ, ε, ζ, θ) to promote 
activation of immune cells and subsequent development of au-
toimmune diseases [29-32]. Notably, we identified beta-catenin 
binding among the top GO MF terms and concomitantly Wnt 
signaling pathway as one of the top dysregulated KEGG path-
ways. Therefore, our findings are consistent with the reported 
modulatory role of Wnt/β-catenin signaling in inflammatory 
responses and autoimmunity [33,34]. 

Several significantly enriched GO terms and KEGG path-
ways are closely related to immune functions, such as cyto-
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kine-cytokine receptor interaction, inflammatory mediator 
regulation of transient receptor potential (TRP) channels and 
leukocyte activation involved in immune response. Indeed, a 
variety of cytokines are highly expressed in the insulitis lesion 
of autoimmune diabetes-prone rodent models, as well as in the 
pancreas of humans with T1DM [15]. Previous studies showed 
that some TRP channels regulate multiple biological functions 
such as insulin secretion out of pancreatic beta cells, neu-
rotransmitter release and ion homeostasis, and are implicated 
in many inflammatory (autoimmune) diseases [35,36]. Mark-
edly, as the key regulator of autoimmune diseases, activated 
leukocytes are dominant in the initiation and progression of 
T1DM [37]. This stage of T1DM, characterized by β-cell de-
struction mediated by infiltrating T cells, can persist long be-
fore overt hyperglycemia occurs. Therefore, our differential 
circRNAs may represent such scenario and serve as potential 
biomarkers to diagnose this asymptomatic stage. Taken to-
gether, GO and KEGG annotations revealed possible mecha-
nisms underlying the autoimmune nature of T1DM and cor-
roborated circRNA-mediated regulatory network in the patho-
genesis of T1DM.

In conclusion, we report for the first time a differential ex-
pression profile of plasma circRNA between patients with new 
onset T1DM and healthy controls. Bioinformatics analyses 
predicted downstream targets of validated circRNAs and re-
vealed possible mechanisms associated with T1DM pathogen-
esis. Study of circRNAs in body fluids such as peripheral blood 
is crucial for discovering novel biomarkers noninvasively for 
T1DM diagnosis and treatment. Hence, our findings carry sig-
nificant clinical benefits for the care of T1DM patients. How-
ever, one limitation of the current study is the lack of systemat-
ic investigation of their function experimentally. Also, we ad-
mit the association between our candidate circRNAs and stage 
1 or 2 pre-symptomatic T1DM awaits exploration [38]. Thus, 
future studies, both in vivo and in vitro, are urgently needed to 
elucidate function of differential circRNAs during the initia-
tion and progression of T1DM, eventually aiding with disease 
early prediction as well as conceptualization of therapeutic in-
terventions. 
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Supplementary Table 1. Sequences of quantitative real-time polymerase chain reaction 
primers for validation experiments

Gene names Primer sequence Temperature, 
°C

Product length, 
bp

β-Actin (ACTB) F: GTGGCCGAGGACTTTGATTG 60   73

R: CCTGTAACAACGCATCTCATATT

hsa_circRNA_085129 F: TGAGAGTGAAAGGCGTGTTCC 60 114

R: AAAGTCCCCATCAATACAGGCT

hsa_circRNA_103845 F: CCATCCATCAACAAAGCCA 60   90

R: CTGGGCTGGTCATGGGAT

hsa_circRNA_101062 F: GTTTGCCCAGGAACAGGAGGTG 60 113

R: TGCTTCTGCCGCTTCAGGATG

hsa_circRNA_100332 F: AGATTCCCTAACCTCAACCAGA 60   89

R: CGAATGTTCTTGCCACCTGC
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Supplementary Table 2. List of differentially expressed plasma circRNAs identified in T1DM by microarray

circRNA Regulation Fold-change P value FDR Chromosome Type Gene symbol

hsa_circRNA_059571 Up 3.84 0.000153 0.216501 chr20 Exonic RALGAPA2

hsa_circRNA_101062 Up 3.78 0.008856 0.379897 chr12 Exonic CSRNP2

hsa_circRNA_050263 Up 3.78 0.038728 0.430995 chr19 Exonic ATP13A1

hsa_circRNA_100332 Up 3.66 0.017127 0.385583 chr1 Exonic PIP5K1A

hsa_circRNA_085129 Up 3.57 0.006404 0.356814 chr8 Exonic ANKRD46

hsa_circRNA_400229 Up 3.57 0.014918 0.385583 chr1 Exonic OSBPL9

hsa_circRNA_005178 Up 3.50 0.039998 0.432337 chr14 Exonic CDC42BPB

hsa_circRNA_103845 Up 3.41 0.047961 0.442261 chr5 Exonic PDE4D

hsa_circRNA_406276 Up 3.29 0.016040 0.385583 chr3 Exonic PFKFB4

hsa_circRNA_104480 Up 3.19 0.018735 0.385583 chr7 Exonic NRF1

hsa_circRNA_100197 Up 3.11 0.014214 0.385583 chr1 Exonic ERI3

hsa_circRNA_101089 Up 3.05 0.001149 0.268093 chr12 Exonic MARS

hsa_circRNA_101018 Up 3.03 0.011160 0.379897 chr12 Exonic ATF7IP

hsa_circRNA_083530 Up 2.94 0.012537 0.383331 chr8 Exonic XPO7

hsa_circRNA_101175 Up 2.87 0.008487 0.379897 chr12 Exonic RNF10

hsa_circRNA_000336 Up 2.79 0.000893 0.268093 chr11 Exonic CPT1A

hsa_circRNA_077582 Up 2.78 0.003337 0.318927 chr6 Exonic CD164

hsa_circRNA_103567 Up 2.70 0.010986 0.379897 chr3 Exonic DLG1

hsa_circRNA_009012 Up 2.62 0.000409 0.216501 chr7 Sense overlapping STX1A

hsa_circRNA_028904 Up 2.62 0.006211 0.356814 chr12 Exonic RNF10

hsa_circRNA_402893 Up 2.56 0.010260 0.379897 chr3 Exonic PTPRG

hsa_circRNA_001594 Up 2.54 0.006861 0.368864 chr3 Antisense PXYLP1

hsa_circRNA_102899 Up 2.51 0.017395 0.385583 chr2 Exonic PARD3B

hsa_circRNA_001229 Up 2.49 0.000439 0.216501 chr22 Sense overlapping NOL12

hsa_circRNA_404474 Up 2.44 0.014337 0.385583 chr1 Exonic TRIM62

hsa_circRNA_091000 Up 2.44 0.027598 0.415878 chrX Exonic NONO

hsa_circRNA_016661 Up 2.43 0.006985 0.368864 chr1 Exonic ENAH

hsa_circRNA_102070 Up 2.42 0.028919 0.415917 chr17 Exonic NT5C3B

hsa_circRNA_031210 Up 2.38 0.000560 0.216501 chr14 Exonic DAD1

hsa_circRNA_000590 Up 2.36 0.000584 0.216501 chr15 Sense overlapping SLC12A6

hsa_circRNA_103126 Up 2.36 0.011317 0.379897 chr21 Exonic PIGP

hsa_circRNA_400230 Up 2.29 0.047723 0.442261 chr1 Exonic NRD1

hsa_circRNA_103356 Up 2.24 0.010939 0.379897 chr3 Exonic SMARCC1

hsa_circRNA_103355 Up 2.24 0.009381 0.379897 chr3 Exonic SMARCC1

hsa_circRNA_103445 Up 2.21 0.023082 0.404967 chr3 Exonic HGD

hsa_circRNA_100844 Up 2.21 0.014630 0.385583 chr11 Exonic RTN3

hsa_circRNA_100387 Up 2.19 0.002648 0.318674 chr1 Exonic PRRC2C

hsa_circRNA_000585 Up 2.18 0.001283 0.268093 chr14 Sense overlapping RPPH1

hsa_circRNA_103582 Up 2.18 0.000457 0.216501 chr4 Exonic WHSC1

(Continued to the next page)
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circRNA Regulation Fold-change P value FDR Chromosome Type Gene symbol

hsa_circRNA_020068 Up 2.18 0.028325 0.415917 chr10 Exonic ABLIM1

hsa_circRNA_100789 Up 2.17 0.009954 0.379897 chr11 Exonic CAPRIN1

hsa_circRNA_404736 Up 2.16 0.020464 0.391289 chr10 Antisense KIAA1462

hsa_circRNA_100787 Up 2.15 0.012637 0.383331 chr11 Exonic CAPRIN1

hsa_circRNA_103220 Up 2.14 0.010592 0.379897 chr22 Exonic CSNK1E

hsa_circRNA_000554 Up 2.14 0.018153 0.385583 chr12 Intronic PRB4

hsa_circRNA_004090 Up 2.14 0.031267 0.416803 chr17 Exonic TRIM37

hsa_circRNA_100775 Up 2.12 0.018738 0.385583 chr11 Exonic MPPED2

hsa_circRNA_101078 Up 2.12 0.016525 0.385583 chr12 Exonic CS

hsa_circRNA_102781 Up 2.09 0.002735 0.318674 chr2 Exonic DKFZp667P0924

hsa_circRNA_022920 Up 2.09 0.005341 0.352757 chr11 Exonic FIBP

hsa_circRNA_406839 Up 2.09 0.001671 0.268093 chr6 Intronic NCOA7

hsa_circRNA_089921 Up 2.08 0.009127 0.379897 chrX Exonic PIR

hsa_circRNA_102817 Up 2.08 0.020459 0.391289 chr2 Exonic SAP130

hsa_circRNA_100790 Up 2.08 0.010117 0.379897 chr11 Exonic CAPRIN1

hsa_circRNA_405614 Up 2.07 0.014171 0.385583 chr17 Exonic MED13

hsa_circRNA_101026 Up 2.06 0.011626 0.379897 chr12 Exonic RASSF8

hsa_circRNA_063408 Up 2.03 0.033539 0.417038 chr22 Exonic TNRC6B

hsa_circRNA_104169 Up 2.03 0.018559 0.385583 chr6 Exonic SOBP

hsa_circRNA_404779 Up 2.02 0.009898 0.379897 chr10 Exonic KAT6B

hsa_circRNA_400089 Up 2.01 0.013760 0.385583 chr6 Intronic ITPR3

hsa_circRNA_005310 Up 2.00 0.010914 0.379897 chr12 Exonic SBNO1

hsa_circRNA_045308 Down 2.61 0.038322 0.429702 chr17 Exonic CEP95

hsa_circRNA_007221 Down 2.34 0.049739 0.444564 chr10 Exonic USP54

hsa_circRNA_102993 Down 2.18 0.047826 0.442261 chr20 Exonic CDS2

hsa_circRNA_042079 Down 2.18 0.044258 0.441855 chr17 Exonic GAS7

hsa_circRNA_003806 Down 2.16 0.044245 0.441855 chr3 Exonic VGLL3

hsa_circRNA_008587 Down 2.09 0.024427 0.411248 chr8 Exonic LOC101929709

hsa_circRNA_022602 Down 2.08 0.045150 0.442261 chr11 Exonic RTN3

circRNA, circular RNA; T1DM, type 1 diabetes mellitus; FDR, false discovery rate.

Supplementary Table 2. Continued
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Supplementary Table 3. List of all the differentially expressed circRNAs and their interacting MREs

circRNA Regulation Fold-
change MRE1 MRE2 MRE3 MRE4 MRE5

hsa_circRNA_059571 Up 3.84 hsa-miR-4436b-5p hsa-miR-4748 hsa-miR-4464 hsa-miR-511-5p hsa-miR-103a-2-5p

hsa_circRNA_101062 Up 3.78 hsa-miR-612 hsa-miR-212-5p hsa-miR-764 hsa-let-7f-2-3p hsa-miR-660-3p

hsa_circRNA_050263 Up 3.78 hsa-miR-4799-3p hsa-miR-324-5p hsa-miR-4538 hsa-miR-1226-5p hsa-miR-4642

hsa_circRNA_100332 Up 3.66 hsa-miR-892a hsa-miR-216a-3p hsa-miR-302c-3p hsa-miR-493-5p hsa-miR-200c-5p

hsa_circRNA_085129 Up 3.57 hsa-miR-6780a-3p hsa-miR-1266-3p hsa-miR-26b-3p hsa-miR-145-5p hsa-miR-370-3p

hsa_circRNA_400229 Up 3.57 hsa-miR-6868-3p hsa-miR-1237-3p hsa-miR-6792-3p hsa-miR-7844-5p hsa-miR-508-3p

hsa_circRNA_005178 Up 3.50 hsa-miR-127-5p hsa-miR-8082 hsa-miR-29b-3p hsa-miR-2052 hsa-miR-6500-3p

hsa_circRNA_103845 Up 3.41 hsa-miR-432-5p hsa-miR-769-3p hsa-miR-545-3p hsa-miR-127-3p hsa-miR-1185-2-3p

hsa_circRNA_406276 Up 3.29 hsa-miR-541-3p hsa-miR-4495 hsa-miR-4668-5p hsa-miR-193a-3p hsa-miR-3120-5p

hsa_circRNA_104480 Up 3.19 hsa-miR-492 hsa-miR-744-3p hsa-miR-1301-3p hsa-miR-22-3p hsa-miR-423-3p

hsa_circRNA_100197 Up 3.11 hsa-miR-548a-5p hsa-miR-383-3p hsa-miR-559 hsa-miR-149-3p hsa-miR-140-3p

hsa_circRNA_101089 Up 3.05 hsa-miR-641 hsa-miR-92a-2-5p hsa-miR-149-3p hsa-miR-637 hsa-miR-367-5p

hsa_circRNA_101018 Up 3.03 hsa-miR-338-3p hsa-miR-1271-3p hsa-miR-489-3p hsa-miR-582-5p hsa-miR-508-5p

hsa_circRNA_083530 Up 2.94 hsa-miR-431-3p hsa-miR-4672 hsa-miR-3671 hsa-miR-4793-3p hsa-miR-4728-3p

hsa_circRNA_101175 Up 2.87 hsa-miR-374a-3p hsa-miR-124-5p hsa-miR-181b-5p hsa-miR-181d-5p hsa-miR-125b-1-3p

hsa_circRNA_000336 Up 2.79 hsa-miR-5699-3p hsa-miR-1343-3p hsa-miR-6818-3p hsa-miR-1193 hsa-miR-1226-5p

hsa_circRNA_077582 Up 2.78 hsa-miR-6878-5p hsa-miR-335-5p hsa-miR-4496 hsa-miR-3145-3p hsa-miR-548aq-5p

hsa_circRNA_103567 Up 2.70 hsa-miR-211-3p hsa-miR-765 hsa-miR-214-3p hsa-miR-630 hsa-miR-580-3p

hsa_circRNA_009012 Up 2.62 hsa-miR-6883-5p hsa-miR-762 hsa-miR-6756-5p hsa-miR-4763-3p hsa-miR-6785-5p

hsa_circRNA_028904 Up 2.62 hsa-miR-6867-3p hsa-miR-374a-3p hsa-miR-3618 hsa-miR-181d-5p hsa-miR-181b-5p

hsa_circRNA_402893 Up 2.56 hsa-miR-6868-3p hsa-miR-5196-3p hsa-miR-8075 hsa-miR-6803-5p hsa-miR-6756-5p

hsa_circRNA_001594 Up 2.54 hsa-miR-17-3p hsa-miR-412-3p hsa-miR-450a-2-3p hsa-miR-212-5p hsa-miR-346

hsa_circRNA_102899 Up 2.51 hsa-miR-432-3p hsa-miR-203a-5p hsa-miR-539-3p hsa-miR-487a-3p hsa-miR-367-3p

hsa_circRNA_001229 Up 2.49 hsa-miR-6734-5p hsa-miR-4728-5p hsa-miR-3175 hsa-miR-6770-5p hsa-miR-6878-5p

hsa_circRNA_404474 Up 2.44 hsa-miR-6743-3p hsa-miR-3157-5p hsa-miR-1205 hsa-miR-378h hsa-miR-5009-5p

hsa_circRNA_091000 Up 2.44 hsa-miR-197-5p hsa-miR-103a-2-5p hsa-miR-4778-3p hsa-miR-7851-3p hsa-miR-4436b-5p

hsa_circRNA_016661 Up 2.43 hsa-miR-4642 hsa-miR-5187-3p hsa-miR-183-5p hsa-miR-891a-3p hsa-miR-7152-5p

hsa_circRNA_102070 Up 2.42 hsa-miR-144-5p hsa-miR-493-3p hsa-miR-206 hsa-miR-670-5p hsa-miR-365a-3p

hsa_circRNA_031210 Up 2.38 hsa-miR-330-5p hsa-miR-4668-3p hsa-miR-326 hsa-miR-4742-5p hsa-miR-3174

hsa_circRNA_000590 Up 2.36 hsa-miR-6768-5p hsa-miR-24-3p hsa-let-7g-3p hsa-miR-511-3p hsa-miR-30e-3p

hsa_circRNA_103126 Up 2.36 hsa-let-7b-5p hsa-let-7d-5p hsa-let-7a-5p hsa-let-7e-5p hsa-let-7i-5p

hsa_circRNA_400230 Up 2.29 hsa-miR-16-2-3p hsa-miR-5197-3p hsa-miR-676-5p hsa-miR-32-3p hsa-miR-421

hsa_circRNA_103356 Up 2.24 hsa-miR-103a-2-5p hsa-miR-29b-1-5p hsa-miR-136-5p hsa-miR-17-3p hsa-miR-1271-3p

hsa_circRNA_103355 Up 2.24 hsa-miR-136-5p hsa-miR-1468-5p hsa-miR-335-3p hsa-miR-138-5p hsa-miR-103a-2-5p

hsa_circRNA_103445 Up 2.21 hsa-miR-202-5p hsa-miR-764 hsa-miR-330-3p hsa-miR-34a-3p hsa-miR-1468-3p

hsa_circRNA_100844 Up 2.21 hsa-miR-320a hsa-miR-320b hsa-miR-497-3p hsa-miR-22-3p hsa-miR-98-5p

hsa_circRNA_100387 Up 2.19 hsa-miR-32-3p hsa-miR-148b-5p hsa-miR-146a-3p hsa-miR-1298-3p hsa-miR-450a-1-3p

hsa_circRNA_000585 Up 2.18 hsa-miR-330-5p hsa-miR-328-3p hsa-miR-127-5p hsa-miR-326 hsa-miR-615-5p

hsa_circRNA_103582 Up 2.18 hsa-miR-130b-5p hsa-miR-491-3p hsa-miR-136-5p hsa-miR-543 hsa-miR-199b-5p

hsa_circRNA_020068 Up 2.18 hsa-miR-6731-5p hsa-miR-8085 hsa-miR-8089 hsa-miR-8082 hsa-miR-4534

(Continued to the next page)
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circRNA Regulation Fold-
change MRE1 MRE2 MRE3 MRE4 MRE5

hsa_circRNA_100789 Up 2.17 hsa-miR-873-5p hsa-miR-20b-3p hsa-miR-649 hsa-miR-150-3p hsa-miR-133a-5p

hsa_circRNA_404736 Up 2.16 hsa-miR-1207-3p hsa-miR-5689 hsa-miR-6131 hsa-miR-7152-3p hsa-miR-3912-5p

hsa_circRNA_100787 Up 2.15 hsa-miR-873-5p hsa-miR-20b-3p hsa-miR-20a-3p hsa-miR-649 hsa-miR-1296-3p

hsa_circRNA_103220 Up 2.14 hsa-miR-494-5p hsa-miR-431-3p hsa-miR-210-5p hsa-miR-647 hsa-miR-578

hsa_circRNA_000554 Up 2.14 hsa-miR-153-5p hsa-miR-619-5p hsa-miR-29b-2-5p hsa-miR-329-5p hsa-miR-635

hsa_circRNA_004090 Up 2.14 hsa-miR-654-3p hsa-miR-6738-3p hsa-miR-6807-3p hsa-miR-6509-3p hsa-miR-20b-5p

hsa_circRNA_100775 Up 2.12 hsa-miR-574-5p hsa-miR-452-5p hsa-miR-145-3p hsa-miR-29b-1-5p hsa-miR-553

hsa_circRNA_101078 Up 2.12 hsa-miR-18a-3p hsa-miR-190a-5p hsa-miR-382-5p hsa-miR-450a-5p hsa-miR-624-3p

hsa_circRNA_102781 Up 2.09 hsa-miR-539-5p hsa-miR-142-3p hsa-miR-500a-5p hsa-miR-642a-3p hsa-miR-544a

hsa_circRNA_022920 Up 2.09 hsa-miR-650 hsa-miR-6718-5p hsa-miR-602 hsa-miR-3612 hsa-miR-6840-5p

hsa_circRNA_406839 Up 2.09 hsa-miR-5696 hsa-miR-205-5p hsa-miR-4668-3p hsa-miR-6854-5p hsa-miR-3671

hsa_circRNA_089921 Up 2.08 hsa-miR-4653-5p hsa-miR-3921 hsa-miR-4303 hsa-miR-6783-3p hsa-miR-6837-3p

hsa_circRNA_102817 Up 2.08 hsa-miR-331-5p hsa-miR-298 hsa-miR-296-3p hsa-miR-30c-1-3p hsa-miR-588

hsa_circRNA_100790 Up 2.08 hsa-miR-20b-3p hsa-miR-150-3p hsa-miR-133a-5p hsa-miR-509-3p hsa-miR-485-5p

hsa_circRNA_405614 Up 2.07 hsa-miR-6782-5p hsa-miR-3936 hsa-miR-4760-3p hsa-miR-325 hsa-miR-337-3p

hsa_circRNA_101026 Up 2.06 hsa-miR-30a-3p hsa-miR-136-5p hsa-miR-138-2-3p hsa-miR-660-3p hsa-miR-511-5p

hsa_circRNA_063408 Up 2.03 hsa-miR-361-3p hsa-miR-4667-3p hsa-miR-3679-3p hsa-miR-6881-3p hsa-miR-1236-3p

hsa_circRNA_104169 Up 2.03 hsa-miR-501-5p hsa-miR-186-5p hsa-miR-141-3p hsa-miR-200a-3p hsa-miR-125a-3p

hsa_circRNA_404779 Up 2.02 hsa-miR-7847-3p hsa-miR-6832-3p hsa-miR-204-5p hsa-miR-211-5p hsa-miR-6880-5p

hsa_circRNA_400089 Up 2.01 hsa-miR-378a-3p hsa-miR-422a hsa-miR-15a-3p hsa-miR-378d hsa-miR-205-3p

hsa_circRNA_005310 Up 2.00 hsa-miR-7161-3p hsa-miR-371b-3p hsa-miR-4423-5p hsa-miR-510-5p hsa-miR-3942-3p

hsa_circRNA_045308 Down 2.61 hsa-miR-939-5p hsa-miR-676-3p hsa-miR-516a-3p hsa-miR-516b-3p hsa-miR-2467-5p

hsa_circRNA_007221 Down 2.34 hsa-miR-4677-5p hsa-miR-103a-2-5p hsa-miR-4482-3p hsa-miR-1305 hsa-miR-3614-3p

hsa_circRNA_102993 Down 2.18 hsa-miR-877-5p hsa-miR-422a hsa-miR-524-3p hsa-miR-651-3p hsa-miR-624-5p

hsa_circRNA_042079 Down 2.18 hsa-miR-6868-3p hsa-miR-199a-3p hsa-miR-199b-3p hsa-miR-148a-5p hsa-miR-1180-3p

hsa_circRNA_003806 Down 2.16 hsa-miR-3619-5p hsa-miR-5001-5p hsa-miR-608 hsa-miR-6798-5p hsa-miR-6722-3p

hsa_circRNA_008587 Down 2.09 hsa-miR-1248 hsa-miR-6738-3p hsa-miR-6744-3p hsa-miR-6847-5p hsa-miR-761

hsa_circRNA_022602 Down 2.08 hsa-miR-4646-5p hsa-miR-6844 hsa-miR-4778-3p hsa-miR-3140-3p hsa-miR-6885-3p

circRNA, circular RNA; MRE, microRNA (miRNA) response element.

Supplementary Table 3. Continued
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Supplementary Table 4. The predicted miRNA-binding elements within validated circRNAs

circRNA Regulation Fold-
change MRE1 MRE2 MRE3 MRE4 MRE5

hsa_circRNA_101062 Up 3.78 hsa-miR-612 hsa-miR-212-5p hsa-miR-764 hsa-let-7f-2-3p hsa-miR-660-3p

hsa_circRNA_100332 Up 3.66 hsa-miR-892a hsa-miR-216a-3p hsa-miR-302c-3p hsa-miR-493-5p hsa-miR-200c-5p

hsa_circRNA_085129 Up 3.57 hsa-miR-6780a-3p hsa-miR-1266-3p hsa-miR-26b-3p hsa-miR-145-5p hsa-miR-370-3p

hsa_circRNA_103845 Up 3.41 hsa-miR-432-5p hsa-miR-769-3p hsa-miR-545-3p hsa-miR-127-3p hsa-miR-1185-2-3p

miRNA, microRNA; circRNA, circular RNA; MRE, miRNA response element. 
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Supplementary Table 5. Role of predicted miRNAs in normal immune response and pathogenesis of other autoimmune diseases

miRNA Expression tissue/
cell type

Documented or postulated immune function
References

Normal immune response Autoimmune disease

hsa-miR-612 - - Located within known T1DM  
susceptibility loci

[1]

hsa-miR-212-5p Small intestine - Upregulated in celiac disease [2]

CD4+ T cells - Upregulated in CD4+ T cells during 
pathogenesis of encephalomyelitis 

[3]

hsa-miR-764 Primary human  
macrophages

Upregulated upon LPS challenge, which 
is correlated with autoimmune diabetes 

- [4,5]

hsa-let-7f-2-3p PBMCs - Upregulated in patients with systemic lu-
pus erythematosus

[6]

hsa-miR-892a CD4+ T cells Downregulated in immune response 
during transition to active tuberculosis 

- [7]

Liver macrophages Upregulated in NAFLD patients - [8]

Peripheral blood - Upregulated in patients with rheumatoid 
arthritis

[9]

hsa-miR-493-5p Pancreatic islets - Enriched in pancreatic islets, possibly re-
flecting the integrity of islets 

[10]

PBMCs - Expressed reliably in relapsing multiple 
sclerosis 

[11]

hsa-miR-200c-5p Peripheral blood - Upregulated in patients with inflamma-
tory bowel disease

[12]

hsa-miR-26b-3p Small intestine - Upregulated in celiac disease [2]

hsa-miR-145-5p PBMCs Biomarker in diagnosis of fibromyalgia - [13]

Small intestine - Upregulated in celiac disease [2]

Serum/whole blood/
PBMCs

- Overexpressed and is a diagnostic bio-
marker for multiple sclerosis

[3,14]

Plasma/T cells - Expression altered and is associated with 
development of SLE

[15,16]

Fibroblasts - Downregulated and is implicated in 
pathogenesis of systemic sclerosis

[17]

Monocytes Regulation of inflammatory cytokine 
and pathogenesis of vasculitis

- [18]

Macrophages Inhibition of macrophage-mediated in-
flammation

- [19]

Colon - Downregulated in ulcerative colitis of in-
flammatory bowel disease

[20]

hsa-miR-432-5p Small intestine - Upregulated in celiac disease [2]

Plasma Stimulates inflammatory responses and 
cytokine production by inactivating 
Wnt signaling pathway

- [21]

hsa-miR-769-3p Platelets - Downregulated in patients with ulcer-
ative colitis and serves as a potential 
biomarker

[22]

(Continued to the next page)
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miRNA Expression tissue/
cell type

Documented or postulated immune function
References

Normal immune response Autoimmune disease

hsa-miR-127-3p Pancreatic islets - Enriched in pancreatic islets, correlated 
with insulin mass, possibly reflecting 
the integrity of islets

[23,24]

Gingiva Downregulated in inflamed gingival tis-
sues

- [25]

Macrophages Implicated in macrophage activation 
upon LPS challenge, which is correlated 
with autoimmune diabetes 

- [26]

PBMCs - Upregulated by immune thrombocyto-
penia

[27]

Colonic mucosa - Upregulated in both ulcerative colitis and 
Crohn’s disease of inflammatory bowel 
disease

[28]

Splenocytes - Associated with onset of lupus in mouse 
model

[29]

hsa-miR-1185-2-3p Platelets - Downregulated by immune thrombocy-
topenia

[30]

miRNA, microRNA; T1DM, type 1 diabetes mellitus; LPS, lipopolysaccharide; PBMC, peripheral blood mononuclear cell; NAFLD, non-alco-
holic fatty liver disease; SLE, systemic lupus erythematosus.

Supplementary Table 5. Continued
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Supplementary Fig. 1. Scatter-plot for assessing variation of 
circular RNA (circRNA) expression. Points above the top 
green line and those below the bottom green line represent cir-
cRNAs that are up- and down-regulated in type 1 diabetes 
mellitus (T1DM) subjects, respectively.
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Supplementary Fig. 2. Gel electrophoresis analysis of quanti-
tative real-time polymerase chain reaction (qRT-PCR) prod-
ucts. To demonstrate qRT-PCR specificity, we performed aga-
rose gel electrophoresis using qRT-PCR products. All the circu-
lar RNA (circRNA) PCR products showed a single band, dem-
onstrating high specificity and reliability of qRT-PCR results.
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Supplementary Fig. 3. Detailed annotation of circular RNA (circRNA)/microRNA (miRNA) interaction for hsa_cir-
cRNA_101062 and hsa_circRNA_100332. For each circRNA, five predicted miRNA response elements are included: (A) hsa_cir-
cRNA_101062, (B) hsa_circRNA_100332.
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Supplementary Fig. 4. Detailed annotation of circular RNA (circRNA)/microRNA (miRNA) interaction for hsa_cir-
cRNA_085129 and hsa_circRNA_103845. For each circRNA, five predicted miRNA response elements are included: (A) hsa_cir-
cRNA_085129, (B) hsa_circRNA_103845.

A

B
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