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Circular RNAs (circRNAs) are single-stranded, endogenous, non-coding RNA (ncRNA)

molecules formed by the backsplicing of messenger RNA (mRNA) precursors and have

covalently closed circular structures without 5′-end caps and 3′-end polyadenylation

[poly(A)] tails. CircRNAs are characterized by abundant species, stable structures,

conserved sequences, cell- or tissue-specific expression, and widespread and stable

presence in many organisms. Therefore, circRNAs can be used as biomarkers for the

prediction, diagnosis, and treatment of a variety of diseases. Autoimmune diseases (AIDs)

are caused by defects in immune tolerance or abnormal immune regulation, which leads

to damage to host organs. Due to the complexity of the pathophysiological processes of

AIDs, clinical therapeutics have been suboptimal. The emergence of circRNAs sheds

new light on the treatment of AIDs. In particular, circRNAs mainly participate in the

occurrence and development of AIDs by sponging targets. This review systematically

explains the formation, function, mechanism, and characteristics of circRNAs in the

context of AIDs. With a deeper understanding of the pathophysiological functions of

circRNAs in the pathogenesis of AIDs, circRNAs may become reasonable, accurate,

and effective biomarkers for the diagnosis and treatment of AIDs in the future.

Keywords: circRNA, biomarker, function, autoimmune response, autoimmune diseases

INTRODUCTION

Immunity is a physiological protective mechanism that is inherent to the body. Through the
immune system, the body recognizes antigenic substances, distinguishes “self ” from “non-self ”
components, performs immune surveillance, and defends against the invasion of pathogens to
eliminate antigenic substances from the body andmaintain health (1–3). The function of immunity
mainly includes three aspects, immune surveillance, defense, and stability, which may participate
in antitumor, antibacterial, and antiviral activities (4, 5). Immunity is usually beneficial to the
organism but, when defective, causes a pathological immune response. For example, low immune
surveillance function may lead to the formation of tumors, but a stable high immune function
may lead to autoimmune diseases (AIDs), such as systemic lupus erythematosus (SLE). Low
defense function can cause immune deficiency syndrome, but the opposite condition can cause
allergic reactions.
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In general, a normal body can recognize its own tissue
components without producing an immune response, which is
called self-tolerance. The breakdown of self-tolerance produces
a mass of autoreactive T lymphocytes or autoantibodies and
causes an immune response against the body’s own components,
which is termed autoimmunity (6). Loss of immune tolerance
or abnormal immune regulation leads to the destruction of
self-tissues, which causes various AIDs (7).

Due to the complexity of the pathophysiological processes
of AIDs, clinical therapeutics have been suboptimal. Thus,
for decades, many researchers have been conducting research
for biomarkers to be used in the diagnosis and treatment
of AIDs. At present, some traditional protein biomarkers
have been used in clinical diagnosis and treatment, but the
results are not satisfactory. With the development of the chip
technology and high-throughput sequencing, the mechanism
and biological effects of circular RNAs (circRNAs) in AIDs
have been gradually discovered. CircRNAs are single-stranded,
endogenous, non-coding RNA (ncRNA)molecules formed by the
backsplicing of messenger RNA (mRNA) precursors and have
covalently closed circular structures without 5′-end caps and 3′-
end polyadenylation [poly(A)] tails. Due to their conservation,
stability, and specificity of structure, circRNAs have quickly
become a hot spot (8) and are expected to become biomarkers
for the prediction, diagnosis, and prognosis of diseases.

CircRNAs—Past and Present
In 1976, Sanger first discovered a single-stranded, endogenous,
ncRNA formed by covalent bonds in plant RNA viruses (9,
10). Subsequently, in 1979, Hsu and Cocaprados used electron
microscopy to detect non–free-ended circRNAs in the cytoplasm
of HeLa cells. At the time, it was wrongly assumed that
circRNAs were simply the product of faulty splicing (11).
CircRNAs were first identified in fungi by Matsumoto et al.
(12). In the early 1990s, Nigro et al. found that non-classical
splicing transcription occurred in human colon cancer gene,
human EST 1 gene, and mouse Sry gene, but they believed
that these covalently closed circRNAs were the products of
incorrect connections although they still played a role (13–
16). In 1996, it was found that circRNAs could be produced
in vitro from nuclear extracts (17, 18). From the late 1990s to the
early twentieth century, studies found that the rat cytochrome
P450 2C24 gene (19), the human dystrophin gene (20), and
other genes could produce circRNAs. Although these studies
proved the presence of circRNA molecules, researchers did
not fully understand their potential impact. In 2010, several
studies found thousands of circRNAs in multicellular animals

Abbreviations: AF, atrial fibrillation; AIDs, autoimmune diseases; AIRE,

autoimmune regulator; ceRNA, competing endogenous RNA; circRNA, circular

RNAs; EBV, Epstein–Barr virus; GWAS, genome-wide association study; IL-2

(6/8), interleukin-2(6/8); MRE, miRNA response element; MS, multiple sclerosis;

ncRNA, non-codingRNA; PBC, primary biliary cirrhosis; PBMCs, peripheral
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that are specifically expressed in tissues and spatiotemporally
expressed during development (21–23). In 2018, Toptan et al.
also found circRNAs of viral genetic origin in Epstein–Barr
virus (EBV) and Kaposi’s sarcoma virus (24). In recent years,
with the development of bioinformatic analysis technology,
high-throughput sequencing technology, special computational
pipeline development, and circRNA detection methods (25, 26),
circRNAs have truly entered human vision and have become a
hot spot in the scientific research field.

THE FORMATION OF CIRCRNAS

Circular RNAs are single-stranded, endogenous, ncRNA
molecules formed by the backsplicing of mRNA precursors and
have covalently closed circular structures without the 5′ end
caps and 3’ poly(A) tails (27). According to different sources,
circRNAs can be divided into single-exon circRNAs, multiexon
circRNAs, exon-intron circRNAs (EIciRNAs), and intron-only
circular intronic RNAs (ciRNAs); the first two types are located
in the cytoplasm, and the last two types are located in the nucleus
(28) (Figure 1). The same gene can generate different circRNAs
through alternative splicing, which is involved in the regulation
of different biological processes. The available evidence suggests
that circRNAs are not the product of mere accidents of splicing
(22, 27). The complete mechanism of the formation of circRNAs
has not yet been clarified.

Intron-Pairing Driven Cyclization
The flanking introns of some exons contain reverse repeat
sequences [e.g., Alu elements and reverse complementary paired
sequences (RCMs)], and when these sequences are close together,
they are paired with complementary bases to form circRNAs by
variable splicing (29), with the circRNAs generally containing 2–
3 exons. For example, the human POLR2A gene can generate
a certain circRNA that contains two exons. The introns on
the flanks of the two exons contain two complementary Alu
elements, and different types of circRNAs can be formed by
variable shearing, which cannot occur when the Alu elements are
removed (22, 25). Studies have shown that the same characteristic
element was found in the lateral intron region of Caenorhabditis
elegans and human circRNAs, which are enriched with RCMs
that complement each other at the splice site to form RNA
double-stranded bodies, which are then formed into circRNAs by
variable splicing (30, 31) (Figure 1).

RNA-Binding Proteins Driven Cyclization
RNA-binding proteins (RBPs) can also regulate the biogenesis of
circRNAs.When an RBP that binds to an exon’s lateral and intron
region undergoes dimerization, the upstream splicing acceptor
site (SA) and downstream splice donor site (SD) bind to each
other, and the exon undergoes reverse splicing and generates a
circRNA (32, 33). For example, RNA-binding protein FUS (Fused
in Sarcoma)-mediated reverse splicing of RNA forms circRNAs
in mouse neurons (34). In the process of epithelial–mesenchymal
transformation, quaking (QKI) proteins can bind to introns on
the flanks of the exons, orienting them side by side to promote
cyclization (33). In Drosophila melanogaster, intronic repeats,
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FIGURE 1 | Formation and types circRNAs (A) Intron-pairing driven cyclization, (B) RBP-driven cyclization, (C) Lariat-driven cyclization, (D) Single exon circRNA:

circRNA composed of a single exon, (E) Multi-exon circRNA: circRNA composed of multiple exons, (F) CiRNA: circRNA composed of introns, (G) ElciRNA: circRNA

composed of introns and exons.

heterogeneous ribonucleoproteins, and SR proteins play roles in
the formation of circRNAs (35). Musclebind (MBL) proteins can
also bind to introns on the exon flanks for dimerization, which
promotes the formation of circRNAs (36) (Figure 1).

Lariat-Driven Cyclization
The lariat-driven cyclization mechanism is the earliest and most
common method of cyclization (37); in this mechanism, the
covalent binding of splicing donors and splicing acceptors by
exon-skipping reading occurs to form cyclization (38). Jeck
et al. proposed a lariat-driven cyclization model formed by exon
circRNAs based on this mechanism, believing that pre-mRNA
can generate a lariat structure containing exons through exon-
skipping events and can then remove intron sequences by lariat
structure splicing to produce circRNAs (22, 26) (Figure 1).

Other Factors Affecting Cyclization
An increasing number of studies has shown that the formation
of circRNAs is also affected by a variety of factors. For example,
the spliceosome E complex assembled on exons of yeast EFM5
and HMRA1 was able to induce pre-mRNA backsplicing to form
circRNAs when exons were long enough (39). The immune

response factors NF90 and NF110 can stabilize the double-
stranded RNA structure formed during transcription and can
facilitate the formation of circRNAs by backsplicing (40). During
the development of germ cells of male mouses, m6Amodification
can promote the formation of open reading frames (OFR)-
carrying circRNAs (41). Numerous studies have found that
endonuclease Cpsf73, SRSF3 splicing factor, pathogenic gene
RBM20, and Csy4 can regulate the occurrence of the formation
of circRNAs (42–45).

DEGRADATION OF CIRCRNAS

Currently, the relevant mechanisms of the degradation of the
circRNAs are very limited. Due to the lack of a 3′ poly (A) tail and
5′ end cap, circRNAs are not easily degraded by RNA enzymes, so
their degradation is different from the linear RNA degradation
mechanism (42–45). At present, several related degradation
mechanisms have been identified. (a) In m6A-mediated RNA
degradation, circRNA molecules that contain m6A can bind
to and be degraded by the YTHDF2-HRSP12-mediated RNA
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endonuclease RNase P/MRP complex (46). (b) There may be
a degradation pathway for circRNAs similar to the structure-
mediated RNA decay (SRD) mechanism for mRNA, which is
degraded by the RBP UPF1 and its associated protein G3BP1
pathway (47). Studies have shown that the middomain in the
protein sequence of GW182 plays a key role in the degradation
of circRNAs (48) (Figure 2).

BIOLOGICAL FUNCTIONS OF CIRCRNAS

CircRNAs Acting as miRNA Sponges
A large number of studies have shown that circRNAs are
rich in miRNA response elements (MREs) that can sponge
absorbed miRNAs, inhibit the binding of miRNAs to target
genes, and thus regulate the expression of target genes.
This mechanism is known as the regulation hypothesis of
competing endogenous RNA (ceRNA) (49, 50). CircRNAs that
contain multiple competitive binding sites and are not easily
degraded, which have been found in many tissues, are more
likely to perform the functions of ceRNA (8) (Figure 2).
Human circRNA CDR1as (CIRS-7, hsa_circ_0001946), which
is a representative circRNA, has ∼74 miR-7 binding sites (63
are conserved). Although hsa_circ_0001946 is densely bound
by miR-7, hsa_circ_0001946 is not silenced by miR-7. Both
hsa_circ_0001946 and miR-7 are highly expressed in brain
tissues. Hansen et al. proved that hsa_circ_0001946 reduces the
knockdown efficiency of miR-7, while the transfection of miR-
671, which reduces the CDR1as levels before introducing miR-
7, recuses the sensitivity of the evaluated target genes to miR-
7. In patients with SLE, hsa_circ_0012919-bound miR-125a-3p
competitively mediated the gene expression of the target proteins
RANTES and KLF13, causing acute and chronic inflammatory
pathophysiological processes (51, 52). Analogously, in peripheral
blood monocytes (PBMCs) of patients with multiple sclerosis
(MS), hsa_circ_0001742 competitively binds to miR-634, which
is transcribed from PRKCA gene introns, thus regulating the
PRKCA expression (Table 2). In addition, the authors identified
16 putative miR-138 target sites in the testis-specific circular Sry
RNA, suggesting that Sry RNA is an miR-138 sponge (78).

Studies have found that some circRNAs can bind to proteins,
such as through sponge adsorption of miRNAs, and then
regulate the activity of these proteins. For example, after the
competitive combination of circSamd4 (mmu_circ_0000529)
and the PUR protein, the myogenic transcriptional activity of
the purine-rich binding proteins (PUR) protein was inhibited,
and the transcription of myosin heavy chains was promoted
to enhance the process of muscle generation (79). CircACC1
(hsa_circ_001391) can directly interact with the β and γ subunits
of adenosine monophosphate activated protein kinase (AMPK)
to promote AMPK stability and tumor growth (80). CircAmotl1
(hsa_circ_0004214) can combine with PDK1 and AKT1, thereby
reducing cell apoptosis and promoting cardiac repair (81).

The Involvement of circRNAs in the
Regulation of the Gene Expression
Many studies have indicated that circRNAs play an important
role in the regulation of the gene expression (Figure 2). The

biogenesis of circRNAs negatively affects the efficiency of pre-
mRNA alternative splicing and exerts regulatory effects on
the gene expression (82). Recent studies show that there is a
competition between backsplicing and linear splicing due to
overlapping dependence on the spliceosomal machinery (83).
CircMbl (hsa_circ_0030647) is cyclized from the second exon
of the splicing factor MBL/MBNL1 in flies and humans, and
its flanking introns contain conserved muscleblind binding
sites, which are strongly and specifically bound by MBL. The
modulation of the levels of MBL strongly affects the biosynthesis
of circMbl, and downregulation of MBL in both cell culture
and fly neural tissue leads to a strong and significant decrease
in the production of circMbl. If the MBL protein level is in
excess, its mRNA is downregulated by increasing the production
of circMbl. Together, the above data suggest that circRNAs have
a conserved function in gene regulation by competing with
canonical splicing (36). In the biogenesis of circRNAs, the pre-
mRNA backsplicing process is generally coupled to alternative
splicing. It is still unclear how the splicing machinery selects
either alternative splicing or backsplicing to generate a circular
RNA. CircRNAs also suppress parental gene transcription by
occupying RNA binding sites in target genes. The SEP3 exon 6
circRNA strongly binds to its cognate DNA locus and blocks the
binding of its linear isoform to cognate DNA. The formation of
RNA: DNA hybrids or R-loops results in the termination of SEP3
gene transcription (84). This phenomenon can directly regulate
the levels of other RNAs through the ceRNA mechanism, such
as the interaction of circPAIP2 (hsa_circ_0001538) with RNA
polymerase II (Pol II) and U1 small ribonucleoprotein particles
to enhance the transcription of the parental gene PAIP2 (85, 86).
Unmodified circRNAs directly activate RIG-I in the presence of
lysine-63-linked polyubiquitin chain to cause the filamentation
of Mitochondrial Anti-Viral Signaling protein (MAVS) and
the activation of the downstream transcription factor IRF3 to
induce the production of interferon (87). For example, in breast
cancer, circRNA-FECR1 (hsa_circ_0024836) can participate in
the regulation of the methylation modification of CpG islands
in the promoter region to activate the parental gene FLI1
and interact with TET1 and trans-DNMT1 to coordinate DNA
methylation and demethylation to promote the development of
tumors (88).

Cooperative Actions of circRNAs
Interacting With Proteins
Research suggests that circRNAs may be involved in the
assembly of RNA complexes or proteins. It is also possible
to combine multiple proteins to act as scaffolds of RBPs,
forming a molecular library of proteins that provides a
platform for interactions between proteins and DNA, RNA,
or proteins, thus producing a rapid response to extracellular
stimulation (Figure 2). CircMRPS35 (hsa_circ_0000384) recruits
histone acetyltransferase KAT7 to the promoters of FOXO1,
FOXO3a, and acetylated H4K5 and induces the expression of its
downstream target genes p21 and E-cadherin, which promotes
tumor immunity and inhibits the proliferation and invasion
of gastric cancer cells (89). Upon virus invasion, the antiviral
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FIGURE 2 | Functions of circRNAs (a) CircRNAs are formed and processed in the nucleus. (b) MiRNA sponge: circRNAs contain many MREs to competitive

combination of microRNAs, which can competitively inhibit the binding of mRNA to microRNAs to regulate the expression of genes. (c) CircRNA can adsorb proteins

like sponge adsorption of microRNAs and regulate the activity of protein. (d) CircRNAs combined with proteins act as the bracket of RBP, provide a platform for

interactions between proteins and DNA, RNA, or proteins, and rapidly respond to extracellular stimuli (e) CircRNAs can be translated into protein-like linear RNA. (f)

CircRNAs containing m6A can bind and degrade through the YTHDF2–HRSP12-mediated RNA endonuclease RNase P/MRP complex. (g) CircRNAs can enter the

exosomes to protect themselves from being cleared and play a role through exosome transfer to target cells.

protein NF90/NF110 is transported from the nucleus into the
cytoplasm where it binds to circRNAs to form a molecular
reservoir of Nf90/Nf110 and leads to a global decrease in the level
of circRNAs (90). Circ-DNMT1 (hsa_circ_0049224) interacts
with p53 and AUF1 to promote the complex to enter the nucleus,
and the AUF1 protein cannot inhibit DNMT1 mRNA after
entering the nucleus, leading to the accumulation of the DNMT1
protein, which inhibits p53 transcription, and the promotion of
the gene expression related to tumor proliferation (91).

Functions of Translated circRNAs
In addition to the above functions, circRNAs may also be
translated into proteins. Traditionally, the 5′-cap and 3′-
poly(A) tails are essential elements that initiate and drive
translation. Interestingly, researchers demonstrated that circRNA
translation can promote cap-independent translation after m6A
modification in the 5′ untranslated region (92, 93) and can
also activate the translation mechanism by binding ribosome
to circRNAs through internal ribosome entry site (IRES) (94,
95) (Figure 2). For example, circAkt3 (hsa_circ_0000199) can

encode protein 174-aa, which interacts with activated PDK1
to inhibit the phosphorylation of Akt at Thr308, thereby
regulating the PI3K/Akt signaling pathway (96, 97). circβ-catenin
(hsa_circ_0004194) from the source of the oncogene catenin
was able to encode the 370-amino acid β-catenin isoform. This
amino acid inhibits the phosphorylation of GSK3 and leads to the
degradation of β-catenin, which in turn leads to the continuous
activation of the Wnt/β-catenin pathway and promotes the
development of liver cancer (98).

THE ROLE OF CIRCRNAS IN IMMUNITY

The immune system can recognize antigenic substances,
distinguish “self ” from “nonself ” components, perform immune
surveillance, and defend against the invasion of pathogens to
maintain the physiological stability and balance of the internal
environment of the organism (1–3). Therefore, the accurate
regulation of the expression of genes of the immune system is
critical to an organism’s ability to generate powerful immunity to
pathogens while limiting autoimmunity toward self-antigens (99)
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FIGURE 3 | Pathogenesis of autoimmune diseases (a) Autoantigen variation: the tolerance genes in the body are mutated by biological, chemical, and physical

factors, resulting in new antigen determination clusters or previously hidden antigen epitopes present autoreactive T cells, leading to autoimmune response. (b) Cross

immunoreaction: the antigen carried by the pathogen is the same as the auto-tissue antigen, which can stimulate the body to produce common antibodies and bind

to the same epitope of different antigens, causing autoimmune diseases. (c) Abnormal regulation of immune responses: after the invasion of polyclonal stimulants

(Polyclonal stimulant LPS, CpG ODNs) and pathogens, Th cells that recognize the antigenic determinant of the body’s own components are still in a tolerant state,

while Th cells that recognize the foreign antigenic determinant are activated to helper B cells, produce an immune response, and cause an autoimmune reaction. (d)

Genetic factors: HLA genes can express MHC. When HLA genes are mutated, the abnormal expression produces mutated HLA antigen, which causes autoimmune

responses.

(Figure 3). CircRNAs have now been demonstrated to be active
participants in this process, participating in pathogen-response
pathways and in multiple stages of immunity.

Recent studies provide strong evidence that circRNAs are key
regulators of immunity. Some exogenous circRNAs can activate
immune gene expression and an antiviral program in organisms
(100), while endogenous circRNAs can collectively inhibit
double-stranded RNA (dsRNA)-activated protein kinase (PKR)
and set the threshold for innate immunity upon virus infection
(101). Pattern recognition receptors (PRRs) are critical to the
mammalian innate immune system and recognize pathogen-
associated molecular patterns (PAMPs) that are common among
viruses and bacteria. RIG-I and PKR are PRRs that discriminate
endogenous and exogenous circRNAs. Intriguingly, when
circRNAs were synthesized in cells instead of being synthesized in

vitro and transfected into cells, the immune stimulatory activity
was dependent on the splicing mechanism. CircRNAs generated
with endogenous introns and spliced by cellular spliceosomes
did not stimulate RIG-I (100). In contrast, circRNAs made
with self-splicing introns (phage td intron) stimulated RIG-I.
This is because m6A modification abrogates adjuvant activity
and immune gene activation. However, unmodified circRNA
adjuvant induces antigen-specific T-cell and B-cell responses, and
it directly activates RIG-I in the presence of lysine-63-linked
polyubiquitin chain to cause filamentation of the adaptor protein
MAVS and activation of the downstream transcription factor
IRF3. Furthermore, PKR recognizes dsRNA in the cytoplasm
and then inhibits protein synthesis. Previous work has shown
that endogenous circRNAs tend to form 16 to 26 bp RNA
duplexes. These dsRNAs (102, 103) and the adenovirus small
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non-coding VAI RNA (104) can act as inhibitors of dsRNA-
activated PKR related to innate immunity. Upon viral infection
or poly (I:C) stimulation, circRNAs are globally degraded, leading
to PKR activation during early innate immune responses. In
addition, circRNAs are closely associated with the immune
factors NF90/NF110 in innate immunity. NF90 and NF110,
which are both splice variants from the common gene ILF3,
are dsRNA-binding proteins that are formed by inverted repeat
elements in the introns flanking the two splice sites. These
splice variants stabilize the RNA hairpin structure that promotes
backsplicing. Upon virus invasion, NF90/NF110 is transported
from the nucleus into the cytoplasm, which leads to a global
decrease in the level of circRNAs. Moreover, NF90/NF110 can
be released from the complex and can bind to a viral mRNA
to inhibit viral replication (90, 105). Hsa_circ_0020397 can
promote the expression of programmed death-ligand 1 (PD-
L1) and telomerase reverse transcriptase by binding to miR-
138, thereby regulating the apoptosis, viability, and invasion of
colorectal cancer cells. PD-L1 is closely related to tumor escape
from immune control, so hsa_circ_0020397 may promote tumor
development by regulating tumor immunity (106). During the
process of immunosenescence, there is a significant feature,
namely, that the proportion of CD8T lymphocytes lacking
CD28 expression would be increased. Studies indicate that
hsa_circ_100783 in aging human CD8+ T cells might function
as a new biomarker for CD28-related CD8+ T-cell aging (107).
Collectively, these results provide strong evidence that circRNAs
are key regulators of immunity.

THE INVOLVEMENT OF CIRCRNAS IN AIDS

Emerging evidence suggests that circRNAs play important roles
in complex human pathology. It is worth noting that circRNAs
are important gene regulators in the immune system and are
closely related to the occurrence and development of AIDs.
Here, we focus on the role of circRNAs in immune cells and
immune regulation and emphasize their potential as biomarkers
and biological functions in autoimmunity.

The Role of circRNAs in Systemic Lupus
Erythematosus
Systemic lupus erythematosus is a kind of disease in
young women (108) that can cause the production of
predominantly antinuclear antibodies, among a variety of
autoantibodies, and is an autoimmune inflammatory connective
tissue disease that involves multiple organs (109). SLE is
characterized by complement failure, autoantibodies, immune
complex deposition, and frequent inflammation recurrence
(110–112) (Table 1).

Li et al. provided the first proof of the comprehensive
expression profile of circRNAs in the plasma of patients with
SLE to provide a basis for the use of circRNAs as biomarkers
for the prediction and diagnosis of SLE (137). Subsequent
studies showed that hsa_circ_407176, hsa_circ_001308,
hsa_circ_0049224, hsa_circ_0044235, and hsa_circ_0068367 are
clearly upregulated in the PBMCs of patients with SLE (138–140).
Coincidentally, Luo et al. also found 11 significantly upregulated

circRNAs in the PBMCs of patients with SLE (53). Interestingly,
Li et al. demonstrated that hsa_circ_0045272 was significantly
downregulated, which would result in certain miRNAs being
free and the subsequent downregulation of NM_003466
(PAX8) and NM_015177 (DTX4) mRNAs, thereby negatively
regulating the production and apoptosis of interleukin-2
(IL-2) in the T cells of patients with SLE (55). Our current
knowledge is far too rudimentary to propose a mechanism of
the occurrence and development of SLE mediated by circRNAs,
but some researchers have performed preliminary explorations.
Wang et al. demonstrated that downregulated circIBTK
(hsa_circ_0077179) may reverse the DNA demethylation
induced by miR-29b through competitive binding with miR-29b
and activate the AKT signaling pathway in SLE (56). Research
has shown that the PI3K/AKT pathway regulates macrophage
migration and proliferation and coordinates the responses to
different inflammatory signals in macrophages (141). AKT
can also coordinate IL-2 signaling to maintain the expression
of cytolytic effector molecules and cytokine and chemokine
receptors in cytotoxic T cells (142). Zhang et al. discovered
that hsa_circ_0012919 was downregulated by competitively
binding to miR-125a-3p in patients with SLE, reversing the
DNA hypomethylation of CD11a and CD70 in CD4+ T
cells, increasing the expression of DNMT1, and reducing the
expression of CD70 and CD11a. Subsequently, these authors
found that hsa_circ_0012919 competitively binding to miR-
125a-3p mediated the gene expression of the target proteins
RANTES and KLF13, causing acute and chronic inflammatory
pathophysiological processes (52, 57). Guo et al. confirmed that
hsa_circ_0000479 influences the occurrence and development
of SLE by regulating the Wnt signaling pathway and metabolic
pathway (54). Bioinformatic analysis revealed that the parent
gene of circPTPN22 (hsa_circ_0110529) is the regulatory
factor of T cell activation. The downregulated circPTPN22
was correlated with mRNAs and miRNAs related to immune
regulation and has a good diagnostic value for SLE (58). In
addition, endogenous circRNAs were able to form inhibitors
of dsRNA-activated protein kinase (PKR that participate in the
antiviral innate immune response. When the body is infected
with a relevant virus or stimulated with poly (I:C), circRNAs
are degraded by RNaseL, and phosphorylation is enhanced
by PKR, leading to the development of SLE (102, 103). Other
evidence showed that hsa_circ_0000479 and hsa_circ_0082689
are correlated with the C3 levels and anti-dsDNA levels,
respectively (53) (Table 2) (Figure 4). In the context of limited
methods for the diagnosis and treatment of SLE, the circRNAs
mentioned above may become potential biomarkers, and the
specific mechanism associated needs to be further explored.

The Role of circRNAs in Rheumatoid
Arthritis
Rheumatoid arthritis (RA) is a systemic AID that frequently
occurs in young women and is chronic and recurring (113,
114). The immunological characteristics include synovial fluid
and blood containing the rheumatoid factor (RF), inflammatory
synovial fluid containing tumor necrosis factor (TNF-α), and
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TABLE 1 | Types and characteristics of autoimmune diseases.

Autoimmune

diseases

Vulnerable

population

Clinical symptoms Pathogenesis References

Systemic lupus

erythematosus

20–40 years old

female

Fatigue, fever, butterfly erythema,

arthritis, pericarditis, pleurisy,

pulmonaryembolism, nephritis,

aseptic meningitis, lupus like

sclerosis, pancreatitis,

hyperthyroidism or hypothyroidism

Under the interaction of environmental and genetic factors inhibiting

function of T cells is reduced, the decrease in the number of T cells, B

cells excessive proliferation of antinuclear antibodies, and result in

granulocyte cell membrane damage or degradation, swelling of the

nucleus, the formation of lupus corpuscle, LE corpuscle induce

macrophages and neutrophils chemotaxis, combined with the

formation of the antibody specificity immune complex, deposited on

the skin, blood vessels, joints. In the presence of the complement,

lupus cells form, leading to inflammation and tissue necrosis. Or

directly through autoantibodies and tissue cell antigen interaction,

causing cell damage.

(108–112)

Rheumatoid

arthritis

40–60 years old

female

Joint capsule injury, vasculitis,

pleurisy, subcutaneous nodules,

rheumatoid nodules, serosal

inflammation, pneumonia,

lymphadenopathy, splenomegaly,

leukopenia, lymphatic follicular

formation

Virus (EBV), bacteria and other infectious factors enter the body, its

oligosaccharides, glycopeptide fragments and other components are

absorbed by synovium cells to form new proteoglycan, change the

structure of IgG, and promote the body to produce specific

antibodies-rheumatoid factor. IgM, IgG, IgA and IgE etc. can combine

with RF to form immune complexes, which can be deposited in joints

or local tissues, activate the complement and produce C3a and C5a,

prompting neutrophils and monocytes to englobe RF-IgG and other

immune complexes, synthesize and release lysosomal enzymes and

IL-1 and other mediators, thereby causing the occurrence of RA.

(113–116)

Multiple

sclerosis

20–40 years old

female

Eye muscle paralysis neuritis,

retrobulbus optic neuritis, limb

paralysis, mental symptoms, limb

tremor, nystagmus, and ataxia

Autoreactive T cells as being involved, particularly through their

secretion of cytokines and activation of the inflammatory cascade.

(117–122)

Primary biliary

cirrhosis

Middle-aged

females

Pruritus, fatigue, jaundice,

dyslipidemia

Mostly unknown; maybe related to autoimmunity. (123–125)

Progressive

systemic

sclerosis

Common in

women, with

incidence of

about 4 times

than that of men,

rare in children

Raynaud’s phenomenon, skin

involvement, musculoskeletal injury,

and various degrees of visceral

fibrosis

Under the influence of genetic, environmental factors and immune

abnormalities, fibroblasts may synthesize and secrete more collagen,

leading to fibrosis of skin and internal organs. Or RF, anti-smooth

muscle antibody forms antigen antibody immune complex and

deposits in the blood vessels and other organs, causing vascular

endothelial cell injury, vascular wall fibrosis, and tissue fibrosis

(126, 127)

Rheumatic

heart disease

Young people Palpitation, shortness of breath,

cough, fatigue, lower limb edema

Atrial fibrillation

RHD refers to valvular heart disease caused by abnormal autoimmune

response after infection with group A type b hemolytic streptococcus.

(128–130)

Psoriasis Young adults Erythema, scales, pruritus, joint pain Unknown (131–133)

Lupus

nephritis

Young adults Hematuria, proteinura, edema,

chronic renal failure

The pathogenesis of LN maybe associated with circulating immune

complex deposition in the kidney;

(134–136)

other pro-inflammatory cytokines, and a large number of
lymphocytes and macrophages in inflammatory synovial fluid
(115, 116) (Table 1). Research has thoroughly documented
that the inflammatory response and immunological disorders
critically contribute to RA. However, the etiology and precise
pathogenesis of RA remain to be fully elucidated.

Substantial research has discovered that circRNAs, such
as hsa_circ_0035197, hsa_circ_0000175, hsa_circRNA_104194,
hsa_circ_0001200, hsa_circ_0000396, and hsa_circ_0130438, are
clearly dysregulated in RA (59–63). It is worth noting that
hsa_circ_0002715 was correlated with the joint pain score, the
joint swelling score, RF, and anti-imine protein antibodies (60).
Hsa_circ_0000175 is correlated with the anti-citrate protein
antibody and the count and percentage of white blood cells,
lymphocytes, and neutrophils. Hsa_circ_0008410 is related to a
joint range of motion, platelet count, and platelet deposition,

indicating the range of motion and severity of RA. Li argued
that hsa_circ_0044235 has diagnostic significance for RA and
can also significantly distinguish patients with RA from patients
with SLE (140). Our present knowledge is far too rudimentary
to draft the mechanism of the occurrence and development
of RA mediated by circRNAs, but some researchers have
performed preliminary explorations. Xu argued for the first
time that the increase in hsa-circ-0001045 in the synovial
tissues of patients with RA significantly inhibits miR-30a,
resulting in the overexpression of Beclin-1 and LC3 in RA
and thereby reducing apoptosis and promoting the occurrence
and development of RA (64). Li further demonstrated that
hsa_circ_0001859 can inhibit the expression of ATF2 in SW982
cells after being silenced by competitive binding with miR-
204/211, thereby reducing chronic inflammation in synovial
tissue (65). In a recent study, hsa_circ_0088036 was found
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TABLE 2 | Summary of the role of circRNAs in autoimmune diseases.

CircRNA Disease Tissue Expression

pattern

Sponge

target

Effect References

hsa_circ_0082689 SLE PBMCs ↓ It is related to anti-dsdna level and treatment (53)

hsa_circ_0000479 SLE PBMCs ↑ The regulation of Wnt signaling pathway and metabolic

pathway further affects the development of SLE

(53, 54)

hsa_circ_0045272 SLE T cell ↓ Negatively regulates the production of interleukin 2 (IL-2) and

promotes apoptosis of SLE T cells

(55)

hsa_circ_0077179 SLE PBMCs ↓ miR-29b Reverse the DNA demethylation induced by miR-29b, and

activate the AKT signaling pathway, thus causing the

occurrence and development of SLE

(56)

hsa_circ_0012919 SLE CD4+Tcell miR-125a-3p Reverse DNA hypomethylation of CD11a and CD70 in

CD4+ T cells. It regulates the gene expression of target

proteins RANTES DNMT1 and KLF13, causing acute and

chronic inflammatory pathophysiological processes that lead

to the development of SLE

(52, 57)

hsa_circ_0110529 SLE PBMCs ↓ The potential of SLE to diagnose biomolecular markers (58)

hsa_circ_0035197,

hsa_circ_0000175,

hsa_circ_104194,

hsa_circ_0001200,

hsa_circ_0000396,

hsa_circ_0130438

RA PBMCs ↑ Potential biomarkers for RA diagnosis (59–63)

hsa-circ-0001045 RA Synovium ↑ miR-30a It promotes the overexpression of beclin-1 and LC3 in RA,

thereby reducing cell apoptosis and promoting the

occurrence and development of RA

(64)

hsa_circ_0001859 RA SW982

cell

miR-204/211 Inhibit the expression of ATF2 in RA, thereby reducing the

chronic inflammation of synovial tissue

(65)

hsa_circRNA_100833 RA Plasma ↑ miR-498 It acts as an inhibitor of miR-498/mTOR cross-talk by

directly targeting miR-498, regulating ECM catabolism,

inflammation, and apoptosis and affecting the

pathophysiological process of RA.

(66)

hsa_circ_0001946 RA Plasma ↑ miR-671

miR-7

The downregulation of miR-671 leads to the up-regulation of

cirs-7,thereby reducing the inhibition of miR-7 on mTOR

through the PI3K/AKT/mTOR signaling pathway, thus

affecting the pathophysiological process of RA

(51, 66)

hsa_circ_0106803 MS PBMCs miR-149 Hsa_circ_0106803 can modulate the progression of MS by

regulating the expression of ASIC1a mRNA through miR-149

(67–69)

hsa_circ_0005402 MS PBMCs ↓ miR-1248 and

miR-766

Through competitive binding of miR-1248 & miR-766,

ANXA2 expression was regulated and thus involved in the

occurrence and development of MS

(5, 70)

has_circ_402458 PBC Plasma ↑ miR-522 and

miR-943

It is a sponge of mir-522 and mir-943 that regulates

inflammation-related signaling pathways, promotes the

development of PBC

(71–73)

hsa_circRNA_001264,

hsa_circRNA_104121,

hsa_circRNA_045355

PSS Potential biomarkers for PSS diagnosis (74, 75)

circRNA

chr2:206992521|206994966

Psoriasis MSCs

Plasma

↓ miR-7157-5p It may play a role in the pathophysiological process of

psoriasis by affecting the secretion of cytokines and the

activity of local diseased T lymphocytes

(76)

circRNA_002453 LN Plasma ↑ It is related to the severity of kidney damage;

Potential biomarkers for LN diagnosis

(77)

↓, Downregulated; ↑, Upregulated.

to promote the proliferation and migration of fibroblast-like
synoviocytes by sponging miR-140-3p and upregulating SIRT
1 expression (143). More recent studies by Li et al. found
that circFADS2 (hsa_circRNA_100833) acts as an inhibitor
of miR-498/mTOR cross-talk by directly targeting miR-498,

regulating extracellular matrix (ECM) catabolism, inflammation,
and apoptosis, and affecting the pathophysiological process of
RA. Coincidentally, with the downregulation of miR-671 in
patients, miR-7 is correspondingly upregulated, which reduces
the inhibition of mTOR by miR-7, and the activation of the
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FIGURE 4 | The role of circRNAs in the pathophysiological process of SLE (a) In T cells of patients with SLE, hsa_circ_0012919 competitively binds to mir-125a-3P

through ceRNA mechanism, regulates the expression of DNMT1/RANTES gene, reduces the level of CD70, and causes the pathophysiological process of acute and

chronic inflammation, leading to the occurrence and development of SLE. CircIBTK competitively binds to mir-29b, reverses mir-29b induced DNA demethylation,

activates the AKT signaling pathway, and promotes T cell apoptosis. CircRNA is degraded by RNase L, and PKR enhances phosphorylation when the organism is

infected by an associated virus or stimulated by Poly (I:C), leading to the development of SLE. (b) In patients with SLE, the decrease in the number of T cells and B

cells with excessive proliferation of antinuclear antibodies result in granulocyte cell membrane damage or degradation, swelling of the nucleus, the formation of lupus

corpuscle, the induction of macrophages and neutrophils chemotaxis by LE corpuscle, combined with the formation of the antibody specificity immune complex,

deposited on the skin, blood vessels, and joints. In the presence of the complement, lupus cells form, leading to inflammation and tissue necrosis, directly through

autoantibodies and tissue cell antigen interaction, causing cell damage.

PI3K/AKT/mTOR signaling pathway regulates the occurrence
and development of RA (51, 66). Previous studies of the
involvement of the circRNA–miRNA–mRNA ceRNA network in
the pathophysiological processes of RA emphasized that it may
become a potential biomarker for the diagnosis and treatment of
RA (144) (Figure 5).

The Role of circRNAs in Multiple Sclerosis
Multiple sclerosis is an autoimmune chronic inflammatory
central nervous system (CNS) demyelination disease that
frequently occurs in young women and is multifocal, transient,
and prone to relapse (78, 121, 122) (Table 1). Studies about
the pathophysiological mechanisms of MS, while not fully
elucidated, have implicated autoreactive T cells as being involved,

particularly through their secretion of cytokines and activation
of the inflammatory cascade (117). Moreover, the inflammatory
demyelination process triggers the microglial activation and
chronic oxidative injury, leading to neurodegeneration and,
ultimately, axonal and neuronal death (118). To date, the
diagnosis of MS mainly depends on the clinical evidence of
demyelinating lesions in the CNS. Cerebrospinal fluid (CSF)
is the most direct source of biomarkers; however, multiple
punctures are not recommended because of the invasiveness and
potential adverse effects of the procedure, so CSF cannot be
continuously sampled to monitor biomarker levels (117, 118).
Additionally, the early symptoms of MS may be non-specific and
suggestive of many other disorders of the CNS (119). Both the
disease course and clinical phenotype of MS exhibit individual

Frontiers in Immunology | www.frontiersin.org 10 February 2021 | Volume 12 | Article 622316

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


Zhai et al. CircRNAs Involved in Autoimmune Diseases

FIGURE 5 | The role of circRNA in the pathophysiological process of RA (a) In synovial cells of patients with RA, hsa-circ-U0001045 competitively binds miR-30a,

resulting in the overexpression of beclin-1 and LC3, promoting autophagy and the development and progression of RA. The downregulation of mir-671 resulted in the

upregulation of CIRS-7, thereby reducing the inhibition of mir-7 on mTOR and affecting the pathophysiological process of RA through the PI3K/AKT/mTOR signaling

pathway. (b) In patients with RA, EBV, bacteria, and other infectious factors enter the body, and its oligosaccharides, lipopeptide fragments, and other components

are absorbed by synovium cells to form new proteoglycan, change the structure of IgG, and promote the body to produce a specific antibodies-rheumatoid factor.

IgM, IgG, IgA, and IgE can combine with the RF to form immune complexes, which can be deposited in joints or local tissues, activate the complement, and produce

C3a and C5a, prompting neutrophils and monocytes to englobe RF-IgG and other immune complexes, synthesize, and release lysosomal enzymes and IL-1 and

other mediators, thereby causing the occurrence of RA.

differences, and spatiotemporal variations occur even within
the same individual. Although MRI can localize lesions to help
diagnose them, it is expensive and difficult to perform. Because
of the unique stability of circRNAs in body fluids, they have been
proposed as promising sources of biomarkers in a wide variety of
sample types, such as blood, saliva, urine, and CSF (120).

Paraboschi argued for the first time that the protein
kinase C gene is associated with recurrent MS, but the
underlying pathogenesis is still unknown (145). He et al. further
demonstrated that the circRNAs (hsa_circ_0106803) formed by
the fourth and fifth exons of Gasdermin B through reverse
variable splicing were significantly dysregulated in the PBMCs
of patients with Relapsing Remitting Multiple Sclerosis (RRMS)
(69). Through bioinformatic analysis, it was predicted that

hsa_circ_0106803 contains more than one target site, and among
its binding partners, miR-149 and miR-1275 are differentially
expressed in the blood of patients with MS. Previous studies
have shown that miR-149 binds to ASIC1a and reduces its
levels (67). ASIC1a encodes a subunit of the acid-sensing
ion channel (68), which is overexpressed in lesions in acute
MS and could be implicated in the neuronal pathogenesis of
this disease. In light of this evidence, a ceRNA network has
been proposed in which hsa_circ_0106803 can modulate the
progression ofMS by regulating the expression of ASIC1amRNA
through miR-149 (69). Subsequently, through the genome-wide
association study of MS, it was also shown that hsa_circ_0043813
of STAT3 gene expression can be regulated by three disease-
related SNP genotypes and can participate in the occurrence
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and development of MS (146). Moreover, another study of
the PBMCs of patients with MS found that the expression
of hsa_circ_0005402 and hsa_circ_0035560 encoded by the
ANXA2 gene is downregulated (70). Through bioinformatic
analysis, it was predicted that hsa_circ_0005402 contains a single
binding site for 17 miRNAs and two binding sites for miR-
1248 and miR-766 (5). Then, researchers performed a whole-
transcriptome study with PBMCs from patients with LS-OCMBs
and identified hsa_circ_0000478 (VWA8) and hsa_circ_0116639
(EP300), which are downregulated in patients with positive
LS-OCMB status (120). Correale et al. used RNA-seq data to
identify multiple differentially expressed circRNAs in sh-sy5y and
Jurkat cells of MS-related tissues, including hsa_circ_0001329,
hsa_circ_0006884, and hsa_circ_0006884 (78). In a recent study,
Iparraguirre et al. used leukocytes from patients withMS to study
the circular transcriptome. Among the differentially expressed
circRNAs, 96.1% are upregulated in patients compared with
controls. This suggests that the whole circRNA signature can
have the potential to diagnose 85.2% of cases with MS (147). In
the context of limited methods for the diagnosis and treatment
of MS, the circRNAs mentioned above may become potential
biomarkers. The process of determining whether they can be used
in clinical diagnosis still has a long way to go.

CircRNAs and Other AIDs
Primary biliary cirrhosis (PBC), which is also known as primary
biliary cholangitis, is a chronic, organ-specific autoimmune liver
disease with cholestasis (123, 125). The clinical manifestations
are pruritus, fatigue, jaundice, and dyslipidemia (124). PBC is
characterized by the presence of anti-mitochondrial antibodies
in the circulating blood and the non-suppurative inflammatory
destruction of the small intrahepatic bile duct, which leads to
extensive destruction of the hepatic duct and biliary cirrhosis
(124) (Table 1). The pathogenesis of PBC is unknown and
may be related to autoimmunity. PBC often occurs in middle-
aged women, with insidious onset, slow development, and
mild early symptoms, making it difficult to diagnose (148).
Therefore, it is urgent to identify biomarkers for the early
diagnosis of PBC (149). Zheng et al. demonstrated 22 abnormally
expressed circRNAs in the plasma of patients with PBC by
circRNA microarray analysis. Subsequently, it was confirmed
that hsa_circ_402458 could competitively bind to miR-522
and miR-943 (72). Previous studies have emphasized that
miR-522 plays an important role in chronic inflammatory
diseases (73), and miR-943 is involved in the occurrence and
development of PBC by regulating TGF-livelihood signaling
(71). Therefore, hsa_circ_402458 binds miR-522, and miR-943
competitivelymediates inflammation-related signaling pathways,
causing chronic inflammatory pathophysiological processes and
becoming a potential biomarker for the early diagnosis of
PBC (Table 2).

Scleroderma, which is also called progressive systemic
sclerosis (PSS), is an inflammatory skin and internal organ
fibrosis that is characteristic of chronic inflammatory connective
tissue disease (126) (Table 1). Although significant progress
has been made in the treatment of some AIDs, biomarkers
for the prognosis of the therapy of PSS still need to be

extensively studied (127). Su et al. identified 234 differentially
expressed circRNAs in PSS. Subsequent studies showed that
hsa_circ_001264, hsa_circ_104121, and hsa_circ_045355 are
related to the pathophysiology of PSS and provide support for
prognosis and treatment (74, 75) (Table 2).

Rheumatic heart disease (RHD) refers to a valvular heart
disease caused by an abnormal autoimmune response after
infection with group A type b hemolytic streptococcus. RHD
is a complication of severe and recurrent rheumatic fever and
often occurs in young people (128). The clinical symptoms
are not obvious at the early stage, and symptoms of cardiac
decompensation, such as palpitation, shortness of breath, cough,
fatigue, and lower limb edema (129), appear later. Atrial
fibrillation (AF) is common in patients with RHD. AF can
be divided into permanent AF, persistent AF, and paroxysmal
AF by duration. The main symptoms include palpitations,
dizziness, chest discomfort, and shortness of breath (130).
Through high-throughput sequencing, Hu et al. found 51
circRNAs with upregulated expression and 57 circRNAs with
downregulated expression in patients with RHD persistent
AF, verified the abnormal expression of circRNAs by qPCR,
and conducted enrichment analysis of Gene Ontology (GO)
and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathways to construct the relevant circRNA–miRNA expression
network. It was found that circRNA19591, circRNA19596, and
circRNA16175 may competitively bind to miR-29b-1-5p and
miR-29b-2-5p. This process is related to the pathogenesis
of hypertrophic cardiomyopathy and dilated cardiomyopathy.
CircRNAs may play a role in RHD-related AF (150, 151)
(Table 2).

Psoriasis is an immune-mediated, heritable, chronic
inflammatory skin disease (132). The disease mainly occurs in
the skin and joints of young adults and is prone to relapse (133).
Clinical manifestations are erythema, scales, pruritus, and joint
pain (131) (Table 1). Therefore, the pathogenesis and diagnostic
biomarkers of psoriasis urgently need to be studied. Qiao et al.
demonstrated that many circRNAs are abnormally expressed
in the pathological skin tissues of patients with psoriasis, and
among these circRNAs, hsa_circ_0061012 may specifically bind
to hsa-miR-7157-5p, hsa-miR-4769-3p, and hsa-miR-6817-5p,
leading to psoriasis (152). Coincidentally, Moldovan et al. also
found significantly downregulated expression of circRNAs in
damaged skin tissues of patients with psoriasis (153). Subsequent
studies showed that these significantly downregulated circRNAs
were involved in the immune regulation by affecting the JAK-
STAT pathway (154). Interestingly, research has demonstrated
that circRNAchr2: 206992521|206994966 may play a role in the
pathophysiological process of psoriasis by affecting the secretion
of cytokines and the activity of locally diseased T lymphocytes
(76) (Table 2). All these studies indicate that circRNAs have
the potential to be biomarkers for the diagnosis and prognosis
of psoriasis.

Lupus nephritis (LN) is a complication of SLE (136) and an
immunological disease involving severe kidney damage (134).
The pathogenesis of LN may be associated with circulating
immune complex deposition in the kidney, local complement
activation, and abnormal T cell-mediated immune response
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direct roles of autoantibodies, and other factors (135). The main
clinical manifestations are hematuria, proteinuria, edema, and
chronic renal failure (134) (Table 1). Early diagnosis of LN is
critical because early detection and treatment can improve the
prognosis of patients with LN (136); thus, the discovery of
biomarkers for LN is urgently needed. Ouyang et al. detected
the upregulated expression of circRNA_002453 in the plasma
of patients with LN using the circRNA chip technology and
found that it was related to the severity of renal injury and
may become a potential biomarker for the diagnosis of LN
(77) (Table 2).

CONCLUSION AND FUTURE
PERSPECTIVES

To date, the biological functions of most circRNAs remain poorly
understood. However, a growing body of evidence suggests that
circRNAs play important roles in the pathological physiology
of numerous diseases by sponge adsorption, peptide coding,
gene expression regulation, and epigenetic modification. These
functions do not represent the global functions of all circRNAs
but the functions of certain circRNAs because these functions
are sequence-specific. However, in AIDs, a global change in the
expression of circRNAs suggests a function that could also be
global. Could a global change occur because many endogenous
circRNAs tend to form imperfect RNA duplexes, which, via
their interaction with the dsRNA-activated PKR, regulate the
innate immune response (102, 103). To date, circRNAs mainly
function through the circRNA–miRNA–mRNA ceRNA network
to regulate gene expression and are involved in the occurrence
of AIDs. Further research is needed to reveal whether circRNAs
are involved in the pathophysiology of AIDs through other
functions. However, circRNAs have the potential to serve as new
clinical diagnostic biomarkers and therapeutic targets, providing
the possibility for personalized precision medicine.

In recent years, circRNAs have attracted extensive attention
in the prediction, diagnosis, and treatment of diseases, but there
are still many problems to be solved. There is no standard
nomenclature of circRNAs, although the study of circRNAs has
exploded in the past few years, which is not convenient for
academic exchanges (155). Many individual circRNA functions
remain unknown due to the lack of adequate methods for

distinguishing circRNAs from cognate mRNAs with overlapping
exons (156). RNA sequencing (RNA-seq) data are used to detect
genome-wide circRNA expression by numerous algorithms, but
there is no clear standard way to evaluate the accuracy of these
algorithms and little overlap in their predictions (157). Therefore,
there is an urgent need for these problems to be studied.

It should be noted that there are limitations in the current
studies on the role of circRNAs in AIDs. First, the number
and sources of patient samples are limited, which affect
the universality of circRNAs as biomarkers. Second, the
level of circRNAs in patients has been determined, but the
molecular mechanisms, such as protein translation and
gene expression regulation, are still unclear and are thus
regarded as a byproduct of splicing. Third, the prediction
of circRNA targets, high-throughput sequencing, and other
technologies are not perfect, resulting in inconsistent
expectations. Finally, there is, currently, a lack of clinical
trials of circRNAs as biomarkers. Further studies on the
biogenesis, degradation, and biological functions of circRNAs
will deepen our understanding of AIDs and help provide
new insights into the diagnosis and treatment of AIDs. In the
future, circRNAs will hopefully become reasonable and efficient
biomarkers of AIDs.

CONSENT FOR PUBLICATION

All authors have agreed on the consent of the manuscript.

AUTHOR CONTRIBUTIONS

XZ performed the selection of literature, drafted the manuscript,
and prepared the Figures. YZ, SX, and PC collected the related
references and participated in discussions. JL designed this
review and revised the manuscript. All authors contributed to
this manuscript and read and approved the final manuscript.

FUNDING

This work was supported by the National Key Research
and Development Program and the National Natural
Science Foundations of China (2017YFC1200204, 81974427,
and 31670171).

REFERENCES

1. Natoli G, Ostuni R. Adaptation and memory in immune responses. Nat

Immunol. (2019) 20:783–92. doi: 10.1038/s41590-019-0399-9

2. Cerny J, Striz I. Adaptive innate immunity or innate adaptive immunity?Clin

Sci. (2019) 133:1549–65. doi: 10.1042/CS20180548

3. Sonnenberg GF, Hepworth MR. Functional interactions between innate

lymphoid cells and adaptive immunity. Nat Rev Immunol. (2019) 19:599–

613. doi: 10.1038/s41577-019-0194-8

4. Demaria O, Cornen S, Daeron M, Morel Y, Medzhitov R, Vivier E.

Harnessing innate immunity in cancer therapy. Nature. (2019) 574:45–56.

doi: 10.1038/s41586-019-1593-5

5. Zhou Z, Sun B, Huang S, Zhao L. Roles of circular RNAs in immune

regulation and autoimmune diseases. Cell Death Dis. (2019) 10:503.

doi: 10.1038/s41419-019-1744-5

6. Koeken V, Verrall AJ, Netea MG, Hill PC, van Crevel R. Trained innate

immunity and resistance to Mycobacterium tuberculosis infection. Clin

Microbiol Infect. (2019) 25:1468–72. doi: 10.1016/j.cmi.2019.02.015

7. Khoruts A, Fraser JM. A causal link between lymphopenia

and autoimmunity. Immunol Lett. (2005) 98:23–31.

doi: 10.1016/j.imlet.2004.10.022

8. Geng Y, Jiang J, Wu C. Function and clinical significance of circRNAs

in solid tumors. J Hematol Oncol. (2018) 11:98. doi: 10.1186/s13045-018-

0643-z

9. Patop IL, Wust S, Kadener S. Past, present, and future of circRNAs. Embo J.

(2019) 38:e100836. doi: 10.15252/embj.2018100836

10. Sanger HL, Klotz G, Riesner D, Gross HJ, Kleinschmidt AK. Viroids are

single-stranded covalently closed circular RNA molecules existing as highly

base-paired rod-like structures. Proc Natl Acad Sci USA. (1976) 73:3852–6.

doi: 10.1073/pnas.73.11.3852

Frontiers in Immunology | www.frontiersin.org 13 February 2021 | Volume 12 | Article 622316

https://doi.org/10.1038/s41590-019-0399-9
https://doi.org/10.1042/CS20180548
https://doi.org/10.1038/s41577-019-0194-8
https://doi.org/10.1038/s41586-019-1593-5
https://doi.org/10.1038/s41419-019-1744-5
https://doi.org/10.1016/j.cmi.2019.02.015
https://doi.org/10.1016/j.imlet.2004.10.022
https://doi.org/10.1186/s13045-018-0643-z
https://doi.org/10.15252/embj.2018100836
https://doi.org/10.1073/pnas.73.11.3852
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Zhai et al. CircRNAs Involved in Autoimmune Diseases

11. Hsu MT, Coca-Prados M. Electron microscopic evidence for the circular

form of RNA in the cytoplasm of eukaryotic cells.Nature. (1979) 280:339–40.

doi: 10.1038/280339a0

12. Matsumoto Y, Fishel R, Wickner RB. Circular single-stranded RNA replicon

in Saccharomyces cerevisiae. Proc Natl Acad Sci USA. (1990) 87:7628–32.

doi: 10.1073/pnas.87.19.7628

13. Nigro JM, Cho KR, Fearon ER, Kern SE, Ruppert JM,

Oliner JD, et al. Scrambled exons. Cell. (1991) 64:607–13.

doi: 10.1016/0092-8674(91)90244-S

14. Cocquerelle C, Daubersies P, Majerus MA, Kerckaert JP, Bailleul B. Splicing

with inverted order of exons occurs proximal to large introns. Embo J. (1992)

11:1095–8. doi: 10.1002/j.1460-2075.1992.tb05148.x

15. Capel B, Swain A, Nicolis S, Hacker A, Walter M, Koopman P, et al. Circular

transcripts of the testis-determining gene Sry in adult mouse testis. Cell.

(1993) 73:1019–30. doi: 10.1016/0092-8674(93)90279-Y

16. Cocquerelle C, Mascrez B, Hetuin D, Bailleul B. Mis-splicing yields circular

RNA molecules. Faseb J. (1993) 7:155–60. doi: 10.1096/fasebj.7.1.7678559

17. Pasman Z, BeenMD,Garcia-BlancoMA. Exon circularization inmammalian

nuclear extracts. RNA. (1996) 2:603–10.

18. Schindewolf C, Braun S, Domdey H. In vitro generation of a circular exon

from a linear pre-mRNA transcript. Nucleic Acids Res. (1996) 24:1260–6.

doi: 10.1093/nar/24.7.1260

19. Zaphiropoulos PG. Circular RNAs from transcripts of the rat cytochrome

P450 2C24 gene: correlation with exon skipping. Proc Natl Acad Sci USA.

(1996) 93:6536–41. doi: 10.1073/pnas.93.13.6536

20. Surono A, Takeshima Y, Wibawa T, Ikezawa M, Nonaka I, Matsuo

M. Circular dystrophin RNAs consisting of exons that were

skipped by alternative splicing. Hum Mol Genet. (1999) 8:493–500.

doi: 10.1093/hmg/8.3.493

21. Hansen TB, Jensen TI, Clausen BH, Bramsen JB, Finsen B, Damgaard CK,

et al. Natural RNA circles function as efficient microRNA sponges. Nature.

(2013) 495:384–8. doi: 10.1038/nature11993

22. Jeck WR, Sorrentino JA, Wang K, Slevin MK, Burd CE, Liu J, et al. Circular

RNAs are abundant, conserved, and associated with ALU repeats. RNA.

(2013) 19:141–57. doi: 10.1261/rna.035667.112

23. Memczak S, Jens M, Elefsinioti A, Torti F, Krueger J, Rybak A, et al. Circular

RNAs are a large class of animal RNAs with regulatory potency. Nature.

(2013) 495:333–8. doi: 10.1038/nature11928

24. Toptan T, Abere B, Nalesnik MA, Swerdlow SH, Ranganathan S, Lee N, et al.

Circular DNA tumor viruses make circular RNAs. Proc Natl Acad Sci USA.

(2018) 115:E8737–E45. doi: 10.1073/pnas.1811728115

25. Hansen TB. Improved circRNA identification by combining prediction

algorithms. Front Cell Dev Biol. (2018) 6:20. doi: 10.3389/fcell.2018.00020

26. Hansen TB, Veno MT, Damgaard CK, Kjems J. Comparison of circular

RNA prediction tools. Nucleic Acids Res. (2016) 44:e58. doi: 10.1093/nar/

gkv1458

27. Zhang XO, Wang HB, Zhang Y, Lu X, Chen LL, Yang L. Complementary

sequence-mediated exon circularization. Cell. (2014) 159:134–47.

doi: 10.1016/j.cell.2014.09.001

28. Kristensen LS, Andersen MS, Stagsted L, Ebbesen KK, Hansen TB, Kjems

J. The biogenesis, biology and characterization of circular RNAs. Nat Rev

Genet. (2019) 20:675–91. doi: 10.1038/s41576-019-0158-7

29. Zhang XO, Dong R, Zhang Y, Zhang JL, Luo Z, Zhang J, et al. Diverse

alternative back-splicing and alternative splicing landscape of circular RNAs.

Genome Res. (2016) 26:1277–87. doi: 10.1101/gr.202895.115

30. Zhang Y, Xue W, Li X, Zhang J, Chen S, Zhang JL, et al. The

biogenesis of nascent circular RNAs. Cell Rep. (2016) 15:611–24.

doi: 10.1016/j.celrep.2016.03.058

31. Wilusz JE. A 360◦ view of circular RNAs: from biogenesis to functions.Wiley

Interdiscip Rev RNA. (2018) 9:e1478. doi: 10.1002/wrna.1478

32. Fu XD, Ares MJ. Context-dependent control of alternative splicing by RNA-

binding proteins. Nat Rev Genet. (2014) 15:689–701. doi: 10.1038/nrg3778

33. Conn SJ, Pillman KA, Toubia J, Conn VM, Salmanidis M, Phillips CA, et al.

The RNA binding protein quaking regulates formation of circRNAs. Cell.

(2015) 160:1125–34. doi: 10.1016/j.cell.2015.02.014

34. Errichelli L, Dini MS, Laneve P, Colantoni A, Legnini I, Capauto D, et al.

FUS affects circular RNA expression in murine embryonic stem cell-derived

motor neurons. Nat Commun. (2017) 8:14741. doi: 10.1038/ncomms14741

35. Kramer MC, Liang D, Tatomer DC, Gold B, March ZM, Cherry S,

et al. Combinatorial control of Drosophila circular RNA expression by

intronic repeats, hnRNPs, and SR proteins. Genes Dev. (2015) 29:2168–82.

doi: 10.1101/gad.270421.115

36. Ashwal-Fluss R, Meyer M, Pamudurti NR, Ivanov A, Bartok O, Hanan M,

et al. circRNA biogenesis competes with pre-mRNA splicing.Mol Cell. (2014)

56:55–66. doi: 10.1016/j.molcel.2014.08.019

37. Kelly S, Greenman C, Cook PR, Papantonis A. Exon skipping is

correlated with exon circularization. J Mol Biol. (2015) 427:2414–7.

doi: 10.1016/j.jmb.2015.02.018

38. Zaphiropoulos PG. Exon skipping and circular RNA formation in transcripts

of the human cytochrome P-450 2C18 gene in epidermis and of the rat

androgen binding protein gene in testis. Mol Cell Biol. (1997) 17:2985–93.

doi: 10.1128/MCB.17.6.2985

39. Li X, Liu S, Zhang L, Issaian A, Hill RC, Espinosa S, et al. A unified

mechanism for intron and exon definition and back-splicing. Nature. (2019)

573:375–80. doi: 10.1038/s41586-019-1523-6

40. Wen X, Huang X, Mok BW, Chen Y, Zheng M, Lau SY, et al.

NF90 exerts antiviral activity through regulation of PKR phosphorylation

and stress granules in infected cells. J Immunol. (2014) 192:3753–64.

doi: 10.4049/jimmunol.1302813

41. Tang C, Xie Y, Yu T, Liu N, Wang Z, Woolsey RJ, et al. m (6)A-dependent

biogenesis of circular RNAs in male germ cells. Cell Res. (2020) 30:211–28.

doi: 10.1038/s41422-020-0279-8

42. Dominski Z, Carpousis AJ, Clouet-d’Orval B. Emergence of the β-CASP

ribonucleases: highly conserved and ubiquitousmetallo-enzymes involved in

messenger RNA maturation and degradation. Biochim Biophys Acta. (2013)

1829:532–51. doi: 10.1016/j.bbagrm.2013.01.010

43. Borchardt EK, Meganck RM, Vincent HA, Ball CB, Ramos S, Moorman NJ,

et al. Inducing circular RNA formation using the CRISPR endoribonuclease

Csy4. RNA. (2017) 23:619–27. doi: 10.1261/rna.056838.116

44. Khan MA, Reckman YJ, Aufiero S, van den Hoogenhof MM,

van der Made I, Beqqali A, et al. RBM20 regulates circular RNA

production from the titin gene. Circ Res. (2016) 119:996–1003.

doi: 10.1161/CIRCRESAHA.116.309568

45. Barbagallo D, Caponnetto A, Cirnigliaro M, Brex D, Barbagallo C, D’Angeli

F, et al. CircSMARCA5 inhibits migration of glioblastoma multiforme cells

by regulating a molecular axis involving splicing factors SRSF1/SRSF3/PTB.

Int J Mol Sci. (2018) 19:480. doi: 10.3390/ijms19020480

46. Park OH, Ha H, Lee Y, Boo SH, Kwon DH, Song HK, et al.

Endoribonucleolytic cleavage of m (6)A-containing RNAs by RNase P/MRP

complex.Mol Cell. (2019) 74:494–507. doi: 10.1016/j.molcel.2019.02.034

47. Fischer JW, Busa VF, Shao Y, Leung A. Structure-mediated

RNA decay by UPF1 and G3BP1. Mol Cell. (2020) 78:70–84.

doi: 10.1016/j.molcel.2020.01.021

48. Jia R, Xiao MS, Li Z, Shan G, Huang C. Defining an evolutionarily conserved

role of GW182 in circular RNA degradation. Cell Discov. (2019) 5:45.

doi: 10.1038/s41421-019-0113-y

49. Thomson DW, Dinger ME. Endogenous microRNA sponges: evidence and

controversy. Nat Rev Genet. (2016) 17:272–83. doi: 10.1038/nrg.2016.20

50. Salmena L, Poliseno L, Tay Y, Kats L, Pandolfi PP. A ceRNA hypothesis:

the Rosetta Stone of a hidden RNA language? Cell. (2011) 146:353–8.

doi: 10.1016/j.cell.2011.07.014

51. Tang X,Wang J, Xia X, Tian J, Rui K, Xu H, et al. Elevated expression of ciRS-

7 in peripheral blood mononuclear cells from rheumatoid arthritis patients.

Diagn Pathol. (2019) 14:11. doi: 10.1186/s13000-019-0783-7

52. Cortes R, Forner MJ. Circular RNAS: novel biomarkers of disease

activity in systemic lupus erythematosus? Clin Sci. (2019) 133:1049–52.

doi: 10.1042/CS20180826

53. Luo Q, Zhang L, Fang L, Fu B, Guo Y, Huang Z, et al.

Circular RNAs hsa_circ_0000479 in peripheral blood mononuclear

cells as novel biomarkers for systemic lupus erythematosus.

Autoimmunity. (2020) 53:167–76. doi: 10.1080/08916934.2020.

1728529

54. Guo G, Wang H, Ye L, Shi X, Yan K, Lin K, et al. Hsa_circ_0000479

as a novel diagnostic biomarker of systemic lupus erythematosus.

Front Immunol. (2019) 10:2281. doi: 10.3389/fimmu.2019.

02281

Frontiers in Immunology | www.frontiersin.org 14 February 2021 | Volume 12 | Article 622316

https://doi.org/10.1038/280339a0
https://doi.org/10.1073/pnas.87.19.7628
https://doi.org/10.1016/0092-8674(91)90244-S
https://doi.org/10.1002/j.1460-2075.1992.tb05148.x
https://doi.org/10.1016/0092-8674(93)90279-Y
https://doi.org/10.1096/fasebj.7.1.7678559
https://doi.org/10.1093/nar/24.7.1260
https://doi.org/10.1073/pnas.93.13.6536
https://doi.org/10.1093/hmg/8.3.493
https://doi.org/10.1038/nature11993
https://doi.org/10.1261/rna.035667.112
https://doi.org/10.1038/nature11928
https://doi.org/10.1073/pnas.1811728115
https://doi.org/10.3389/fcell.2018.00020
https://doi.org/10.1093/nar/gkv1458
https://doi.org/10.1016/j.cell.2014.09.001
https://doi.org/10.1038/s41576-019-0158-7
https://doi.org/10.1101/gr.202895.115
https://doi.org/10.1016/j.celrep.2016.03.058
https://doi.org/10.1002/wrna.1478
https://doi.org/10.1038/nrg3778
https://doi.org/10.1016/j.cell.2015.02.014
https://doi.org/10.1038/ncomms14741
https://doi.org/10.1101/gad.270421.115
https://doi.org/10.1016/j.molcel.2014.08.019
https://doi.org/10.1016/j.jmb.2015.02.018
https://doi.org/10.1128/MCB.17.6.2985
https://doi.org/10.1038/s41586-019-1523-6
https://doi.org/10.4049/jimmunol.1302813
https://doi.org/10.1038/s41422-020-0279-8
https://doi.org/10.1016/j.bbagrm.2013.01.010
https://doi.org/10.1261/rna.056838.116
https://doi.org/10.1161/CIRCRESAHA.116.309568
https://doi.org/10.3390/ijms19020480
https://doi.org/10.1016/j.molcel.2019.02.034
https://doi.org/10.1016/j.molcel.2020.01.021
https://doi.org/10.1038/s41421-019-0113-y
https://doi.org/10.1038/nrg.2016.20
https://doi.org/10.1016/j.cell.2011.07.014
https://doi.org/10.1186/s13000-019-0783-7
https://doi.org/10.1042/CS20180826
https://doi.org/10.1080/08916934.2020.1728529
https://doi.org/10.3389/fimmu.2019.02281
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Zhai et al. CircRNAs Involved in Autoimmune Diseases

55. Li LJ, Zhu ZW, ZhaoW, Tao SS, Li BZ, Xu SZ, et al. Circular RNA expression

profile and potential function of hsa_circ_0045272 in systemic lupus

erythematosus. Immunology. (2018) 155:137–49. doi: 10.1111/imm.12940

56. Wang X, Zhang C, Wu Z, Chen Y, Shi W. CircIBTK inhibits DNA

demethylation and activation of AKT signaling pathway via miR-29b

in peripheral blood mononuclear cells in systemic lupus erythematosus.

Arthritis Res Ther. (2018) 20:118. doi: 10.1186/s13075-018-1618-8

57. Zhang C, Wang X, Chen Y, Wu Z, Zhang C, Shi W. The down-regulation

of hsa_circ_0012919, the sponge for miR-125a-3p, contributes to DNA

methylation of CD11a and CD70 in CD4(+) T cells of systemic lupus

erythematous. Clin Sci. (2018) 132:2285–98. doi: 10.1042/CS20180403

58. Miao Q, Zhong Z, Jiang Z, Lin Y, Ni B, Yang W, et al. RNA-seq

of circular RNAs identified circPTPN22 as a potential new activity

indicator in systemic lupus erythematosus. Lupus. (2019) 28:520–8.

doi: 10.1177/0961203319830493

59. Luo Q, Zeng L, Zeng L, Rao J, Zhang L, Guo Y, et al. Expression and clinical

significance of circular RNAs hsa_circ_0000175 and hsa_circ_0008410

in peripheral blood mononuclear cells from patients with rheumatoid

arthritis. Int J Mol Med. (2020) 45:1203–12. doi: 10.3892/ijmm.2020.

4498

60. Luo Q, Liu J, Fu B, Zhang L, Guo Y, Huang Z, et al. Circular RNAs

Hsa_circ_0002715 and Hsa_circ_0035197 in peripheral blood are novel

potential biomarkers for new-onset rheumatoid arthritis.DisMarkers. (2019)

2019:2073139. doi: 10.1155/2019/2073139

61. Ouyang Q, Wu J, Jiang Z, Zhao J, Wang R, Lou A, et al. Microarray

expression profile of circular RNAs in peripheral blood mononuclear cells

from rheumatoid arthritis patients. Cell Physiol Biochem. (2017) 42:651–9.

doi: 10.1159/000477883

62. Wen J, Liu J, Zhang P, Jiang H, Xin L, Wan L, et al. RNA-seq reveals

the circular RNA and miRNA expression profile of peripheral blood

mononuclear cells in patients with rheumatoid arthritis. Biosci Rep. (2020)

40:BSR20193160. doi: 10.1042/BSR20193160

63. Yang X, Li J, Wu Y, Ni B, Zhang B. Aberrant dysregulated circular RNAs in

the peripheral blood mononuclear cells of patients with rheumatoid arthritis

revealed by RNA sequencing: novel diagnostic markers for RA. Scand J Clin

Lab Invest. (2019) 79:551–9. doi: 10.1080/00365513.2019.1674004

64. Xu K, Xu P, Yao JF, Zhang YG, Hou WK, Lu SM. Reduced apoptosis

correlates with enhanced autophagy in synovial tissues of rheumatoid

arthritis. Inflamm Res. (2013) 62:229–37. doi: 10.1007/s00011-012-0572-1

65. Li B, Li N, Zhang L, Li K, Xie Y, Xue M, et al. Hsa_circ_0001859

regulates ATF2 expression by functioning as an MiR-204/211 sponge

in human rheumatoid arthritis. J Immunol Res. (2018) 2018:9412387.

doi: 10.1155/2018/9412387

66. Li G, Tan W, Fang Y, Wu X, Zhou W, Zhang C, et al. circFADS2

protects LPS-treated chondrocytes from apoptosis acting as an

interceptor of miR-498/mTOR cross-talking. Aging. (2019) 11:3348–61.

doi: 10.18632/aging.101986

67. Jiang YQ, Zha XM. miR-149 reduces while let-7 elevates ASIC1a expression

in vitro. Int J Physiol Pathophysiol Pharmacol. (2017) 9:147–52.

68. Xiong ZG, Zhu XM, Chu XP, Minami M, Hey J, Wei WL, et al.

Neuroprotection in ischemia: blocking calcium-permeable acid-sensing ion

channels. Cell. (2004) 118:687–98. doi: 10.1016/j.cell.2004.08.026

69. Cardamone G, Paraboschi EM, Rimoldi V, Duga S, Soldà G, Asselta R.

The characterization of GSDMB splicing and backsplicing profiles identifies

novel isoforms and a circular RNA that are dysregulated inmultiple sclerosis.

Int J Mol Sci. (2017) 18:576. doi: 10.3390/ijms18030576

70. Iparraguirre L, Muñoz-Culla M, Prada-Luengo I, Castillo-Triviño T,

Olascoaga J, Otaegui D. Circular RNA profiling reveals that circular RNAs

from ANXA2 can be used as new biomarkers for multiple sclerosis. Hum

Mol Genet. (2017) 26:3564–72. doi: 10.1093/hmg/ddx243

71. Danza K, De Summa S, Pinto R, Pilato B, Palumbo O, Carella M, et al.

TGFbeta and miRNA regulation in familial and sporadic breast cancer.

Oncotarget. (2017) 8:50715–23. doi: 10.18632/oncotarget.14899

72. Zheng J, Li Z, Wang T, Zhao Y, Wang Y. Microarray expression profile

of circular RNAs in plasma from primary biliary cholangitis patients. Cell

Physiol Biochem. (2017) 44:1271–81. doi: 10.1159/000485487

73. Kang GJ, Lee HJ, Byun HJ, Kim EJ, Kim HJ, Park MK, et al.

Novel involvement of miR-522-3p in high-mobility group box

1-induced prostaglandin reductase 1 expression and reduction of

phagocytosis. Biochim Biophys Acta Mol Cell Res. (2017) 1864:625–33.

doi: 10.1016/j.bbamcr.2017.01.006

74. Su LC, Xu WD, Liu XY, Fu L, Huang AF. Altered expression of circular

RNA in primary Sjögren’s syndrome. Clin Rheumatol. (2019) 38:3425–33.

doi: 10.1007/s10067-019-04728-6

75. Rongioletti F, Ferreli C, Atzori L, Bottoni U, Soda G. Scleroderma with

an update about clinico-pathological correlation. G Ital Dermatol Venereol.

(2018) 153:208–15.

76. Liu R, ChangW, Li J, Cheng Y, Dang E, Yang X, et al. Mesenchymal stem cells

in psoriatic lesions affect the skin microenvironment through circular RNA.

Exp Dermatol. (2019) 28:292–9. doi: 10.1111/exd.13890

77. Ouyang Q, Huang Q, Jiang Z, Zhao J, Shi GP, Yang M. Using

plasma circRNA_002453 as a novel biomarker in the diagnosis of lupus

nephritis. Mol Immunol. (2018) 101:531–8. doi: 10.1016/j.molimm.2018.

07.029

78. Correale J, Gaitán MI, Ysrraelit MC, Fiol MP. Progressive multiple sclerosis:

from pathogenic mechanisms to treatment. Brain. (2017) 140:527–46.

doi: 10.1093/brain/aww258

79. Pandey PR, Yang JH, Tsitsipatis D, Panda AC, Noh JH, Kim KM, et al.

circSamd4 represses myogenic transcriptional activity of PUR proteins.

Nucleic Acids Res. (2020) 48:3789–805. doi: 10.1093/nar/gkaa035

80. Li Q, Wang Y, Wu S, Zhou Z, Ding X, Shi R, et al. CircACC1 regulates

assembly and activation of AMPK complex under metabolic stress. Cell

Metab. (2019) 30:157–73. doi: 10.1016/j.cmet.2019.05.009

81. Zeng Y, Du WW, Wu Y, Yang Z, Awan FM, Li X, et al. A circular RNA binds

to and activates AKT phosphorylation and nuclear localization reducing

apoptosis and enhancing cardiac repair. Theranostics. (2017) 7:3842–55.

doi: 10.7150/thno.19764

82. Taborda MI, Ramirez S, Bernal G. Circular RNAs in colorectal cancer:

possible roles in regulation of cancer cells.World J Gastrointest Oncol. (2017)

9:62–9. doi: 10.4251/wjgo.v9.i2.62

83. Chen LL, Yang L. Regulation of circRNA biogenesis. Rna Biol. (2015) 12:381–

8. doi: 10.1080/15476286.2015.1020271

84. ConnVM,Hugouvieux V, Nayak A, Conos SA, Capovilla G, Cildir G., et al. A

circRNA from SEPALLATA3 regulates splicing of its cognate mRNA through

R-loop formation. Nat Plants. (2017) 3:17053. doi: 10.1038/nplants.2017.53

85. Li Z, Huang C, Bao C, Chen L, Lin M, Wang X, et al. Exon-intron circular

RNAs regulate transcription in the nucleus. Nat Struct Mol Biol. (2015)

22:256–64. doi: 10.1038/nsmb.2959

86. Khoutorsky A, Yanagiya A, Gkogkas CG, Fabian MR, Prager-Khoutorsky

M, Cao R, et al. Control of synaptic plasticity and memory via

suppression of poly(A)-binding protein. Neuron. (2013) 78:298–311.

doi: 10.1016/j.neuron.2013.02.025

87. Chen YG, Chen R, Ahmad S, Verma R, Kasturi SP, Amaya L, et al. N6-

Methyladenosine modification controls circular RNA immunity. Mol Cell.

(2019) 76:96–109. doi: 10.1016/j.molcel.2019.07.016

88. Chen N, Zhao G, Yan X, Lv Z, Yin H, Zhang S, et al. A novel

FLI1 exonic circular RNA promotes metastasis in breast cancer by

coordinately regulating TET1 and DNMT1. Genome Biol. (2018) 19:218.

doi: 10.1186/s13059-018-1594-y

89. Jie M, Wu Y, Gao M, Li X, Liu C, Ouyang Q, et al. CircMRPS35

suppresses gastric cancer progression via recruiting KAT7 to govern histone

modification.Mol Cancer. (2020) 19:56. doi: 10.1186/s12943-020-01160-2

90. Li X, Liu CX, Xue W, Zhang Y, Jiang S, Yin QF, et al. Coordinated circRNA

biogenesis and function with NF90/NF110 in viral infection.Mol Cell. (2017)

67:214–27. doi: 10.1016/j.molcel.2017.05.023

91. Du WW, Yang W, Li X, Awan FM, Yang Z, Fang L, et al. A circular RNA

circ-DNMT1 enhances breast cancer progression by activating autophagy.

Oncogene. (2018) 37:5829–42. doi: 10.1038/s41388-018-0369-y

92. Meyer KD, Patil DP, Zhou J, Zinoviev A, Skabkin MA, Elemento O, et al. 5′

UTR m (6)A promotes cap-independent translation. Cell. (2015) 163:999–

1010. doi: 10.1016/j.cell.2015.10.012

93. Di Timoteo G, Dattilo D, Centrón-Broco A, Colantoni A, GuarnacciM, Rossi

F, et al. Modulation of circRNAmetabolism bym (6)Amodification.Cell Rep.

(2020) 31:107641. doi: 10.1016/j.celrep.2020.107641

94. Chen CY, Sarnow P. Internal ribosome entry sites tests with circular mRNAs.

Methods Mol Biol. (1998) 77:355–363. doi: 10.1385/0-89603-397-X:355

Frontiers in Immunology | www.frontiersin.org 15 February 2021 | Volume 12 | Article 622316

https://doi.org/10.1111/imm.12940
https://doi.org/10.1186/s13075-018-1618-8
https://doi.org/10.1042/CS20180403
https://doi.org/10.1177/0961203319830493
https://doi.org/10.3892/ijmm.2020.4498
https://doi.org/10.1155/2019/2073139
https://doi.org/10.1159/000477883
https://doi.org/10.1042/BSR20193160
https://doi.org/10.1080/00365513.2019.1674004
https://doi.org/10.1007/s00011-012-0572-1
https://doi.org/10.1155/2018/9412387
https://doi.org/10.18632/aging.101986
https://doi.org/10.1016/j.cell.2004.08.026
https://doi.org/10.3390/ijms18030576
https://doi.org/10.1093/hmg/ddx243
https://doi.org/10.18632/oncotarget.14899
https://doi.org/10.1159/000485487
https://doi.org/10.1016/j.bbamcr.2017.01.006
https://doi.org/10.1007/s10067-019-04728-6
https://doi.org/10.1111/exd.13890
https://doi.org/10.1016/j.molimm.2018.07.029
https://doi.org/10.1093/brain/aww258
https://doi.org/10.1093/nar/gkaa035
https://doi.org/10.1016/j.cmet.2019.05.009
https://doi.org/10.7150/thno.19764
https://doi.org/10.4251/wjgo.v9.i2.62
https://doi.org/10.1080/15476286.2015.1020271
https://doi.org/10.1038/nplants.2017.53
https://doi.org/10.1038/nsmb.2959
https://doi.org/10.1016/j.neuron.2013.02.025
https://doi.org/10.1016/j.molcel.2019.07.016
https://doi.org/10.1186/s13059-018-1594-y
https://doi.org/10.1186/s12943-020-01160-2
https://doi.org/10.1016/j.molcel.2017.05.023
https://doi.org/10.1038/s41388-018-0369-y
https://doi.org/10.1016/j.cell.2015.10.012
https://doi.org/10.1016/j.celrep.2020.107641
https://doi.org/10.1385/0-89603-397-X:355
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Zhai et al. CircRNAs Involved in Autoimmune Diseases

95. Abe N, Matsumoto K, Nishihara M, Nakano Y, Shibata A, Maruyama H,

et al. Rolling circle translation of circular RNA in living human cells. Sci Rep.

(2015) 5:16435. doi: 10.1038/srep16435

96. Wu P,MoY, PengM, Tang T, Zhong Y, Deng X, et al. Emerging role of tumor-

related functional peptides encoded by lncRNA and circRNA. Mol Cancer.

(2020) 19:22. doi: 10.1186/s12943-020-1147-3

97. Huang X, Li Z, Zhang Q, Wang W, Li B, Wang L, et al. Circular RNA AKT3

upregulates PIK3R1 to enhance cisplatin resistance in gastric cancer via

miR-198 suppression. Mol Cancer. (2019) 18:71. doi: 10.1186/s12943-019-

0969-3

98. Liang WC, Wong CW, Liang PP, Shi M, Cao Y, Rao ST, et al. Translation

of the circular RNA circβ-catenin promotes liver cancer cell growth

through activation of the Wnt pathway. Genome Biol. (2019) 20:84.

doi: 10.1186/s13059-019-1685-4

99. Chen YG, Satpathy AT, ChangHY. Gene regulation in the immune system by

long noncoding RNAs. Nat Immunol. (2017) 9:962–972 doi: 10.1038/ni.3771

100. Chen YG, Kim MV, Chen X, Batista PJ, Aoyama S, Wilusz JE, et al. Sensing

self and foreign circular RNAs by intron identity.Mol Cell. (2017) 67:228–38.

doi: 10.1016/j.molcel.2017.05.022

101. Zhang C, Fu J, Zhou Y. A review in research progress concerning

m6A methylation and immunoregulation. Front Immunol. (2019) 10:922.

doi: 10.3389/fimmu.2019.00922

102. Liu CX, Li X, Nan F, Jiang S, Gao X, Guo SK, et al. Structure and degradation

of circular RNAs regulate PKR activation in innate immunity. Cell. (2019)

177:865–80. doi: 10.1016/j.cell.2019.03.046

103. Zheng ZM. Circular RNAs and RNase L in PKR activation and virus

infection. Cell Biosci. (2019) 9:43. doi: 10.1186/s13578-019-0307-x

104. Launer-Felty K, Cole JL. Domain interactions in adenovirus VAI RNA

mediate high-affinity PKR binding. J Mol Biol. (2014) 426:1285–95.

doi: 10.1016/j.jmb.2013.12.019

105. Wu TH, Shi L, Adrian J, Shi M, Nair RV, Snyder MP, et al. NF90/ILF3

is a transcription factor that promotes proliferation over differentiation by

hierarchical regulation in K562 erythroleukemia cells. PLoS ONE. (2018)

13:e0193126. doi: 10.1371/journal.pone.0193126

106. Zhang XL, Xu LL, Wang F. Hsa_circ_0020397 regulates colorectal cancer

cell viability, apoptosis and invasion by promoting the expression of

the miR-138 targets TERT and PD-L1. Cell Biol Int. (2017) 41:1056–64.

doi: 10.1002/cbin.10826

107. Wang YH, Yu XH, Luo SS, Han H. Comprehensive circular RNA

profiling reveals that circular RNA100783 is involved in chronic

CD28-associated CD8(+)T cell ageing. Immun Ageing. (2015) 12:17.

doi: 10.1186/s12979-015-0042-z

108. Guéry JC. Why is systemic lupus erythematosus more common in women?

Joint Bone Spine. (2019) 86:297–9. doi: 10.1016/j.jbspin.2018.12.004

109. Fairhurst AM, Wandstrat AE, Wakeland EK. Systemic lupus

erythematosus: multiple immunological phenotypes in a complex genetic

disease. Adv Immunol. (2006) 92:1–69. doi: 10.1016/S0065-2776(06)

92001-X

110. Lisnevskaia L, Murphy G, Isenberg D. Systemic lupus erythematosus. Lancet.

(2014) 384:1878–88. doi: 10.1016/S0140-6736(14)60128-8

111. Smith PP, Gordon C. Systemic lupus erythematosus: clinical presentations.

Autoimmun Rev. (2010) 10:43–5. doi: 10.1016/j.autrev.2010.08.016

112. Zucchi D, Elefante E, Calabresi E, Signorini V, Bortoluzzi A, Tani C. One

year in review 2019: systemic lupus erythematosus. Clin Exp Rheumatol.

(2019) 37:715–22.

113. Nemtsova MV, Zaletaev DV, Bure IV, Mikhaylenko DS, Kuznetsova

EB, Alekseeva EA, et al. Epigenetic changes in the pathogenesis of

rheumatoid arthritis. Front Genet. (2019) 10:570. doi: 10.3389/fgene.2019.

00570

114. Lucchino B, Spinelli FR, Iannuccelli C, Guzzo MP, Conti F, Di Franco

M. Mucosa-environment interactions in the pathogenesis of rheumatoid

arthritis. Cells-Basel. (2019) 8:700. doi: 10.3390/cells8070700

115. Deviatkin AA, Vakulenko YA, Akhmadishina LV, Tarasov VV,

Beloukhova MI, Zamyatnin AJ, et al. Emerging concepts and challenges

in rheumatoid arthritis gene therapy. Biomedicines. (2020) 8:9.

doi: 10.3390/biomedicines8010009

116. Adawi M, Firas S, Blum A. Rheumatoid arthritis and atherosclerosis. ISR

Med Assoc J. (2019) 21:460–3.

117. Thompson AJ, Baranzini SE, Geurts J, Hemmer B, Ciccarelli O. Multiple

sclerosis. Lancet. (2018) 391:1622–36. doi: 10.1016/S0140-6736(18)30481-1

118. Mahad DH, Trapp BD, Lassmann H. Pathological mechanisms in

progressive multiple sclerosis. Lancet Neurol. (2015) 14:183–93.

doi: 10.1016/S1474-4422(14)70256-X

119. Yang X, Wu Y, Zhang B, Ni B. Noncoding RNAs in multiple sclerosis. Clin

Epigenetics. (2018) 10:149. doi: 10.1186/s13148-018-0586-9

120. Iparraguirre L, Olaverri D, Blasco T, Sepúlveda L, Castillo-Triviño T, Espiño

M, et al. Whole-transcriptome analysis in peripheral blood mononuclear

cells from patients with lipid-specific oligoclonal IgM band characterization

reveals two circular RNAs and two linear RNAs as biomarkers of highly

active disease. Biomedicines. (2020) 8:540. doi: 10.3390/biomedicines81

20540

121. Mendibe BM, Boyero DS, Bárcena LJ, Rodriguez-Antigüedad A. Multiple

sclerosis: pregnancy and women’s health issues. Neurologia. (2019) 34:259–

69. doi: 10.1016/j.nrleng.2016.06.014

122. Marrodan M, Alessandro L, Farez MF, Correale J. The role of

infections in multiple sclerosis. Mult Scler. (2019) 25:891–901.

doi: 10.1177/1352458518823940

123. Shao B, He L. Hsa_circ_0001742 promotes tongue squamous cell carcinoma

progression via modulating miR-634 expression. Biochem Biophys Res

Commun. (2019) 513:135–40. doi: 10.1016/j.bbrc.2019.03.122

124. Carey EJ, Ali AH, Lindor KD. Primary biliary cirrhosis. Lancet. (2015)

386:1565–75. doi: 10.1016/S0140-6736(15)00154-3

125. Mousa HS, Carbone M, Malinverno F, Ronca V, Gershwin ME,

Invernizzi P. Novel therapeutics for primary biliary cholangitis: toward

a disease-stage-based approach. Autoimmun Rev. (2016) 15:870–6.

doi: 10.1016/j.autrev.2016.07.003

126. Denton CP, Khanna D. Systemic sclerosis. Lancet. (2017) 390:1685–99.

doi: 10.1016/S0140-6736(17)30933-9

127. CutoloM, Sulli A, Pizzorni C, Paolino S, Smith V. Systemic sclerosis: markers

and targeted treatments. Acta Reumatol Port. (2016) 41:18–25.

128. Liu M, Lu L, Sun R, Zheng Y, Zhang P. Rheumatic heart disease:

causes, symptoms, and treatments. Cell Biochem Biophys. (2015) 72:861–3.

doi: 10.1007/s12013-015-0552-5

129. Leal M, Passos L, Guarçoni FV, Aguiar J, Silva R, Paula T, et al.

Rheumatic heart disease in the modern era: recent developments

and current challenges. Rev Soc Bras Med Trop. (2019) 52:e20180041.

doi: 10.1590/0037-8682-0041-2019

130. Negi PC, Sondhi S, Rana V, Rathoure S, Kumar R, Kolte N, et al.

Prevalence, risk determinants and consequences of atrial fibrillation

in rheumatic heart disease: 6 years hospital based-Himachal Pradesh-

Rheumatic Fever/Rheumatic Heart Disease (HP-RF/RHD) Registry. Indian

Heart J. (2018) 70(Suppl. 3):S68–73. doi: 10.1016/j.ihj.2018.05.013

131. Rendon A, Schäkel K. Psoriasis pathogenesis and treatment. Int J Mol Sci.

(2019) 20:1475. doi: 10.3390/ijms20061475

132. Boehncke WH, Schön MP. Psoriasis. Lancet. (2015) 386:983–94.

doi: 10.1016/S0140-6736(14)61909-7

133. Greb JE, Goldminz AM, Elder JT, Lebwohl MG, Gladman DD, Wu JJ, et al.

Psoriasis. Nat Rev Dis Primers. (2016) 2:16082. doi: 10.1038/nrdp.2016.82

134. Almaani S, Meara A, Rovin BH. Update on lupus nephritis. Clin J Am Soc

Nephrol. (2017) 12:825–35. doi: 10.2215/CJN.05780616

135. Imran TF, Yick F, Verma S, Estiverne C, Ogbonnaya-Odor C,

Thiruvarudsothy S, et al. Lupus nephritis: an update. Clin Exp Nephrol.

(2016) 20:1–13. doi: 10.1007/s10157-015-1179-y

136. Aziz F, Chaudhary K. Lupus nephritis: a treatment update. Curr Clin

Pharmacol. (2018) 13:4–13. doi: 10.2174/1574884713666180403150359

137. Li H, Li K, Lai W, Li X, Wang H, Yang J, et al. Comprehensive circular

RNA profiles in plasma reveals that circular RNAs can be used as novel

biomarkers for systemic lupus erythematosus. Clin Chim Acta. (2018)

480:17–25. doi: 10.1016/j.cca.2018.01.026

138. Zhang C, Huang J, Chen Y, Shi W. Low Expression and Clinical Value of

hsa_circ_0049224 and hsa_circ_0049220 in Systemic Lupus Erythematous

Patients.Med Sci Monit. (2018) 24:1930–5. doi: 10.12659/MSM.906507

139. Luo Q, Zhang L, Li X, Fu B, Guo Y, Huang Z, et al. Identification of

circular RNAs hsa_circ_0044235 and hsa_circ_0068367 as novel biomarkers

for systemic lupus erythematosus. Int J Mol Med. (2019) 44:1462–72.

doi: 10.3892/ijmm.2019.4302

Frontiers in Immunology | www.frontiersin.org 16 February 2021 | Volume 12 | Article 622316

https://doi.org/10.1038/srep16435
https://doi.org/10.1186/s12943-020-1147-3
https://doi.org/10.1186/s12943-019-0969-3
https://doi.org/10.1186/s13059-019-1685-4
https://doi.org/10.1038/ni.3771
https://doi.org/10.1016/j.molcel.2017.05.022
https://doi.org/10.3389/fimmu.2019.00922
https://doi.org/10.1016/j.cell.2019.03.046
https://doi.org/10.1186/s13578-019-0307-x
https://doi.org/10.1016/j.jmb.2013.12.019
https://doi.org/10.1371/journal.pone.0193126
https://doi.org/10.1002/cbin.10826
https://doi.org/10.1186/s12979-015-0042-z
https://doi.org/10.1016/j.jbspin.2018.12.004
https://doi.org/10.1016/S0065-2776(06)92001-X
https://doi.org/10.1016/S0140-6736(14)60128-8
https://doi.org/10.1016/j.autrev.2010.08.016
https://doi.org/10.3389/fgene.2019.00570
https://doi.org/10.3390/cells8070700
https://doi.org/10.3390/biomedicines8010009
https://doi.org/10.1016/S0140-6736(18)30481-1
https://doi.org/10.1016/S1474-4422(14)70256-X
https://doi.org/10.1186/s13148-018-0586-9
https://doi.org/10.3390/biomedicines8120540
https://doi.org/10.1016/j.nrleng.2016.06.014
https://doi.org/10.1177/1352458518823940
https://doi.org/10.1016/j.bbrc.2019.03.122
https://doi.org/10.1016/S0140-6736(15)00154-3
https://doi.org/10.1016/j.autrev.2016.07.003
https://doi.org/10.1016/S0140-6736(17)30933-9
https://doi.org/10.1007/s12013-015-0552-5
https://doi.org/10.1590/0037-8682-0041-2019
https://doi.org/10.1016/j.ihj.2018.05.013
https://doi.org/10.3390/ijms20061475
https://doi.org/10.1016/S0140-6736(14)61909-7
https://doi.org/10.1038/nrdp.2016.82
https://doi.org/10.2215/CJN.05780616
https://doi.org/10.1007/s10157-015-1179-y
https://doi.org/10.2174/1574884713666180403150359
https://doi.org/10.1016/j.cca.2018.01.026
https://doi.org/10.12659/MSM.906507
https://doi.org/10.3892/ijmm.2019.4302
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Zhai et al. CircRNAs Involved in Autoimmune Diseases

140. Li S, Zhang J, Tan X, Deng J, Li Y, Piao Y, et al. Microarray expression profile

of circular RNAs andmRNAs in children with systemic lupus erythematosus.

Clin Rheumatol. (2019) 38:1339–50. doi: 10.1007/s10067-018-4392-8

141. Vergadi E, Ieronymaki E, Lyroni K, Vaporidi K, Tsatsanis C. Akt signaling

pathway in macrophage activation and M1/M2 polarization. J Immunol.

(2017) 198:1006–014. doi: 10.4049/jimmunol.1601515

142. Macintyre AN, Finlay D, Preston G, Sinclair LV, Waugh CM,

Tamas P, et al. Protein kinase B controls transcriptional programs

that direct cytotoxic T cell fate but is dispensable for T cell

metabolism. Immunity. (2011) 34:224–36. doi: 10.1016/j.immuni.2011.

01.012

143. Zhong S, Ouyang Q, Zhu D, Huang Q, Zhao J, Fan M, et al.

Hsa_circ_0088036 promotes the proliferation and migration of fibroblast-

like synoviocytes by sponging miR-140-3p and upregulating SIRT 1

expression in rheumatoid arthritis. Mol Immunol. (2020) 125:131–9.

doi: 10.1016/j.molimm.2020.07.004

144. Zheng F, Yu X, Huang J, Dai Y. Circular RNA expression profiles

of peripheral blood mononuclear cells in rheumatoid arthritis patients,

based on microarray chip technology. Mol Med Rep. (2017) 16:8029–36.

doi: 10.3892/mmr.2017.7638

145. Paraboschi EM, Rimoldi V, Soldà G, Tabaglio T, Dall’Osso C, Saba E,

et al. Functional variations modulating PRKCA expression and alternative

splicing predispose tomultiple sclerosis.HumMol Genet. (2014) 23:6746–61.

doi: 10.1093/hmg/ddu392

146. Paraboschi EM, Cardamone G, Soldà G, Duga S, Asselta R. Interpreting

noncoding genetic variation in multiple sclerosis genome-wide

associated regions. Front Genet. (2018) 9:647. doi: 10.3389/fgene.2018.

00647

147. Iparraguirre L, Alberro A, Sepúlveda L, Osorio-Querejeta I, Moles L,

Castillo-Triviño T, et al. RNA-Seq profiling of leukocytes reveals a

sex-dependent global circular RNA upregulation in multiple sclerosis

and 6 candidate biomarkers. Hum Mol Genet. (2020) 29:3361–72.

doi: 10.1093/hmg/ddaa219

148. Gossard AA, Lindor KD. Current and promising therapy for primary

biliary cholangitis. Expert Opin Pharmacother. (2019) 20:1161–7.

doi: 10.1080/14656566.2019.1601701

149. Corpechot C, Poupon R, Chazouillères O. New treatments/targets

for primary biliary cholangitis. JHEP Rep. (2019) 1:203–13.

doi: 10.1016/j.jhepr.2019.05.005

150. Hu M, Wei X, Li M, Tao L, Wei L, Zhang M, et al. Circular RNA expression

profiles of persistent atrial fibrillation in patients with rheumatic heart

disease. Anatol J Cardiol. (2019) 21:2–10.

151. Yan Y, Shi R, Yu X, Sun C, Zang W, Tian H. Identification of atrial

fibrillation-associated microRNAs in left and right atria of rheumatic

mitral valve disease patients. Genes Genet Syst. (2019) 94:23–34.

doi: 10.1266/ggs.17-00043

152. QiaoM, Ding J, Yan J, Li R, Jiao J, SunQ. Circular RNA expression profile and

analysis of their potential function in psoriasis. Cell Physiol Biochem. (2018)

50:15–27. doi: 10.1159/000493952

153. Moldovan LI, Hansen TB, Venø MT, Okholm T, Andersen TL, Hager H,

et al. High-throughput RNA sequencing from paired lesional- and non-

lesional skin reveals major alterations in the psoriasis circRNAome. BmcMed

Genomics. (2019) 12:174. doi: 10.1186/s12920-019-0616-2

154. Seif F, Khoshmirsafa M, Aazami H, Mohsenzadegan M, Sedighi G,

Bahar M. The role of JAK-STAT signaling pathway and its regulators

in the fate of T helper cells. Cell Commun Signal. (2017) 15:23.

doi: 10.1186/s12964-017-0177-y

155. Liu M, Wang Q, Shen J, Yang BB, Ding X. Circbank: a comprehensive

database for circRNAwith standard nomenclature. RNA Biol. (2019) 16:899–

905. doi: 10.1080/15476286.2019.1600395

156. Li S, Li X, Xue W, Zhang L, Yang LZ, Cao Sm, et al. Screening for functional

circular RNAs using the CRISPR-Cas13 system. Nat Methods. (2021) 18:51–

9. doi: 10.1038/s41592-020-01011-4

157. Szabo L, Salzman J. Detecting circular RNAs: bioinformatic

and experimental challenges. Nat Rev Genet. (2016) 17:679–92.

doi: 10.1038/nrg.2016.114

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2021 Zhai, Zhang, Xin, Cao and Lu. This is an open-access article

distributed under the terms of the Creative Commons Attribution License (CC BY).

The use, distribution or reproduction in other forums is permitted, provided the

original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Immunology | www.frontiersin.org 17 February 2021 | Volume 12 | Article 622316

https://doi.org/10.1007/s10067-018-4392-8
https://doi.org/10.4049/jimmunol.1601515
https://doi.org/10.1016/j.immuni.2011.01.012
https://doi.org/10.1016/j.molimm.2020.07.004
https://doi.org/10.3892/mmr.2017.7638
https://doi.org/10.1093/hmg/ddu392
https://doi.org/10.3389/fgene.2018.00647
https://doi.org/10.1093/hmg/ddaa219
https://doi.org/10.1080/14656566.2019.1601701
https://doi.org/10.1016/j.jhepr.2019.05.005
https://doi.org/10.1266/ggs.17-00043
https://doi.org/10.1159/000493952
https://doi.org/10.1186/s12920-019-0616-2
https://doi.org/10.1186/s12964-017-0177-y
https://doi.org/10.1080/15476286.2019.1600395
https://doi.org/10.1038/s41592-020-01011-4
https://doi.org/10.1038/nrg.2016.114
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	Insights Into the Involvement of Circular RNAs in Autoimmune Diseases
	Introduction
	CircRNAs—Past and Present

	The Formation of circRNAs
	Intron-Pairing Driven Cyclization
	RNA-Binding Proteins Driven Cyclization
	Lariat-Driven Cyclization
	Other Factors Affecting Cyclization

	Degradation of circRNAs
	Biological Functions of circRNAs
	CircRNAs Acting as miRNA Sponges
	The Involvement of circRNAs in the Regulation of the Gene Expression
	Cooperative Actions of circRNAs Interacting With Proteins
	Functions of Translated circRNAs

	The Role of circRNAs in Immunity
	The Involvement of circRNAs in Aids
	The Role of circRNAs in Systemic Lupus Erythematosus
	The Role of circRNAs in Rheumatoid Arthritis
	The Role of circRNAs in Multiple Sclerosis
	CircRNAs and Other AIDs

	Conclusion and Future Perspectives
	Consent for Publication
	Author Contributions
	Funding
	References


