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Circular RNAs (circRNAs) are a class of non-coding RNAs with
covalently closed single-stranded structures lacking 50–30 polar-
ity and a polyadenine tail. Over recent years, a growing body of
studies have been conducted to explore the roles of circRNAs in
human diseases. Systemic lupus erythematosus (SLE) is a severe
autoimmune disorder characterized by the presence of autoan-
tibodies and excessive inflammation, which impactmultiple or-
gans. Recent advances have begun to shed light on the roles of
circRNAs in SLE, providing fresh insights into the pathogen-
esis of SLE and the latent capacity for translation into clinical
applications. Here, we briefly introduce these “star molecules”
and summarize their roles in SLE. In addition, we outline the
limitations of the current studies and raise prospects for future
research.

INTRODUCTION
Systemic lupus erythematosus (SLE) is a severe autoimmune disorder
characterized by the presence of autoantibodies and excessive inflam-
mation, which impacts multiple organs.1,2 This disease typically affects
women of childbearing age, initiating from the interactions of genetic
susceptibility, environmental stimuli, and hormone abnormalities.3

The pathogenesis of SLE is extraordinarily complex, involving the
dysfunction of T and B lymphocytes and other immune cell subsets,
which results in the production of large amounts of pathogenic autoan-
tibodies and inflammatory cytokines, leading to the damage of organs
accompanied by a variety of clinical manifestations.4,5

Circular RNAs (circRNAs) are a class of non-coding RNAs (ncRNAs)
with covalently closed single-stranded structures lacking 50–30 polar-
ity and a polyadenine tail.6,7 Although these molecules were discov-
ered many years ago, their landscape was largely overlooked until
the recent boom in research on ncRNA molecules.6 In fact, circRNAs
were initially disregarded as artifacts of pre-mRNA splicing. Howev-
er, advances in high-throughput RNA sequencing and bioinformatics
have revealed large numbers of circRNAs in humans, thus re-igniting
the interest of researchers in these molecules.7 Recently, an increasing
number of studies have been conducted to clarify the role of RNA in
human diseases, resulting in significant advances in this field.8–10

In this review, we provide an overview of the current knowledge of
circRNA biology, with a particular emphasis on SLE.We also summa-
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rize the limitations of the previously reported studies and shed light
on future research directions.

CHARACTERIZATION OF circRNAs
Biogenesis and degradation of circRNAs

circRNAs are primarily generated by the back-splicing of pre-mRNA
transcripts, a process in which a downstream 50 splice site is con-
nected to a 30 splice site and which competes with canonical mRNA
splicing.11 circRNAs, which are loop structures without free ends,
are highly stable molecules that are resistant to exonucleases (RNase
R).12 Based on biogenesis from different genomic regions, circRNAs
can be classified into three main types: exonic circRNAs (EcRNAs),
which contain one or more exons derived from alternative splicing
and account for over 80% of all known circRNAs;13 intronic circR-
NAs (ciRNAs), which only contain introns and may rely on a
consensus motif containing a specific base distribution;14 and exon-
intron circRNAs (EIcRNAs), which are formed by both exon and
intron elements (Figure 1).15

Since circRNAs are primarily generated by the back-splicing of pre-
mRNAs, their expression is also determined by the transcription
levels of pre-mRNAs, which depend on transcription factor activity
and epigenetic modifications, such as methylation, acetylation, and
ncRNAs.16–19 circRNA expression is also modulated by the regulation
of circularization, which involves three main hypothetical models:
lariat-driven circularization, in which the formation of a lariat struc-
ture brings the upstream splice acceptor and downstream donor into
close proximity before splicing; intron-pairing-driven circularization,
in which the inverted complementary repeat sequences combine into
RNA double strands and are subjected to alternative splicing; and
RNA binding protein (RBP)-mediated circularization, in which
uthor(s).
://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Generation, function, transmission, and degradation of circRNAs

This process involves several important events. (A) The transcription of pre-mRNAs, which is modulated by epigenetic modifications and transcription factors. (B) The

generation of circRNAs, which are a consequence of pre-mRNA back-splicing events such as lariat-driven circularization, intron pairing-driven circularization, and RBP-

mediated circularization. (C) The biological functions of circRNAs, which are based on a variety of molecular regulatory mechanisms, including miRNA sponging, protein

binding, transcription or splicing regulation, and peptide or protein coding. (D) The degradation of circRNAs, which is related to several molecular biological processes, such

as Ago2-mediated RNA decay, m6A-driven circRNA degradation, and active RNase L triggered circRNA degradation. (E) The transmission of circRNAs from cells to body

fluid, which endows them with the latent capacity to be biomarkers. (F) The transmission of circRNAs from body fluid to target cells, which is an important basis for mediating

biological processes of target cells.
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RBPs join the upstream and downstream flanking introns to facilitate
pre-mRNA circularization back-splicing (Figure 1).13,20–22 The type
of circRNAs generated depends mainly on the elements involved in
the three hypothetical models and the splicing pattern.

The current understanding of circRNA degradation is limited, and
only several circRNA degradation modes have been reported (Fig-
ure 1). The first is Argonaute 2 (Ago2)-mediated RNA decay, in
which small interfering RNAs (siRNAs) or microRNAs (miRNAs)
are assembled into the RNA-mediated silencing complex RISC by
Ago2 and guide RISC to cleave and degrade the circRNAs.10,23

Another mode is N6-methyladenosine (m6A)-driven circRNA degra-
dation, in which mA-containing circRNA associates with YTHDF2 in
an HRSP12-dependent manner and is selectively cleaved by RNase P/
MRP complex.24 A third way is the active RNase L-triggered circRNA
degradation, in which global circRNA degradation by RNase L is trig-
gered by both poly(I:C) and viral double-stranded RNAs (dsRNAs).25

Distribution of circRNAs

circRNAs are generated in the nucleus and can appear in the nucleus
and/or cytoplasm. In general, EcRNAs are located in the cytoplasm,
while ciRNAs and EIcRNAs are more likely to exist in the nu-
cleus.10,26,27 The mechanism underlying this phenomenon is not
entirely clear. One possible mechanism is the length-dependent
evolutionarily conserved pathway, in which the lengths of circRNAs
are somehow involved in the mode of their export by association
with DDX39B or DDX39A.28 In addition, RNA modification, such
as m6A modification, widely occurs on circRNAs, and m6A may
possibly affect RNA export by the m6A-binding protein YTHDC1,
which may also be a possible way of regulating nuclear export of
circRNAs; this remains to be determined.7

Recently, studies have demonstrated the enrichment and stability of
circRNAs in exosomes; hence, these molecules are abundant in
body fluids and able to be transmitted throughout the body.29–31

Therefore, the exosomes secreted by pathological cells can enter the
body fluids and cause anomalous levels of specific circRNAs, thus
providing valuable biomarkers. Similarly, exosomal circRNAs in
body fluids can also integrate into target cells and exert corresponding
biological roles, leading to pathological changes.29–32

Biological functions of circRNAs

With advances in research, fourmain biological functions of circRNAs
have been revealed: miRNA sponging, protein binding, transcription
or splicing regulation, and peptide or protein coding (Figure 2).7–11

In general, the biological functions of circRNAs are closely related
to their subcellular localization.

The most frequently reported function of circRNAs is their capacity
to act as miRNA sponges. This function is dependent on a
circRNA-miRNA-mRNA regulation network, in which circRNAs
may contain dozens of miRNA binding sites, thereby adsorbing target
miRNAs in amanner that resembles a sponge and impairing miRNA-
mediated gene suppression.33,34 For instance, the circRNA circITCH
214 Molecular Therapy: Nucleic Acids Vol. 24 June 2021
sponges miR-330-5p, and as a result upregulates the expression of
miR-330-5p target genes, including SIRT6, Survivin, and SERCA2a,
to ameliorate doxorubicin-induced cardiotoxicity.35 In another study,
circRNA-ZNF532 was shown to regulate diabetes-induced retinal
pericyte degeneration and vascular dysfunction by acting as a miR-
29a-3p sponge and inducing increased expression of NG2, LOXL2,
and CDK2.36 In general, the EcRNAs located in the cytoplasm exert
their biological functions in this way.34,37,38

circRNAs are able to bind to specific RBPs and regulate the functions
of RBPs. For example, the circRNA circFndc3b binds to the RBP
Fused in the sarcoma to regulate VEGF expression and signaling,
thereby regulating cardiac repair after myocardial infarction.39 The
circRNA circZKSCAN1 binds competitively to FMRP to inhibit its
interaction with the b-catenin-binding protein CCAR1, leading to in-
hibition of Wnt signaling.40

Unlike EcRNAs, ciRNAs and EIcRNAs are primarily enriched in the
nucleus, increasing their probability of influencing gene expression by
transcriptional regulation and splicing modification.10,13,33 For
instance, circMRPS35 not only acts as a modular scaffold to recruit
the histone acetyltransferase KAT7 to the promoters of FOXO1/3a
genes but also directly binds to FOXO1/3a promoter regions, result-
ing in transcription trigger of FOXO1/3a genes.41 circRNAs such as
circMbl and circSEP3 can also affect the content of their linear cog-
nates by competing with linear splicing.42,43

Although most circRNAs lack protein-coding capacity and tend to be
considered as ncRNAs, recent studies have demonstrated that several
circRNAs carry open reading frames (ORFs) and may encode pep-
tides or proteins in a cap-independent manner.12,13,44 Some peptides
or proteins translated from circRNAs may modulate cellular biolog-
ical processes. For example, a circRNA circb-catenin facilitates liver
cancer cell growth through activating the Wnt pathway by encoding
a 370-amino acid b-catenin isoform.45 A 174 amino acid protein pro-
duced by circAKT3 competitively interacts with phosphorylated
PDK1, thereby suppressing phosphorylation of AKT at the Thr308
site and acting as a negative regulator of the PI3K/AKT pathway.46

To the best of our knowledge, only circRNAs carrying exons and
located in the cytoplasm have protein-encoding potential.44

circRNAs AND DISEASES
An increasing number of studies have demonstrated that circRNAs
are involved in various diseases, displaying a potentiality to serve as
clinical biomarkers and therapeutic targets.47

circRNAs and cancers

The vast majority of studies on circRNAs in relation to human dis-
eases have focused on cancers. Moreover, research in this area has
covered almost all of the commonest malignant tumors. The
abnormal expression of many circRNAs in the circulation or tumors
of cancer patients is closely correlated with clinical factors such as tu-
mor size, metastasis, differentiation, clinical stage, and pathological
type, as well as the prognosis of patients.38,47,48 In addition, because
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Figure 2. Prospective regulatory network of circRNAs in SLE

There are several valuable and interesting points in the network. (A and B) The aberrant epigenetic modifications as well as anomalously expressed transcription factors and

RBPs in SLE may be specific factors to explicate the dysregulation of circRNAs. (C) The binding between circRNAs and some nuclear RBPs may affect the production of

antinuclear antibodies. (D) Co-operating with or modulating the epigenetic modifications of circRNAs in SLEmay be responsible for the unusual level of some disease-related

genes. (E) Acting as miRNA sponges is still the hottest topic on circRNAs currently. (F) Peptides or proteins encoded by circRNAs may either function in original cells or

transmit to body fluid and target cells to exert roles.
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of their stable presence in the blood, circRNAs are implicated as valu-
able diagnostic markers or clinical indicators of cancers.31,49,50

circRNAs also participate in various aspects of tumor biology, thus
affecting malignant processes of cancers, such as metabolism, prolifer-
ation, differentiation, invasion, and metastasis, as well as angiogenesis,
stemness, immune escape, and inflammation.10,33,51,52 On the basis of
these features, circRNAs can function as tumor suppressors or tumor
promoters in human cancers, indicating a clinical application potential
of circRNA-based therapeutic strategies in cancer management.51,52

circRNAs and autoimmune diseases

Autoimmune diseases are a family of disorders originating from the
pathological immune response to self-antigens, resulting in
Molecular Therapy: Nucleic Acids Vol. 24 June 2021 215
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Table 1. circRNAs in some autoimmune diseases

circRNAs Diseases Samples Expression Roles References

Hsa_circ_0088036 RA PBMCs up
promotes the proliferation and migration of
fibroblast-like synoviocytes

Zhong et al.53

Hsa_circ_0002715 RA peripheral blood up
correlated with SJC, TJC, disease duration, RF,
ACPA, and hematologic disorder; diagnostic
markers

Luo et al.54

Hsa_circ_0035197 RA peripheral blood up correlated with hematologic disorder Luo et al.54

Hsa_circ_0000367 RA peripheral blood up diagnostic marker Luo et al.54

Hsa_circ_0001947 RA peripheral blood up – Luo et al.54

Hsa_circ_0000396, hsa_circ_0130438 RA PMBCs down diagnostic marker Yang et al.55

CiRS-7 RA PMBCs up diagnostic marker; regulates miR-7/mTOR axis Tang et al.56

Hsa_circ_0044235 RA peripheral blood down diagnostic marker Luo et al.57

Circ_0005402 and Circ_0035560 MS leukocytes down biomarker Iparraguirre et al.58

Hsa_circRNA_101062, hsa_circRNA_100332,
hsa_circRNA_085129, hsa_circRNA_103845

T1DM plasma up – Li et al.59

Circ-IQGAP2, circ-ZC3H6 SS
minor salivary gland;
plasma exosomes

up
correlated with clinical features, serum IgG level,
and MSG focus scores; diagnostic markers

Li et al.60

Hsa_circRNA_001264, hsa_circRNA_104121,
hsa_circRNA_045355

SS PBMCs up
correlated with clinical, laboratory parameters,
and disease activity index; diagnostic markers

Su et al.61

PBMCs, peripheral blood mononuclear cells; SJC, swollen joint count; TJC, tender joint count; RF, rheumatoid factor; ACPA, anticitrullinated protein antibodies; MS, multiple scle-
rosis; T1DM, type 1 diabetes mellitus; SS, Sjögren’s syndrome; IgG, immunoglobulin G; MSG, minor salivary gland.
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inflammation and damage to target organs. In addition to SLE, circR-
NAs have been reported to be aberrantly expressed and involved in
the development of some other autoimmune diseases, including rheu-
matoid arthritis (RA), multiple sclerosis (MS), type 1 diabetes mellitus
(T1DM), and Sjögren’s syndrome (SS) (Table 1). Most of these studies
demonstrate that circRNAs represent potential biomarkers of auto-
immune diseases. Moreover, several of these circRNAs are possible
therapeutic targets due to their vital roles as disease process regula-
tors. For example, hsa_circ_0088036 acts as a miR-140-3p sponge
to upregulate SIRT1 expression and promotes the proliferation and
migration of fibroblast-like synoviocytes in RA.53 In addition, ciRS-
7 may reduce the inhibitory effect of miR-7 on mTOR by sponging
miR-7 in RA.56

Although studies on the biological functions and mechanisms under-
lying the effects of circRNAs in autoimmune diseases are finite, a
considerable number of studies have revealed their effects on molec-
ular biological processes and immune regulation of various immune
cells.7,62–64 For instance, circ-ANRIL induces nucleolar stress and p53
activation, resulting in the apoptosis elevation and proliferation sup-
pression in macrophages.65 circRNA-002178 can be delivered by exo-
somes into CD8 T cells to induce PD1 expression, leading to T cell
exhaustion.66 circSnx5 may mediate dendritic cell (DC) activation
and function via the miR-544/SOCS1 axis and regulation of PU.1 ac-
tivity to modulate DC-driven immunity and tolerance.67 Circ_Malat-
1 is involved in the increase in expression of immunosuppressive/
inhibitory molecules in DCs, enhancement of T cell exhaustion
induced by DCs, and regulatory T cell (Treg) generation promoted
through indoleamine 2,3 dioxygenase signaling mediated by growth
216 Molecular Therapy: Nucleic Acids Vol. 24 June 2021
differentiation factor 15.68 These immunomodulatory effects of
circRNAs underlie the ability of these molecules to participate in im-
mune-related diseases.

circRNAs AND SLE
To date, many aberrantly expressed circRNAs have been identified in
SLE using microarrays and high-throughput sequencing, drawing
circRNAs in SLE into the spotlight.69 Most of these circRNAs have
not yet been verified, and only a few circRNAs have been studied in
depth; details are presented in Table 2.

Expression of circRNAs in SLE

Analysis of circRNA expression in SLE may provide valuable diag-
nostic markers. By detecting the relative expression of circRNAs
and consulting the receiver operating characteristic (ROC) curve, re-
searchers endow circRNAs with the capacity of discriminating SLE
patients from healthy individuals or patients with other diseases.
For example, the area under curve (AUC) of the combination of hsa_-
circ_0042345 and hsa_circ_0068367 reached 0.876 (95% CI = 0.778–
0.967), with a sensitivity of 70.00% and specificity of 100.00%.70 The
combination of hsa_circRNA_407176, hsa_circRNA_406567, and
hsa_circRNA_001308 may raise the AUC to 0.855 (95% CI =
0.748–0.962), with a sensitivity and specificity as high as 92.31%
and 65.39%, respectively.73 circRNAs are also applied in combination
with traditional SLE biomarkers in the diagnosis of this disease. For
instance, the hsa_circ_0000479 + anti-dsDNA model can effectively
distinguish SLE patients from other individuals with a sensitivity of
86.00%, a specificity of 100.00%, and an accuracy of 95.10%.77 These
studies indicate that some circRNAs may be good markers for
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Table 2. circRNAs in SLE

circRNAs Samples Expression Roles References

Hsa_circ_0044235 PBMCs down
diagnostic marker; associated with anti-dsDNA
and anti-ribosomal P antibodies

Luo et al.70

Hsa_circ_0068367 PBMCs down diagnostic marker Luo et al.70

CircPTPN22 PBMCs down diagnostic marker and disease severity indicator Miao et al.71

Hsa_circ_0021372, hsa_circ_0075699 peripheral blood down associated with C3 and C4 levels Li et al.72

Hsa_circ_0057762 peripheral blood up
positively associated with the SLEDAI-2K score;
diagnostic marker

Li et al.72

Hsa_circ_0003090 peripheral blood up diagnostic marker Li et al.72

Hsa_circRNA_407176, hsa_circRNA_001308 plasma, PBMCs down diagnostic marker Zhang et al.73

Hsa_circRNA_406567 PBMCs down diagnostic marker Zhang et al.73

circRNA_002453 Plasma up
associated with the severity of renal involvement;
diagnostic marker

Ouyang et al.74

Hsa_circ_0049224, has_circ_0049220 PBMCs down
associated with DNMT1 expression, disease
activity and clinical characteristics

Zhang et al.75

Hsa_circ_0000479, PBMCs up
associated with clinical characteristics and
therapeutic effect; diagnostic marker

Guo et al.,76 Luo et al.77

Hsa_circ_0082689, hsa_circ_0082689 PBMCs up
associated with clinical characteristics and
therapeutic effect

Luo et al.77

Hsa_circ_0045272 T cells down
binding with hsa-miR-6127; negatively regulating
apoptosis and interleukin-2 secretion of Jurkat
cells

Li et al.78

CircIBTK PBMCs down
disease marker; regulate DNA demethylation and
AKT signaling pathway via binding to miR-29b

Wang et al.79

Hsa_circ_0012919 CD4+ T cells up

associated with SLE characters; increase DNMT1
expression; regulate DNA hypomethylation and
expression of CD70 and CD11a; regulate KLF13,
RANTES and MDA5 by miR-125a-3p

Zhang et al.80,81

dsRNA-containing circRNA PBMCs down alleviate the aberrant PKR activation cascade Kato et al.82

dsDNA, double-stranded DNA; SLEDAI, Lupus Erythematosus Disease Activity Index.
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screening SLE, while some are specific markers for diagnosing SLE,
similar to antinuclear antibody (ANA) and anti-double-stranded
DNA (anti-dsDNA) antibody or anti-Sm antibody. Moreover, the
combination of circRNA expression with traditional SLE biomarkers
may improve the accuracy of diagnosis compared with either of these
markers used individually.

circRNAs are also promising clinical disease indicators for SLE. Some
circRNAs, such as circPTPN22, hsa_circ_0057762, hsa_
circ_0049224, has_circ_0049220, circIBTK, and hsa_circ_0012919,
have been found to be closely related to disease activity or SLEDAI
score.72,75,79,80 Another important clinical significance of circRNAs
is their relationship with different clinical manifestations, such as
photosensitivity, Raynaud’s phenomenon arthritis, and lupus
nephritis.75,80 Furthermore, circRNAs are more likely to display cor-
relations with laboratory parameters, including anti-dsDNA anti-
body, anti-Sm antibody, anti-cardiolipin antibodies, leukocytes,
platelets, hemoglobin, urinary protein, erythrocyte sedimentation
rate, and complement level.75–77,79,80 Finally, efficacious clinical treat-
ment may be associated with remarkable changes in the expression of
circRNAs, indicating their potential value in the evaluation of thera-
peutic effect.76,79,80

Most importantly, these studies on the expression of circRNAs in SLE
were performed using whole peripheral blood or partial blood com-
ponents, including peripheral blood mononuclear cells (PBMCs),
plasma, and T cells. The availability of the samples for testing and
the stability of circRNAs in both cells and body fluids emphasize
the practicability of the application of circRNAs as biomarkers of SLE.

Roles of circRNAs in SLE progression

Relatively few investigations on the biological functions of circRNAs in
the onset and progression of SLE have been reported. Nevertheless,
these studies also explored the roles of circRNAs in SLE from different
perspectives. For example, the downregulated hsa_circ_0045272 in
SLE T cells negatively regulates apoptosis and interleukin-2 secretion
of T cells.78 The insufficient circIBTK level in PBMCs of SLE patients
is responsible for DNA demethylation and activation of the AKT
signaling pathway, in which a target miRNA of circIBTK, miR-29b,
acts as an intermediate regulator.79 The increased expression of
Molecular Therapy: Nucleic Acids Vol. 24 June 2021 217
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hsa_circ_0012919 in the CD4 T cells of SLE patients not only upregu-
lates the expression of CD70 and CD11a by regulating DNMT1 and
DNA methylation but also regulates KLF13, RANTES, and MDA5
by sponging miR-125a-3p in a competing endogenous RNA
(ceRNA)-dependent manner.80,81 Thus, circRNAs may modulate
SLE pathophysiological processes by inducing the activation and
apoptosis of immune cells, cytokine secretion, epigenetic changes,
and disease-related key genes and pathways, which have become a
focus of research into the mechanism underlying SLE.4,5,82–85 In addi-
tion, a recent high-quality study has expanded our understanding of
the roles of circRNAs in SLE from a new perspective.25 In this study,
it was shown that 16- to 26-bp imperfect RNA duplexes generated
from endogenous circRNAs are present at reduced levels in PBMCs
derived from SLE patients. The double-stranded RNA-containing
circRNAs alleviate the aberrant dsRNA-activated protein kinase
(PKR) activation cascade to suppress excessive innate immune re-
sponses in PBMCs or T cells in SLE patients. Overall, these existing
studies have expanded our understanding of the pathogenesis of SLE
to some extent and provided important foundations and directions
for future research on SLE.

Incidentally, we found an interesting phenomenon that upregulated
circRNAs with tumor-promoting roles were identified in most cancer
studies, indicating that the pathophysiology of cancers is initiated by
the abnormal activation of oncogenes. In contrast, in SLE, there seem
to be more downregulated circRNAs than upregulated circRNAs vali-
dated (13 versus 7). Hence, the disease suppressors or regulators in
SLE might be promising research targets.
LIMITATIONS AND FUTURE PERSPECTIVES
Since the research in this field is still in its infancy, there are many de-
ficiencies. In view of these shortcomings, we present some suggestions
for future research perspectives.
Limitations and future perspectives on circRNA expression in

SLE

First,most of the anomalously expressed circRNAs identified bymicro-
array or RNA sequencing analyses have not been verified in human
samples.Although somecircRNAshave alreadybeenpreliminarily vali-
dated, the sample size used in the analysis was small, leading to a lack of
confidence in the results due to type I and type II errors. This issue is not
easy to resolve, because it is difficult to obtain relatively ideal blood sam-
ples, as SLE is often accompanied by hemolytic anemia, leukopenia, and
thrombocytopenia, thus limiting the amount of blood components that
can be collected.2,22 In addition, before diagnosis, SLE patients may
receive drugs such as glucocorticoids and non-steroidal anti-inflamma-
tory drugs to treat the prodromal symptoms and disease. To a greater or
lesser extent, these drugs will impact the gene expression profile of the
blood components.86,87 Therefore, it would be useful to establish a SLE
or autoimmune disease database of gene expression profiles that is
constantly updated, similar to the cancer-related databases that have
emerged in recent years. This type of cooperationwill enable us to better
understand the gene expression profiles of the disease.
218 Molecular Therapy: Nucleic Acids Vol. 24 June 2021
Second, at present, the main research objects are blood specimens,
while other body fluids and lesions are ignored. Furthermore, the
studies are conducted mainly on PBMCs. In consideration of the
whole blood composition changes in SLE, other blood components
such as plasma (or exosomes), erythrocytes, granulocytes, and plate-
lets are also optional research subjects. Previous studies have focused
on T cell or CD4+ T cell populations in PBMCs, while other cells such
as B cells, natural killer cells, and monocytes are also good research
subjects. Of course, it will be better if we can study subdivided cell
subsets, such as helper T (Th) cells (Th1, Th2, and Th17), suppressor
T (Ts) cells, cytotoxic T lymphocytes (CTLs), and Tregs. Detection of
circRNAs in different blood constituents can not only contribute to a
better understanding of the tissue or cell specificity of their expression
but also clarify their potential transfer processes. The tissue or cell
specificity and transfer processes are important foundations for
studying their biological functions.

Third, the mechanism of circRNA deregulation in SLE represents a
knowledge gap, which, as described above, could be interpreted by
their formation and degradation. In terms of biogenesis, several
important regulatory factors should be considered. First, it is an indis-
putable fact that SLE is associated with extensive dysregulated epige-
netic modifications, such as aberrant DNA methylation, abnormal
histone methylation, and acetylation.88–92 Second, many transcrip-
tion factors have been shown to display anomalous transcriptional ac-
tivity in SLE, including nuclear factor of activated T cells 1 (NFAT1),
signal transducer and activator of transcription (STAT), interferon
regulatory factors (IRFs), and cAMP response element modulator a
(CREMa).93–96 These two aspects can explain the discrepancies in
the levels of circRNAs in SLE compared with healthy individuals
from the transcriptional perspective. A third factor affecting the gen-
eration of circRNAs in SLE is the abnormal expression of RBPs, such
as serine arginine-rich splicing factor 1 (SRSF1), which may mediate
the back-splicing of pre-mRNAs.97,98 Lariat-driven circularization,
intron-pairing-driven circularization, and degradation, which may
also influence circRNA expression, have not been investigated in
depth; therefore, we have not proposed any assumptions related to
SLE here (Figure 2).

Importance of circRNA transmission in SLE

As mentioned previously, circRNAs are abundant in body fluids and
transported throughout the body via exosomes and body fluids.29–32

However, the transmission of circRNAs in SLE is a vital deficit in cur-
rent research. Since SLE is a disease involving the blood and multiple
organs, it is highly significant to study the transmission of circRNAs
in SLE. Internal and/or external factors may cause aberrant expres-
sion of numerous circRNAs in blood or tissue cells, with some
secreted into body fluids by exosomes. It is also possible that circR-
NAs enter body fluids directly from abnormal apoptotic or necrotic
cells, because SLE is always accompanied by blood cell destruction
and tissue damage. These circRNAs may then remain in the body
fluids or integrate into blood and tissue cells, resulting in local or sys-
temic enrichment. The divergent accumulation of circRNAs in SLE
endows them with latent potential as biomarkers and is also a
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Figure 3. Prospective transmission pathway of circRNAs in SLE

circRNAs generated in blood cells may enter serum via exosomes or cell breakage. These circRNAs then enter other blood cells or transmit to tissue fluid and enter tissue

cells, causing immune response, inflammation, and cell damage. Accordingly, circRNAs generated in tissue cells may also influence other tissue cells and blood cells.
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prerequisite for their participation in the pathophysiological process
of SLE (Figure 3).

Limitations and future perspectives on circRNA roles in SLE

Some studies have revealed “associations” between circRNA expres-
sion and clinical factors, such as disease activity, or SLE-related genes
or signaling pathways, drawing the hypothesis that these circRNAs
regulate SLE progression. However, this theory is far from convincing.
As described previously, the specific inflammatory, immune, and
epigenetic environment of SLE can also affect the expression of circR-
NAs. Therefore, it is not clear that SLE alters the expression of these
circRNAs or that these circRNAs regulate the pathophysiological pro-
cesses of SLE. Indeed, not all the dysregulated circRNAs modulate the
disease progression, with somemerely exhibiting varied expression. To
draw the conclusion that circRNAs impact the pathogenesis of SLE,
rigorous functional and mechanistic investigations should be
conducted.

Accordingly, some circRNAs may act as important regulators of the
process of SLE. The current studies have only explored the roles of
circRNAs in PBMCs or T cells; however, these investigations are
insufficient to clarify the complexity of the functions of circRNAs
in SLE. For example, the aberrant expression of circRNAs in a specific
immune cell type can not only mediate the dysfunction or damage of
these cells but also transfer to other immune cells and even tissue cells,
thus mediating immune responses and causing tissue damage. Corre-
spondingly, circRNAs produced by tissue injury can also lead to dam-
age of other tissues and dysregulation of immune cells (Figure 3).

Research on the mechanisms of circRNAs in SLE is still very limited.
In previous studies, mechanistic investigations of circRNAs have been
focused mainly on the induction of immune cell abnormalities by
regulating miRNAs. However, other mechanisms underlying the
functions of circRNAs may also be of importance in SLE research.
For instance, since circRNAs located in the nucleus may act
as transcription manipulators by cooperating with or modulating
the epigenetic modifications associated with SLE, their impact on
gene expression will be more prominent. circRNAs can interact
with RBPs to regulate the functions of RBPs, and many anti-RBP au-
toantibodies are produced in SLE.99–101 Therefore, it is possible that
the binding of circRNAs to RBPs affects the production of anti-
RBP antibodies by changing the characteristics of RBPs, such as
configuration, function, stability, or subcellular localization. Further-
more, some circRNAs encode polypeptides or proteins, which may
perform various functions. First, as proteins, they may possess and
exert their functions in the original cells. Second, some enter the
body fluids via exosomes (especially micromolecular ones) or after
cell disruption, thus implicating them as biomarkers. Third, peptides
or proteins released into body fluids may be transported to tissues or
blood cells, inducing immune responses, inflammation, and cell
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damage. Fourth, the possibility that these peptides or proteins are
deposited in target organs and cause direct damage should not be
ignored. We think these presumptions are very intriguing and prom-
ising topics for future research (Figure 2).

CONCLUSIONS
Emerging evidence has demonstrated that circRNAs are important
regulators in various diseases. In this work, we briefly introduce these
“star molecules” and summarize their roles in SLE. Although a great
deal of research has been conducted in this field, the limitations we
have described remain to be addressed. More extensive and intensive
studies are required to provide novel and valuable ideas in this area of
interest. In summary, integrating a comprehensive understanding of
functional circRNA biology into the area of SLE may clarify the path-
ogenesis and development of this disease. More importantly, such
fundamental studies will provide a sound theoretical foundation for
the application of circRNAs in the clinical diagnosis and treatment
of SLE.
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