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Background: Although increasing evidence implicates circular RNAs (circRNAs) in the pathogenesis of various autoimmune
diseases, the potential role of circRNAs in rtheumatoid arthritis (RA) remains poorly understood.

Methods: Utilizing a two-phase study design, we performed high-throughput RNA sequencing on peripheral blood mononuclear cells
(PBMCs) from three treatment-naive RA patients and three healthy controls (HCs), followed by validation in an independent cohort of
32 RA patients and 32 HCs using real-time quantitative polymerase chain reaction (RT-qPCR).

Results: A total of 157 circRNAs were differentially expressed between RA patients and HCs, including 91 upregulated and 66
downregulated circRNAs. Six circRNAs, including hsa circ 0001394, hsa circ 0001998, hsa circ 0009172, hsa circ 0006732,
circRNA2842, and circRNA8330, were further confirmed to be upregulated in RA. Among them, hsa circ 0001394 demonstrated
perfect sensitivity (100%), and hsa_circ_0001998 exhibited perfect specificity (100%) in distinguishing RA from HCs. All six
circRNAs showed considerable diagnostic performance, with area under the curve (AUC) values ranging from 0.794 to 0.993.
Additionally, specific circRNAs correlated significantly with established serological markers: hsa_circ_0009172 expression was
negatively associated with anti-cyclic citrullinated peptide (anti-CCP) antibody titers, whereas hsa_circ_0001998 expression correlated
positively with rheumatoid factor (RF). Pathway enrichment analysis suggested that these differentially expressed circRNAs may
participate in RA pathogenesis through key pathways like Wnt, calcium and VEGF signaling.

Conclusion: Our study identifies several novel circRNAs with high diagnostic utility for RA, highlighting their potential as promising
biomarkers and therapeutic targets.
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Introduction

Rheumatoid Arthritis (RA) is a chronic autoimmune disease characterized by persistent synovial inflammation,
progressive joint destruction, and systemic multi-organ involvement.'! The pathogenesis of RA involves
a complicated interaction of environmental, epigenetic, and genetic factors. Genetic susceptibility is largely attributed
to both human leukocyte antigen (HLA) (eg, DRBI*04) and non-HLA genes (eg, PTPN22, STAT4). Given that RA is
a polygenic disorder with an estimated heritability of approximately 60%, the epigenetic mechanisms, such as DNA
methylation and microRNAs (miRNAs) regulation, are thought to account for part of its “missing heritability”.”
Environmental exposures, including smoking and psychological stress, could induce post-translational protein mod-
ifications and immune cell activation, stimulating lymphoid aggregation in synovium and amplifying local and
systemic inflammation.® Despite extensive research, no single factor could fully explain the diverse clinical features
of RA. Current studies mainly focus on aberrant immune cell activation, dysregulated cytokine networks, and joint
tissue repair mechanisms. However, major clinical challenges persist, including marked heterogeneity in disease
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course, difficulties in early diagnosis, and variations in individual treatment responses to targeted therapies.*®
Conventional serological biomarkers, such as rheumatoid factor (RF) and anti-cyclic citrullinated peptide (anti-CCP)
antibody, are clinically valuable; however, their sensitivity and diagnostic consistency are limited, particularly in early
or seronegative RA. Moreover, they do not reliably capture dynamic disease activity or treatment response.’ Therefore,
identification of early diagnostic biomarkers with high sensitivity and specificity is crucial for improving disease
diagnosis, treatment selection, and outcome evaluation.®

Circular RNAs (circRNAs) are a unique class of covalent closed non-coding RNAs (ncRNAs) characterized by high
stability, resistance to exonuclease degradation in body fluid, and tissue- or developmental stage-specific expression.”
Functionally, circRNAs modulate inflammatory responses, immune activation, and synovial hyperplasia through compet-
ing endogenous RNA (ceRNA) mechanisms, transcriptional regulation, or interactions with RNA-binding proteins.'’
Given these properties, circRNAs have gained increasing attention for their therapeutic potential. Accumulating evidence
demonstrates that dysregulated circRNA expression may contribute to the pathogenesis of several autoimmune diseases,
including RA, systemic lupus erythematosus (SLE), and primary biliary cholangitis (PBC)."" '

Recent advances in high-throughput RNA sequencing and microarray technologies have revealed aberrant circRNA
expression profiles in various tissues and cell types derived from RA patients, such as plasma, peripheral blood
mononuclear cells (PBMCs), fibroblast-like synoviocytes (FLS), and synovial tissues.'* For instance, comparative
analyses identified 35,342 differentially expressed circRNAs (DEcircRNAs) in RA patients than healthy controls
(HCs)." Similarly, microarray profiling of RA PBMCs revealed 149 upregulated and 250 downregulated circRNAs
relative to HCs.'® Functionally, circ_0083964 was found to exacerbate synovial hyperplasia and inflammation via the
circ_0083964/miR-204-5p/YY1 axis.'"” While circ_0004712 enhanced FLS invasiveness by sponging miR-633 and
activating the TRAF6/NF-kB pathway.'® Conversely, circ_0008360, downregulated in RA synovial tissues, modulates
RA-FLS migration, apoptosis, proliferation, and inflammatory responses via sponging miR-135b-5p and reducing histone
deacetylase 4 (HDAC4)."” Despite these findings, cirtcRNAs expression patterns and pathogenic roles in RA remain
controversial with poorly understand, necessitating further investigation into their mechanistic contributions to RA
pathogenesis.

PBMCs, consisting mainly of lymphocytes and monocytes, are central mediators of immune responses and play
a pivotal role in RA pathogenesis. The aberrant activation of PBMCs and the caused cytokine production dysregulation
contribute to chronic inflammation and joint destruction. Furthermore, PBMCs can be easily obtained via venipuncture,
offering a minimally invasive yet effective source for exploring immune alterations.”’ Based on these considerations, we
employed high-throughput RNA sequencing technology combined with real-time quantitative polymerase chain reaction
(RT-gPCR) validation to systematically identify and validate DEcircRNAs in PBMCs of RA patients, to provide novel
molecular candidates for early diagnosis and potential therapeutic targeting of RA.

Materials and Methods

Participants and Data Collection
All participants were enrolled from the Department of Rheumatology and Immunology, the First Affiliated Hospital of
Anhui Medical University, between October 2022 and January 2023. In the discovery phase, peripheral blood samples
were obtained from three newly diagnosed, treatment naive RA patients and three age-sex-matched HCs for high-
throughput RNA sequencing. In the subsequent validation phase, we included 32 RA patients and 32 age-sex-matched
HCs. The diagnosis of RA was established according to the American College of Rheumatology (ACR)/European League
against Rheumatism (EULAR) classification criteria 2010.%' Participants with pregnancy, concurrent infections, other
autoimmune or systemic diseases, or any history of malignancy were excluded. Demographic and clinical information
was obtained from medical records and standardized health questionnaires.

All participants provided written informed consent in accordance with the Declaration of Helsinki. The study protocol
was approved by the Ethics Committee of the First Affiliated Hospital of Anhui Medical University.
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RNA Extraction

Peripheral blood (10 mL) was collected from each donor. PBMCs were isolated using Ficoll density gradient centrifuga-
tion and stored at —80°C until use. Total RNA was extracted from PBMCs using Trizol reagent (Thermo Fisher Scientific,
MA, USA) according to the manufacturer’s protocol. The purity and concentration of RNA were assessed using
a NanoDrop One spectrophotometer (Thermo Fisher Scientific, MA, USA).

High-Throughput RNA Sequencing

Comprehensive transcriptome RNA sequencing was performed by LC-Bio Technology Co., Ltd. (Hangzhou, China)
using the Illumina HiSeq 2500 platform. DEcircRNAs were identified using a threshold P < 0.05, and log, fold change
(FC)> 1.0. Cluster analysis was conducted to visualize expression pattern differences across the tested specimens.

DEcircRNAs Validation by RT-qPCR
Complementary DNA (cDNA) was synthesized from total RNA using the PrimeScript™ RT reagent Kit with gDNA
Eraser (Takara, Japan). After that, we performed RT-qPCR using Novostart SYBR qPCR SuperMix Plus (Novoprotein,

Suzhou, China). Relative expression levels were computed utilizing the 272" method.

Statistical Analysis
Continuous variables with normal distribution were expressed as mean + standard deviation (SD), while non-normally
distributed continuous variables were presented as median (interquartile range, IQR). Categorical variables were
summarized as number and percentages. Differences between two groups were assessed using the independent-sample
t-test for normally distributed variables or the Mann—Whitney U-test for non-normally distributed variables. Receiver
operating characteristic (ROC) curve analysis was applied to evaluate the diagnostic performance of circRNAs, and the
area under the curve (AUC) was calculated. Correlations between circRNA expression and clinical parameters were
analyzed using Spearman’s rank correlation analysis. Linear regression analysis was further performed to assess the
association between RA serological markers and candidate circRNAs. A P < 0.05 was considered statistically significant.
All statistical analyses and data visualization were conducted using SPSS version 26.0 (IBM Corp., Armonk, NY,
USA) and GraphPad Prism version 9.5 (GraphPad Software, San Diego, CA, USA), respectively.

Results

Characteristics of Study Subjects

A total of 35 RA patients and 35 HCs were enrolled. Among them, three newly diagnosed, treatment naive RA patients
and three HCs were recruited in the discovery phase, and the remaining 32 RA patients and 32 HCs were included in the
validation phase. The demographic and clinical characteristics of the participants are summarized in Table 1.

Table | Demographic and Clinical Characteristics of RA Patients and Healthy Controls

Phase Demographic and Clinical Characteristics RA HC P
Screening n 3 3
Age (years, meanxSD) 43.35+8.88 45.67+13.65 0817
Gender (male/female) 0/3 0/3 1.000
Disease duration (years, mean+SD) 3.49+2.42 /
ESR (mm/h, mean+SD) 50.00+36.06 /
CRP (mg/L, mean%SD) 50.98+54.48 /
RF (IU/mL, meanSD) 91.23+89.79 /
Anti-CCP (U/mL, mean%SD) 300.33+492.71 /
DAS28 (mean+SD) 4.41+0.68 /
(Continued)
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Table | (Continued).

Phase Demographic and Clinical Characteristics RA HC P
Validation n 32 32
Age [years, M (P25, P75)] 58.34 (48.57,61.20) 51.00(44.25,62.75) | 0.361
Gender (male/female) 9/32 6/32 0.380
Disease duration [years, M (P25, P75)] 5.62(1.05,11.78) /
ESR [mm/h, M (P25, P75)] 38.00(22.25,47.50) /
CRP [mg/L, M (P25, P75)] 18.05(5.21,32.82) /
RF [IU/mL, M (P25, P75)] 78.85(40.25,125.28) /
Anti-CCP [U/mL, M (P25, P75)] 313.50(102.75, 1299.75) /
DAS28 (mean+SD) 4.16+1.33 /

Abbreviations: Anti-CCP, anticyclic citrullinated peptide; CRP, C-reactive protein; DAS28, disease activity score of 28 joints; ESR, erythrocyte
sedimentation rate; HC, healthy control; RA, rheumatoid arthritis; RF, rheumatoid factor; SD, standard deviation.

CircRNAs Expression Profiles

Comprehensive transcriptome sequencing identified 91 upregulated and 66 downregulated circRNAs in RA patients
compared with HCs (Figure 1). Encyclopedia of Genes and Genomes (KEGG) enrichment analysis revealed that the
DEcircRNAs were significantly enriched in the vascular endothelial growth factor (VEGF), Wnt and calcium signaling
pathways. Gene Ontology analysis demonstrated that the biological process of these DEcircRNAs are mainly involved in
transcriptional regulation (DNA template), signal transduction, protein modification (phosphorylation/ubiquitination),
and apoptosis regulation. The cell components were primarily located in the nucleus, membrane system (plasma
membrane/endoplasmic reticulum), and intracellular vesicles (exosomes). The molecular functions include protein/

nucleic acid binding and kinase/transferase activity (Figure 2).

Validation of DEcircRNAs by qRT-PCR

Based on the threshold P < 0.05 and [log,FC| > 1, six DEcircRNAs (hsa circ 0001394, hsa circ 0001998, hsa -
circ_ 0009172, hsa circ_ 0006732, circRNA2842, and circRNA8330) were selected for validation. Total RNA was
extracted from PBMCs of 32 RA patients and 32 HCs, and specific primers were designed for each target. The results
showed significantly higher expression levels of all six DEcircRNAs in RA patients compared with HCs (Table 2)
(Figure 3).

Diagnostic Value of Six DEcircRNAs

ROC curve analysis was performed to evaluate the diagnostic potential of the six DEcircRNAs. As shown in Table 3 and
Figure 4, the AUC values ranged from 0.7944 (95% CI: 0.6880, 0.9009) for circRNA2842 to 0.9932 (95% CI: 0.9809,
1.000) for hsa circ_0001998. Sensitivity ranged from 81.25% (circRNA2842 and circRNA 8330) to 100.00% (has_-
circ_0001394), and specificity varied from 62.5% (circRNA2842) to 100.00% (hsa circ_0001998).

Associations Between the Six DEcircRNAs and Clinical Indicators of RA

Correlation analysis between six DEcircRNAs and clinical indicators in RA patients is presented in Table 4. The expression
level of hsa_circ 0001998 showed a positive correlation with RF (s =0.414, P=0.018), while hsa_circ_0009172 expression
level was negatively associated with anti-CCP antibody titers (rs = —0.373, P = 0.036). Linear regression analysis further
revealed that hsa circ 0009172 was independently associated with anti-CCP antibody titers (B = —417.225, P = 0.043)
(Table 5).
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Figure | Identification of differentially expressed circRNAs between RA patients and HCs. (A) DEcircRNAs heat map. Red rectangles indicate high expression, blue
rectangles indicate low expression, and grey indicates non-significant; (B) DEcircRNAs volcano plot. Red plots indicate high expression, blue plots indicate low expression,
and grey plots indicate non-significant.

Abbreviations: circRNAs, circular RNAs; RA, rheumatoid arthritis; HC, healthy controls; DE, differentially expressed.
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Figure 2 Enrichment analysis of the genes associated with circRNAs. (A) KEGG pathway analysis; (B) GO enrichment analysis terms (biological processes, cellular

components, molecular function).

Abbreviations: circRNAs, circular RNAs; KEGG, Kyoto Encyclopedia of Genes and Genomes; GO, Gene Ontology.
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Discussion
Although RF and anti-CCP antibody in RA remain valuable diagnostic biomarkers for RA, their diagnostic utility is not
absolute. While anti-CCP antibody exhibits high specificity, the sensitivity of both RF and anti-CCP varies considerably,

particularly in early or seronegative disease.” This limitation hinders efforts toward accurate molecular classification and

Table 2 The Expression of 6 Candidate circRNAs Between RA

(n = 32) and HCs (n = 32) in the Validation Phase

circRNA RA P

has_circ_0001394 | 2.81(2.33, 3.80) | 1.18(0.66, 1.50) | <0.001*
hsa_circ_0001998 | 3.69(2.98, 5.47) | 1.07(0.66, <0.001*
hsa_circ_0009172 | 3.54(2.53, 4.31) | 1.08(0.54, <0.001*
hsa_circ_0006732 | 2.12(1.60, 2.52) | 1.18(0.63, <0.001*
circRNA2842 1.82(1.28, 3.81) | 1.12(0.62, <0.001*
circRNA8330 2.11(1.72, 3.00) | 1.03(0.78, <0.001*

Notes: *: the result of the Mann—Whitney U-test between RA and HC group.

Abbreviations: HC, healthy control; RA, rheumatoid arthritis.

precision medicine. Therefore, identifying novel biomarkers with high sensitivity and specificity is critical for improving

early diagnosis and individualized treatment.
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Figure 3 The expression levels of upregulated circRNAs between RA and HCs. (A) hsa_circ_0001394; (B) hsa_circ_0001998; (C) hsa_circ_0009172; (D) hsa_circ_0006732;
(E) circRNA2842; and (F) circRNA8330.
Abbreviations: circRNAs, circular RNAs; RA, rheumatoid arthritis; HC, healthy controls.
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Table 3 Potential Diagnostic Value of the Six DEcircRNAs for RA

circRNA AUC 95% CI P Sensitivity (%) | Specificity (%)
has_circ_0001394 | 0.9604 | (0.9182,1.000) | <0.0001 100 84.38
hsa_circ_0001998 | 0.9932 | (0.9809,1.000) | <0.0001 93.75 100
hsa_circ_0009172 | 0.9380 | (0.8850,0.9910) | <0.0001 93.75 81.25
hsa_circ_0006732 | 0.8730 | (0.7898,0.9563) | <0.0001 87.5 75
circRNA 2842 0.7944 | (0.6880,0.9009) | <0.0001 81.25 62.5
circRNA 8330 0.8901 | (0.8091,0.9712) | <0.0001 81.25 90.63

Abbreviations: AUC, area under the curve; Cl, confidence interval; RA, rheumatoid arthritis; ROC, receiver
operating characteristic curve.

Emerging evidence highlights circRNAs as a crucial class of regulatory ncRNAs that modulate gene expression
through multiple mechanisms, such as acting as ceRNAs, regulating transcription, and interacting with RNA-binding
proteins.”* > Recent studies have demonstrated cirRNAs are involved in the pathogenesis of RA.*® In the present study,
we identified a distinct circRNAs expression profile in PBMCs of RA patients, comprising 91 upregulated and 66
downregulated circRNAs compared with HCs. Six up-regulated cirRNAs (hsa circ 0001394, hsa circ 0001998,
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Figure 4 Diagnostic values of the six DEcircRNAs. (A) hsa_circ_0001394; (B) hsa_circ_0001998; (C) hsa_circ_0009172; (D) hsa_circ_0006732; (E) circRNA2842; and

(F) circRNA8330.

Abbreviations: circRNAs, circular RNAs; RA, rheumatoid arthritis; HC, healthy controls; DE, differentially expressed.
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Table 4 Relationship Between the Six DEcircRNAs and RA-Related Clinical Indices

Clinical Has_circ_0001394 | Hsa_circ_0001998 | Hsa_circ_0009172 | Hsa_circ_0006732 | circRNA2842 | circRNA8330
Index
rs P rs P rs P rs P rs P rs P

ESR 0.098 0.595 0.116 0.526 -0.015 0.937 0.241 0.184 0.073 | 0.690 | 0.138 | 0.451
CRP -0.010 0.955 0.062 0.735 0.082 0.657 —-0.140 0.444 0.047 | 0.800 | 0.217 | 0.233
RF —-0.009 0.960 0414 0.018* 0.087 0.636 0.091 0.621 0214 | 0239 | 0.215 | 0.236
Anti-CCP —0.054 0.770 -0.176 0.336 -0.373 0.036* —-0.154 0.399 -0.018 | 0.922 | 0.190 | 0.298
DAS28 0.163 0.372 0.021 0911 0.176 0.335 0.285 0.114 —0.120 | 0.512 | —0.190 | 0.297

Note: *: P < 0.05.
Abbreviations: Anti-CCP, antibody against cyclic citrulline polypeptide; CRP, C reactive protein; DAS28, disease activity score of 28 joints; ESR, erythrocyte sedimentation
rate; RF, rheumatoid factor.

Table 5 Multiple Linear Regression Analysis of RF and Anti-CCP

Dependent Variable Candidate Nonnormalized B Coefficient SE Standardization t P VIF
circRNA Coefffcient B

RF hsa_circ_0001998 14.477 8.178 0.308 1.770 0.087 1.000

Anti-CCP hsa_circ_0009172 —417.225 197.822 —0.359 —2.109 | 0.043* 1.000

Note: *: P < 0.05.
Abbreviations: Anti-CCP, antibody against cyclic citrulline polypeptide; B, regression slope coefficient; RF, rheumatoid factor; SE, standard error; VIF, variance inflation
factor.

hsa_circ_0009172, hsa_circ_0006732, circRNA2842, and circRNA8330) were further validated in an independent cohort
of 32 RA patients and 32 HCs. Notably, these circRNAs demonstrated promising diagnostic potential: hsa circ 0001394
exhibited the highest sensitivity, whereas hsa circ 0001998 demonstrated the superior specificity. Furthermore, hsa -
circ_0001998 and hsa_circ_ 0009172 were significantly correlated with several RA clinical indicators, suggesting that
circRNAs may serve as novel biomarkers for the diagnosis of RA.

KEGG enrichment analysis indicated that the DEcircRNAs were enriched in several key signaling pathways,
particularly the Wnt pathway, calcium pathway and VEGF pathway, which are all critically implicated in RA pathogen-
esis. Dysregulation of the Wnt/B-catenin signaling disrupts the osteoblast-osteoclast balance and promotes bone erosion.
Pro-inflammatory cytokines, such as tumor necrosis factor alpha (TNF-a), induce the expression of bone formation
inhibitors Dickkopf-1 (Dkk-1) and sclerostin, thereby suppressing bone formation and enhancing resorption.”” The non-
canonical Wnt/planar cell polarity (PCP) pathway is also activated in RA and contributes to synovial proliferation and
bone destruction.”® Moreover, non-canonical Wnt signaling intersects with calcium-dependent pathways by activating
Ca’+/calcineurin/Nuclear factor of activated T-cells (NFAT) cascades. The Ca’+-calcineurin-NFAT signaling axis
exhibits dual pathogenic roles in RA pathogenesis. First, it drives aberrant immune activation via enhanced Th17
differentiation and synovial fibroblast aggression, thereby causing excessive production of pro-inflammatory cytokines,
such as interleukin (IL)-17, and matrix metalloproteinases (MMPs). Second, it perpetuates chronic joint inflammation
and structural damage through these effector mechanisms. The therapeutic efficacy of calcineurin inhibitors (eg,
cyclosporin A) in RA, which modulate both immune and stromal compartments, underscores the central role of calcium-
dependent signaling in RA.*° Interestingly, cyclosporin A exhibits dose-dependent effects on bone metabolism: low
doses promote osteogenesis through Fos-related antigen (Fra)-2-mediated transcriptional activation, whereas high doses
inhibit osteogenic differentiation.>® In addition, the calcineurin-NFAT pathway regulates neutrophil antimicrobial activ-
ity; its inhibition impairs bactericidal capacity and promotes immunosuppressive phenotypes, which may explain the
increased risk of coinfection in RA.*' Concurrently, VEGF-driven angiogenesis in RA synovium amplifies inflammation
and joint destruction, consistent with previous studies showing that VEGF inhibition (eg, via B-sitosterol) attenuates

. . . .. 2
disease severity in preclinical models.***
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Among the DEcircRNAs, three (hsa_circ_0001394, hsa circ_0001998, and hsa_circ_0006732) have been previously
linked to cancer, but their potential involvement in RA pathogenesis was first revealed in this study. In contrast,
hsa_circ_0009172, circRNA2842, and circRNA8330 have not been reported in any disease.

Hsa circ_ 0001394, a 740 base pair (bp) circular RNA derived from TBC1 domain family member 14 (TBCI1D14)
gene locus, exhibits exceptional stability due to its covalently closed structure, rendering it resistant to RNase
R degradation. Elevated hsa circ 0001394 expression has been reported in postmenopausal osteoporosis and hepatocel-
lular carcinoma (HCC).** Mechanistically, hsa_circ 0001394 acts as a ceRNA for miR-527 to derepress ubiquitin-
conjugating enzyme E2A (UBE2A) expression, thereby promoting HCC.*> Given that TBC1D14 regulates autophago-
some formation via Ras-related protein Rab-11 (Rabl1) and Unc-51-like kinase 1 (ULK1),?® this finding is particularly
relevant, as autophagy plays dual roles in RA, maintaining cellular homeostasis under normal conditions but promoting
synovial hyperplasia and inflammation when excessively activated.*”

Similarly, previous studies have demonstrated the upregulated expression of hsa circ 0001998 in colorectal carci-
noma tissues>® and a functional part in promoting pulmonary adenocarcinoma progression through the miR-145 axis.*® In
our study, we observed elevated expression of hsa circ 0001998 in RA PBMCs, suggesting a potential role in
amplifying inflammatory signaling pathways in RA.

Hsa circ_ 0006732 is significantly enhanced in colorectal carcinoma and promotes tumor progression by acting as
a ceRNA for miR-127-3p and regulating Ras-related protein Rab-3D (RAB3D).*’ This observation is particularly
interesting considering rat sarcoma virus(Ras)-related signaling pathways, including the RhoA/Rho-Kinase (ROCK)
axis, participate in synovial fibroblast activation and joint destruction in RA.*' Upregulation of hsa_circ_0006732 in RA
PBMC:s suggests a potential role in similar pathways, which regulate synovial hyperplasia and invasive behaviors.

Hsa circ 0009172 is a circular RNA derived from the DNA replication helicase/nuclease 2 (DNA2) gene. DNA2,
a gene encoding a helicase/nuclease involved in DNA repair and replication, has been implicated in various neoplastic
diseases due to its deficiency or mutations.** In RA, the CG site of DNA2 (chr10:70231628) was identified as one of 16
critical methylation markers, with its methylation level significantly correlating with clinical indicators, suggesting
a potential role in RA pathogenesis.** Future research should determine whether hsa_circ_0009172 influences immune
dysregulation through modulation of its parental gene or independent ceRNA activity.

The abnormal migration and invasion of FLS are the key factors causing cartilage destruction in RA. This invasive
behavior relies on the extracellular signal integration and the remodeling of the actin cytoskeleton. CircRNA2842 is
a circular RNA molecule generated by splicing the proline-serine-threonine phosphatase interacting protein 2 (PSTPIP2)
gene. PSTPIP2 expression level was negatively associated with osteoclast development, suggesting it might moderate
disease. In autoinflammatory disease models, the absence of PSTPIP2 can lead to phenotypes similar to Synovitis-Acne-
Pustulosis-Hyperostosis-Osteitis (SAPHO) syndrome; in RA, PSTPIP2 can regulate the dynamic changes of synovial
macrophages through estrogen receptor f (ERB).** Macrophages with high expression of PSTPIP2 (F4/80+PSTPIPhi) are
prone to form pseudopodia and migrate to the inner layer of the synovial membrane, constituting a protective immune
barrier that inhibits bone erosion.*” Future studies need to further verify whether circRN2842 is directly involved in the
aforementioned process and unveil its interaction with known pathways, such as the Janus kinase-signal transducer and
activator of transcription JAK/STAT or VEGF signaling pathways.

CircRNAR8330, generated from the NLR family pyrin domain containing 12 (NLRPI2) gene, displayed marked
upregulation in RA patients. Studies have shown that the protein product encoded by circRNA8330 acts as a dual
modulating effect in innate immune response: on the one hand, it inhibits anti-inflammatory effects via restraining NF-
kappaB (NF-kB) signaling pathway; on the other hand, it acts as a molecular switch for inflammasome activation to
participate in pro-inflammatory responses. Loss-of-function mutations of NLRPI2 gene (such as T284X, R352C) can
abolish its inhibitory effects on NF-kB signaling pathway, thereby causing excessive activation of this signaling cascade,
contributing to autoinflammatory syndromes such as NLRP12-associated autoinflammatory disease (NLRP12-AID).*®
Furthermore, NLRP12 frameshift mutations can significantly promote generation of pro-inflammatory factors via
abnormally activating ERK and NF-kB signaling pathways in pathological process of intestinal inflammation in
Crohn’s disease.’” In SLE, it was observed that NLRP12 expression level in PBMCs of patients was lower than HCs
group. Correlation analysis indicated that low NLRP12 expression was negatively associated with disease activity and
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the deterioration of renal function. Further mechanism studies have revealed that an inverse feedback moderating loop
formed between NLRP12 protein and type I interferon (IFN-I) may have exacerbated the pathological process of lupus
nephritis (LN).*® In RA, NLRP12 effectively inhibits the abnormal proliferation and inflammatory factor secretion of
RA-FLS by synergically regulating NF-kB and MAPK signaling pathways.*’ These findings indicate that NLRP12 and
its derivative circRNAS8330 play crucial immunomodulatory roles in autoimmune diseases.

Despite the valuable insights, several limitations should be acknowledged. First, the relatively small sample size,
single-center recruitment, and potential regional bias may limit the generalizability of our findings and reduce statistical
power. Second, the lack of functional validation of candidate circRNAs restricts our understanding of their precise
biological effects. Future studies should employ in vitro and in vivo models to elucidate their molecular mechanisms.
Third, the diagnostic potential of the observed circRNAs should be further validated in larger, multi-center, and multi-
ethnic cohorts. Future longitudinal studies are warranted to assess the values of these circRNAs on disease progression,
therapeutic response, or remission status over time.

Conclusions

This study established a circRNAs expression profile in RA PBMCs and identified six circRNAs (hsa_circ_0001394,
hsa_circ_0001998, hsa circ_0009172, hsa_circ_0006732, circRNA2842, and circRNA8330) that were associated with
key clinical indicators of RA and demonstrated considerable diagnostic values, suggesting the potential of circRNAs as
non-invasive biomarkers for RA. Further functional validation and studies with larger, multi-center cohorts are needed to
confirm their clinical utility and explore their mechanisms in RA pathogenesis.
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