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Systemic lupus erythematosus (SLE) is a common and potentially fatal autoimmune
disease that affects multiple organs. To date, its etiology and pathogenesis remains
elusive. Circular RNAs (circRNAs) are a novel class of endogenous non-coding RNAs with
covalently closed loop structure. Growing evidence has demonstrated that circRNAs may
play an essential role in regulation of gene expression and transcription by acting as
microRNA (miRNA) sponges, impacting cell survival and proliferation by interacting with
RNA binding proteins (RBPs), and strengthening mRNA stability by forming RNA-protein
complexes duplex structures. The expression patterns of circRNAs exhibit tissue-specific
and pathogenesis-related manner. CircRNAs have implicated in the development of
multiple autoimmune diseases, including SLE. In this review, we summarize the
characteristics, biogenesis, and potential functions of circRNAs, its impact on immune
responses and highlight current understanding of circRNAs in the pathogenesis of SLE.
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INTRODUCTION

Systemic lupus erythematosus (SLE) is a chronic systemic autoimmune disease characterized by
production of multiple autoantibodies and involvement of multi-systemic organ damage (1).
Although genetic and environmental factors have been implicated in the development of SLE, its
exact etiology and pathogenesis remain unclear (2). Furthermore, the early diagnosis and effective
therapies for SLE have been a challenge, which maybe partly attributed to the poor understanding of
the disease pathogenesis. Therefore, dissecting the molecular mechanisms underlying SLE
pathogenesis will provide clues for identifying novel diagnostic markers and therapeutics for SLE
patients. Recent evidence indicates that the non-coding RNAs (ncRNAs), such as the microRNAs
(miRNAs), long non-coding RNAs (lncRNAs), and circular RNAs (circRNAs), can function as
epigenetic factors and play important roles in the development and progression of SLE (3, 4).
Among these non-coding RNAs, the circRNAs are the novel class of ncRNAs with covalently closed
RNA circles by non-canonical backsplicing events (5). These circular RNAs are highly conserved,
stable, and resistant to RNase (6, 7). Thus, the circRNAs could be considered as better biomarkers
than the linear ncRNAs for diagnosis and management of diseases. In this review, we summarize
circRNA biogenesis, classification, biological functions and its implication in immune responses
and diseases, with a particular emphasis on the emerging roles of circRNAs in SLE.
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CIRCRNA DISCOVERY

CircRNAs were first discovered in pathogens in 1976 (8). In the
study, Sanger and colleagues characterized the structure for
viroids, which are single-stranded and covalently closed circular
RNA molecules. A few years later, a second study observed that
circRNAs were existed in the cytoplasm of eukaryotic cell
lines with an electron microscopy (9). Thereafter, a handful of
circRNAs were reported in the early 1990 (10–12). However, these
findings were not followed up, as at the time circRNAs were
mainly considered to be byproducts generated by splicing error
of pre-mRNA processing without significant biological effect
(13). Until recent years, with the advance of high-throughput
sequencing and bioinformatics algorithms, researchers have
identified thousands of circRNAs in eukaryotes and found some
circRNAs expressed in a tissue-specific manner with potential
functions (14–16).

Since the landmark finding of CDR1as and circSry in 2013,
which could function as microRNA sponge (17, 18), the
circRNAs have become a novel hotspot in non-coding RNAs
(19). Accumulating evidence has demonstrated that circRNAs
are an abundant and conserved subclass of RNAs and are widely
expressed in a cell-/tissue-specific, and development-dependent
manner (15, 16, 20–22). As stated before, the circRNAs are
distinguished from the linear RNAs by the structure of covalently
closed loop lacking 5’ cap and 3’ poly-adenylated tails. This
unique feature makes the circRNAs much more stable than their
linear counterparts and resistant to degradation by exonuclease
and RNases (6). Therefore, the circRNAs are proposed as novel
and promising diagnostic biomarkers and potential therapeutic
targets for diseases. So far, circRNAs have been reported to be
Frontiers in Immunology | www.frontiersin.org 2
involved in the pathogenesis of multiple diseases, such as
neurological disorders, cardiovascular diseases, cancer, and
chronic inflammatory and autoimmune diseases (23–26).
CIRCRNA BIOGENESIS AND
CLASSIFICATION

Alternative splicing of RNA is a key event for gene expression in
eukaryotes. Precursor mRNA (pre-mRNAs) is processed by the
spliceosome to remove introns and thereby exons are rapidly linked
to form a functional mature mRNA (Figure 1A). It was widely
accepted that circRNAs are derived from canonical splice sites (15,
18, 27). When pre-mRNA catalyzing events are slowed down, the
nascent RNAs may be directed to alternative paths that accelerate
back-splicing (5, 28). CircRNAs are generated by back-splicing that
joins a 5’ splice donor to an upstream 3’ splice acceptor site, thus
forming a single-strand covalently closed loop (15, 18, 29, 30).
However, the exact mechanisms by which the spliceosome selects
certain exons to circularize are not completely elucidated. Jeck and
colleagues proposed two models for exon-derived circRNA
formation: “lariat-driven circularization” and “intron-pairing-
driven circularization” (15, 29). In the lariat-driven circulating
model (Figure 1B), exon-skipping is required and leads to an
exon-containing lariat, which will then itself be internally processed
to form exon-derived circRNAs (15, 29). In intro-pairing-driven
circularization (Figure 1C), cyclization is prompted presumably by
intronic motifs such ALU complementarity bordering the
circularized exon(s), which may bring the two exons (or the ends
of the same exon) into close proximity to form the loop (15, 29).
Meanwhile, Zhang et al. reported a novel subclass of circRNAs
A

B C D E

FIGURE 1 | Biogenesis of three major types of circRNAs. (A) A linear mRNA is formed by canonical splicing from pre-messenger RNA (pre-mRNA). (B–E) CircRNAs
are generated by backsplicing from pre-mRNA. (B) Lariat-driven circularization, exon-skipping leads to an exon-containing lariat whose restricted structure facilitates
circularization. (C) Intro-pairing-driven circularization is mediated by base-pairing between inverted repeat elements such as ALU complementarity. (D) CiRNA
biogenesis is mainly dependent on GU-rich motif and C-rich sequence. (E) RNA-binding proteins (RBP) serving as trans-acting factors can bring two splicing sites
close together to promote circularization.
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originating from introns (31). Such intronic circRNA generated
from the intronic lariat contains a 7-nucleotide GU-rich element at
the 5’ splice site and an 11-nucleotide C-rich element near the
branchpoint site, which makes them resistant to the debranching
enzyme and leads to the formation of an intro-derived circRNA
(31) (Figure 1D). In some cases, if the intron between exons is
retained, the cyclizing transcript tends to form exon-intron
circRNAs (31, 32). In addition, some RNA binding proteins
(RBPs) such as Quaking 1 (QKI) (33), muscleblind (MBL) (34),
adenosine deaminase acting on RNA (ADAR) (35) and FUS (36)
were reported to regulate the circRNA biogenesis (Figure 1E).

CircRNAs can be categorized into three major types based on
their structural sequence: exonic circRNAs (EcRNAs), exon-intro
circRNAs (ElciRNAs), and circular intronic RNAs (ciRNAs) (18, 31,
32). It has been observed that EcRNAs are predominantly localized
in the cytoplasm, while ElciRNAs and ciRNAs are mainly restricted
in the nucleus (18, 31, 32). EcRNAs are thought to be the most
abundant circRNAs, which account for ~80% among currently
discovered circRNAs (5, 37). In addition to the aforementioned
types, it was reported that circRNAs can also be generated from
intergenic genomic DNA (known as intergenic circRNAs) (18), the
splicing of pre-tRNA [termed tRNA intronic circRNAs (tricRNAs)]
(38), and from long ncRNAs (for example, circPINTexon2) (39).

CIRCRNA FUNCTIONS

In recent years, growing evidence indicates that circRNAs may
play important roles in regulation of gene expression and
participate in a series of pathophysiological processes (Figure 2).
Frontiers in Immunology | www.frontiersin.org 3
CircRNAs Act as Competing Endogenous
RNA or miRNA Sponges
MicroRNAs (miRNAs) are a class of endogenous, noncoding
RNAs of approximately 22 nucleotides in length, and can play
crucial regulatory roles in post-transcription by targeting mRNAs
for cleavage or translational repression (40). It has been proposed
that the competing endogenous RNAs (ceRNAs) including
pseudogenes and long-chain non-coding RNA (lncRNA) can act
as sponges for miRNAs through their binding sites of miRNA
recognition elements (MREs) (41–43). Subsequently, Hansen et al.
reported that several abundant circRNAs can function as ceRNAs
(17) (Figure 2A). CiRS-7 (also termed CDR1as) was first
demonstrated to harbor more than 70 conserved binding sites for
miR-7 (17, 18). Overexpression of ciRS7 can efficiently recruit miR-
7 to promote the specific AGO2 interaction, thus resulting in
decreased miR-7 function and up-regulation of its target mRNAs.
Moreover, ciRS7 was highly expressed in brains and its function was
conserved, overexpression of ciRS7 or knockdown of miR-7 could
impair the development of midbrain and nerve in mice and
zebrafish (17, 18). In esophageal squamous cell carcinoma, ciRS-7
accelerated tumor growth and metastasis by regulation of miR-7/
HOXB13 (44).

Besides ciRS-7, many other circRNAs in eukaryotes have been
suggested as potential miRNA sponges. For instance, circSRY,
the testis-specific circRNA derived from sex-determining region
Y (SRY), contained 16 MREs of miR-138 and acted as miR-138
sponge in mouse testis (12, 17). Also, circHIPK2 could work as a
sponge for miR124-2HG to regulate the activation of astrocytes
via the synergistic effect of autophagy and endoplasmic
A B

E
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FIGURE 2 | Functions of circRNAs. (A) CircRNAs can act as miRNA sponges to diminish the effects of miRNAs on target mRNAs. (B) CircRNAs can serve as scaffolds or
decoys for RBPs to modulate their functions, thus affecting the related biological processes. (C) CircRNAs may be translated if they contain an internal ribosome entry site
(IRES) or extensive N6-methyladenosines (m6A) modification. (D) CircRNAs can promote transcription by interacting with U1 small nuclear ribonucleoprotein (U1 snRNP)
and the RNA polymerase II (Pol II) in the nucleus. (E) The processing of circRNAs could affect host gene expression by competing with their linear mRNA splicing.
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reticulum stress (45). In addition, circHIPK3, circCCDC66 and
circPVT1 have been reported to have tumor-suppressive or
oncogenic functions by serving as miRNA sponges (46–48).
However, many circRNAs in mammals are expressed at
relatively low levels and harbor few binding sites for miRNA
(7, 49), suggesting them highly unlikely to act as ceRNAs or by
working as miRNA sponges. Therefore, whether the miRNA
sponge is a universal biological function of circRNAs needs to be
further confirmed by more investigation.
CircRNAs Interact With Proteins
In addition to miRNAs, circRNAs can also interact with proteins
to form specific circRNA–protein complexes which affect the
activity of related proteins (Figure 2B). The first example of
circRNA acting as a protein sponge was a RNA transcript
encoding the splicing factor protein–muscleblind (MBL) (34).
The circular Mbl (circMbl) derived from its own gene contains
multiple binding sites for MBL. This circRNA was found to
regulate the linear splicing of the gene by functioning as a decoy
for MBL. When MBL protein levels are high, MBL binds to the
pre-mRNA and causes it to splice into circMbl. Subsequently,
circMbl could sponge out the excess MBL by binding to it (34).
Other circRNAs, such as circANRIL and circPABPN1, have also
been reported to function as protein sponge by interacting with
target proteins (50, 51). CircANRIL can bind to Pescadillo
homologue 1 (PES1), a vital 60S pre-ribosomal assembly factor,
and then dampens ribosome biogenesis and exonuclease-mediated
pre-rRNA processing in human macrophages and vascular
smooth muscle cells (50). CircPABPN1 represses the translation
of nuclear poly (A) binding protein 1 mRNA in human cervical
cancer (HeLa) cells through binding to the RNA binding protein
Hu-antigen R (HUR) (51).

In some cases, circRNAs may function as protein scaffolds or
alter modes of action of the proteins. For instance, circ-Foxo3
and circAmotl1 can function as scaffolds of protein to potentiate
the colocalization of enzymes and their substrates (52, 53). In
mouse cancer cells, circ-Foxo3 suppresses cell cycle progression
by interacting with cyclin-dependent kinase 2 (CDK2) and
cyclin-dependent kinase inhibitor 1 (p21) to form a circFoxo3-
p21-CDK2 ternary complex, thereby arresting the functions of
p21 and CDK2 in cell cycle regulation (52). In addition, circ-
Foxo3 also has high binding affinity to senescence-related
proteins ID-1 and E2F1 as well as anti-stress proteins FAK and
HIF1a, and accelerates the location of these proteins in the
cytoplasm and accordingly leads to increased cellular senescence
(54). In a mouse model, circAmotl1 simultaneously binds to
phosphoinositide- dependent kinase 1 (PDK1) and protein
kinase AKT1 via its spatial structure, leading to PDK1-dependent
AKT1 phosphorylation and nuclear translocation, thus enhancing
the cardio-protective role of pAKT1 (53).

Although a growing number of circRNAs have been shown to
interact with proteins, the exact mechanisms underlying these
interactions remain obscure (55). Additionally, one general
question is to what extent lowly expressed circRNAs can
confer measurable regulation on their binding proteins.
Frontiers in Immunology | www.frontiersin.org 4
CircRNAs Can be Translatable
CircRNAs were initially believed to be non-coding RNA due to the
absence of 5’ cap and 3’ ploy A tail that were normally required for
linear mRNA translation. Given that most circRNAs were produced
from protein-coding exons andmainly located in the cytoplasm. An
intriguing question raises whether they are translatable. Recently,
increasing evidence has shown that some circRNAs can be
translatable molecules if they harbor an internal ribosome entry
site (IRES) (56–58) (Figure 2C). In some cases, the presence of N6-
methyladenosine (m6A) modification in the circRNAs can help to
recruit the ribosome and promote the translation of circRNAs in
cap-independent manner, but the underlying mechanisms remain
largely unknown (59–61) (Figure 2C).

As early as the 1990s, Chen and Sarnow have proposed that
synthetic engineered circRNAs may recruit ribosomal subunits and
initiate peptide translation in vitro (62). However, this study did
not support that circRNAs could also be translatable in vivo. In
2015, Abe and colleagues provided strong evidence that
endogenous circRNAs can act as a template for translation in an
IRES-dependent manner (56). Thereafter, several other groups
have utilized mass spectrometry, ribosome profiling, and/or
expression plasmids to demonstrate that a subset of circRNAs
may indeed produce proteins (61, 63, 64). Nevertheless, to date
only a few endogenous circRNAs, such as Mbl, circ-ZNF609,
circFBXW7, cir-SHPRH, circPINTexon2, and circ-AKT3, have
been reported to serve as protein templates (39, 63–67).
Although thousands of circRNAs were predicted to have putative
open reading frame (ORF) and IRES elements, not all of these
circRNAs can perform translatingfunctions (68). The translational
ability and mechanism of circRNAs are not fully understood and
need to be further investigated. Furthermore, the functions of
peptides/proteins encoded by circRNAs are still unknown. Since
most circRNA-derived peptides are usually short peptides which
lack important functional domains, they may function as decoys or
dominant-negative protein variants (63). For example, several
peptides, including FBXW-185aa, SHPRH-146aa, and PINT87aa,
were reported to serve as tumor suppressors in glioblastoma (39,
65, 66). Although translation seems not to be a universal function
for circRNAs, it is important to identify the physiological and
pathological roles for the proteins translated by circRNAs.

CircRNAs Regulate Transcription and
Alternative Splicing
The CiRNAs and EIciRNAs, which consist of either introns or
both intron and exon, are dominantly restricted in the nucleus.
These circRNAs can regulate transcription through interaction
with U1 small nuclear ribonucleoprotein (U1 snRNA) and the
RNA polymerase II (Pol II) (31, 32) (Figure 2D). For instance,
ci-ankrd52 can accumulate to its transcription sites and
positively regulate the transcriptional activity of parental
coding gene through association with elongation Pol II
machinery (31). In addition, two ElcircRNAs, circEIF3J, and
circPAIP2, were identified to interact with host U1 snRNP to
form circRNA-U1 snRNP complexes. The complexes further
interact with the Pol II to increase gene expression in the
promoter region of parental genes (32).
February 2021 | Volume 12 | Article 628872
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CircRNA biosynthesis naturally affects host gene expression.
From this point of view, two studies have shown that the
circRNAs processing strongly competes with linear mRNA
splicing (28, 34) (Figure 2E). Ashwal-Fluss et al. observed that
circMbl derived from the second exon of Mbl can compete with
conventional pre-mRNA to keep the balance between linear
alternative splicing and circRNAs production (34). Another
study has demonstrated that depletion or inhibition of canonical
pre-mRNA processing events resulted in increased levels of
circRNAs, suggesting that the negative association between
circRNA and their linear mRNAs (28). Additionally, a nuclear-
retained circSEP3 derived from SEPALLATA3 (SEP3) gene was
reported to regulate its cognate mRNA splicing by forming an
R-loop or RNA : DNA hybrid (69). Taken together, some nuclear
retained circRNAs can participate in gene regulation in both
transcription and splicing mechanisms. However, how these
circRNAs are accumulated or localized in the nucleus and how
exactly they modulate gene expression remains elusive.
CIRCRNAS IN INNATE AND ADAPTIVE
IMMUNE RESPONSE

The immune system is classically divided into two categories, i.e.
innate and adaptive immunity. Innate immune response is the
first line of host defense against pathogens, such as antibacterial
and antiviral immune responses. Adaptive immune response is
the second line of defense against specific antigens. It creates
immunological memories to the encountered antigens and initiates
a highly efficient response to specific antigens in the future. Notably,
recent studies have suggested that circRNAs are involved in the
regulation of both innate and adaptive immune responses.
CircRNAs in Innate Immunity
Innate immune response is mainly mediated by phagocytic cells
and other cell types, such as macrophages, neutrophils, dendritic
cells (DCs), and natural killer cells (NKs). In which, macrophages
are one of the most important cell types in innate immune
response. Through recognition of evolutionarily conserved
structures on pathogens, macrophages become activated, and
can engulf and destroy the invaders. Furthermore, macrophages
can serve as antigen-presenting cells (APCs) to process and
present foreign antigens during the adaptive immune response.
According to the activation states and functions, macrophages can
be divided into two subsets, i.e. classically activated macrophage
(M1) and alternatively activated macrophage (M2). By performing
a circRNA microarray analysis, Zhang et al. showed a total of 189
circRNAs were differentially expressed between M1 and M2
macrophages, indicating a role of circRNAs in macrophage
polarization (70). Ng et al. reported that circ-RasGEF1B may play
a regulatory role in macrophage activation by lipopolysaccharide
(LPS) and protection against microbial infections (71). By
comparing expression patterns of circRNAs in non-treated and
RANKL/CSF1-treated bone marrow macrophage (BMM) cells,
Chen et al. found that circRNA_28313 was significantly
Frontiers in Immunology | www.frontiersin.org 5
upregulated in RANK + CSF1-induced osteoclast differentiation
by forming a ceRNA network of circRNA_28313/miR-195a/CSF1
(72). Circ-ASAP1 was reported to facilitate tumor-related
macrophage infiltration by regulating miR-326/miR-532-5p-CSF-
1 signaling pathway and may serve as a prognostic predict marker
for hepatocellular carcinoma (73). By microarray analysis of
circRNA expression profile in neutrophils derived from patients
with asymptomatic moyamoya disease (MMD) and healthy
individuals, 123 differentially expressed circRNAs were identified
between the two groups. These differentially expressed circRNAs
were mainly involved in immune responses, angiogenesis and
metabolism in MMD (74). CircUHRF1 expression was elevated
in human HCC tissues compared to adjacent non-tumor tissues.
CircARSP91 may increase the susceptibility of HCC cells to NK cell
cytotoxicity by upregulating UL16 binding protein 1 expression in
HCC cells (75). More recently, Zhang et al. reported that tumor
cell-derived exosomal circUHRF1 can induce NK cell exhaustion by
inhibiting NK cell-derived IFN-g and TNF-a secretion and may
induce resistance to anti-PD1 therapy in human HCC (76).
Expression of circRNA_001937 was significantly increased in
PBMCs from patients with active tuberculosis and was positively
correlated with disease severity (77). CircRNA-chr19 may function
as a ceRNA by targeting miR-30b-3p/claudin-18 (CLDN18) axis in
Ebola virus infection (78). Overexpression of a dsRNA-forming
circRNA inhibited PKR activation and increased viral replication in
encephalomyocarditis virus (EMCV) infection (79).

CircRNAs in Adaptive Immunity
Adaptive immunity is characterized by T cells specific for
antigens derived from the invading pathogens, and by B cells
producing antibodies that bind to these antigens. T cells and B
cells, once primed, initiate a highly efficient response to the
pathogens and develop immunologic memories to the
encountered antigens. The adaptive immune response is meant
to defense foreign pathogens but sometimes it can mistakenly
turn against our own body, leading to the autoimmune diseases.

Wang et al. reported that circRNA_100783 was involved in the
regulation of CD8+ T cell ageing process by targeting a large
number of miRNA-mRNA networks (80). Exosome-derived
circRNA_002178 could be transferred into CD8+ T cells and
promoted PD1 expression by sponging miR-28-5p, leading to
CD8+ T cell exhaustion in lung adenocarcinoma (81). Huang
et al. observed that circ_0005519 increased IL-13 and IL-6
expression via negatively regulating let-7a-5p in CD4+ T cells
from patients with asthma (82). The same group also reported an
increased expression of circ_0002594 in CD4+ T cells and might be
a potential diagnostic marker for Th2-mediated allergic asthma
(83). Gaffo et al. found that circRNAs displayed a cell type-specific
expression pattern in healthy individuals, such as circRNAs specific
for B-cells (circPAX5, circAFF3, circIL4R, and circSETBP1) and
T-ceslls (circIKZF1, circTNIK, circTXK, and circFBXW7). The B
cell-specific circRNAs circPAX5 and circAFF3 were highly
overexpressed in pediatric B-precursor acute lymphoblastic
leukemia (84). CircANKRD36 was significantly upregulated in
peripheral blood and was correlated with chronic inflammation
from patients with type 2 diabetes mellitus (T2DM) (85).
Circ_402458 was significantly elevated in patients with primary
February 2021 | Volume 12 | Article 628872

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Liu et al. CircRNAs in Systemic Lupus Erythematosus
biliary cholangitis (PBC). Circ_402458 may function as sponge for
miR-522 and miR-943 and involved in the regulation of PBC (86).
CIRCRNAS IN SLE

In the past three years, increasing evidence has linked circRNAs
to SLE, with main focus on identification and characterization of
circRNAs in blood samples, renal biopsies and skin tissues. These
data suggest that circRNAs may be involved in the pathogenesis
of SLE and could be potential diagnostic markers or therapeutic
targets for SLE (Figure 3 and Table 1).

Peripheral Blood circRNAs in SLE
To date, the majority studies of circRNA in SLE were performed
in blood samples, including plasma, whole blood, peripheral
blood mononuclear cells (PBMCs), and T cells.

Plasma Derived circRNAs in SLE
As the high structural stability, the circRNAs are proposed to be
promising biomarkers for diagnosis of diseases. By using circRNA
Frontiers in Immunology | www.frontiersin.org 6
microarray, Li et al. analyzed the circRNA expression profiling in
plasma samples from patients with SLE and identified a number of
circRNAs which were differentially expressed between SLE patients
and healthy controls (87). By qPCR validation, four significantly
dysregulated circRNAs, i.e., hsa_circ_400011, hsa_circ_102584,
hsa_circ_101471, and hsa_circ_100226, were validated and
predicted to be potential biomarkers for SLE diagnosis (87).
Subsequently, Ouyang et al. reported that circRNA_002453 was
markedly increased in plasma from patients with lupus nephritis
(LN) compared with non-LN SLE patients, RA patients and healthy
individuals (88). Although the expression level of circRNA_002453
had no significant association with C3, C4, and SLEDAI score, it
was positively correlated with 24-hour proteinuria and renal
SLEDAI score, which suggesting that this circRNA might severe
as a novel biomarker for diagnosis of LN. Another research group
has shown that hsa_circRNA_407176 and hsa_circRNA_001308
were underexpressed in both plasma and PBMCs of SLE patients
(89). Furthermore, by the receiver operating characteristic (ROC)
curve analysis, these two circRNAs could distinguish SLE patients
from healthy controls, indicating their potential diagnostic value
for SLE.
FIGURE 3 | Possible roles of circRNAs in SLE. CircRANs may be involved in the pathogenesis of SLE by regulating various biological processes, such as DNA
methylation, activation of AKT signaling pathway, and aberrant PKR activation. Furthermore, circRNAs may serve as biomarkers for the diagnosis and severity of SLE.
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Whole Blood or PBMC Derived circRNAs in SLE
In a recent study, Li et al. analyzed the circRNA expression profile in
whole blood from children with SLE (90). A total of 348
differentially and markedly expressed circRNAs were discovered,
with 184 up-regulated and 164 down-regulated. They demonstrated
that the levels of the hsa_circ_0057762 and hsa_circ_0003090 could
distinguish the SLE patients from healthy individuals by ROC curve
analysis. In the study, these authors constructed a comprehensive
circRNA-miRNA-mRNA network, providing new insights into the
molecular mechanisms of SLE pathogenesis in children (90). Zhang
et al. initially focused on 2 circRNAs (hsa_circ_0049224 and
hsa_circ_0049220), which have been demonstrated to be
correlated with DNA methylation and the pathological processes
of rheumatoid arthritis (RA) (100). Subsequently, they found that
expression levels of hsa_circ_0049224 and hsa_circ_0049220 were
significantly decreased in PBMCs of SLE patients and were
negatively correlated with SLE disease activity index (SLEDAI)
score (91). Moreover, the expression levels of these two circRNAs
were positively correlated with the expression of DNMT1, a key
factor of DNA methylation, which suggests their possible roles in
the pathogenesis of SLE. In addition, the same group also performed
circRNA sequencing to screen the circRNA expression profiles in
PBMCs of patients with SLE (92). In this study, they observed a
downregulation of circIBTK and upregulation of miR-29b in SLE
patients, both were associated with SLEDAI score, titers of anti-
dsDNA antibodies and levels of complement C3. Importantly,
circIBTK could regulate DNA demethylation and the AKT
signaling pathway by binding to miR-29b in SLE (92). Of note,
numerous studies have demonstrated that aberrant DNA
methylation and abnormal activation of AKT signaling pathway
Frontiers in Immunology | www.frontiersin.org 7
were involved in the pathogenesis of SLE (101–103). Furthermore,
by RNA sequencing, Miao et al. identified 128 circRNAs that were
aberrantly expressed in the PBMCs of SLE patients and discovered a
novel circRNA, circPTPN22, might act as a potential biomarker for
the diagnosis and disease severity of SLE (93). The decreased
expression of circPTPN22 was negatively correlated with the
SLEDAI scores in patients with SLE. The patients who received
long-term corticosteroid therapy had significant increased
expression levels circPTPN22. By using circRNAs microarray,
Luo et al. also identified a number of differentially expressed
circRNAs in PBMCs from patients with SLE (94). This study
observed that the expression levels of hsa_circ_0044235 and
hsa_circ_0068367 were markedly decreased in patients with SLE
and these two circRNAs could be novel biomarkers for SLE
diagnosis. The same group also reported that hsa_circ_0044235
was significantly downregulated in peripheral blood from RA
patients and may serve as a potential biomarker for diagnosis of
RA (104). In another study, Guo and colleagues reported that the
hsa_circ_0000479 in PBMCs has a great potential as a diagnostic
biomarker for SLE (95). However, the results from different
circRNA profiling studies were inconsistent. Based on previous
studies, Luo et al. selected 11 circRNAs which were upregulated in
patients with SLE and validated the expression patterns and clinical
significance of these circRNAs (96). Interestingly, the study
replicated the elevated expression of hsa_circ_0000479 in PBMCs
from SLE patients and its significant value in distinguishing SLE
from other autoimmune diseases (96). A recent study has reported
that a number of circRNAs were downregulated in PBMCs from
patients with SLE. Meanwhile, the author also observed a
spontaneous RNase L activation in PBMCs derived from SLE
TABLE 1 | Summary of circRNAs implicated in SLE.

CircRNAs Source/Detection
Methods

CircRNA_types Tissues Dysregulation Potential Functions/Applications Refs

hsa_circRNA_400011
hsa_circRNA_102584
hsa_circRNA_101471
hsa_circRNA_100226

CircRNA microarray Intronic
Exonic
Exonic
Exonic

Plasma Up
Up
Up
Down

Possibly involved in the development of SLE by acting as miRNA
sponges, may serve as potential biomarkers

(87)

hsa_circRNA_002453 CircRNA microarray Not mentioned Plasma Up Correlated with 24-hour proteinuria and renal SLEDAI score (88)
hsa_circRNA_407176
hsa_circRNA_001308

CircRNA microarray Not mentioned Plasma Down
Down

Served as potential diagnostic biomarkers for SLE (89)

hsa_circ_0057762
hsa_circ_0003090

CircRNA microarray Not mentioned Whole
blood

Up
Up

Served as potential diagnostic biomarkers for SLE (90)

hsa_circ_0049224
hsa_circ_0049220

Selected from other
studies

Not mentioned PBMCs Down
Down

Negatively associated with SLEDAI and the degree of SLE severity (91)

circIBTK RNA-seq Exonic PBMCs Down Inhibited DNA demethylation and activation of AKT signaling pathway
by binding to miR-29b, may serve as biomarkers and therapeutic
targets for SLE

(92)

circPTPN22 RNA-seq Exonic PBMCs Down Acted as a biomarker for the diagnosis and severity of SLE (93)
hsa_circ_0044235
hsa_circ_0068367

CircRNA microarray Not mentioned PBMCs Up
Up

Served as potential biomarkers for SLE diagnosis (94)

hsa_circ_0000479 RNA-seq Exonic PBMCs Up Served as a novel diagnostic biomarker for SLE (95)
hsa_circ_0000479 Selected from other

studies
Exonic PBMCs Up Served as a potential diagnostic biomarker for SLE (96)

hsa_circ_0045272 CircRNA microarray Not mentioned T cells Down Upregulated the early apoptosis of Jurkat cells and promoted the
production of IL-2 in activated Jurkat cells

(97)

hsa_circ_0012919 CircRNA microarray Not mentioned CD4+
T cells

Up Inhibited DNA demethylation of CD11a and CD70 in CD4+ T cells,
regulated the expression of RANTES and KLF13 via miR-125a-3p

(98)

circHLA-C RNA-seq Exonic kidney Up Involved in the pathogenesis of lupus nephritis by sponging miR-150 (99)
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patients (79). The RNase L activation led to circRNA degradation
and this RNase L-mediated circRNA degradation was required for
protein kinase (PKR) activation. The aberrant PKR activation
further augmented type I IFN signature through eIF2a
phosphorylation and therefore involved in the pathogenesis of
SLE (79).

T-Cell Derived circRNAs in SLE
T cells play a key role in lupus pathogenesis, especially the CD4 T
helper (Th) cells (105). Li et al. recently reported 127 differentially
expressed circRNAs in T cells from SLE patients, and further
validated a downregulated circRNA, hsa_circ_0045272 (97).
Further functional data indicated that knockdown of
hsa_circ_0045272 resulted in an enhanced early apoptosis and
increased IL-2 production in activated Jurkat cells (97). In another
report, 12 up-regulated and two down-regulated circRNAs were
discovered in CD4+ T cells of patients with SLE. Of which, three
aberrantly up-regulated circRNAs, including hsa_circ_0012919,
hsa_circ_0006239 and hsa_circ_0002227, were validated by qPCR
(98). Of note, the hsa_circ_0012919 could be considered as a
diagnostic potential for SLE. Downregulation of hsa_circ_0012919
led to an enhanced expression of DNA methyltransferase 1 and
decreased expression of CD11a and CD70 on CD4+ T cells from
both inactive and active SLE patients (98). Notably, the
overexpression of CD11a and CD70 in CD4+ T cells in SLE
may promote the production of autoantibodies (106). More
recently, Zhang and colleagues analyzed 29 differentially
expressed circRNAs obtained from the GSE84655 of GEO
database (107). By statistical analysis and bioinformatic
interpretation, the author predicted the circRNA-miRNA-
mRNA regulatory networks for these circRNAs. These
regulatory networks might be involved in the pathological
process of SLE (107).

Renal circRNAs in SLE
Lupus nephritis (LN) is one of the most serious complications of
SLE. Patients with lupus nephritis are at risk for kidney failure
and premature death. Through RNA deep sequencing, a total of
171 circRNAs with 2-fold differential expression, including 142
upregulated and 29 downregulated circRNAs, were discovered in
renal biopsies from LN patients compared with normal kidney
specimens (99). The correlations between seven validated circRNAs
and clinical features were analyzed, and the circHLA-C was found
to be positively associated with proteinuria, serum creatinine, renal
activity index and crescentic glomeruli. Bioinformatic analysis
predicted that circHLA-C plays important roles in the
pathogenesis of lupus nephritis by serving as sponges for miR-150
and regulating its expression. The renal-derived miR-150 showed a
tendency of negative correlation with circHLA-C in LN
patients (99).

Cutaneous circRNAs in SLE
Skin involvement is a common clinical manifestation in SLE
patients. Of which, the discoid lupus erythematosus (DLE) is the
most common form (108). By using RNA sequencing, Xuan and
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colleagues recently identified a number of differently expressed
lncRNAs and circRNAs in the lesional lower lips from patients
with DLE (109). In this study, a total of 161 circRNAs, including
57 up-regulated and 104 down-regulated circRNAs, showed
remarkable differential expression in lesional skin compared
with matched adjacent tissues. The principal roles of these
markedly deregulated circRNAs were predicted using
bioinformatics methods. These results suggested that certain
circRNAs may have potential value in diagnosis and therapy
of DLE.
CONCLUSIONS AND PERSPECTIVES

Recent advances in the circRNA research field have not only
revealed a previously unexpected structure of eukaryotic
transcriptomes but have also uncovered multiple aspects of
circRNA biological function. CircRNAs generated by the non-
canonical backsplicing can play important roles in biology and
pathobiology by regulating gene expression at multiple
molecular levels and interacting with proteins. These findings
have been surprising and exciting, but there are still unrevealed
answers concerning the biogenesis of these molecules. First, the
complete set of elements that control the expression and
localization of circRNAs remains unknown. For example, are
there any factors that are indispensable for backsplicing but not
for canonical splicing reactions? Second, the mechanisms
involved in metabolic processing or degradation of circRNAs,
particular in normal or unstressed cells, remain unclear. In
addition, given the relatively low expression level of most
circRNAs, how many circRNAs could truly act as miRNA
sponges or competitors for protein binding?

The role of circRNAs in SLE has been in the spotlight in
recent years. Several studies have shown that some aberrantly
expressed circRNAs in SLE patients were implicated in DNA
demethylation by acting as miRNA sponges (92, 98). However,
the results were inconsistent from circRNA expression profiling
studies of SLE PBMCs. These inconsistent results may be due to
the disease heterogeneity and heterogeneous cell subsets in
PBMCs such as monocytes, T cells and B cells. Therefore, it is
important to stratify SLE patients by their clinical features and
focus on certain cell subtypes. SLE is characterized by the
production of a range of autoantibodies, indicating a critical
role of B cells in the pathogenesis of SLE (2, 110). Therefore, it is
worthy to functionally characterize the B cell-derived circRNAs
involved in SLE pathogenesis. Additionally, a number of studies
have shown that several circRNAs may serve as potential
biomarkers for SLE. Nonetheless, the sample sizes in these
studies were relatively small (95, 96). The results need to be
further validated in larger sample sizes. More recently, an
important study showed that overexpression of circPOLR2A, a
double-stranded RNA (dsRNA)-containing circRNA, could
remarkably attenuate the aberrant dsRNA-activated protein
kinase activation cascade in PBMCs or T cells derived from
SLE patients, suggesting that this type of circRNAs may serve as
potential therapeutic modalities for SLE (79).
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In conclusion, emerging evidence indicates that circRNAs are
involved in the pathogenesis of SLE and may serve as novel
biomarkers or therapeutics for SLE in the future. However,
although the existing data support the potential value of
circRNAs in diagnosis and treatment of SLE, the feasibility of
circRNAs in clinical utility needs to be further studied.
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