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Circular RNAs (circRNAs), a class of non-coding RNAs (ncRNAs), are highly stable and ubiquitous molecules that
exhibit tissue-specific expression. Accumulating evidence has shown that aberrant expression of circRNAs can
play a role in the pathogenesis of several diseases. Rheumatic diseases are a varied group of autoimmune and
inflammatory disorders affecting mainly the musculoskeletal system. Notably, circRNAs, which are essential
immune system gene modulators, are strongly linked to the occurrence and progression of autoimmune disor-

ders. Here, we present and discuss the current findings concerning the roles, implications and theragnostic po-
tentials of circRNAs in common rheumatic diseases, including ankylosing spondylitis (AS), osteoarthritis (OA),
osteoporosis (OP), rheumatoid arthritis (RA), systemic lupus erythematosus (SLE), Crohn's disease (CD), and
gout. This review aims to provide new insights to support the development of novel diagnostic and therapeutic
strategies for these disabling diseases.

1. Introduction

Circular RNAs (circRNAs) are a novel subclass of long non-coding
RNAs (IncRNAs) that are ubiquitously expressed in a wide range of
species, varying from viruses to mammals [1]. In mammals, circRNAs
are frequently expressed in a cell-type- or tissue-specific pattern and are
primarily located in the cytoplasm [2]. As their name suggests, circRNAs
are circular, single-stranded molecules formed by the back-splicing of a
pre-mRNA molecule, a highly regulated process in which the 3’ end of an
exon is ligated by a 3',5'-phosphodiester bond to the 5’ end of the same
or an upstream exon [2]. This lack of free 3" and 5 ends confers resis-
tance to exoribonucleolytic degradation, rendering circRNAs more

stable than their linear counterparts [3].

CircRNAs serve various biological functions; most notably, they act
as microRNA (miRNA) “sponges” binding and inhibiting the actions of
miRNAs, thus regulating the expression of miRNA target genes [3]. In
addition, circRNAs may interact with RNA-binding proteins, acting as i)
protein sponges that inhibit protein function, ii) decoys that stabilize
proteins, or iii) scaffolds that recruit different proteins to facilitate their
interaction [1]. Moreover, circRNAs may modulate transcription,
translation, or splicing, and may be involved in regulating multiple
biological processes, such as cell proliferation, differentiation, migra-
tion, and apoptosis [2]. Despite their classification as IncRNAs, some
circRNAs are translated into functional peptides [4].
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Besides their diverse functions in normal physiology, circRNAs have
been implicated in various human diseases, including cardiovascular
diseases, autoimmune diseases, neurodegenerative disorders, diabetes,
and cancer, highlighting their potential as diagnostic biomarkers and
therapeutic targets [5,6]. While some circRNAs have pathological roles,
contributing to disease development and progression, other circRNAs
may prevent or ameliorate disease by enhancing various physiological
functions. For example, circANRIL is a circRNA that was found to protect
against atherosclerosis by inhibiting proliferation and inducing
apoptosis of vascular smooth muscle cells and macrophages [7]. Simi-
larly, Cdrilas (CiRS-7) was shown to improve pancreatic $-cell function
and increase insulin transcription and secretion, through its well-known
miRNA-7 sponge activity, indicating its therapeutic potential in diabetes
[8]. Some circRNAs act as tumor suppressors and inhibit cancer cell
proliferation and migration, such as circTADA2A-E6, which inhibits
breast cancer progression and metastasis [9]. Conversely, other circR-
NAs are over-expressed in tumor cells, such as circPVT1, which was
identified as a proliferative factor in head and neck squamous cell car-
cinoma and gastric cancer, promoting cell proliferation by acting as a
miRNA sponge [10,11]. Furthermore, certain circRNAs have been
closely associated with autoimmune disease pathogenesis due to their
involvement in immunoregulation and inflammation. [12]. Rheumatic
diseases are a diverse group of over 200 autoimmune and inflammatory
disorders affecting primarily the musculoskeletal system. While
different classifications exist, rheumatic diseases can be classed, based
on their nature, as: autoimmune, including rheumatoid arthritis (RA)
and systemic lupus erythematosus (SLE); inflammatory, including gout,
ankylosing spondylitis (AS), Crohn's disease (CD) and possibly osteo-
porosis (OP). They can also be classified into metabolic, such as osteo-
porosis and gout or degenerative, such as osteoarthritis (OA) [13].
Recent studies have identified circRNAs as important players in the
development and progression of rheumatic diseases. In this review, we
will summarize the accumulating evidence regarding the roles, impli-
cations, and theragnostic potentials of circRNAs in some of the common
rheumatic diseases, including RA, SLE, OA, AS, OP, CD and gout
(Table 1).

2. Ankylosing spondylitis

Ankylosing Spondylitis (AS), a form of spondyloarthritis, is an
autoimmune rheumatic disease characterized by chronic inflammation

Table 1
CircRNAs as potential diagnostic or prognostic biomarkers for rheumatic
diseases.

Disease CircRNA

hsa_circRNA_102532, hsa_circRNA_001544,
hsa_circRNA_012732, hsa_circRNA_008961

Ankylosing spondylitis

Osteoarthritis hsa_circ_101178, hsa_circRNA_0032131,
hsa_circ_0101251, hsa_circ_0104595, hsa_circ_0104873,
and hsa_circRNA_0020014

Osteoporosis circ_0002060, circ_0001275, circ_0076690,

hsa_circ_0001445, circ_0006859, circ_0021739
circRNA_0044235, circRNA_104871, ciRS-7, of
hsa_circ_0002715, hsa_circ_0035197, circRNA_0005008
and circRNA_0005198, circRNA_0000175,
circRNA_0008410, and circRNA_0140271
circRNA_400011, circRNA_102584, circRNA_101471,
circRNA_100226, circRNA_407176, circRNA_001308,
circRNA_0057762, circRNA_0003090, circIBTK,
circRNA_100236, circRNA_102489, circRNA_101413,
circPTPN22, circRNA_0044235, circRNA_0000479,
circRNA _0082688, circRNA_0082689, circRNA_0012919,
and circHLA-C

circRNA_103516, hsa_circRNA_004662,
hsa_circRNA_092520, hsa_circRNA_102610,
hsa_circRNA_103124, hsa_circRNA_0062142, and
hsa_circRNA_0001666

Gout hsa_circRNA_103657

Rheumatoid arthritis

Systemic lupus
erythematosus

Crohn's disease
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that primarily affects the spinal and sacroiliac joints as well as their
adjoining soft tissues, including ligaments and tendons [14]. As the
disease progresses, fibrosis and calcification may occur in the spinal
joints, causing rigidity and fusion of parts of the spine [15]. Due to its
non-specific symptoms, insidious onset, and the lack of specific in-
dicators of early disease, AS diagnosis is frequently delayed by 5 to 10
years [16]. This results in a significant delay in treatment, leading to
disability and reduced quality of life [17].

2.1. The role of circRNAs in the pathogenesis of AS

In an effort to improve its diagnosis and treatment, several studies
have investigated the involvement and theragnostic potential of circR-
NAsin AS. Tang et al. [17] found 1369 differentially expressed circRNAs
in AS patients' peripheral blood mononuclear cells (PBMCs), which may
be implicated in the disease pathogenesis. Of these, 675 were upregu-
lated and 694 were downregulated in AS patients compared to healthy
controls (HCs). Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway analysis indicated that the upregulated circRNAs were mainly
involved in inflammatory pathways, such as tumor necrosis factor alpha
(TNF-a) and mitogen-activated protein kinase (MAPK) signaling path-
ways, suggesting their role in AS pathogenesis. On the other hand, the
downregulated circRNAs were primarily associated with cancer-related
pathways, indicating that similar processes may be involved in the
development of AS and certain types of cancer. In the same study, four
upregulated circRNAs (predicted to be implicated in AS development
through their miRNA sponge activity) were subjected to further analysis
[17]. Hsa_circRNA_102532 and hsa_circRNA_001544, which were
significantly overexpressed in AS patients compared to HCs, were
identified as potential diagnostic markers by plotting receiver operating
characteristic (ROC) curves which demonstrated their diagnostic power.
Moreover, hsa_circRNA_012732 was reported as a potential prognostic
marker, indicator of disease activity, and therapeutic target due to the
negative correlation of its expression level with the Bath Ankylosing
Spondylitis Disease Activity Index (BASDAI), the Bath Ankylosing
Spondylitis Functional Index (BASFI), and high-sensitivity C-reactive
protein (hsCRP) level. This circRNA was proposed to function as a
proinflammatory mediator in AS, contributing to disease progression.
Similarly, it was suggested that hsa_circRNA_008961 may serve as an
indicator of disease activity as its expression level negatively correlated
with platelet count (Table 1).

Using high-throughput RNA sequencing, Zhang et al. identified 56
circRNAs that were differentially expressed (half were upregulated and
half were downregulated) in the plasma exosomes (extracellular vesicles
containing lipids, proteins, and nucleic acids, secreted by most cells into
body fluids) of AS patients compared to HCs [18]. Gene Ontology (GO)
analysis revealed that the downregulated circRNAs were involved in
negatively regulating the activity of nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-xB), an important transcription fac-
tor that plays a key role in modulating inflammatory and immune re-
sponses [19]. On the other hand, the upregulated circRNAs were
suggested to function as regulators of bone remodeling, a hallmark of AS
pathophysiological development. Consistent with the knowledge that
circRNAs act as miRNA and protein sponges, the GO analysis indicated
that the differentially expressed exosomal circRNAs functioned in RNA
and protein binding. Moreover, the upregulated circRNAs were pro-
posed to bind Ras-related nuclear protein (Ran), a member of the small
GTPases Ras superfamily, which may play a role in AS pathogenesis.
KEGG pathway analysis identified the Notch pathway as a major
signaling pathway in which the differentially expressed circRNAs
participated, highlighting this pathway's targeting as a potential novel
treatment strategy for AS. In addition, this analysis indicated that the
circRNAs may be involved in immunological processes, such as viral
carcinogenesis and human T-cell leukemia virus type 1 (HTLV-1)
infection. Furthermore, Zhang et al. selected 5 significantly down-
regulated exosomal circRNAs (hsa_circ_0110797, hsa_circ_ 0097378,
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hsa_circ_0122309, hsa_circ_0058275, and hsa_circ_.0008346) and
confirmed their expression by quantitative polymerase chain reaction
(qPCR) [18]. Subsequently, a circRNA-miRNA-mRNA interaction
network was constructed by determining the top 5 miRNAs targeted by
each of the 5 circRNAs, as well as the top 5 mRNAs targeted by each
miRNA. Consequently, these 5 circRNAs were suggested to be closely
associated with AS, although further research is needed to delineate
their exact mechanisms and establish their theragnostic potential [18].

Likewise, Kou et al. identified 123 significantly differentially
expressed circRNAs in the spinal ligament tissues of AS patients
compared to the expression in patients with lumbar disc herniation (fold
change > 1.5, p < 0.05), of which 57 were upregulated and 66 were
downregulated [20]. GO analysis predicted that these circRNAs mainly
participated in regulating peptidyl-serine and peptidyl-threonine phos-
phorylation and GTPase activity, in addition to binding Ras GTPase.
Furthermore, it was predicted that the circRNAs exhibited
phosphatidylinositol-3,4,5-triphosphate (PIP3) binding activity. The
results of this analysis suggested that these circRNAs may be implicated
in the MAPK and the phosphatidylinositol 3-kinase (PI3K)/protein ki-
nase B (PKB) signaling pathways, which are involved in inflammation-
induced chondrocyte apoptosis, which along with GTPases may play a
role in AS pathogenesis [20]. Furthermore, KEGG pathway analysis
indicated that the differentially expressed circRNAs were also involved
in bacterial and viral infections, such as Yersinia, human immunodefi-
ciency virus 1 (HIV-1), and human cytomegalovirus infections, sug-
gesting a role in the immune system modulation [20]. It was also
predicted that the circRNAs may serve a function in T cell receptor (TCR)
signaling and Th17 cell differentiation, which is in line with the previous
finding indicating that Th17 cells play a role in AS pathogenesis by
releasing various cytokines causing bone erosion and inflammation
[21]. Finally, bioinformatics analysis predicted that 60 of the 123
circRNAs interacted with 221 miRNAs. In particular, hsa_-
circNFATC1001, hsa_circMNT002, and hsa_circRUSC2002 were pre-
dicted to bind 22, 24, and 45 miRNAs, respectively, indicating a
potential role of the miRNA sponge activity of these circRNAs in AS
development [21].

Consistent with the previous findings, Wang et al. identified 2942
differentially expressed circRNAs in platelets of AS patients relative to
HCs, of which 2616 were downregulated and 326 upregulated [22]. GO
and KEGG pathway analyses of the 326 upregulated circRNAs predicted
their involvement in several functions including platelet degranulation,
aggregation, and activation, cell migration, cell-cell adhesion, focal
adhesion, extracellular matrix (ECM)-receptor interactions, protein and
enzyme binding, protein phosphorylation, human cytomegalovirus
infection, and Fc gamma receptor-mediated phagocytosis [22]. These
functional enrichment analyses also suggested that the upregulated
circRNAs participated in various signaling pathways, including trans-
forming growth factor-beta (TGF-p) receptor, PI3K-PKB, mTOR, cAMP,
ErbB, Rapl, and FoxO signaling pathways. These results indicated that
the overexpressed circRNAs may play a role in modulating platelet
function and chronic inflammation associated with AS [22]. Further, 2
circRNAs, circPTPN22 (hsa_circ_.0000110) and circFCHSD2 (hsa_-
circ_0005918), were found to be downregulated in both the platelets and
spinal ligament AS patients tissues, and were predicted to interact with
various miRNAs, acting as miRNA sponges that modulate gene expres-
sion [22]. These two circRNAs' mRNAs targets were predicted to be
mainly associated with Th17 cell differentiation, cell adhesion, inflam-
matory bowel disease (IBD), cytokine-cytokine receptor interaction, and
HTLV-1 infection, as well as with a set of signaling pathways including
Jak-STAT, Wnt, and calcium. In this regard, previous studies reported
the involvement of Th17 cells, Jak-STAT, and Wnt signaling pathways in
AS pathogenesis, via participation in bone remodeling, inflammation,
immune regulation, as well as in osteoclast and osteoblast proliferation
and differentiation [23]. The role of circRNAs in AS pathogenesis opens
the door for considering them as potential novel targets for both AS
diagnosis and treatment.
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Using bioinformatics analysis and in vitro cell-based assays, Li et al.
elucidated the function of the significantly upregulated circRNA, hsa_-
circ_0056558, in AS pathogenesis [24]. The study revealed that in AS
tissues, hsa_circ_0056558 sponges miRNA-1290 (miR-1290) down-
regulating its expression while increasing the expression of cyclin-
dependent kinase 6 (CDK 6), an important regulator of the cell cycle.
This led to the inhibition of cell proliferation and differentiation and the
activation of apoptosis, potentially through the PI3K/PKB/NF-xB
pathway [24]. These findings further highlight the theragnostic poten-
tial of this circRNA.

3. Osteoarthritis

Osteoarthritis (OA), the most common form of arthritis, is charac-
terized by the degeneration of articular cartilage, primarily in the joints
of the knees, hips, spine, and hands, causing pain, stiffness, and
disability and impairing the quality of life [25]. The disease is particu-
larly prevalent in the elderly and is associated with abnormal functions
of chondrocytes, osteoclasts (cells that mediate bone resorption), and
ECM [26]. Currently, there is no cure for OA, and treatments are often
focused on managing symptoms, especially pain. In addition, current
approaches for diagnosing, prognosing, and preventing OA are limited
[27]. Thus, novel strategies for the prevention, diagnosis, prognosis, and
treatment of OA are needed.

3.1. Differentially expressed circRNAs in OA

Several studies were conducted to investigate the circRNA expres-
sion profiles in OA. Li et al. found 42 differentially expressed circRNAs in
OA knee joint cartilage [28]. Similarly, Liu et al. determined that 71
circRNAs were expressed differentially in OA articular cartilage, of
which 55 were downregulated and 16 were overexpressed [29]. In
addition, Xiao et al. 2019 identified 197 circRNAs that were differen-
tially expressed in OA knee condyles [30]. Moreover, Xiang et al. 2019
[31] reported that 122 circRNAs were differentially expressed in OA
knee synovia and predicted their involvement in the pathogenesis of OA
synovitis. Furthermore, 1380 significantly differentially expressed
circRNAs were identified in OA chondrocytes, of which 215 were
overexpressed while the remaining were under expressed. Interestingly,
some of these circRNAs were found to be associated with OA patho-
physiology [32]. Additionally, 17 downregulated and 7 upregulated
circRNAs were found in facet joint OA tissues and appear to be involved
in the disease pathogenesis [33]. These findings indicate the possible
role of differentially expressed circRNAs in OA onset and development.

3.2. Roles of circRNAs in OA pathogenesis and progression

CircRNAs have been associated with the pathogenesis and progres-
sion of OA, indicating their potential as molecular targets for OA diag-
nosis, prognosis, treatment, and prevention [27]. While some circRNAs
contribute to the development or progression of OA, others play a pro-
tective role against this disease. By sponging their target miRNAs,
circRNAs play different roles in various physiological and pathological
processes, including chondrocyte apoptosis and proliferation, inflam-
mation, and ECM metabolism (Table 2).

3.2.1. Regulation of chondrocyte apoptosis

Various circRNAs have been demonstrated to play a role in regu-
lating chondrocyte apoptosis, a critical process in OA pathogenesis. One
such circRNA is circADAMTS6, which inhibits interleukin-1 p (IL-1p)-
induced chondrocyte apoptosis by acting as a sponge for miR-431-5p
[34]. Similarly, circANKRD36 prevents IL-1p-mediated chondrocyte
apoptosis and inflammation by sponging miR-599 to increase expression
of the Castor Zinc Finger 1 (Caszl) transcription factor [35]. Likewise,
circ_0092516 binds miR-337-3p to regulate phosphatase and tensin
homolog (PTEN) expression, thus inhibiting chondrocytes apoptosis and
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Table 2
Roles of circRNAs in the pathogenesis and progression of osteoarthritis.
Biological Promotion Inhibition
process
Chondrocyte circHIPKS3, circ_0136474, circADAMTS6, circANKRD36,
apoptosis circRNA.33186, circ_0114876, circ_0092516, circRNA-9119,
circGCN1L1, circ DHRS3, ciRS-7, circSERPINE2,
circCDH13, circRNA-UBE2G1, circCDK14, hsa_circ_0045714,
circRNF121, and circ_0136474, hsa_circ_0005567
hsa_circ_0037658
Chondrocyte circ_0092516, circCDK14, circ_0136474,
proliferation hsa_circ_0045714 circRNA.33186, circPSM3,
circ_DHRS3
Inflammation circ_0114876, circRSU1, circANKRD36, ciRS-7

circGCN1L1, circRNA-MSR,
hsa_circ_0005105, circRNA-
CDR1as, and circRNA_Atp9b
circSERPINE2, circPDE4D,
circCDK14, hsa_circ_0045714,
circ0083429
ECM circRSU1, circGCN1L1,
degradation circ_ DHRS3, circTMBIMS6,
circCDH13, circRNA_100876,
circRNA-MSR,
hsa_circ_0005105,
circRNA_Atp9b,
circRNA.33186, circRNA-
UBE2G1, circ_0136474,
circRNF121, and circRNA-
CDR1as, hsa_circ_0037658
ciRS-7, hsa_circ_0005567

ECM synthesis circCDH13

¢irc0083429, ciRS-7

Autophagy hsa_circ_0037658

promoting their proliferation, resulting in slowed OA progression [36].
Through a similar mechanism, circRNA-9119, a downregulated circRNA
in OA cartilage, inhibits IL-1B-induced chondrocyte apoptosis by acting
as a miR-26a sponge, resulting in increased PTEN expression [37].
Moreover, ciRS-7, which is downregulated in OA, inhibits chondrocyte
apoptosis and inflammation by sponging miR-7 [38]. Further, circSER-
PINE2, which is also underexpressed in OA cartilage, sponges miR-1271
to inhibit chondrocyte apoptosis and promote ECM anabolism, thereby
inhibiting disease progression [39].

Conversely, circHIPK3 expressed at a low level was found to promote
OA chondrocyte apoptosis through a sponge activity on miR-124, which
reduced SOX8 expression [40]. Similarly, circ. 0136474 and
circRNA.33186 (upregulated in OA cartilage) enhanced chondrocyte
apoptosis and inhibited cell proliferation by sponging miR-127-5p to
increase matrix metallopeptidase 13 (MMP13) expression [41,42].

3.2.2. Chondrocyte injury and inflammation

CircRNAs may also contribute to the development of OA by inducing
chondrocyte damage and inflammation. For instance, circ_ 0114876
(overexpressed in OA tissues) promoted IL-1f-induced chondrocyte
injury, inflammation, and apoptosis by sponging miR-671, which
resulted in regulation of TNF receptor-associated factor 2 (TRAF2)
expression [43]. In addition, circRSU1 (overexpressed in OA articular
cartilage) promoted OA progression by mediating oxidative stress,
consequent inflammation, and ECM degradation, through its miR-93-5p
sponge activity which helped regulate mitogen-activated protein kinase
kinase (MEK)/extracellular signal-regulated kinase 1/2 (MEK-ERK1/2)
and NF-xB signaling [44]. Similarly, by sponging miR-330-3p and
increasing TNF-a expression, circGCN1L1 (upregulated in temporo-
mandibular joint osteoarthritis (TMJOA) synoviocytes) promoted sy-
novial inflammation, chondrocyte apoptosis, synoviocyte proliferation,
and ECM degradation [45]. Moreover, circPSM3, an overexpressed
cirCRNA in OA chondrocytes, was demonstrated to inhibit chondrocyte
proliferation and differentiation by sponging miRNA-296-5p [46]. These
findings demonstrated circRNAs targeting as a potential novel thera-
peutic strategy for reducing inflammation and promoting chondrocyte
viability and proliferation in OA
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3.2.3. Regulation of ECM metabolism

Some circRNAs have been found to regulate chondrocyte ECM ho-
meostasis, thereby facilitating, or delaying OA progression. By sponging
miR-103a-3p and thereby regulating fibroblast growth factor 18
(FGF18) expression, circPDE4D promoted the synthesis of ECM proteins,
serving a protective role against OA [47]. Similarly, circCDK14 had a
protective effect against OA by regulating ECM metabolism, enhancing
chondrocyte proliferation, and inhibiting chondrocyte apoptosis,
through its miR-125a-5p sponge activity which was shown to suppress
the expression of SMAD2 and disrupt the TGF- signaling pathway that
is closely associated with OA pathogenesis [48]. Likewise, hsa_-
circ_0045714 stimulated ECM synthesis and chondrocyte proliferation,
while inhibiting chondrocyte apoptosis, by sponging miR-193b and
thereby upregulating insulin-like growth factor 1 receptor, IGF1R [49].
Further, Circ0083429 (downregulated in OA tissues) ameliorated OA by
regulating chondrocyte ECM homeostasis, through sponging miR-346 to
modulate SMAD3 expression, which in turn regulated the expression of
various proteins involved in ECM metabolism, such as the metal-
loproteinases MMP3, MPP13, and ADAMTS4, as well the ECM proteins
aggrecan and type II collagen [50].

On the other hand, circ DHRS3 (overexpressed in OA cartilage tis-
sue) was found to mediate IL-1p-induced chondrocyte injury, by pro-
moting ECM degradation and chondrocyte apoptosis, and inhibiting
chondrocyte proliferation [51]. This was achieved through sponging
miR-183-5p, which resulted in increased expression of Gremlin 1, a
protein that is involved in OA progression. Similarly, circTMBIM6
(overexpressed in OA cartilage tissue) enhanced chondrocyte ECM
degradation in OA by sponging miR-27a, which increased MMP13
expression [52]. Likewise, CircCDH13, an upregulated circRNA in OA
chondrocytes, promoted ECM degradation and inhibited its synthesis, in
addition to eliciting chondrocyte apoptosis. Thus, CircCDH13 partici-
pated in OA pathogenesis, by sponging miR-296-3p to regulate PTEN
expression [53]. Moreover, CircRNA_100876, a chondrocyte ECM-
related circRNA (circRNA-CER) that is significantly upregulated in
OA, was found to mediate ECM degradation by sponging miR-136 to
upregulate MMP13 expression [29]. Furthermore, mechanical stress-
related circRNA (circRNA-MSR) (overexpressed in damaged OA carti-
lage) promoted chondrocyte ECM degradation and inflammation by
sponging miR-875, resulting in increased TNF-a expression and reduced
type II collagen and aggrecan expression [54]. Additionally, by targeting
various miRNAs, the circRNAs, hsa_circ_0005105, circRNA_Atp9b,
circRNA.33186, circRNA-UBE2G1, circ_0136474, circRNF121, and
circRNA-CDR1as, promoted ECM catabolism in OA, in addition to pro-
moting inflammation (hsa_circ_0005105, circRNA-CDR1as, and circR-
NA_Atp9b) and apoptosis (circRNA-UBE2G1, circRNF121, and
circ_0136474) [55,56].

3.2.4. Regulation of autophagy

Autophagy plays a protective role in the early degenerative stage of
OA by inhibiting chondrocyte apoptosis [57]. Various circRNAs that
mediate or suppress autophagy in OA have been identified. For example,
ciRS-7 was reported to promote autophagy and inhibit ECM degradation
by sponging miR-7, thereby inhibiting the PI3K/AKT/mTOR signaling
pathway [58]. Similarly, hsa_circ_ 0005567 was shown to inhibit IL-1p-
induced chondrocyte apoptosis by inducing autophagy, through its
sponge activity on miR-495 which increased the expression of the early
autophagy marker ATG14 [59]. On the other hand, hsa_circ_0037658
(overexpressed in OA chondrocytes) inhibited autophagy, thereby sup-
pressing cell growth and promoting apoptosis. Hsa_circ_ 0037658
knockdown was demonstrated to suppress OA progression by promoting
autophagy and inhibiting ECM degradation, suggesting its potential as a
novel therapeutic target [60].

3.3. Theragnostic potential of circRNAs in OA

Differentially expressed circRNAs in OA patients could be used as
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targets for better diagnosis, prognosis, or treatment of this debilitating
disease (Table 1). For example, a positive correlation between serum
hsa_circ_101178 levels and OA severity indicated the important role of
this upregulated circRNA in OA pathogenesis and its potential as an
early diagnostic biomarker for OA [61]. Similarly, hsa_-
circRNA_0032131, which is implicated in OA development, was iden-
tified as a potential diagnostic marker [32]. Moreover, the circRNAs,
hsa_circ_0101251, hsa_circ_0104595, and hsa_circ_0104873 (overex-
pressed in OA synovial fluid) were identified as potential biomarkers for
OA diagnosis, as their expression levels were positively correlated with
OA severity [62]. Similarly, hsa_circRNA_0020014 in peripheral blood
was identified as a potential diagnostic biomarker that could be used to
differentiate between OA and Kashin-Beck disease [63].

In addition, the above-mentioned circRNAs that were found to pro-
mote or delay OA development or progression may serve as new ther-
apeutic targets. The goal would be to inhibit the expression of circRNAs
that promote OA progression and to enhance the expression of circRNAs
that delay OA progression. This could pave the road for novel preventive
and therapeutic approaches for OA. For instance, Yao et al. 2021 over-
expressed Circ0083429 in a mouse model of OA, demonstrating its
protective role in OA [50]. Conversely, Zhou et al. 2021b silenced the
expression of CircCDH13 in another OA mouse model, considerably
ameliorating the disease [53]. In addition, inhibiting circGCN1L1
expression alleviated TMJOA in a rat model [45]. Moreover, the
circRNA, CDR1as, was found to play a role in maintaining the prolifer-
ation and differentiation potential of human umbilical cord mesen-
chymal stem cells, suggesting the possibility of targeting this circRNA as
a novel OA treatment using stem cell therapy to repair damaged carti-
lage and bone in affected joints [64].

4. Osteoporosis

Osteoporosis (OP) is a systemic metabolic bone disorder associated
with reduced bone density, leading to decreased bone strength and
increased bone fragility and fracture risk [65]. The disease is often
asymptomatic, becoming evident only following unanticipated bone
fractures, mostly involving the wrist, hip, and vertebral bones. OP is the
most frequent cause of fractures in the elderly and may significantly
reduce quality of life and result in disability [66]. Due to the global
increase in life expectancy, OP incidence is increasing worldwide among
the aging population [65]. Postmenopausal (type I) OP (PMOP), which
is more common than senile (type II) OP, occurs due to the decline in
estrogen level following menopause, leading to an increase in bone
resorption [67]. The current treatment strategies, which involve drug
therapy and surgery, are inadequate [68]. Moreover, novel diagnostic
strategies for the early detection of OP are needed to enable timely and
effective prevention and treatment of this insidious disease.

4.1. Roles of circRNAs in OP

There is increasing evidence for the involvement of circRNAs in the
development and progression of OP. Several studies were conducted to
analyze the circRNA expression profiles in samples from OP patients,
resulting in the identification of multiple dysregulated circRNAs that are
implicated in OP [68]. For example, M. Fu et al. 2022 found a total of
516 dysregulated circRNAs in the exosomes isolated from bone marrow
mesenchymal stem cells (BMSCs) of PMOP patients, which may serve as
targets for PMOP diagnosis or treatment [69]. Similarly, 373 differen-
tially expressed circRNAs were identified in PBMCs of PMOP patients,
which may participate in disease pathogenesis and serve as biomarkers
for POMP diagnosis and prognosis [70]. Moreover, H. Zhang et al. 2021
identified 398 significantly dysregulated circRNAs in the peripheral
blood of male OP patients, which may contribute to disease develop-
ment through various molecular mechanisms and signaling pathways.
By modulating the differentiation, proliferation, and apoptosis of oste-
oblasts and osteoclasts, circRNAs play important roles in regulating
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osteogenesis and osteolysis, thereby promoting or inhibiting OP pro-
gression [71] (Tables 3 & 4).

4.1.1. CircRNAs involved in the promotion of OP

Circ_28313 was found to promote osteoclast differentiation and
thereby mediate bone resorption in an ovariectomy-induced OP mouse
model and in bone marrow-derived monocytes or macrophages (BMM)
treated by receptor activator of nuclear factor-kB ligand (RANKL) and
macrophage colony-stimulating factor (CSF1), which are cytokines
required for osteoclast differentiation [72]. By sponging miR-195a,
circ_28313 induced CSF1 expression, stimulating osteoclast differenti-
ation. Circ_28313 knockdown inhibited osteoclast differentiation in vitro
and in vivo, highlighting its potential modulation as a therapeutic
approach for OP. In addition, circ_0003865 promoted OP development
by inhibiting osteogenic differentiation of BMSCs, through its miR-3653-
3p sponge activity which induced the expression of growth arrest-
specific protein 1 (GAS1) and reduced the expression of osteogenic
genes. Treatment of BMSCs with melatonin inhibited the expression of
this circRNA, resulting in enhanced BMSC osteoblastic differentiation,
thereby indicating its potential utilization as a novel therapeutic inter-
vention for OP [73]. Similarly, circ.0006859 (significantly overex-
pressed in exosomes of OP patients) inhibited osteoblastic
differentiation of BMSCs by sponging miR-431-5p [74]. Moreover, circ-
SLC8A1 promoted OP by sponging miR-516b-5p to upregulate AKAP2
expression in BMSCs [75]. Furthermore, hsa_circ_0001275 (upregulated
in OP) was a likely contributor to OP pathogenesis, as its knockdown
resulted in the reversal of dexamethasone-mediated growth inhibition of
osteoblasts by promoting the miR-377/CDKN1B axis [76].

4.1.2. CircRNAs involved in the prevention of OP

Various circRNAs were found involved in slowing OP progression by
inducing osteoblastic differentiation, leading to enhanced bone forma-
tion. For instance, circRNA_0016624 (downregulated in PMOP) served a
protective role by promoting osteogenic differentiation, through
sponging miR-98 to increase bone morphogenetic protein 2 (BMP2)
expression [77]. Likewise, circRNA_0048211 (downregulated in BMSCs
of PMOP patients) was reported to protect against PMOP by sponging
miRNA-93-5p to increase BMP2 expression, inducing bone alkaline
phosphatase (ALP) activity and leading to increased bone mineralization
capacity [78]. Similarly, hsa_circ_ 0006393 (localized in BMSCs and
downregulated in glucocorticoid-induced OP patients) promoted
osteogenesis by sponging miR-145-5p to induce forkhead box O1
(FOXO1) expression, resulting in increased expression of various oste-
ogenic proteins, including BMP2 [79]. Moreover, circ_0076906
(underexpressed in OP bone tissue and sera) delayed OP progression by
sponging miR-1305 to upregulate osteoglycin expression and inducing

Table 3
Mechanisms by which circRNAs promote osteogenesis to inhibit the progression
of osteoporosis.

Mechanism CircRNA

circRNA_0016624, circ_0076906, circHmbox1,
circ_0011269, circ_0026827, circ_0076690,
circRNA YAP1 (circ-0024097), circFOXP1,
circ_0019693, circ_0006215, circ_0062582, and
circ-DAB1

circ-0008500

Stimulation of osteoblastic
differentiation

Promotion of matrix

mineralization

Stimulation of BMSC circ-DAB1, circ_0001052
proliferation

Inhibition of circ_0007059, circHmbox1, circ_0021739
osteoclastogenesis

Inhibition of osteoblast circ-Rtn4, circRNA AFF4
apoptosis

Stimulation of osteoblast circRNA AFF4
proliferation

Upregulation of osteogenic circRNA_0048211, hsa_circ_0006393
genes
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Table 4
Mechanisms by which circRNAs promote osteolysis, contributing to the patho-
genesis of osteoporosis.

Mechanism CircRNA

Inhibition of osteogenic differentiation
Stimulation of osteoclast differentiation
Growth inhibition of osteoblasts
Downregulation of osteogenic genes

circ_0003865, circ_0006859
circ_28313
hsa_circ_0001275
circ_0003865

mesenchymal stem cells osteogenic differentiation [80]. In addition,
circ_0011269, a downregulated circRNA in OP, induced osteogenic
differentiation by sponging miR-122 to increase the expression of
RUNX2, a critical transcription factor for osteoblastic differentiation
[81]. Additionally, circ-0008500 promoted osteoblast matrix minerali-
zation by sponging miR-1301-3p to induce the expression of peptidyl
arginine deiminase 4 (PADI4) which stabilized RUNX2 expression [82].
In a similar way, circ_0026827 promoted osteoblastic differentiation of
dental pulp stem cells by miR-188-3p sponging which modulated
RUNX1 and Beclinl expression [83]. Comparably, circ_0076690,
circRNA YAP1 (circ-0024097), circFOXP1, circ_0019693, circ_0006215,
circ_0062582, and circ-DAB1 induced osteoblastic differentiation by
targeting various miRNAs and signaling pathways, promoting bone
regeneration in OP [84-90]. In addition, circ-DAB1 promoted BMSC
proliferation, adding to its therapeutic role in OP [84].

Another mechanism by which circRNAs could prevent OP progres-
sion is the regulation of osteoclast differentiation to inhibit bone
resorption. For example, circ_0007059 (upregulated in PMOP) sup-
pressed the differentiation of BMSCs into osteoclasts, through sponging
miR-378 to reduce BMP2 expression [91]. Likewise, by sponging
miRNA-1247-5p, circHmbox1 inhibited TNF-a-induced osteoclast dif-
ferentiation and promoted osteoblast differentiation, ameliorating
ovariectomy-induced OP in mice [92]. Moreover, circ_0021739, a
downregulated circRNA in PMOP, inhibited osteoclast differentiation by
sponging miR-502-5p [93].

Furthermore, circRNAs could prevent OP by regulating cell apoptosis
and proliferation. For example, the protective role of circ-Rtn4 against
OP was demonstrated by overexpressing this circRNA in BMSCs. Exo-
somes isolated from these modified BMSCs suppressed TNF-a-induced
cytotoxicity and apoptosis of murine MC3T3-E1 preosteoblasts, through
the miR-146a sponge activity of circ-Rtn4, resulting in increased oste-
oblast viability [94]. In addition, circ_0001052 protected against OP by
mediating BMSC proliferation induced by low-level laser irradiation,
through its miRNA-124-3p sponge activity [95]. Similarly, circRNA
AFF4 inhibited apoptosis and induced proliferation of MC3T3-E1 cells
by sponging miR-7223-5p to regulate PI3KR1, thereby promoting frac-
ture healing in vivo [96].

4.2. CircRNAs as diagnostic and prognostic biomarkers for OP

Several circRNAs have been recognized for their diagnostic or
prognostic value in OP (Table 1). For example, circ.0002060 and
circ_0006873 (upregulated in plasma from OP patients) were associated
with reduced bone mineral density (BMD), and the former was identified
as a potential diagnostic biomarker for OP [97]. Similarly,
circ_0001275, an overexpressed circRNA in PBMCs of PMOP patients,
was discovered as a potential diagnostic marker for PMOP [98]. In
addition, circ_0076690 (downregulated in OP) was identified as a po-
tential diagnostic and prognostic biomarker, as its expression level
significantly correlated with BMD and T-score [85]. Moreover, hsa_-
circ_0001445 (a downregulated circRNA in the plasma of PMOP pa-
tients, whose expression is positively associated with T-score) was
indicated as a potential marker for PMOP diagnosis [99]. Likewise,
circ_0006859 was reported as a potential diagnostic biomarker for OP
[74]. Additionally, circ_.0021739 was identified as a potential diagnostic
biomarker in PBMCs of PMOP patients, as its expression correlated with
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5. Rheumatoid arthritis

Rheumatoid arthritis (RA) is a chronic and debilitating systemic
autoimmune disorder with a global prevalence of 1 %. The main features
of RA are synovial hyperplasia, joint synovitis, articular cartilage
erosion, and systemic immunological and inflammatory symptoms
[100,101]. Patients with RA have an improved therapy and survival
rate, yet they still suffer from damage in the joint, disability, and severe
disease that extremely impact patients' quality of life causing a huge
burden of care [102,103]. Recently, evidence has shown that many el-
ements are involved in RA pathogenesis, such as immunological illness,
susceptibility genes, and environmental factors [104,105]. Neverthe-
less, the molecular mechanisms that trigger RA and further its devel-
opment and progression of are not fully understood.

Early diagnosis and proper therapy can help RA patients improve
their clinical symptoms and prognosis to some extent. Currently, RA can
be diagnosed based on the classification criteria of American College of
Rheumatology (ACR)/European League Against Rheumatism (EULAR)
and some serological markers, which include rheumatoid factor and
anti-cyclic citrullinated peptide antibodies (ACPA) [106]. However, the
diagnostic value of these methods is limited since they have low sensi-
tivity and specificity leading to an elevated rate of misdiagnosis and a
poor prognosis [107]. Thus, it is crucial to identify novel biomarkers to
improve the early diagnosis and clinical outcomes of RA.

5.1. Role of circRNAs in macrophages

Because of the stability and tissue-specific expression of circRNAs
[108], several studies have examined their role in RA. Patients with RA
have high numbers of activated macrophages that infiltrate the synovial
tissues causing damage to joints. However, the number of macrophages
was shown to decrease after effective therapy [108]. Yang et al. explored
the role of circRNA in macrophages, demonstrating that the presence of
circRNA_09505 in macrophages caused exaggerated inflammation and
joint erosion [109]. Specifically, in vitro study indicated that macro-
phage proliferation and cell cycle progression were significantly
enhanced with overexpressed circRNA_09505, while inhibited with
knockdown of circRNA_09505 [109]. Thus, circRNA_09505 was able to
enhance macrophage proliferation and progression of cell cycle. Inter-
estingly, in vivo study showed that knocking down circRNA_09505 in
macrophages attenuated inflammation and erosion of joints in a
collagen-induced arthritis mouse model [109]. circRNA_09505 acted as
a sponge for miR-6089 and enhanced TNF -q, IL-6, and IL-12 production.
Thus, this circRNA could regulate inflammation via the miR-6089/
AKT1/NF-kB signaling pathway [109].

5.2. Role of circRNAs in RA tissues

Studies have demonstrated that, despite the inhibition of inflam-
mation, damage and loss of cartilage still occurred [110,111]. A study
examined the expression of circRNAs in cartilage tissues of RA patients,
revealing that the expression of 36 circRNAs were significantly altered
in RA patients compared with controls, among which circFADS2 pre-
sented the highest altered expression [112]. Furthermore, lipopolysac-
charide (LPS)-treated chondrocytes, a known RA model for examining in
vitro inflammation, demonstrated raised levels of circFADS2 [112].
Further studies found that, by acting as an interceptor of miR-498/
mTOR cross-talking, circFADS2 protected LPS-treated chondrocytes
against inflammation and apoptosis [112]. Another study delineated the
circRNA expression profile in synovial tissues of RA patients, indicating
that there were significant variations in the expression of 29 circRNAs
[113]. Further loss-of-function and rescue analyses revealed that
circ_0001859 aggravated inflammation in SW982 cells, a cell line of
human synovial sarcoma commonly utilized to study RA
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pathophysiology [114,115]. Specifically, circ.0001859 acted as a
sponge of the miR-204/211 family. By silencing circ_ 0001859, miR-
204/211 expression was upregulated, consequently enhancing the
suppression of its target, ATF2, inhibiting its function and decreasing the
inflammation in SW982 cells [113].

5.3. Role of circRNAEs in fibroblast-like synoviocytes

Fibroblast-like synoviocytes (FLSs), the major constituent cells in RA
synovial tissues, mediated inflammation and damage to joints by pro-
ducing inflammatory mediators, such as cathepsins and metal-
loproteinases [116]. Accordingly, it is important to investigate the
functional significance of circRNAs in FLSs of RA patients to provide
new insights into disease pathogenesis. Given that the expression of
circRNA_0003353 is markedly increased in FLSs from RA patients, its
upregulation could be essential for RA development [117]. Further in-
vestigations revealed that circRNA_0003353 contributed to RA pro-
gression by regulating inflammation and immunity, as well as cell
proliferation, migration, invasion, and apoptosis. Consistent with this
finding, overexpression of circRNA_0003353 in FLSs of RA patients
enhanced cell proliferation, migration, and invasion, inhibited
apoptosis, increased the levels of pro-inflammatory cytokines, and
reduced the levels of anti-inflammatory cytokines, whereas its knock-
down had the opposite effects [117].

5.4. CircRNAs as diagnostic and prognostic biomarkers for RA

Accumulating findings supported the claim that circRNAs in blood
could be utilized as biomarkers for RA diagnosis (Table 1). Therefore,
many studies were performed to identify the circRNAs expressed in
PBMCs from patients with RA. Five circRNAs (circRNA_092516,
circRNA_003524, circRNA_103047, circRNA_104871, and
circRNA_101873) were significantly elevated in PBMCs of RA patients.
CircRNA_104871 exhibited the highest diagnostic value with 83.3 %
sensitivity and 68 % specificity [118]. Based on RT-qPCR analysis,
circRNA_0044235 expression levels were shown to be significantly
decreased in the peripheral blood of 77 RA patients as compared to
healthy controls [119]. The ROC curve analysis of circRNA_0044235
displayed 90 % specificity and 61 % sensitivity, suggesting a potential
role for circRNA_0044235 as a biomarker for RA in peripheral blood
[119]. It is important to note, however, that studies by both Ouyang
et al. and Luo et al. revealed that circRNA_ 0044235 and
circRNA_104871 were not correlated with disease activity of RA
[118,119].

Circular CDR1 antisense (ciRS-7), one of the most studied circRNA,
was reported to act as a sponge for miR-7, demonstrating the ability to
suppress its target genes including mTOR. The expression level of ciRS-7
was shown to be significantly elevated in PBMCs of RA patients [120].
The ciRS-7-mediated suppression of miR-7 function could lead to the
alleviation of the inhibitory impacts of miR-8 on mTOR gene [120].
Three circRNAs (hsa_circ_0002715, hsa_circ.0001947, hsa_-
circ_0000367, and hsa_circ_0035197) were significantly elevated in the
peripheral blood of 59 new-onset RA patients as compared to healthy
controls [121]. Results from ROC curve analysis indicated that a com-
bination of hsa_circ_0002715 and hsa_circ_0035197 could serve as a
potential biomarker in the peripheral blood of new-onset RA patients as
it could be correlated with the disease activity [121]. More recently, the
expression levels of circRNA_0005008 and circRNA_0005198 were
confirmed to be significantly increased in plasma from new-onset RA
patients. Analysis using ROC curves indicated that circRNA_0005008
and circRNA_0005198 could have important roles as biomarkers in RA
diagnosis [122].

Because of intrinsic defects of microarrays, including their inability
to reveal un-identified circRNAs [123], the RNA sequencing technique
was utilized to examine the circRNAs expression profile in PBMCs of
patients with RA. Results indicated the presence of 71 significantly
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dysregulated circRNAs (30 downregulated and 41 upregulated)
including many newly identified candidate circRNAs [124]. Consistent
the RNA-sequencing data, results from RT-qPCR indicated that
circRNA_0000396 and circRNA_0130438 were downregulated in RA
patients as compared to healthy controls [124]. Results from RNA
sequencing and RT-qPCR validation showed that the aberrant expres-
sion levels of circRNA_0001200, circRNA_0001566, circRNA_0003972,
and circRNA_0008360 were consistent with the results from sequencing
assays [125].

To improve the specificity and sensitivity of RA diagnosis, a combi-
nation of several circRNAs could be more effective and comprehensive
in detecting disease than a single circRNA. In PBMCs from RA patients,
circRNA_0000175 was significantly reduced while circRNA_0008410
was significantly elevated and the ROC curve analysis indicated that the
combined area under curve (AUC) was 0.971 with 93 % specificity and
93 % sensitivity [126]. The expression levels of circRNA_0000175 and
circRNA_0008410 correlated with disease activity and severity in pa-
tients with RA. The expression of circRNA_0000175 was associated with
anti-citrullinated protein antibodies, white blood cell count, neutrophil
count and percentage, lymphocyte count and percentage, and neutro-
phil to lymphocyte ratio. While the expression of circRNA_0008410 was
associated with disease duration, tender joint count, and platelet count
(PLT) and plateletcrit (PCT) [126]. However, the results of qRT-PCR in
Gao et al. study showed that plasma circRNA_ 0000175 levels were
significantly elevated while circRNA_0044235 levels were significantly
reduced in new-onset RA patients compared to healthy group [127].
Moreover, plasma circRNA_0000175 expression in new-onset RA pa-
tients correlated with PLT, PCT, and platelet large cell ratio (PLR) while
plasma circRNA_0044235 expression correlated with swollen joint
count, painful joint count, and disease activity [127]. The ROC analysis
also suggested that the combination of these circRNAs (0000175 and
0044235) could enhance the diagnostic accuracy for new-onset RA pa-
tients [127].

Since RA has more prevalence among female, one study focused on
the role and diagnostic value of PBMC circRNA_0140271 in female pa-
tients with RA [128]. Based on RNA-sequencing and RT-qPCR assays,
the expression of PBMC circRNA_0140271 was markedly elevated in
females with RA compared with healthy females [128]. Results from the
ROC analysis demonstrated the ability of circRNA_0140271 to distin-
guish between females with RA and healthy females with a specificity of
1 and a sensitivity of 0.4 [128]. Besides, the AUC of combined
circRNA_0140271 and anti-cyclic citrullinated peptide was 0.818 sug-
gesting improved diagnostic accuracy [128]. Functional studies
revealed that circRNA_0140271 could act as a sponge for 8 microRNAs
and could be involved in RA development through modulating fatty acid
metabolism pathways [128]. Overall, circRNA_0140271 could be uti-
lized as a promising diagnostic biomarker for female patients with RA.

6. Systemic lupus erythematosus

Systemic Lupus Erythematosus (SLE) is a chronic autoimmune dis-
ease characterized by extreme inflammation affecting multiple organs
and the production of autoantibodies [129]. It is believed that this
complex disorder is multifactorial resulting from the co-existence of
genetic factors and environmental stimuli, and the association of hor-
monal abnormalities [130]. The SLE pathogenesis involves a complex
web of immune cell interactions that include T lymphocytes, B lym-
phocytes, and other immune cells leading to the production of large
amounts of autoantibodies and inflammatory cytokines in addition to
immune cell dysfunction [129]. The exact etiology and molecular
mechanisms that trigger the disease development are still not fully un-
derstood [131]. Also, the early diagnosis and effective treatments have
been a challenge. Treatment targets have been largely autoantibodies
such as anti-phospholipid and anti-dsDNA antibodies. The symptoms of
SLE could intersect with the symptoms of other autoimmune conditions
leading misdiagnosis [132]. Hence, the discovery of novel biomarkers
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could help in early diagnosis, accurate diagnosis, and better manage-
ment of SLE clinical manifestations.

6.1. Blood-derived circRNAs in SLE

The identification of circRNA in blood samples including plasma,
whole blood, PBMCs, and T cells could improve SLE diagnosis (Table 1).
Using microarray analysis, Li et al. explored the expression profile of
circRNAs in plasma specimens from SLE patients and identified 207
circRNAs which were differentially expressed between SLE patients and
healthy individuals [133]. Four markedly dysregulated circRNAs
(circRNA_400011, circRNA_102584, circRNA_101471, and
circRNA_100226) were validated by RT-qPCR and their interaction with
SLE-associated miRNA targets predicted with bioinformatics tools sug-
gest they could be used as possible biomarkers for SLE diagnosis [133].
Another study revealed that circRNA_407176 and circRNA_001308 were
downregulated in both plasma and PBMCs of SLE patients [134]. Data
obtained by ROC analysis, indicate that these circRNAs (407176 and
001308) may be able to distinguish SLE patients from healthy in-
dividuals and could be a valuable diagnostic tool for this disease [134].

A recent study examined the circRNAs expression profile in whole
blood specimens from children with SLE reporting that a total of 348
circRNAs were significantly dysregulated (184 upregulated and 164
downregulated) [135]. ROC curve analysis results indicated that the
expression levels of circRNA_0057762 and circRNA_0003090 could be
used to differentiate SLE patients from healthy individuals [135].
Moreover, the comprehensive circRNA-miRNA-mRNA network con-
structed by Li et al. could provide novel insights into the molecular
mechanisms of SLE development in children [135]. A study by Zhang
et al. focused on circRNA_0049224 and circRNA_0049220 which have
been determined to be significantly reduced in PBMCs of SLE patients
and were negatively associated with the SLE disease activity index
(SLEDAI) score [136]. The two circRNAs expression levels were posi-
tively associated with DNMT1 expression, a main factor in DNA
methylation, indicating potential roles in SLE pathogenesis [136].

In another study, downregulation of circIBTK expression and upre-
gulation of miR-29b expression were observed in patients with SLE, both
were correlated to SLEDAI score, anti-dsDNA titer, and complement C3
levels [137]. Significantly, the potential roles of circIBTK in SLE path-
ogenesis include provoking DNA demethylation and activating the AKT
signaling pathway through binding to miR-29b [137]. Of note, both
abnormal DNA methylation and aberrant AKT signaling pathway acti-
vation were observed in SLE pathogenesis [138,139]. Thus, circIBTK
and miR-29b could be used as biomarkers and therapeutic targets for
patients with SLE [137]. Recently, Zheng et al. discovered 182 upre-
gulated and 563 downregulated circRNAs in PBMCs of SLE patients
[132]. Using correlation analysis, circRNA_100236, circRNA_102489,
and circRNA_101413 were found to be positively associated with anti-
dsDNA, thrombocytopenia, and IgG and were also positively linked
with the SLEDAI score indicating that these circRNAs could function as
biomarkers for SLE diagnosis [132].

Using RNA sequencing to identify dysregulated circRNAs in PBMCs
of patients with SLE led to the discovery of circPTPN22, a novel circRNA
that could function as a diagnostic and disease severity biomarker of SLE
[140]. The downregulated expression of circPTPN22 was negatively
linked to the SLEDAI score in SLE patients. The patients under long-term
corticosteroid treatment and high SLEDAI score had markedly elevated
levels of circPTPN22 expression [140]. Based on microarray analysis,
Luo et al. also demonstrated that two circRNAs (circ_0044235 and
circ_0068367) were significantly reduced in SLE patients [141]. The
level of hsa-miRNA-892a, miRNA target of circRNA_0044235, was
significantly elevated suggesting its use as a potential biomarker for SLE
diagnosis [141]. Luo et al. also reported that circRNA_0044235 was
markedly decreased in peripheral blood from patients with RA indi-
cating that it could act as a diagnostic indicator for RA [119].
circRNA_0000479 is another circRNA that has been found significantly
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upregulated in PBMCs of patients with SLE compared with HCs [142].
ROC analysis and AUC values significantly indicated the diagnostic
potential of circRNA_0000479 in differentiating subjects with SLE from
health individuals [142].

Luo and colleagues chose 11 circRNAs based on reports indicating
their upregulation in SLE patients and were able to confirm the
expression pattern and clinical importance of these circRNAs [143].
Interestingly, the study replicated the increased expression level of
PBMCs circRNA_0000479 from patients with SLE and highlighted its
diagnostic value in differentiating SLE from other autoimmune diseases
[143]. Moreover, it has been reported that the expression of
circRNA_0000479 was correlated with C3 levels, WBC, PLT, autoanti-
bodies, and SLEDAI reflecting activity and severity of SLE [143]. The
new-onset SLE patients under regular therapy (corticosteroids and
immunosuppressive drugs) were also found to have significantly
reduced expression of circRNA_0000479 which could indicate the cor-
relation of this circRNA with immunoregulation [143]. The ROC curve
analysis of a combination model of circRNA_0000479 and anti-dsDNA
revealed it to be more effective in discriminating SLE patients from
healthy controls with 86 % sensitivity, 100 % specificity, and 95 % ac-
curacy indicating that this combination could be utilized as a potential
biomarker for assessing SLE diagnosis and therapy [143]. Luo et al. also
reported significantly increased expression of three selected circRNAs
(circRNA _0082688, circRNA_0082689, and circRNA_0008675) in SLE
patients [144]. The combination model of circRNA 0082688,
circRNA_0082689, and anti-dsDNA was also showed to efficiently
differentiate SLE patients from healthy controls with 95 % sensitivity,
100 % specificity, and 98 % accuracy [144]. Collectively, the combi-
nation of circRNA and traditional biomarkers might further enhance the
diagnosis of SLE.

Interestingly a spontaneous RNase L activation was observed in
PBMCs derived from patients with SLE [145]. The observed RNase L
activation caused the degradation of the circRNA needed for regular
protein kinase R (PKR) activation. The resulting PKR abnormal activa-
tion further enhanced type I IFN production via elF2a phosphorylation
ultimately contributing to SLE pathogenesis [145]. In addition, endog-
enous circRNAs tended to form 16-26 bp imperfect RNA duplexes which
served as double-stranded RNA (dsRNA) inhibitors for the activated PKR
[145]. Overexpression of dsRNA-containing circRNA in PBMCs of SLE
patients could attenuate the abnormal activation of PKR indicating a
potential diagnostic value for this circRNA in SLE [145].

6.2. T cell-derived circRNAs in SLE

CD4 T helper (Th) cells have a vital role in SLE pathogenesis [146]. A
total of 127 differentially expressed circRNAs were reported in T cells
from patients with SLE, and further validated the reduced expression of
circRNA_0045272.  Functional  analysis = demonstrated  that
circRNA_0045272 silencing led to promoted early apoptosis and
elevated production of IL-2 in activated Jurkat cells [147]. A study
revealed 12 upregulated and 2 downregulated circRNAs in CD4+ T cells
from SLE patients [148]. The abnormal high expression of three circRNA
was validated by RT-qPCR, including circRNA_0012919,
circRNA_0006239, and circRNA_0002227. In particular, Hsa_-
circ_0012919 expression was confirmed to be associated with SLE
characters and different between healthy control and SLE patients sug-
gesting its potential use as SLE diagnostic marker. Downregulation of
circRNA_0012919 in CD4+ T cells from both inactive and active SLE
patients led to an increase in the expression of DNA methyltransferase 1
and a reduction in the expression of CD11a and CD70 [148]. Notably,
the increased expression of both CD11a and CD70 on CD4™" T cells in SLE
could enhance the production of autoantibodies [149].

6.3. CircRNAs in lupus nephritis

One of the most severe complications of SLE is lupus nephritis (LN),
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which could put the patients at risk of kidney failure and premature
death. Based on RNA sequencing, a total of 171 circRNAs with dysre-
gulated expression, 142 upregulated and 29 downregulated circRNAs,
were found in renal biopsies of LN patients [150]. The circHLA-C was
positively correlated with proteinuria, serum creatinine, renal activity
index, and crescentic glomeruli after correlations between seven verified
circRNAs and clinical characteristics were examined [150]. circHLA-C
could play vital roles in LN development by acting as a sponge for
miR-150 to control its expression. Of note, in LN patients, the renal miR-
150 was negatively associated with circHLA-C [150].

7. Crohn's disease

Crohn's Disease (CD) is a major type of inflammatory bowel disease
(IBD) characterized by transmural inflammation affecting parts of the
gastrointestinal tract [151]. Patients with CD can present with compli-
cations of strictures and fistulas after 10 years, resulting in significant
disability and morbidity [151]. Although CD occurrence has been rising,
especially in developing countries, its exact etiology is not completely
understood [151,152]. Increasing evidence has shown that molecular
mechanisms and contributing factors involved in CD pathogenesis are
several and include genetic, environmental, gut microbiome, and
mucosal immunity [153,154]. CD clinical symptoms and histological
characteristics occasionally overlap with ulcerative colitis (UC), another
major type of IBD; although they possess distinct genetic, radio-
graphical, clinical, endoscopic, and immunological features [151,152].
At present, biomarkers detected in patients' feces and blood including
the antineutrophil cyto-plasmic antibody (ANCA), anti-Saccharomyces
cerevisiae antibody (ASCA) and fecal calprotectin have restricted value in
distinguishing CD from UC [155]. Differential diagnosis can be partic-
ularly challenging when the inflammation is restricted to the colon.
Around 10 % of these patients with colon inflammation are diagnosed
with unclassified IBD [156]. Novel effective diagnostic biomarkers are
thus needed to deliver accurate diagnosis, explore better treatments, and
get new insights into CD pathogenesis. In thids contex, long noncoding
RNAs and circular RNAs are emerging as a new poetential biomarkers
and therapeutic [157,158].

7.1. The role of circRNAs in CD pathogenesis

Several studies have been conducted to assess potential correlation
between CD and circRNAs. Ye et al. showed that circRNA_103516 was
extremely elevated in the active phase of CD as compared to the
remission phase and was positively associated with disease progression
as assessed by CD activity index, C-reactive protein (CRP) level, Mayo
score, and erythrocyte sedimentation rate (ESR) [159]. In CD patients,
circRNA_103516 was also positively associated with pro-inflammatory
cytokines such as TNF-a and IFN-y while negatively linked with anti-
inflammatory cytokines such as IL-10 suggesting its correlation with
activated pro-inflammatory pathways in CD [159]. The diagnostic
values of circRNA_103516 in differentiating CD patients from healthy
individuals and ulcerative colitis (UC) patients were 71.67 % and 59.41
% respectively [159]. A higher prevalence of circRNA_103516 was
detected in patients with stricture and penetrating CD [159]. Further-
more, a negative correlation between circRNA_103516 and hsa-miRNA-
19b-1-5p was observed in CD patients indicating that circRNA_103516
could be involved in CD-related molecular mechanisms via hsa-miRNA-
19b-1-5p sponging [159]. These findings indicate that circRNA_103516
could be considered as a novel biomarker for CD diagnosing (Table 1).

A microarrays study performed on 10 CD patients and 10 controls
reported 163 upregulated circRNAs targeting 435 miRNAs and 55
downregulated circRNAs targeting 207 miRNAs. Specifically, the
expression of hsa-circRNA-102685 was found highly upregulated in
colon biopsy of CD patients indicating a possible role in CD pathogenesis
and a putative regulatory role on different miRNAs including hsa-miR-
146b-5p, hsa-miR-182-5p and hsa-miR-146a-5p [160]. Interestingly,
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another study demonstrated that the same miR-146b can improve in-
testinal inflammation by up-regulating NF-kB, indicating the modula-
tion of its expression as a potentially helpful therapy for treating
intestinal inflammation [161] and modulating T regulatory cells and
dendritic cells functions [162]. Furthermore, hsa circRNA 102685 was
shown to be implicated in CD through the interaction with apoptosis-
and chemokine-associated signaling pathways [160], which were re-
ported to contribute to CD pathogenesis [163-165]. Yin et al. demon-
strated that 4 circRNAs (092520, 102610, 004662, and 103124) were
significantly up-regulated in PBMCs of CD patients as compared with
HCs. ROC and AUC analysis indicated interesting values with diagnostic
power, suggesting the expression of these 4 circRNAs n PBMCs can be
used as potential diagnostic biomarkers of CD [166].

Similarly, Hu et al. showed that hsa_circRNA_0062142 and hsa_-
circRNA_0001666 were significantly expressed in CD patients as
compared to the control and UC groups. Also in this case, ROC data have
favorable diagnostic value suggesting that they could be used as bio-
markers for CD [157]. Consonant with their potential diagnostic value in
CD, hsa_circRNA_0062142 and hsa_circRNA_0001666 appear to be
implicated in many CD-associated cellular functions including Th17 cell
differentiation, epithelial to mesenchymal transition (EMT), and carci-
nogenesis [157]. Since fibrosis is a common characteristic of CD, EMT
could contribute to pathogenesis of fibrosis in CD patients through the
recruitment of activated fibroblasts in the inflamed intestinal tract
[167]. While the involvement of Th17 cells in the progression of CD is
believed to take place by their dual role of keeping gut hemostasis and
eliciting inflammation lesions [168]. Additionally, imbalance between
Th17 and Treg cells has been linked to the pathogenesis of CD [169].

8. Gout

Gout is a common type of inflammatory arthritis that is characterized
by disturbances in the metabolism of purine with lowered uric acid
excretion leading to elevated amounts of uric acid in the blood and
chronic deposition of urate crystals in tissues [170]. The main clinical
features of gout involve hyperuricemia, tophi, acute arthritis, de-
formities of joint, presence of stones in urinary tract, and kidney disease.
The prevalence and incidence of gout are increasing globally [171], but
its pathogenesis is not fully understood yet. Many factors could be
implicated in the development of gout such as genetics, immunity,
traumatic stress, and eating behaviors [170-172]. Although the increase
in the level of uric acid in the serum is a significant risk factor for the
development of gout, only 10 % of patients with hyperuricemia are
diagnosed with gout [173]. Warning signs for a possible gout diagnosis
include joint symptoms and urate crystals in the joint cavity. Serious
symptoms can results from deposition of urate crystals in the joint cavity
including joint deformities [170]. Patients often experience comorbid
conditions including diabetes, hyperlipidemia, hypertension, cerebro-
vascular disorders, and cardiovascular disorders [170-172]. Identifying
specific biomarkers of gout is important for the development of methods
that enable early diagnosis and treatment of gout.

8.1. The role of circRNAs in gout pathogenesis

Studies on the role of circRNAs in gout are limited. Genome-wide
microarray analysis for circRNA expression in PBMCs of gout patients
showed an abnormal expression of circRNAs [174]. Regarding the
genomic regions, the most distinctly expressed circRNAs originated from
exons and were widely distributed in almost all chromosomes except the
Y chromosome [174]. Concerning their differential expression, a
microarray analysis indicated that in the gout group 238 circRNAs were
upregulated and 41 circRNAs were downregulated [174]. Bioinformat-
ics analyses showed that the differentially expressed circRNAs appear to
be involved in gout pathogenesis through their interaction with various
signaling pathways including FoxO, apelin and ¢cGMP-PKG pathway
[174]. interestingly, hsa_circRNA_103657 and hsa_circRNA_000241
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were significantly overexpressed in the gout group as compared with the
healthy control group, and hsa_circRNA_103657 AUC value showed
significant diagnostic potential in differentiating gout subject from
healthy individuals.

Other studies indicated a role for Toll-like receptor and NOD-like
receptor signaling pathways in the development of gout inflammation
[170,175]. Dysregulation of hsa_circRNA_ 103657 and hsa -
circRNA_000241, which are significantly upregulated in gout patients,
could be involved in gout development via affecting PI3k-AKT pathway
[174]. Similarly, dysregulated PI3k-AKT signaling was shown to impact
uric acid metabolism [176]. In addition to the pathways indicated above
hsa_circRNA_103657 and hsa_circRNA_000241 could participate in
regulating lipid or glucose metabolism in gout patients [174]. Dai et al.
concluded that hsa_circRNA_103657 could be used as a diagnostic
biomarker for gout with high specificity and specificity (Table 1 and
[174]).

9. Conclusion

Rheumatic diseases are debilitating autoimmune and inflammatory
diseases that are often chronic, progressive, and painful, resulting in
disability and reduced quality of life. Early diagnosis and treatment are
essential to slow disease progression. However, current diagnostic and
therapeutic approaches for rheumatic diseases are often limited, high-
lighting the need for novel diagnostic and therapeutic strategies. Due to
their high stability, ubiquity, and tissue-specific expression, circRNAs
isolated from accessible body fluids have been increasingly investigated
for their theragnostic potential in numerous diseases, including rheu-
matism. Thanks to the recent advances in RNA sequencing technologies
and bioinformatics, a growing number of studies have identified the role
of dysregulated circRNAs in various rheumatic diseases, including
ankylosing spondylitis (AS), rheumatoid arthritis (RA), osteoarthritis
(OA), and systemic lupus erythematosus (SLE). Notably, dysregulated
circRNAs may serve pathogenic or protective functions in rheumatic
diseases, either promoting or preventing disease development and pro-
gression, mostly through their miRNA sponging activity.

Bioinformatic analyses revealed that numerous differentially
expressed circRNAs in cells or tissues of AS patients were primarily
involved in the regulation of inflammation, immunological processes,
and bone remodeling, providing new insights into their possible roles in
AS pathogenesis. Moreover, one in vitro study elucidated the function of
hsa_circ_0056558 in AS development, demonstrating that it inhibits cell
proliferation and differentiation while promoting apoptosis, through
miR-1290 sponging. Regarding OA, multiple in vitro and in vivo studies
identified the involvement of circRNAs in disease pathogenesis and
progression, whereby they advance or ameliorate OA by acting as
miRNA sponges that regulate various biological processes, including
chondrocyte apoptosis, differentiation, and proliferation, as well as
autophagy, inflammation, oxidative stress, and ECM metabolism. In
addition, several circRNAs, including hsa_circ 101178, hsa_-
circRNA_0032131, hsa_circ_0101251, hsa_circ_0104595, hsa_-
circ_0104873, and hsa_circRNA_0020014, were discovered as potential
novel diagnostic biomarkers for OA. In OP, dysregulated circRNAs may
increase or decrease disease severity by modulating osteogenesis and
osteolysis through different mechanisms, such as the regulation of dif-
ferentiation, proliferation, or apoptosis of osteoclasts, osteoblasts, or
BMSCs. Importantly, circ_0002060, circ_0001275, circ_0076690, hsa_-
circ_0001445, circ_0006859, and circ_0021739 were recognized as po-
tential biomarkers for OP diagnosis.

Recent studies revealed that overexpressed circRNAs in different
cells have many implications in RA pathogenesis which include exag-
gerated inflammation and joint damage in macrophages, increased in-
flammatory activity in synovial tissue, and regulated cell proliferation,
migration, and invasion of FLSs. By ROC analysis, detection of combined
circRNAs in blood has been shown to improve the diagnostic accuracy
for patients with RA. In SLE, studies have suggested that some
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abnormally expressed circRNAs in patients with SLE contributed to DNA
demethylation and triggered AKT signaling pathway through serving as
miRNA sponges. Also, the combination of traditional biomarkers and
circRNA has been reported to improve the diagnosis of SLE such as
combination of circRNA _0082688, circRNA_0082689, and anti-dsDNA.
Given the role of circRNAs as diagnostic biomarkers for CD,
circRNA_004662 could be used as a specific biomarker for differenti-
ating CD from UC. Limited studies were conducted about the role of
circRNA in gout. Bioinformatics analysis revealed the contribution of
several circRNAs in gout through various signaling pathways including
the PI3K-AKT pathway.

In conclusion, in silico, in vitro, and in vivo investigations have
demonstrated the roles of abnormally expressed circRNAs in rheumatic
diseases, highlighting the possibility of targeting such circRNAs to
improve the diagnosis and treatment of these diseases. Overexpression
of protective circRNAs and the knockdown of pathogenic circRNAs
represent novel therapeutic strategies for rheumatism that are worth
exploring.

10. Future directions

Although the studies investigating the circRNA expression profiles
provided valuable insights regarding the roles of dysregulated circRNAs
in rheumatic diseases, most of them were limited by their small sample
sizes. Thus, future studies should incorporate larger sample sizes to
improve the reliability of the findings. In addition, given the limited
number of studies on circRNAs in gout and CD, more studies need to be
conducted. It is also important to note that most studies investigating the
involvement and theragnostic potential of circRNAs in AS are based on
bioinformatics. Therefore, more in vitro and in vivo investigations are
needed to validate the results and further elucidate the mechanisms by
which circRNAs contribute to AS pathogenesis and progression. Simi-
larly, further research utilizing cell-based and animal models is crucial
to establish the theragnostic potential of circRNAs in rheumatic diseases.
Moreover, the clinical utility of circRNAs in diagnosis and therapy needs
to be further studied. Furthermore, as virtually all the studies in the
literature have focused solely on the function of circRNAs as miRNA
sponges, future studies should explore the role of the other circRNA
functions in rheumatic diseases. For example, the function of circRNAs
as protein sponges or scaffolds may be investigated by studying the
circRNA-protein interactions using various methods, such as RNA
immunoprecipitation and RNA-protein pull-down assays. Further,
studying the function of translatable circRNAs in the development of
rheumatism may provide new valuable insights. Hopefully, extensive
research in this field will pave the way for the development of novel
theragnostic approaches that target circRNAs to facilitate early detec-
tion and effective treatment of these disabling diseases.
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