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Abstract
Background Rheumatoid arthritis (RA) is a chronic autoimmune disorder characterized by synovial inflammation, 
hyperplasia, and joint destruction. Fibroblast-like synoviocytes (FLSs) are key effector cells in RA, contributing to 
synovial invasion, extracellular matrix degradation, and inflammatory cytokine secretion. Recent studies suggest 
that circular RNAs (circRNAs) regulate cellular function and disease progression, but their role in RA remains unclear. 
The Hippo-YAP signaling pathway governs cell proliferation, apoptosis, and extracellular matrix remodeling, and its 
dysregulation is linked to RA synovial hyperplasia and inflammation. However, whether circRNAs regulate Hippo-YAP 
signaling in RA-FLSs has not been fully elucidated. This study investigates the role of circ_0002970 in RA progression 
and its regulation of the Hippo-YAP pathway.

Methods Synovial tissues from RA patients, osteoarthritis (OA) patients, and healthy controls were collected. 
Differentially expressed circRNAs were identified via RNA sequencing. The expression of circ_0002970 was validated 
via qRT‒PCR, FISH, and RNase R digestion assays. The functional experiments included transfection, migration/
invasion assays, ELISA, and Western blotting to evaluate its role in RA-FLSs.

Results Circ_0002970 was significantly upregulated in RA-FLSs. Knockdown of circ_0002970 suppressed RA-FLS 
migration, invasion, and IL-6 secretion. Mechanistically, circ_0002970 knockdown downregulated the expression of 
Hippo–YAP pathway components (YAP, CTGF, and CCN1) and decreased the expression of MMP-9 and MMP-13, which 
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Introduction
Rheumatoid arthritis (RA) is a common chronic auto-
immune disease characterized by synovial inflammation 
and joint damage [1, 2]. In recent decades, significant 
advances in the treatment of RA have improved out-
comes [3, 4]. However, a subset of patients are still 
affected by persistent inflammation and progressive dis-
ability [5, 6]. The underlying pathophysiological mecha-
nisms of RA still require further exploration.

Previous studies have shown that some stromal cells, 
particularly fibroblast-like synovial RA-FLSs, have inva-
sive properties that are not observed in other fibroblasts 
[7, 8]. In addition, RA-FLSs are considered the primary 
effectors of cartilage destruction through the secretion of 
proteases, especially matrix metalloproteinases (MMPs) 
and cathepsins [9–11]. Some inflammatory factors, such 
as TNF-α and IL-1β, secreted by macrophages can also 
enhance the destructive properties of RA-FLSs [12, 13]. 
Additionally, activated RA-FLSs further strengthen the 
inflammatory cycle and maintain the inflammatory envi-
ronment persistently by establishing paracrine/autocrine 
networks [14, 15]. In vivo animal studies have shown that 
RA-FLSs can maintain their invasive phenotype in the 
absence of interference from other cells [16]. Therefore, 
the concept of targeting FLSs has great potential for the 
treatment of RA. Thus, further exploration of the internal 
mechanism is urgently needed to identify new and more 
effective treatment methods.

Circular RNAs (circRNAs) are particularly stable RNAs 
in vivo that are generated from protein-coding genes via 
the spliceosome by backsplicing [17, 18]. Among these, 
circRNAs are found mainly in the cytoplasm of eukary-
otic cells, and their expression is usually irrelevant to that 
of the host gene [19]. CircRNAs show great potential in 
regulating molecular expression through several mecha-
nisms, including alternative splicing, miRNA spong-
ing and RNA binding protein interactions [20–22]. Few 
studies have shown that circRNAs are found in most 
joint tissues and play crucial roles in the pathogenesis 
and development of RA. For example, Cai reported that 
circ_0088194 promotes the invasion and migration of 
RA-FLSs via the miR-766-3p/MMP2 axis [23]. However, 
the expression data and functions of only a few circRNAs 
have been elucidated. Through sequencing analysis, we 
identified that circ_0002970 is abnormally upregulated in 
RA-FLSs. Knockdown of circ_0002970 led to a decrease 
in RA-FLS migration and invasion abilities. More-
over, as no prior studies have investigated the function 

and underlying mechanisms of circ_0002970 in RA, we 
selected it as the research target for this study.

The Hippo signaling pathway, initially discovered 
in Drosophila, is well known for its role in regulating 
organ size and tissue growth and is considered a highly 
conserved signaling cascade [24]. Previous studies have 
reported that the key effector protein YAP in the Hippo 
signaling pathway is upregulated in RA-FLSs. Conversely, 
YAP downregulation has been shown to inhibit FLS 
migration and invasion, thereby mitigating the severity of 
arthritis [25].

In this study, we identified a novel circRNA, 
circ_0002970, in RA-FLSs, which regulates the Hippo-
YAP pathway and subsequently affects the expres-
sion of CCN1 and CTGF. Through this mechanism, 
circ_0002970 modulates RA-FLS migration, invasion, 
and the release of inflammatory factors.

Materials and methods
Patients and specimens
The diagnostic criteria for patients with RA were based 
on the American College of Rheumatology criteria [26]. 
The diagnostic criteria for patients with OA were based 
on the classification criteria from the ARC in 1986. Syno-
vial tissues from patients with OA or RA who underwent 
total knee replacement were obtained. Normal synovial 
tissues were obtained from young patients with menis-
cus injury or cruciate ligament injury who underwent 
arthroscopic surgery. Ethical approval was obtained from 
the Ethics Committee of Henan Provincial People’s Hos-
pital (Zhengzhou, China, LLXJS2023-1-137). A total of 
12 RA patients (7 females, 5 males; mean age 56.8 ± 4.1 
years), 11 OA patients (6 females, 5 males; mean age 
55.0 ± 6.1 years), and 7 healthy controls (3 females, 4 
males; mean age 26.7 ± 2.2 years) were enrolled in the 
study. The disease duration was 8.5 ± 3.2 years for RA 
patients and 10.2 ± 4.1 years for OA patients. Written 
informed consent was obtained from all participants.

Cell isolation and culture
The synovial tissues from patients were washed with PBS 
under sterile conditions. Then, fat tissues were carefully 
removed with ophthalmic scissors, and the tissues were 
cut into small pieces. The tissues were digested with 
2.5% type I collagenase (Biosharp, Hefei, China) for 2  h 
in a constant-temperature shaker. Single-cell suspen-
sions were subsequently prepared through a cell strainer. 
The cells were cultured in DMEM (Gibco) supplemented 

are critical for cartilage degradation. Furthermore, verteporfin (VP)-mediated inhibition of Hippo-YAP reversed the 
effects of circ_0002970 overexpression.

Conclusion These findings highlight circ_0002970 as a novel regulator of RA-FLS migration, invasion, and 
inflammation via the Hippo-YAP signaling pathway.
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with 10% fetal bovine serum (Hangzhou Sijiqing, China) 
and incubated at 37 °C with 5% CO2. The cells were used 
after passages 3–5 for subsequent experiments.

Identification of differentially expressed circrnas
FLSs were isolated from three healthy controls, three 
OA patients, and three RA patients. The total RNA of 
FLSs was collected for circRNA sequencing. The cir-
cRNA library was constructed via rRNA removal and 
linear RNA digestion. Purified and enriched circRNAs 
were fragmented and used for cDNA synthesis to con-
struct the library. The purified double-stranded cDNA 
was subsequently subjected to end-repair, dA-tailing 
and adaptor ligation. The cDNA products were circular-
ized and amplified via PCR and subsequently used for 
DNB generation. Finally, each DNB was loaded into a 
lane for subsequent sequencing on a BGISEQ-500 plat-
form (MGI, Shenzhen, China). The circRNA candidates 
were detected by using find_circ, as abnormal fragments 
were discarded [21]. CircRNAs with a|log (fold change)| 
>2 and adjusted P value < 0.05 were set as the significant 
cutoffs. Gene Ontology (GO) analysis and enrichment 
analysis of these differentially expressed circRNAs were 
performed via Sanger box 3.0.

RNase R treatment
To assess the stability of circRNAs, linear mRNA was 
digested with RNase R (Beyotime). The RNase R treat-
ment was performed in a 20 µL reaction system, which 
included ≤ 5 µg of total RNA, 2 µL of 10X RNase R Reac-
tion Buffer, and RNase R (20 U/µL) at a final concentra-
tion of 1–3 U per µg of RNA. The reaction volume was 
adjusted to 20 µL using DEPC-treated water. The mixture 
was then incubated at 37 °C for 30 min to allow complete 
digestion of linear RNA. After treatment, the stability of 
the circRNAs was determined by qRT-PCR.

Sanger sequencing
Further verification of the accuracy of circRNA primer 
amplification was performed via Sanger sequencing by 
Company. (Shenzhen, China)

Nucleic acid transfections
RA-FLSs were grown in 12-well plates and reached 
60-80% confluence for subsequent transfection. siRNAs 
against hsa_circ_0002970 and negative control siRNA 
were purchased from Geneseed Technology (China). 
The target sequences for siRNA-mediated knockdown of 
circ_0002970 were as follows: (1) Si-hsa_circ_0002970-
1:  C A A T G G C T T G T T G G G A A A C(dT)(dT); (2) Si-hsa_
circ_0002970-2:  A A T G G C T T G T T G G G A A A C C(dT)
(dT); (3) Si-hsa_circ_0002970-3:  A T G G C T T G T T G G G 
A A A C C A(dT)(dT); (4) Si-NC:  U U C U C C G A A C G U G 
U C A C G U T T(dT)(dT).The negative control siRNA that 

was labeled with FAM was used to visualize the uptake 
of the siRNA. The transfection was performed by using 
Lipofectamine® RNAiMAX Reagent (Thermo Fisher Sci-
entific). Opti-MEM reduced serum medium was used 
to dilute the siRNAs, and Lipofectamine® RNAiMAX 
Reagent was used.

Lentiviral transfection
Lentiviral vectors for circ_0002970 overexpression 
(LV-circ_0002970) and negative control (LV-NC) were 
designed and synthesized by HANBIO (Shanghai, China). 
RA-FLSs were seeded in six-well plates and cultured until 
they reached 50–70% confluence. The cells were then 
infected with lentivirus at an appropriate multiplicity of 
infection (MOI) in the presence of 5 µg/mL polybrene to 
enhance transduction efficiency. After 24 h, the medium 
was replaced with fresh complete DMEM, and cells were 
further cultured for 48–72 h. For stable expression, cells 
were selected using 2 µg/mL puromycin for 5–7 days.

ELISA kit
An IL-6 human ELISA kit (Ruixin Biotech, QuanZhou, 
China) was used. RA-FLSs were plated on 6-well plates. 
After circ_0002970 was knocked down, the cells were 
incubated with DMEM containing 10% fetal bovine 
serum for 24  h. The supernatant was collected to mea-
sure the IL-6 levels.

Migration and invasion assays
The migration and invasion abilities of FLSs were 
assessed using 24-well Transwell chambers with 8  μm 
pore-size polycarbonate membranes (Corning). For 
the invasion assay, Matrigel was pre-diluted on ice at a 
ratio of 8:1 (FBS: Matrigel) and evenly coated onto the 
upper surface of the Transwell insert. The coated cham-
bers were incubated at 37  °C for 4–5 h to allow polym-
erization. For the migration assay, no Matrigel coating 
was applied.After Matrigel polymerization, 200 µL of a 
serum-free DMEM cell suspension containing FLSs was 
added to the upper chamber, while 600 µL of DMEM 
supplemented with 5% FBS was added to the lower 
chamber to create a chemoattractant gradient. The cells 
were incubated at 37  °C in a humidified incubator with 
5% CO2 for 24 h to allow migration (or invasion).Follow-
ing incubation, the non-migrated or non-invaded cells on 
the upper surface of the membrane were gently removed 
using a cotton swab. The membranes were then fixed 
with 4% paraformaldehyde for 15  min and stained with 
crystal violet solution for 15 min. The stained cells were 
visualized using an inverted microscope, and the num-
ber of migrated or invaded cells was counted in four ran-
domly selected fields (×200 magnification).
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RNA labeling and fluorescence in situ hybridization
FISH analysis of RA-FLSs was performed using biotin-
labeled probes specific to circ_0002970 (Servicebio, 
Wuhan, China). RA-FLSs were cultured on glass cover-
slips and then fixed with 4% paraformaldehyde. The cells 
were permeabilized with 0.1% Triton X-100, followed by 
prehybridization at 37  °C. Biotin-labeled probes specific 
to circ_0002970 were hybridized overnight at 37 °C. After 
posthybridization washes with 2x and 0.5x SSC buf-
fer, the probes were detected via a fluorescently labeled 
streptavidin conjugate. Nuclei were counterstained with 
DAPI, and the coverslips were mounted on slides with 
antifade medium. Finally, cell observation and fluores-
cence imaging were performed via a fluorescence micro-
scope (Nikon, Tokyo, Japan).

Agarose gel electrophoresis
The qPCR products amplified by convergent primers 
and divergent primers were subjected to 1.5% agarose 
gel electrophoresis. First, the agarose was diluted with 
Tris-acetate-EDTA buffer in a erlenmeyer flask and then 
heated in a micro-wave oven. Then, the cDNA and gDNA 
qPCR products were mixed with loading buffer added 
to the agarose gel well, a suitable ladder was chosen and 
separated at 110  V for 30  min. The gel was soaked in 
ethidium bromide to stain the DNA fragments and visu-
alized in an automatic gel imaging system (DYY-8c, Bei-
jing Liuyi Co., Ltd., Beijing, China).

Quantitative real-time PCR validation
The total RNA of FLSs was extracted via the FastPure 
Cell/Tissue Total RNA Isolation Kit (RC112, Vazyme Bio-
tech). The gDNA of FLS was extracted via the FastPure® 
Cell/Tissue DNA Isolation Mini Kit (DC102, Vazyme 
Biotech). Then, qRT‒PCR was performed via a ChamQ 
Universal SYBR qPCR Master Mix Kit (Q711, Vazyme 
Biotech) in a 7500 Fast Real-time quantitative PCR sys-
tem according to the standard procedure (Thermo Fisher 
Scientific). The relative gene expression of the circRNAs 
and mRNAs was analyzed via normalization to the 
expression of GAPDH via the 2-ΔΔCt method. The linear 
and circular RNA primers used in this study were synthe-
sized by Shangya Biotechnology Co., Ltd. (Supplemen-
tary material 1).

HE staining
The synovial tissues were excised from the knee joints, 
fixed in 10% neutral formalin, decalcified in EDTA, 
embedded in paraffin, sectioned, and stained with hema-
toxylin‒eosin (HE).

Western blotting
FLSs were grown in 6-well plates and treated differently 
(2 × 105/well). Then, the cells were lysed in a mixture of 

RIPA lysis buffer (Thermo Fisher Scientific) with 1 tablet 
of protease inhibitor and 1 tablet of phosphatase inhibi-
tor (MedChemExpress) for protein extraction. A BCA 
protein assay kit (Beyotime, China) was used for protein 
concentration determination and standardized quan-
tification. SDS‒PAGE was used to resolve the proteins, 
which were then transferred to PVDF membranes. West-
ern blotting was carried out according to standard pro-
cedures. The membranes were incubated with specific 
antibodies and then visualized via ChemiDoc XRS (Bio-
Rad). To ensure reproducibility, WB experiments were 
performed with biological triplicates (n = 3 per group, 
each representing an independent sample).

Statistical analysis
All the experiments were repeated at least three times. 
GraphPad Prism 9 and SPSS 26.0 software were used 
for statistical analysis. All the data are presented as the 
means ± standard deviations. Differences between two 
groups were analyzed via Student’s t test, whereas dif-
ferences among three or more groups were analyzed via 
one-way ANOVA. P < 0.05 was considered statistically 
significant.

Results
Comparative analysis of synovial histological features and 
differential gene expression
First, synovial tissues were divided into three groups 
(CON group = 7, OA group = 11, RA group = 12) and sub-
jected to H&E staining and X-ray analysis. As shown in 
Fig.  1A, the RA group exhibited severe synovial hyper-
plasia and inflammation compared with the other 
two groups according to H&E staining. X-ray analysis 
revealed more pronounced joint space narrowing and 
periarticular osteopenia in the RA group. CircRNA 
transcriptome sequencing was performed on FLSs iso-
lated from three RA patients, three OA patients, and 
three healthy controls. The differentially expressed genes 
(DEGs) among the groups are illustrated in a box plot 
(Fig.  1B). Heatmaps and scatter plots were then used 
to compare the DEGs between the two sample groups 
(Fig. 1C-E). Differential analysis revealed that several cir-
cRNA genes were upregulated or downregulated in the 
RA samples compared with those in the OA and control 
samples. The number of upregulated and downregulated 
DEGs between the two sample groups was quantified 
via bar charts (Fig. 1F). Finally, the intersection of DEGs 
between the CON vs. RA and OA vs. RA comparisons 
was depicted via Venn diagrams (Fig. 1G), suggesting that 
these genes might participate in the migration and inva-
sion of RA-FLSs.
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Fig. 1 (See legend on next page.)
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Functional enrichment analysis of the differentially 
expressed circrnas
To explore the functional roles of the identified DEGs, we 
performed GO and KEGG pathway enrichment analyses 
between the CON and RA groups, as well as between the 
OA and RA groups. Gene Ontology enrichment analy-
sis revealed that the DEGs were enriched in biological 
processes (BP), molecular functions (MF) and cellular 
components (CC), such as cellular processes, cellular 
anatomical entities, and binding (Fig. 2A-B). In addition, 
Kyoto Encyclopedia of Genes and Genomes (KEGG) 
enrichment analysis revealed differentially enriched sig-
naling pathways, such as the IL-17, MAPK, GnRH, and 
cAMP signaling pathways. (Fig.  2C-D). The GO and 
KEGG enrichment results suggest that differentially 
expressed circRNAs may be involved in key RA-related 
pathways, such as inflammation, extracellular matrix 
remodeling, and cell migration, potentially contributing 
to RA-FLS dysfunction.

Expression and characterization of circ_0002970 in 
RA-FLSs
FLSs were derived from synovial tissues of the three 
groups, and several significantly different circRNAs 
were selected for expression analysis via transcriptome 
sequencing (Fig.  3A). Circ_0002970 exhibits the most 
significant differences among the three groups, and its 
host gene, CEMIP, is closely associated with inflamma-
tion and extracellular matrix degradation. To confirm 
circ_0002970, divergent and convergent primers for RT‒
PCR were designed to amplify circ_0002970 from cDNA 
but not from gDNA, while the control gene GAPDH was 
amplified from both cDNA and gDNA, confirming that 
circ_0002970 is indeed a circular RNA (Fig.  3B). More-
over, a FISH assay revealed that Circ_0002970 was local-
ized mostly in the cytoplasm of RA-FLSs but not in the 
nucleus (Fig. 3C). The presence of back-splicing was con-
firmed by Sanger sequencing of the RT‒PCR amplifica-
tion product for circ_0002970, which was identified by 
its expected size (Fig.  3D). Moreover, circ_0002970 was 
resistant to RNase R digestion (Fig. 3E).

Effects of circ_0002970 knockdown on RA-FLS migration, 
invasion and MMP expression
A specific small interfering RNA (siRNA) was designed 
to knockdown circ_0002970 expression, and the si-
circ_0002970-2 with the highest knockdown efficiency 

was selected (Fig.  4A). To investigate the function 
of circ_0002970 in RA progression, we transfected 
circ_0002970 siRNA into RA-FLSs to interfere with 
its expression. Compared with those in the si-NC con-
trol group, the invasion and migration of RA-FLSs were 
inhibited by circ_0002970 knockdown in transwell assays 
(Fig.  4B). Furthermore, the expression of MMP-9 and 
MMP-13 in RA-FLSs was decreased by Circ_0002970 
knockdown, with no significant effect on the expres-
sion levels of MMP-1 and MMP-3 (Fig. 4C). These find-
ings were further verified at the protein level via western 
blot analysis. After circ_0002970 was knocked down, the 
protein expression levels of MMP-9 and MMP-13 were 
significantly downregulated (Fig.  4E). Furthermore, the 
ELISA results demonstrated that IL-6 secretion in RA-
FLSs was reduced by the knockdown of circ_0002970 
(Fig. 4F).

Differential expression and functional enrichment analysis 
of genes after knockdown of circ_0002970
RNA sequencing was performed to analyze gene expres-
sion changes between the si-circ_0002970 group (n = 3) 
and the NC group (n = 3) in RA-FLSs. The distribution 
of differentially expressed genes (DEGs) between these 
two groups was visualized using box plots, heatmaps, 
and volcano plots (Fig.  5A–C). GO enrichment analy-
sis showed that these DEGs were enriched in biological 
process (BP), molecular function (MF), and cellular com-
ponent (CC) categories. In the CC category, the DEGs 
were significantly enriched in terms related to cytoskel-
eton, focal adhesion, and cell projection (Fig. 5D). In the 
BP category, the most significantly enriched GO terms 
included negative regulation of cell migration and pro-
tein dephosphorylation (Fig.  5E). In the MF category, 
the DEGs were primarily enriched in protein binding 
and kinase activity (Fig. 5F). KEGG pathway enrichment 
analysis revealed that the DEGs were predominantly 
enriched in the Hippo signaling pathway (Fig. 5G). Com-
pared to the NC group, the mRNA levels of CCN1 and 
CTGF, downstream targets of the Hippo-YAP pathway, 
were significantly downregulated in the si-circ_0002970 
group (Fig. 5H). Western blot analysis further confirmed 
that the key components of the Hippo-YAP pathway, 
including CCN1, CTGF, and YAP, were downregulated 
following circ_0002970 knockdown (Fig.  5I). The quan-
tification of CCN1, CTGF, and YAP protein expression 
was normalized to Tubulin (Fig. 5J). These results suggest 

(See figure on previous page.)
Fig. 1 Histological, radiological, and transcriptomic analysis of the three groups of synovial tissues. (A) Histology and X-ray images of synovial tissues. 
H&E staining shows synovial hyperplasia and inflammation in RA compared to OA and control. X-ray images reveal bone loss in RA. (B) Gene expression 
distribution. Box plot showing log10(FPKM) values across groups. (C-E) Differentially expressed genes (DEGs). Heatmaps and scatter plots of DEGs in RA vs. 
control (C), OA vs. control (D), and RA vs. OA (E). Upregulated genes are in red, downregulated in blue. (F) DEG statistics. Bar graph showing the number 
of upregulated (orange) and downregulated (blue) genes in different comparisons. (G) Venn diagram of DEGs. 46 DEGs in CON vs. RA, 35 DEGs in OA vs. 
RA, with 4 overlapping genes. Scale bar, 200 μm
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Fig. 2 GO and KEGG Pathway Enrichment Analysis of Differentially Expressed Genes. (A-B) GO term enrichment analysis of DEGs. Bar graphs display the 
most significantly enriched Gene Ontology (GO) terms in CON vs. RA (A) and OA vs. RA (B) comparisons. (C-D) KEGG pathway enrichment analysis of DEGs. 
Bubble chart illustrate significantly enriched KEGG pathways for CON vs. RA and OA vs. RA comparisons
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Fig. 3 Identification and Characterization of circ_0002970 in RA-FLSs. (A) Expression analysis of differentially expressed circRNAs in RA-FLSs. qRT-PCR 
results show the relative expression levels of circRNAs in RA, OA, and CON groups. (B) Confirmation of the circular structure of circ_0002970. Diver-
gent primers could amplify Circ_0002970 from cDNA but not from gDNA. (C) Subcellular localization of circ_0002970 in RA-FLSs. RNA FISH reveals that 
circ_0002970 (green) colocalizes with the mesenchymal marker Vimentin (red) in the cytoplasm. (D) Genomic origin and back-splicing junction validation 
of circ_0002970. Circ_0002970 is derived from the CEMIP gene, consisting of exons 12 and 13, with Sanger sequencing confirming the back-splicing junc-
tion. (E) qRT-PCR results show that circ_0002970 is resistant to RNase R digestion, whereas linear RNAs (GAPDH, CEMIP) are significantly degraded. Scale 
bar, 100 μm. Data are shown as mean ± SD. NS, not significant. *p < 0.05, **p < 0.01, ***p < 0.001
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that circ_0002970 regulates RA-FLS function through 
the Hippo-YAP signaling pathway, affecting cell migra-
tion and invasion.

Effects of circ_0002970 on RA-FLS migration and invasion 
through the Hippo/YAP signaling pathway
To investigate the effect of Hippo–YAP pathway activa-
tion on RA-FLS migration and invasion, we conducted 
rescue experiments using the Hippo–YAP inhibitor 
verteporfin (VP). The results revealed that in the over-
expression group (OE) treated with VP, the level of YAP 
was significantly reduced (Fig. 6A). The results indicated 
that circ_0002970 significantly promoted the migration 

and invasion of RA-FLSs. When the YAP pathway was 
inhibited, the number of migrating and invading RA-
FLSs decreased (Fig.  6B-C). These results indicate that 
circ_0002970 may regulate the migration and invasion of 
RA-FLSs via the Hippo–YAP signaling pathway.

Discussion
Synovitis is the core pathological feature and a key fac-
tor controlling the progression of RA. There is increasing 
evidence that RA-FLSs can promote synovial hyperpla-
sia and pannus formation and that FLSs are critical in 
RA pathogenesis [27]. In this study, we detected the cir-
cRNA expression profile of RA-FLSs. We found that 

Fig. 4 Circ_0002970 Knockdown Inhibits RA-FLS Migration, Invasion, and Inflammatory Response. (A) Knockdown efficiency of circ_0002970. qRT-PCR 
confirms the significant reduction of circ_0002970 expression in RA-FLSs transfected with siRNAs. (B) Reduced migration and invasion after circ_0002970 
knockdown. Transwell assays show decreased RA-FLS migratory and invasive capacities upon circ_0002970 silencing. (C) Effect on MMP expression. qRT-
PCR shows that circ_0002970 knockdown significantly reduces MMP-9 and MMP-13 levels, while MMP-1 and MMP-3 remain unchanged. (D) Western 
blot validation of MMP downregulation. Circ_0002970 knockdown decreases MMP-9 and MMP-13 protein levels in RA-FLSs. (E) ELISA shows a significant 
decrease in IL-6 levels after circ_0002970 knockdown. Scale bar, 200 μm. Data are shown as mean ± SD. NS, not significant. *p < 0.05, **p < 0.01, ***p < 0.001
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Fig. 5 Transcriptomic and Functional Effects of circ_0002970 Knockdown in RA-FLSs. (A) Gene expression distribution. Box plot showing the 
log10(FPKM + 1) values across si-NC and si-circ_0002970 groups. (B) Hierarchical clustering of DEGs. Heatmap illustrating upregulated and downregulate 
genes after circ_0002970 knockdown. (C) Volcano plot of DEGs. Upregulated and downregulated genes identified in the si-circ_0002970 group. (D-F) 
GO enrichment analysis. Enriched cellular components, biological processes, and molecular functions influenced by circ_0002970 knockdown. (G) KEGG 
pathway enrichment analysis. Bubble plot showing significantly enriched pathways. (H) qRT-PCR validation of CCN1 and CTGF expression. Knockdown 
of circ_0002970 significantly reduces CCN1 and CTGF mRNA levels compared to si-NC. (I) Western blot validation of Hippo-YAP pathway regulation. 
Circ_0002970 knockdown decreases CCN1, CTGF, and YAP1 protein levels. (J) Western blot quantification. CCN1, CTGF, and YAP1 protein expression nor-
malized to Tubulin. Data are shown as mean ± SD. **p < 0.01, ***p < 0.001
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circ_0002970 was aberrantly upregulated in RA patients 
compared with OA patients and healthy controls. We 
analyzed the role of circ_0002970 knockdown in RA-
FLS migration, invasion and the inflammatory response. 
We subsequently found that circ_0002970 could induce 
CTGF/CCN1 through the Hippo–YAP signaling pathway 
to prevent the progression of RA (FLS).

Circ_0002970 was backspliced by CEMIP mRNA exons 
12–13. Many studies have shown that CEMIP expres-
sion is increased in RA-FLSs compared with that in OA 
patients and healthy controls [28]. Moreover, the expres-
sion of CEMIP is related to the severity of RA [29]. In our 
study, analogous effects of circ_0002970 in RA were also 
observed. Usually, circRNAs exhibit functional similari-
ties to their host genes and are expressed asynchronously 
[30, 31]. CEMIP expression is increased in the FLSs of 

OA patients compared with healthy controls but remains 
lower than that in the FLSs of RA patients [28, 32]. Previ-
ous studies have shown that the knockdown of circRNAs 
in RA decreases the migration and invasion of FLSs [23, 
33]. In our study, we found that circ_0002970 knockdown 
inhibited the migration and invasion of RA-FLSs and that 
CEMIP expression was unaffected.

RA-FLSs can secrete inflammatory factors such as 
IL-6, IL-8, and IL-17. IL-8 is an essential inflammatory 
chemokine that activates inflammatory cells, prompt-
ing them to converge on inflammatory foci and release 
inflammatory mediators, thereby causing pain in RA 
patients [34]. Studies have shown that FLSs in the syno-
vial lining are the primary source of IL-6, with cultured 
FLSs spontaneously producing IL-6, while IL-1 or TNF-α 
stimulation further enhances its secretion, potentially via 

Fig. 6 Circ_0002970 Overexpression Enhances RA-FLS Migration and Invasion via the Hippo-YAP Pathway. (A) Western blot analysis of YAP expression. 
YAP protein levels increase with circ_0002970 overexpression (OE) and decrease upon verteporfin (VP) treatment. (B-C) Effect of circ_0002970 overex-
pression on RA-FLS migration and invasion. Transwell assays show that circ_0002970 overexpression significantly enhances RA-FLS migration and inva-
sion, while VP treatment reverses these effects. Scale bar, 200 μm. Data are shown as mean ± SD. **p < 0.01, ***p < 0.001
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the NF-κB signaling pathway [9]. IL-6 has been identi-
fied as a key driver of synovial inflammation, activating 
multiple signaling pathways and inducing the secretion 
of additional proinflammatory mediators, thereby per-
petuating the inflammatory cycle [35]. By demonstrat-
ing that circ_0002970 regulates inflammatory factors, 
we observed a decrease in IL-6 expression following 
circ_0002970 knockdown, confirming its role in reducing 
the inflammatory response. Previous studies have shown 
that RA-FLSs can be stimulated by IL-1β and TNF-α. 
Specifically, IL-1β has been demonstrated to induce the 
transition of RA-FLSs from a quiescent state to an acti-
vated state [9]. We found that the expression of MMP-9 
and MMP-13 without stimulation by inflammatory fac-
tors was relatively low. Consequently, in vitro stimulation 
with cytokines such as IL-1β can increase MMP expres-
sion. QRT-PCR analysis revealed that the knockdown 
of circ_0002970 had no significant effect on MMP-1 
and MMP-3 expression, indicating that circ_0002970 
exerts minimal influence on these MMPs. However, we 
observed a significant downregulation of MMP-9 and 
MMP-13 following circ_0002970 knockdown, suggest-
ing that circ_0002970 primarily regulates specific MMPs 
in RA-FLSs rather than broadly affecting all MMPs. The 
expression of different MMPs may be governed by dis-
tinct regulatory mechanisms, and circ_0002970 appears 
to specifically influence regulatory factors associated 
with MMP-9 and MMP-13. Research indicates that 
through degradation mediated by matrix metalloprotein-
ases (MMP-13 or MMP-9), chondrocyte apoptosis and 
matrix loss occur, thereby exacerbating cartilage destruc-
tion [36, 37].

We performed transcriptome sequencing on RA-FLSs 
with and without circ_0002970 knockdown to identify 
differentially expressed genes (DEGs), followed by GO 
and KEGG enrichment analyses. GO analysis revealed 
that in the biological process (BP) category, DEGs were 
predominantly enriched in the positive and negative 
regulation of cell migration and the Hippo signaling 
pathway. In the molecular function (MF) and cellular 
component (CC) categories, the enriched terms were 
primarily associated with cell migration and invasion-
related functions. KEGG pathway analysis further dem-
onstrated that among the top ten enriched signaling 
pathways, three were closely related to the Hippo sig-
naling pathway, highlighting its potential involvement in 
circ_0002970-mediated RA-FLS dysfunction.

The increased invasiveness of RA-FLSs is intricately 
linked to the modulation of diverse signaling pathways 
and their associated proteins, such as the Hippo–YAP 
signaling pathway. This signaling pathway modulates 
cellular proliferation, apoptosis, migration, and other 
processes, influencing cellular growth and development 
[38]. Prior studies have shown a notable increase in YAP 

expression in patients with RA, and dysregulation of the 
Hippo–YAP signaling pathway can exacerbate inflam-
mation and the severity of joint damage in patients with 
RA [39, 40]. The overexpression of YAP resulted in the 
upregulation of MMP-1 and MMP-13 secretion by IL-1β- 
and TNF-α-stimulated RA-FLSs, promoting the migra-
tion and invasion capabilities of RA-FLSs [39, 41]. Our 
study revealed that knockdown of circ_0002970 resulted 
in downregulation of YAP expression, as well as down-
regulation of the downstream proteins CCN1 and CTGF 
in the Hippo–YAP signaling pathway. CCN1, as an inte-
gral part of the extracellular matrix (ECM), actively 
participates in various functions, including endothelial 
cell adhesion, migration, proliferation, and other cel-
lular processes [42]. The cardinal functions of CTGF 
are associated with inflammation, fibrosis, and endo-
chondral ossification of cartilage [43, 44]. Therefore, we 
speculate that circ_0002970 induces CTGF/CCN via the 
Hippo–YAP signaling pathway to regulate the migra-
tion, invasion, and release of inflammatory factors in 
RA-FLSs. This finding implies an association between 
circ_0002970 and RA pathogenesis, suggesting that tar-
geting circ_0002970 may be a potential therapeutic strat-
egy for RA.

Conclusion
Our study revealed a significant upregulation of 
circ_0002970 in synoviocytes derived from RA patients. 
Furthermore, we demonstrated that knockdown of 
circ_0002970 could modulate the progression of RA by 
affecting the Hippo–YAP signaling pathway. However, 
this study focused only on the relationship between 
circ_0002970 and the Hippo–YAP signaling pathway and 
failed to comprehensively consider the cross-regulation 
of multiple signaling pathways, which is a direction for 
future research. This study proposes circ_0002970 as 
a potential therapeutic target for future RA treatment, 
facilitating drug development and clinical translation 
in the circRNA field to broaden therapeutic options for 
patients.
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