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Background: The functional role of circular ribonucleic acids in
ankylosing spondylitis (AS) remains poorly understood. In our previous
study, circ_0004496 and actin gamma 1 (ACTG1) were found to be
upregulated in ossified tissues from patients with AS.

Aims: To investiagate the regulatory role of circ_0004496 in pathological
bone formation through the miR-145/ACTG1 axis.

Study Design: Combined in vitro and in vivo experimental study.
Methods: Tissue samples were obtained from 15 patients with AS and
hip ankylosis and 15 control patients with femoral neck fractures.
Quantitative real-time polymerase chain reaction was performed to
measure circ_0004496 and miR-145 expression. Western blot analysis
was used to determine the protein levels of alkaline phosphatase
(ALP), osteocalcin (OCN), runt-related transcription factor 2 (Runx2), and
ACTG1. Cell proliferation was evaluated using Cell Counting Kit-8 and
5-ethynyl-2"-deoxyuridine assays. Osteogenic differentiation was assessed
by measuring ALP activity and performing Alizarin Red S staining.

INTRODUCTION

The global incidence of ankylosing spondylitis (AS) is estimated at
approximately 2-5%, with substantial disease burden and morbidity.’
The pathogenesis of AS is characterized by persistent inflammation
and pathological new bone formation. Progressive ossification in the
sacroiliac joints, spine, and hips frequently results in joint fusion
and severe functional impairment.? Therefore, preventing aberrant
ossification remainsa major therapeutic objective in AS management.
However, the molecular mechanisms linking chronic inflammation
to pathological bone formation are not fully understood. Recent
studies have highlighted the involvement of circular RNAs (circRNAs)
in various diseases, including AS.> CircRNAs are single-stranded RNA
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Interactions among circ_0004496, miR-145, and ACTG1 were examined
using RNA immunoprecipitation (RIP), RNA pull-down, dual-luciferase
reporter, and fluorescence in situ hybridization (FISH) assays.

Results: Circ_0004496 and ACTG1 expression levels were significantly
elevated in AS hip capsule tissues, whereas miR-145 expression was
reduced. Overexpression of circ_0004496 in AS-derived fibroblasts
enhanced cell proliferation, accelerated cell cycle progression, increased
calcium deposition, and upregulated ALP, OCN, and Runx2 protein
levels. Mechanistically, circ_0004496 functioned as a molecular sponge
for miR-145, which directly targets ACTG1. These regulatory interactions
were confirmed by dual-luciferase reporter, RIP, RNA pulldown, and
FISH assays. In vivo, circ_0004496 overexpression was associated with
sacroiliac joint fusion in proteoglycan-induced arthritis mice.
Conclusion: Circ_0004496 overexpression promotes pathological bone
formation in AS by regulating the miR-145/ACTG1 axis both in vitro and
in vivo.

molecules with a covalently closed circular structure, lacking both
5’ caps and polyadenylated tails. This configuration confers resistance
to exonuclease-mediated degradation and contributes to their
remarkable stability.” Many circRNAs contain multiple microRNA
(miRNA)-binding sites.® Increasing evidence indicates that specific
circRNAs regulate osteogenesis by modulating miRNA activity.® For
example, circRNA_33287 promotes osteogenic differentiation of
maxillary sinus membrane—derived stem cells through the miR-
214-3p/Runx3 pathway." CircRNA_0006393 enhances osteogenesis
in glucocorticoid-induced osteoporosis by regulating miR-145-5p,"
whereas circRNA_3626 facilitates skeletal formation via the miR-338-
3p/runt-related transcription factor 2 (Runx2) axis.'* Despite these
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advances, the roles of circRNAs in AS—particularly in pathological
ossification—remain largely unexplored.

miRNAs are short non-coding RNAs that regulate gene expression at
the post-transcriptional level by bindingto the 3'untranslated regions
of target mRNAs, thereby inhibiting translation or promoting mRNA
degradation.”™ Through modulation of transcription factors and
cytokine signaling pathways, miRNAs influence diverse biological
processes.™ Accumulating evidence implicates specific miRNAs in the
pathogenesis of autoimmune diseases, including AS."™ For instance,
miR-96 promotes osteoblast differentiation and bone formation
in AS models by activating the Wnt signaling pathway through
suppression of suppression of sclerostin.'® miR-214-3p inhibits
osteogenic differentiation of fibroblasts (FBs) derived from AS tissue
by blocking the bone morphogenetic protein—transforming growth
factor B signaling pathway,” and miR-17-5p regulates ectopic bone
formation in AS by targeting ankylosis progressive homolog.™

MiR-145 is an evolutionarily conserved and widely expressed
miRNA encoded by a bicistronic gene cluster.” It targets multiple
transcription factors, including Krippel-like factor 4, ELK1
(@ member of the ETS transcription factor family)?' and actin
gamma 1 (ACTG1),% thereby regulating diverse cellular processes.
Notably, miR-145 has been reported to suppress osteogenesis while
promoting osteoclastogenesis. It enhances osteoclast formation and
exacerbates periarticular bone loss in collagen-induced arthritis
by directly inhibiting osteoprotegerin.?® Furthermore, miR-145
impairs osteogenic differentiation of adipose-derived stem cells
by downregulating semaphorin 3A and Sp7,2*?° and it inhibits
chondrogenesis of synovial mesenchymal stem cells (MSCs) through
repression of TLR4.2°

Among the six mammalian actin isoforms, ACTG1 (y-actin) and ACTB
(B-actin) constitute the non-muscle cytoplasmic actin pair essential
for maintaining cytoskeletal integrity.?? ACTG1 has been implicated
in several pathological conditions, including autosomal dominant
hearing 10ss.2%% It also modulates cancer cell behavior*'*? and
contributes to intervertebral disc degeneration through regulation
of the NF-xB p65 and Akt signaling pathways.>> However, the role of
ACTG1 in AS has not yet been elucidated.

In our previous bioinformatics analysis,** ACTG1T was identified as
a potential regulator of abnormal bone formation in AS. Based
on this finding, the present study aimed to investigate whether
the circ_0004496/miR-145/ACTGT axis regulates pathological
ossification in AS.

MATERIALS AND METHODS
Study patients

Between January 2025 and December 2025, hip capsule tissues
were collected from 15 male patients with AS undergoing total hip
arthroplasty and 15 male control patients undergoing hip surgery
for femoral neck fractures (FNFs) at our hospital. AS was diagnosed
according to the Assessment of SpondyloArthritis International
Society criteria in combination with the modified New York
criteria.>>* The mean age was 40.7 = 3.6 years in the AS group
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and 42.6+3.4 years in the control group. The study protocol was
approved by the Zhuhai Hospital of Integrated Traditional Chinese
and Western Medicine Ethics Committee (approval number: 2025-
03-023-F01, date: 13.05.2025), and written informed consent was
obtained from all human participants.

Tissue collection and fibroblast culture

AS-FBs were isolated from hip capsule tissues as previously
described.”” Tissue samples were minced into fragments
approximately 0.5 mm? in size, thoroughly rinsed with phosphate-
buffered saline (PBS), and digested with collagenase (Sigma-Aldrich,
St. Louis, MO, USA). The resulting cell suspensions were filtered
through 70-um cell strainers (BD Biosciences, Franklin Lakes, NJ,
USA) to remove debris. Cells were cultured in Dulbecco’s Modified
Eagle Medium (DMEM; Invitrogen, Carlshad, CA, USA) supplemented
with 10% fetal bovine serum and 1% penicillin—streptomycin.
Cultures were maintained at 37 °Cin a humidified incubator with 5%
CO,. After initial adhesion, residual tissue fragments were removed,
and the culture medium was replaced every 3 days. Cells at passage
3 were used for subsequent experiments.

Quantitative real-time polymerase chain reaction (qRT-PCR)
and RNase R assay

Total RNA was extracted using TRIzol reagent (Invitrogen).
Complementary DNA (cDNA) was synthesized using the HiScript®
Il Reverse Transcription Kit (Vazyme, Nanjing, China) for mRNA
analysis or the miRNA First Strand ¢cDNA Synthesis Kit (Vazyme)
for miRNA detection, employing random primers or oligo(dT),,
as appropriate. RNA integrity was assessed using the Agilent
2100 Bioanalyzer with an RNA Nano chip. Only samples with
an RNA integrity number >7.0 were included in subsequent
analyses. To eliminate genomic DNA (gDNA) contamination,
purified RNA was treated with RQ1 RNase-free DNase | (Promega,
Cat. No. M6101). qRT-PCR was performed using SYBR Premix
DimerEraser (Takara, Dalian, China). Relative gene expression
levels were calculated using the 2722% method and normalized to
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and U6 as
internal reference genes. The primer sequences were as follows:
for hsa_circ_0004496, forward 5-CTGTGTCCAGTGTAGATGAA-3’
and reverse 5-GCCTGTTCTCTGTTATGTTG-3"; for miR-145, forward
5'-GTCCAGTTTTCCCAGGAA-3'andreverse’5'-CAGGTCAAAAGGGTCCTT-3';
for ACTG1, forward 5'-ATGGAAGGAAACACGGCTC-3" and reverse
5'-CACTCTGTTCTTCCGCCG-3"; and for U6, forward 5'-CTCGCTTC-
GGCAGCACA-3" and reverse 5-AACGCTTCACGAATTTGCGT-3". Primer
performance was validated using five cDNA templates prepared in
a 10-fold serial dilution to generate standard curves. Amplification
efficiencies ranged from 90% to 110%, with correlation coefficients
(R?) greater than 0.99. Melting curve analysis demonstrated a single
sharp peak for each amplification product, confirming specificity.
Each qPCR plate included a no-template control (NTC) in which
cDNA was replaced with nuclease-free water. In all experiments, NTC
wells showed Ct values greater than 35 or no amplification signal,
excluding false-positive results caused by contamination or primer-
dimer formation. To ensure reliable normalization, the stability of
GAPDH and U6 expression across AS and FNF samples was evaluated
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using the geNorm algorithm. The combination of GAPDH and U6
exhibited high stability (M value < 0.5); therefore, their geometric
mean was used as the normalization factor. For RNase R treatment,
total RNA was incubated with RNase R (Epicenter, Madison, WI,
USA) to confirm the circular structure of circ_0004496.

Western blot analysis

A total of 50 ug of protein was loaded per lane. Protein lysates
were prepared from hip capsule tissues and FBs using RIPA lysis
buffer (Beyotime, Shanghai, China), followed by separation via
10% SDS-polyacrylamide gel electrophoresis and transfer onto
polyvinylidene fluoride membranes. Membranes were blocked
with 5% non-fat milk for 2 hours and incubated overnight at
4 °C with primary antibodies, followed by 2 hours of exposure to
horseradish peroxidase (HRP)-conjugated secondary antibodies.
Protein signals were visualized usingenhanced chemiluminescence
reagents (Beyotime). Bands were quantified using Image-Pro Plus
v6.0 (Silver Spring, MD, USA), and protein levels were normalized to
GAPDH. The exposure time was 1 minute for GAPDH and 5 minutes
for other proteins. The following antibodies were used: ACTG1
(ab123034, Abcam, 1:1000), Cyclin D1 (ab226977, Abcam, 1:1000),
c-Myc (ab152146, Abcam, 1:1000), osteocalcin (OCN; ab93876,
Abcam, 1:1000), alkaline phosphatase (ALP; ab224335, Abcam,
1:1000), Runx2 (ab23981, Abcam, 1:800), GAPDH (ab9485, Abcam,
1:2000), and HRP-conjugated secondary antibody (ab205718,
Abcam, 1:1000), all obtained from Abcam (Cambridge, MA, USA).

Subcellular fractionation

Cytoplasmic and nuclear RNA fractions were isolated using the
PARIS kit (Ambion, Austin, TX, USA) according to the manufacturer’s
instructions. U6 and 18S rRNA were used as nuclear and cytoplasmic
markers, respectively.

Cell transfection

The lentiviral vector for circ_0004496 overexpression (OE-
circ_0004496) and the control lentiviral vector were synthesized
by Genechem Biotechnology (Shanghai, China). Lentivirus
transfection was performed at a multiplicity of infection (MOI) of
50, achieving approximately 80% transfection efficiency in rat FBs.
At 48 hours postinfection, green fluorescent protein expression was
observed under a fluorescence microscope to confirm successful
transfection.

miR-145 mimic was synthesized by Ribobio (Guangzhou, China)
and transfected into cells using Lipofectamine™ 3000 (L3000015,
Invitrogen™), following the manufacturer’s protocol.

Flow cytometry for cell cycle analysis

Cell cycle analysis was performed using a gating strategy in which
cell population gates were defined in FSC-A vs. SSC-A scatter plots
to exclude debris, followed by single-cell gating in FSC-H vs. FSC-A
plots to exclude aggregates. Single cells were then analyzed using
PI-A (fluorescence intensity) histograms. Before fixation, trypan
blue staining confirmed that cell viability was > 95%. After fixation
with 70% ethanol and PI staining (Vazyme), debris and dead cells
were excluded by FSC/SSC gating. Cells were incubated in binding
buffer and labeled with propidium iodide for 20 minutes at room
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temperature. The cell cycle distribution was subsequently assessed
using a flow cytometer (BD Biosciences).

5'-Ethynyl-2'-deoxyuridine (EdU) incorporation assay

Cell proliferation was evaluated using an EdU detection kit (Ribobio,
Guangzhou, China) following the manufacturer’s instructions.
Transfected FBs were plated in 24-well plates and exposed to EdU
solution. After incubation, cells were fixed with paraformaldehyde
and permeabilized with 0.5% Triton X-100. EdU incorporation was
visualized via fluorescent staining, and nuclei were counterstained
with DAPI. Fluorescent images were captured using an Olympus
microscope (Tokyo, Japan). The percentage of EdU-positive nuclei
was quantified.

ALP activity assay

ALP activity was measured using a colorimetric assay kit (Nanjing
Jiancheng Bioengineering Institute, China) according to the
manufacturer’s protocol.

Alizarin red staining

Osteogenic differentiation was assessed 10 days post-transfection
under osteogenic conditions. The osteogenic medium consisted of
DMEM-LGsupplemented with20%fetal calf serum, 10 mL/Lpenicillin—
streptomycin (5 IU/mL), 1% non-essential amino acids, 2.5 mg/L
amphotericin B (250 ug/mL), 50 ug/mL L-ascorbic acid 2-phosphate,
100 nM dexamethasone, and 10 mM B-glycerophosphate. Cells were
stained with 40 mM Alizarin Red solution (pH 4.2; Sigma-Aldrich,
Shanghai, China) for 30 minutes, washed thoroughly, and air-dried.
Calcified nodules were photographed, and the stain was extracted
using 10% cetylpyridinium chloride. Absorbance was measured at
510 nm, and dye quantification was performed using a calibration
curve.

RNA fluorescence in situ hybridization (FISH)

Fluorescent probes targeting circ_0004496 (Cy3-labeled) and
miR-145 (FITC-labeled) were custom-synthesized by Geneseed
Biotechnology (Guangzhou, China). AS FBs were seeded on
coverslips, fixed, permeabilized, and dehydrated. Hybridization was
performed overnight at 37 °C. After hybridization, cells were washed
thoroughly, stained with DAPI (4’,6-diamidino-2-phenylindole) to
visualize nuclei, and mounted for imaging. Images were captured
using a Leica TCS SP2 AOBS confocal microscope (Germany).

RNA immunoprecipitation (RIP) assay

RIP was performed using the Magna RIP™ Kit (Millipore, Bedford,
MA, USA). FBs were lysed and incubated with magnetic beads
conjugated to anti-IgG or anti-Ago2 antibodies. The abundance
of circ_0004496, ACTG1, and miR-145 was quantified from the
immunoprecipitated RNA.

RNA pull-down assay

Biotin-labeled wild-type (WT) and mutant (MUT) miR-145, along
with negative control oligonucleotides (bio-NC), were purchased
from Sangon (Shanghai, China) and transfected into AS FBs. RNA
complexes were isolated using streptavidin-conjugated magnetic
beads (Invitrogen), and the levels of circ_0004496 and ACTG1 were
quantified by qRT-PCR.

Balkan Med J, Vol. 43, No. 5, 2026
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Dual luciferase reporter assay

Sequences from circ_0004496 and the 3’ untranslated region (3'-
UTR) of ACTG1 containing miR-145 target sites were cloned into the
pmirGLO vector (Promega, Fitchburg, WI, USA) to generate WT and
MUT constructs. Plasmids were cotransfected with miR-145 mimics
or controls into AS FBs. Luciferase activity was measured using the
Dual-Luciferase Reporter Assay System (Promega).

Proteoglycan-induced AS mouse model

Eight-month-old female BALB/c mice, weighing approximately 24 + 2
g, were obtained from Guangzhou Chase Reward Co. Ltd, China. Mice
were housed under specific pathogen-free conditions on a 12-hour
light/dark cycle with ad libitum access to food and water. The AS model
was established as previously described by intraperitoneal injection
of 200 uL of emulsion (100 ug cartilage proteoglycan + 100 uL PBS
+ 100 uL complete Freund’s adjuvant) on days 0, 21, and 42.% Mice
were anesthetized with 3% sevoflurane and euthanized via cervical
dislocation. All procedures were approved by the Zhuhai Hospital of
Integrated Traditional Chinese and Western Medicine Animal Experiment
Committee (approval number. 2025-0011, dated: 13.05.2025) and were
conducted in accordance with institutional guidelines.

Circ_0004496 overexpression in vivo

To evaluate the effect of circ_0004496 in vivo, proteoglycan-
induced arthritis (PGIA) mice were randomly assigned at week 16
into three groups (n=6 per group): control vector or circ_0004496
overexpression vector. Mice were numbered for identification,
and the researcher performing histological analyses was blinded
to group allocation. Constructs were synthesized by Genscript
(Shanghai, China) and delivered via tail vein injection (2 mg/kg) for
systemic expression.

Histological analysis

At 24 weeks, mice were humanely sacrificed, and sacroiliac joint
tissues were harvested. Tissues were fixed in 4% paraformaldehyde,

TABLE 1. Characteristic of Patients with Ankylosing Spondylitis.
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decalcified in EDTA for 4 weeks, dehydrated in ethanol, and
embedded in paraffin. Sections were generated and stained with
hematoxylin and eosin for microscopic histopathological analysis.

Statistical analysis

Statistical analyses were performed using GraphPad Prism v10.0.
Data normality was assessed using the Shapiro-Wilk test. Normally
distributed data were compared using the unpaired two-tailed
Student’s t-test for two-group comparisons or one-way ANOVA
followed by Bonferroni correction for comparisons among multiple
groups. Pearson’s correlation coefficient was used to evaluate
associations. Cell experiments were performed in three independent
runs (cell line or single-donor experiments). p values < 0.05 were
considered statistically significant.

RESULTS

Elevated expression of circ_0004496 and ACTG1 in hip
capsule tissues from patients with AS

The demographic characteristics of the AS and FNF groups are
summarized in Tables 1 and 2. To evaluate the expression of
circ_0004496, miR-145, and ACTGT mRNA in hip capsule tissues,
qRT-PCR assays were performed. AS samples exhibited significantly
higher levels of circ_0004496 (Figure 1a) and ACTG1 mRNA (Figure
1c), and low level of miR-145 (Figure 1b). Spearman’s correlation
analysis further revealed a positive correlation between ACTG1 and
circ_0004496 levels, whereas circ_0004496 levels were inversely
correlated with miR-145 levels in AS tissues (Figure 1d, e).

To confirm these results at the protein level, Western blotting was
performed to assess ACTG1 and key osteogenic markers, including
ALP, Runx2, and OCN. Compared with the FNF group, the AS group
showed significantly increased expression of ACTG1, ALP, Runx2, and
OCN (Figure 1f, ), suggesting enhanced osteogenic activity and a
role for ACTG1 in AS-associated pathological bone formation.

No. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Diagnosis AS AS AS AS AS AS AS AS AS AS AS AS AS AS AS
Age (y) 44 38 41 47 39 40 35 41 42 48 38 41 40 36 40
Sex (f/m) M M M M M M M M M M M M M M M
BMI (kg/m?) 221 218 195 203 201 18.6 212 179 191 185 206 19.3 21.3 17.8 18.8
Duration of disease (y) 7.3 8.2 69 92 6.5 8.8 03 75 80 76 92 75 8.3 7.9 7.7
HLA-B27 + + + + + + + + + + + + + + +
BASDAI 4.2 39 4.9 5.3 5.6 5.0 5.2 4.9 4.6 4.8 52 55 54 4.5 4.9
NSAIDS used Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
TNF-a inhibitor used Yes Yes Yes  Yes no Yes no Yes Yes Yes Yes  Yes Yes Yes Yes
mSASSS score 44 43 50 55 52 49 60 57 38 45 47 42 55 54 49
NY Grade 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4
ID ASOT AS02 ASO3 AS04 ASO5  ASO6  ASO7 ASO8 AS09 AS10  AS11  AS12  AS13 AS14 AS15

BASDAI, bath ankylosing spondylitis disease activity index; NSAIDS, non-steroidal anti-inflammatory drugs, TNF-a, tumor necrosis factor alpha; mSASSS score,

modified stoke ankylosing spondylitis spine score; f/m, female/male.
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TABLE 2. Characteristic of Patients with Femoral Neck Fracture.

No. 1 2 3 4 5 6 7 8 9 10 1 12 13 14 15
Diagnosis FNF FNF FNF FNF FNF  FNF  FNF  FNF  FNF  FNF  FNF  FNF  FNF  FNF  FNF
Age (y) 45 40 39 43 37 49 41 44 47 40 43 44 38 46 43
Sex (f/m) M M M M M M M M M M M M M M M
BMI (kg/m?) 21.6 238 218 225 231 220 210 185 201 192 204 189 213 205 178

BMI, body mass index; f/m, female/male.
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FIG. 1. Circ_0004496, miR-145, and ACTGT mRNA expression levels in the hip capsule tissues from the AS and FNF groups were quantified via qRT-PCR.
(a) Circ_0004496 was significantly upregulated in AS compared with FNF, while (b) miR-145 was downregulated. (c) ACTG1 expression was markedly
increased in AS relative to FNF (n = 15, ***p < 0.001 vs. FNF). (d) ACTG1 levels were found to be positively associated with circ_0004496 levels, while
(e) miR-145 levels were negatively correlated with circ_0004496 levels in AS hip capsule tissues. (f) Representative western blot bands of Runx2, ALP,
OCN, and ACTG1T are shown, with (g) quantitative analysis revealing significantly higher expression of these osteogenesis-related proteins in the AS
group compared to the FNF group. AS, ankylosing spondylitis; FNF, femoral neck fracture; ACTG1, actin gamma 1; Runx2, runt-related transcription
factor 2; ALP, alkaline phosphatase; OCN, osteocalcin; qRT-PCR, quantitative real-time polymerase chain reaction.
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Characteristics of circ_0004496

Circ_0004496 is located on chromosome 4 (chr4:177632653—
177650900) and originates from exons 2—4 of the vascular
endothelial growth factor C (VEGFC) gene (Figure 2a). Using
divergent primers, a specific amplification product of circ_0004496
was detected exclusively in ¢cDNA from AS FBs, but not in gDNA
(Figure 2b), confirming its circular structure. Resistance to RNase
R digestion further supported this, as circ_0004496 remained
stable while the linear control gene GAPDH was degraded (Figure
2¢). Subcellular fractionation analysis revealed that circ_0004496
is predominantly localized in the cytoplasm of AS FBs (Figure 2d),
indicating cytoplasmic enrichment and structural stability.

Osteogenic potential assessed by flow cytometry and WB
analysis

Cells from both groups were successfully cultured (Figure 3a, b). To
assess osteogenic potential, flow cytometry and Western blotting
analyses were performed. Flow cytometry was initially used
to analyze the cellular composition of AS and FNF groups. The
proportion of CD105" and CD90* cells in patients with AS was higher
than in patients with FNF (Figure 3¢, d), suggesting an enrichment of
MSC-like populations in AS FBs. Additionally, CD34- and CD45 cells
were identified in AS and FNF groups (Figure 3e, f).
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Circ_0004496 promoted proliferation and cell cycle
progression in AS FBs (AS05)

To explore the role of circ_0004496 in AS FBs, a lentiviral vector for
circ_0004496 overexpression was constructed and transfected into
AS FBs alongside a control vector. The MOI was 50, achieving an 80%
transfection rate. Cell proliferation was assessed using EdU and Cell
Counting Kit-8 assays. These analyses indicated that circ_0004496
overexpression markedly enhanced FB proliferation (Figure 4a-c). In
contrast, transfection with a miR-145 mimic significantly reduced
cell viability, proliferation, and cell cycle progression.

Flow cytometry analysis further revealed that circ_0004496
overexpression promoted S-phase entry and reduced the proportion
of cells in the GO/G1 phase (Figure 4d, e). Conversely, the miR-145
mimic suppressed S-phase progression and increased the GO/
G1 population. Western blotting confirmed that circ_0004496
overexpression upregulated Cyclin D1, a key cell cycle regulator, and
c-Myc, a proliferation-associated protein, in AS FBs.

Circ_0004496 overexpression promoted osteogenic
differentiation of AS FBs (AS05)

Next, we examined the effect of circ_0004496 on the osteogenic
differentiation of AS FBs. Overexpression of circ_0004496
significantly increased calcium deposition and ALP activity. It also
elevated the expression of key osteogenic markers, including ALP,
OCN, and Runx2. Conversely, miR-145 overexpression attenuated
these effects, suggesting that circ_0004496 enhances osteogenic
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FIG. 2. Characteristics of circ_0004496. (a) Circ_0004496 originates from the VEGFC gene. (b) Divergent primers specifically amplified circ_0004496
in cDNA from AS FBs, but no amplification was observed in genomic DNA (gDNA), confirming its circular structure. (c) Total RNA extracted from
FBs derived from AS was subjected to RNase R treatment or left untreated. The levels of circ_0004496 and GAPDH were quantified by qRT-PCR.
Circ_0004496 demonstrated greater resistance to RNase R -mediated degradation relative to GAPDH. (d) The subcellular localization of circ_0004496
in FBs derived from AS was determined via qRT-PCR, revealing that circ_0004496 is predominantly expressed in the cytoplasm. ***p < 0.001. AS,
ankylosing spondylitis; gDNA, genomic DNA; FB, fibroblasts; cDNA, complementary DNA; qRT-PCR, quantitative real-time polymerase chain reaction.
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FIG. 3. Osteogenic differentiation determined by flow cytometry and western blot analysis. (a) Primary cultured cells from the AS group. (b) Primary
cultured cells from the FNF group. (c) Representative flow cytometry plots showing CD90 and CD105 expression in AS and FNF groups. (d) Ratio of
CD90 and CD105 positive cells between AS and FNF groups. (e) Representative flow cytometry plots showing CD34 and CD45 expression in AS and FNF
groups. (f) Ratio of CD34 and CD45 positive cells between AS and FNF groups. AS, ankylosing spondylitis; FNF, femoral neck fracture.

potential in AS FBs, whereas miR-145 acts as a negative regulator
(Figure 5a-c, Figure 6a, b). Collectively, these results indicate that
circ_0004496 facilitates osteogenic differentiation in FBs derived
from AS tissues.

We also evaluated the osteogenic potential of ACTG1 in AS FBs using
Alizarin Red S staining and ALP activity assays. Recombinant ACTG1
protein (Cat. No. ab157841, Abcam) was applied to upregulate ACTG1
expression, whereas an anti-ACTG1 antibody (Cat. No. A8481, Sigma-
Aldrich) was used to knock down ACTG1. ACTG1 overexpression
markedly enhanced calcium deposition and ALP activity, whereas
ACTG1 inhibition significantly reduced both measures (Figure 7a-c).

Circ_0004496 regulates ACTG1 expression by targeting miR-145

CircRNAs can function as molecular sponges for miRNAs, thereby
modulating the expression of target genes. To determine whether
circ_0004496 regulates ACTG1 via miRNA interaction, bioinformatic
analyses were performed using StarBase (http://starbase.sysu.edu.
cn/) together with and circInteractome (https://circinteractome.irp.
nia.nih.gov/). These analyses identified miR-145 as having binding
sites in circ_0004496 and the 3"-UTR of ACTG1 (Figure 8a, b).

Dual-luciferase reporter assays (DLRA) showed that miR-145
overexpression significantly reduced the luciferase activity of WT
circ_0004496 and ACTG1 3'-UTR constructs, whereas MUT constructs
with disrupted miR-145 binding sites were unaffected in AS FBs)
(Figure 8¢, d).
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qRT-PCR, quantitative real-time polymerase chain reaction.

FISH further confirmed the interaction between circ_0004496 and
miR-145, revealing their colocalization in AS FBs (Figure 9a). RIP
assays demonstrated significant enrichment of circ_0004496, ACTG1,
and miR-145 in anti-AGO2 immunoprecipitates compared with I1gG
controls (Figure 9b). Additionally, RNA pull-down assays indicated
that biotinylated WT miR-145 (WT-bio-miR-145) markedly enriched
circ_0004496 and ACTGT RNA relative to negative control (bio-NC)
or miR-145 (MUT-bio-miR-145) probes (Figure 9¢). Collectively, these
results indicate that circ_0004496 promotes ACTG1 expression by
sponging miR-145.
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AS FBs were visualized with green for miR-145, red for circ_0004496,
blue for DAPI, and yellow indicating signal overlap. Scale bar, 20
um. RIP assays showed the association between miR-145 and
circ_0004496/ACTG1, with summarized results representing relative
expression in AS FBs after different treatments (***p<0.001 vs.
anti-IgG). RNA pull-down assays demonstrated the association
between miR-145 and circ_0004496/ACTG1 (***p <0.01 vs. bio-N()
RIP; FB, FBs.
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Representative images of Alizarin red staining. (b) The activity of ossification was quantified by ARS staining (***p < 0.001 vs. NC). (c) Quantification
of ALP activity (***p < 0.001 vs. NC). ARS, Alizarin Red S; FBs, fibroblasts; AS, ankylosing spondylitis; ALP, alkaline phosphatase.
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Circ_0004496 overexpression is associated with sacroiliac significantly promoted sacroiliac joint fusion compared with the
joint fusion in PGIA mice control group (circ_0004496: 75% + 5% vs. control: 10% *+ 0.5%,
p<0.001; Figure 10), indicating a pathological role for circ_0004496

To evaluate the role of circ_0004496 in AS-associated ankylosis, . Lo
In AS progression in vivo.

mice received either a circ_0004496 overexpression vector or a
control vector via tail vein injection. Overexpression of circ_0004496
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FIG. 7. Calcification nodules formed in AS FBs across following ACTG1 overexpression or anti-ACTG1 internention. Optical density was measured at the
wavelength of 510 nm. (a) Representative images of Alizarin red staining. (b) The activity of ossification was quantified by ARS staining (***p < 0.001
vs. NQ). (c) Quantification of ALP activity (***p < 0.001 vs. NC). *p < 0.05 vs. ACTG1 overexpression group; #p<0.05 vs. anti- ACTG1 group. ARS, Alizarin
Red S; FBs, fibroblasts; AS, ankylosing spondylitis; ACTG1, actin gamma 1.
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DISCUSSION

In this study, we demonstrated that both circ_0004496 and
ACTGT were significantly upregulated in hip capsule specimens
from patients with AS, whereas miR-145 expression was markedly
downregulated. Overexpression of circ_0004496 in AS FBs promoted
cell proliferation, accelerated cell cycle progression, and enhanced
calcium deposition, accompanied by increased protein levels of ALP,
OCN, and Runx2. Mechanistically, circ_0004496 acted as a molecular
sponge for miR-145, which directly targets ACTG1. This regulatory
axis was validated using a combination of DLRA, RIP, RNA pull-down,
and FISH. Furthermore, in vivo overexpression of circ_0004496 in
PGIA mice was associated with sacroiliac joint fusion, underscoring
its pathological role in AS-related abnormal bone formation via the
miR-145/ACTG1 axis.

Currently, only a few circRNAs have been implicated in AS
pathogenesis. For example, circ_0056558 suppresses cellular
activity in AS by downregulating miR-1290 and upregulating
(CDK6.*° Circ_0018168 inhibits FB proliferation and osteogenic
differentiation by sponging miR-330-3p, thereby increasing DKK1
expression.”  Additionally, circlFNGR2 modulates AS-related
inflammation by regulating macrophage polarization.* Our study
adds circ_0004496, derived from the VEGFC gene, to this growing list
of functionally relevant circRNAs (Figure 2).

Enthesitis and bone erosion are hallmarks of early AS and are
characterized by inflammation at ligament, tendon, or joint capsule
attachment sites. These tissues are relatively avascular but are
surrounded by lymphatic vessels.* Injury to these regions triggers
an inflammatory response that promotes lymphangiogenesis.*
Notably, tendon injury has been associated with a pronounced
increase in lymphatic vessel formation,*® although the underlying
molecular mechanisms remain incompletely understood. Prior
studies have shown that tendon injury combined with systemic
trauma induces lymphatic vessel infiltration into adjacent tissues,
a process correlated with elevated VEGFC levels.” This suggests
that VEGFC may serve as a key mediator linking tissue injury and
pathological ossification, implicating circ_0004496 as a potential
contributor to the transition from AS-associated bone erosion to
abnormal new bone formation.

MiR-145 has been reported to suppress chondrogenesis and bone
formation, including osteogenic differentiation, osteoblastogenesis,
and bone regeneration, by regulating Wnt signaling and other
pathways involved in bone homeostasis.*®** Conversely, miR-145
promotes osteoclastogenesis, thereby exacerbating bone erosion.”'
In AS, a reduction in miR-145 levels during the initial 3 months of
anti-TNF treatment may reflect a transition from early bone erosion
to reparative processes, as evidenced by subsequent new bone
formation.®

Our previous bioinformatics analysis predicted that ACTG1 is
prominently expressed within the focal adhesion and Rap1 signaling
pathways in AS.>* Consistent with this prediction, the present study
confirmed significant upregulation of ACTG1 in AS hip tissues.
ACTG1 encodes cytoplasmic actin y1, a ubiquitously expressed
cytoskeletal protein critical for cell motility and structural integrity.
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Elevated ACTG1 expression has been linked to extracellular matrix
receptor interactions and is implicated in human chondrocyte
apoptosis.”*> Shimobhira et al.*® demonstrated that YAG laser bone
ablation modulates BCART and ACTG1 expression, key regulators
of mechanotransduction and bone healing. Similarly, Li et al.>”
showed that in osteoarthritis, chondrocytes increased the levels of
COL6A3 and ACTG1, thereby promoting the transformation of FBs
via activation of the focal adhesion pathway. Furthermore, KEGG
and GO analyses by Liu et al.® connected ACTG1 to immune-related
cellular functions in RA. Collectively, these findings support a role
for ACTG1 in bone remodeling during advanced stages of AS through
focal adhesion and Rap1 signaling.

Several limitations of this study should be considered. Firstly, the
sample size was relatively small, with 15 patients per group in the
clinical study and 6 animals per group in the animal study. On the
one hand, the number of AS patients developing hip ankylosis is
comparatively low. On the other hand, some patients with AS are
unwilling to undergo surgery. Thus, larger cohorts are needed to
validate these findings. The cohort size for the clinical study was
determined by sample availability, while the number of animals
followed common practice in pilot in vivo studies in the field.
Secondly, although the circ_0004496/miR-145/ACTG1 axis was
preliminarily validated, the downstream signaling pathways of
ACTGT in osteogenic differentiation (e.g., Rap1, focal adhesion)
remain unexplored. Thirdly, the expression of CD90 and CD105
suggests a potential MSC-like phenotype within the FB population.
Differences in marker expression between AS and control groups
indicate inherent variations in cell populations that could influence
osteogenic potential. We present this observation as part of the
phenotypic characterization of AS-derived cells rather than as a
confounding factor, and it may contribute to the observed functional
differences. Further experiments, including quantitative PCR and
Western blotting, are required to clarify these effects. Fourthly, we
did not account for medical confounding factors, such as the dose
or duration of TNF inhibitor or NSAID use by patients. Fifthly, only
overexpression of circ_0004496 was investigated in cell experiments.
Additional knockdown assays are necessary to provide more
robust evidence of the pathogenic role of circ_0004496 in AS bone
formation. Finally, we did not measure VEGFC or lymphatic markers,
despite identifying circ_0004496 as originating from VEGFC. Further
studies are warranted to investigate VEGFC/lymphangiogenesis in
abnormal bone formation in AS.

In  summary, our preliminary study demonstrated that
overexpression of circ_0004496 is associated with pathological
bone formation in AS through regulation of the miR-145/ACTG1 axis.
These findings provide new insights into the molecular mechanisms
underlying AS progression and highlight potential therapeutic
targets of circRNAs.
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