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used to identify independent risk factors for OA. P < .05 indicated
statistical significance. All experiments were repeated at least 3 times
independently.

Results

miR-655-3p is downregulated in the synovial fluid of osteoarthritis
patients and interleukin-1B-induced osteoarthritis cell models
miR-655-3p expression was first detected in paired serum and syno-
vial fluid samples from 93 primary OA patients. miR-655-3p expres-
sion was significantly higher in synovial fluid than in serum from the

same patients (Figure 1A; P <.05), indicating that miR-655-3p is locally
enriched in the OA joint microenvironment. miR-655-3p expression
was then compared in IL-1p-induced OA chondrocytes and normal
chondrocytes. Consistent with clinical samples, miR-655-3p expres-
sion was downregulated by 46.7% in the IL-1B-OA group compared
with the CON group (Figure 1B; P <.001, n=4).

Serum miR-655-3p is a high-accuracy diagnostic biomarker for
primary osteoarthritis

To evaluate the diagnostic value of serum miR-655-3p, its expres-
sion was first compared in OA patients and all controls (healthy

Figure 2. Diagnostic value of serum miR-655-3p for primary osteoarthritis (OA). (A) Relative expression of miR-655-3p in serum from OA patients and all controls (clinical
sample size: n=93 OA patients, n=60 controls). (B) ROC curve for distinguishing OA patients from all controls (AUC=0.9518, P <.0001). (C) ROC curve for distinguishing OA
patients from healthy volunteers (AUC=0.9509). (D) ROC curve for distinguishing OA patients from meniscus injury patients (AUC=0.9425). (E) Relative expression of
miR-655-3p in healthy volunteers and meniscus injury patients (clinical sample size: n=20 healthy volunteers, n=40 meniscus injury patients, ns: not significant). (F) Relative
expression of miR-655-3p in mild and moderate-to-severe OA patients (clinical sample size: n=43 mild OA, n=50 moderate-to-severe OA). (G) ROC curve for distinguishing
mild OA patients from all controls (AUC=0.9306). All data are presented as mean + SD. **P < .01, ***P < .001.
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volunteers+meniscus injury patients). Serum miR-655-3p was
downregulated by 44.8% in OA patients compared with controls
(Figure 2A; P < .001, n=4). ROC curve analysis showed an overall
AUC of 0.9518 (95% CI: 0.920-0.983), indicating excellent diagnostic
accuracy (Figure 2B).

Subgroup analyses were further performed to address potential spec-
trum bias. First, the control group was split into healthy volunteers
and meniscus injury patients. miR-655-3p expression was not sig-
nificantly different between healthy volunteers and meniscus injury
patients (Figure 2E; P > .05), justifying their combination as a single
control group. ROC curve analysis showed that serum miR-655-3p
could distinguish OA patients from healthy controls with an AUC of
0.9509 (Figure 2C) and from meniscus injury patients with an AUC
of 0.9425 (Figure 2D).

Second, miR-655-3p expression was compared between mild OA
and moderate-to-severe OA patients. miR-655-3p expression was sig-
nificantly lower in moderate-to-severe OA patients than in mild OA
patients (Figure 2F; P < .01), indicating a negative correlation with
disease severity. ROC curve analysis showed that serum miR-655-3p
could distinguish mild OA patients from controls with an AUC of
0.9306 (Figure 2G), demonstrating its value for early OA diagnosis.

The association between serum miR-655-3p expression and OA
clinicopathological features was further analyzed. Consistent with
the previous results, miR-655-3p expression did not correlate signifi-
cantly with gender (P=.737), age (P=.946), BMI (P=.254), or OA fam-
ily history (P=.678). In contrast, serum miR-655-3p levels correlated
significantly with TNF-a (P <.001), IL-6 (P < .001), and AAOS scores
(P=.010) (Table 1). Binary logistic regression analysis identified low
miR-655-3p expression as an independent risk factor for OA (odds
ratio=12.858, 95% CI: 1.501-110.158, P=.020) (Table 2).

miR-655-3p regulates chondrocyte viability, apoptosis, and
inflammation by targeting TLR4

To investigate the biological function of miR-655-3p in OA, gain- and
loss-of-function experiments were performed in IL-1f-induced OA
chondrocytes. Transfection efficiency was verified by RT-gPCR: miR-
655-3p mimics increased its expression by 2.1-fold, while miR-655-3p
inhibitor reduced its expression by 54.9% (Figure 3A; both P <.01).

To identify the target gene of miR-655-3p, predictions were performed
using 3 public databases. A total of 522 common target genes were
identified, among which TLR4 was included (Figure 3B). The pre-
dicted binding site between miR-655-3p and TLR4 3’ UTR is shown in
Figure 3C. Dual-luciferase reporter assay confirmed that miR-655-3p
mimics significantly reduced the luciferase activity of TLR4-WT but
had no effect on TLR4-MUT (Figure 3D; P < 0.001), indicating direct
and specific binding.

Western blot analysis further confirmed that miR-655-3p negatively
regulated TLR4 protein expression: miR-655-3p overexpression
reduced TLR4 protein level by 48.7%, while miR-655-3p inhibition
increased it by 52.8% (Figure 3E-F; P <.001).

Cell Counting Kit-8 assays showed that miR-655-3p overexpression
significantly increased chondrocyte viability, while miR-655-3p inhi-
bition further reduced viability (Figure 3G; P < .001). Consistently,
flow cytometry showed that miR-655-3p overexpression decreased
apoptosis rate by 38.2%, while miR-655-3p inhibition increased

Table 1. Association between OA patients’ clinicopathological features and
miR-655-3p expression levels

miR-655-3p expression level

Total
Features N=93 High=48 Low=45 P
Gender
Male 43 23 20 737
Female 50 25 25
Age (years)
=50 52 27 25 .946
<50 41 21 20
BMI
>23.9 kg/m?* 51 29 22 .264
<23.9 kg/m?* 42 19 23
Family history
Yes 19 9 10 .678
No 74 39 35
TNF-a
>30 pg/mL 46 39 17 <001
<30 pg/mL 37 9 28
IL-6
>10 pg/mL 49 36 13 <001
<10 pg/mL 44 12 32
AAOS
=80 50 32 18 .010
<80 43 16 27

AAOS, American Academy of Orthopaedic Surgeons; BMI, body mass index; IL-6, interleukin-6; OA,
osteoarthritis; TNF-a, tumor necrosis factor-o.

apoptosis rate by 45.7% (Figure 3H; P < .001). Enzyme-linked immu-
nosorbent assay results showed that miR-655-3p overexpression
reduced IL-6 and TNF-o secretion by 42.5% and 39.8%, respectively,
while miR-655-3p inhibition increased their secretion by 56.3% and
52.1%, respectively (Figures 3I-J; P <.001).

TLR4 overexpression reverses the protective effects of miR-655-3p
in osteoarthritis chondrocytes

To confirm that miR-655-3p exerts its effects specifically through
TLR4, rescue experiments were performed by co-transfecting miR-
655-3p mimics and oe-TLR4 into IL-1B-induced OA chondrocytes.
Western blot analysis showed that oe-TLR4 completely reversed the
downregulation of TLR4 protein expression induced by miR-655-3p
mimics (Figure 4A-4B; P <.001).

Functional assays showed that TLR4 overexpression reversed the
increased cell viability induced by miR-655-3p mimics (Figure 4C; P
<.001). Similarly, TLR4 overexpression reversed the decreased apop-
tosis rate (Figure 4D; P < .001) and reduced IL-6 and TNF-a secretion
(Figure 4E-F; P < .001) induced by miR-655-3p mimics. These results
demonstrate that miR-655-3p exerts its anti-inflammatory and anti-
apoptotic effects specifically by targeting TLR4.

Table 2. Multivariate logistic regression analysis of features with OA

Features OR (95% CI) P

miR-655-3p 12.858 1.501-110.158 .020
Gender 0.890 0.353-2.247 .805
Age 0.923 0.346-2.458 872
BMI 1.150 0.416-3.179 .787
Family history 0.519 0.167-1.620 .259
TNF-a 3.799 1.274-11.330 .017
IL-6 4.890 1.248-19.164 .023
AAOS 4.605 1.709-12.408 .003

AAOS, American Academy of Orthopaedic Surgeons; BMI, body mass index; IL-6, interleukin-6; OA,
osteoarthritis; OR, odds ratio; TNF-a, tumor necrosis factor-o.




Li et al. / Acta Orthop Traumatol Turc 2026; 60(4): 1-10

>

-
o
*
3
¥
—

Relative expression of
miR-655-3p
° N
G o

I
o

O

mm CON
*ek miR-NC
T B miR mimics
miR inhibitors

N
o

o

o
o

Relative luciferase activity
o -
o o

TLR4-MUT

TLR4-WT

§ 150
>
2 N
| 100
S
§ -
o 50
2
2
K
[T}
4 0
F € O
SRS
ARSI
& &R
v ER
RO
& Ty
N &
v
200 okl

TNF-a concentration
(pg/ml)
o
o o
o o
il
H

Figure 3. miR-655-3p directly targets TLR4 and bidirectionally regulates chondrocyte function in interleukin-1p (IL-1B)-induced osteoarthritis (OA) chondrocytes. (A)
Transfection efficiency of miR-655-3p mimic and inhibitor detected by quantitative real-time polymerase chain reaction (n=4). (B) Venn diagram showing overlapping target
genes of miR-655-3p predicted by TargetScan, miRDB, and ENCORI databases. (C) Predicted binding site sequence between miR-655-3p and the 3’ UTR of TLR4. (D)
Dual-luciferase reporter assay verifying the direct interaction between miR-655-3p and TLR4 (n=4). (E) Representative Western blot bands of TLR4 and GAPDH. (F)
Quantitative analysis of TLR4 protein levels normalized to GAPDH (n=3). (G) Cell viability detected by Cell Counting Kit-8 assay (n=4). (H) Apoptosis rate detected by
Annexin V-fluorescein isothiocyanate (FITC)/propidium iodide (PI) flow cytometry (n=4). (I) Secretion of interleukin-6 detected by enzyme-linked immunosorbent assay
(ELISA) (n=3). (J) Secretion of tumor necrosis factor-a detected by ELISA (n=3). Group definitions: CON: normal chondrocytes; IL-1B-OA: IL-1B-induced OA chondrocytes;
IL-1p+NC mimic: OA chondrocytes transfected with mimic negative control; IL-1p+miR-655-3p mimic: OA chondrocytes transfected with miR-655-3p mimics; IL-1p+NC
inhibitor: OA chondrocytes transfected with inhibitor negative control; IL-1p+miR-655-3p inhibitor: OA chondrocytes transfected with miR-655-3p inhibitor. All data are

presented as mean + SD. **P < .01, ***P <.001.
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TLR4 exacerbates osteoarthritis progression by enhancing
inflammatory responses

Consistent with previous studies, TLR4 mRNA expression was sig-
nificantly upregulated in IL-1B-induced OA chondrocytes compared
with normal chondrocytes. To further investigate the function of
TLR4 in OA, TLR4 was overexpressed in IL-1B-induced OA chondro-
cytes. Transfection efficiency was verified by RT-qPCR: TLR4 expres-
sion was increased by 51.8% in the oe-TLR4 group compared with the
0e-NC group (Figure 5A; P <.001).

Cell Counting Kit-8 assays showed that TLR4 overexpression further
reduced chondrocyte viability (Figure 5B; P < .001). Flow cytom-
etry showed that TLR4 overexpression increased apoptosis rate by
32.6% (Figure 5C; P < .001). Quantitative real-time polymerase chain
reaction results showed that TLR4 overexpression upregulated the

A B

mRNA expression of RelA (a core NF-kB component), IL-6, and TNF-
o (Figures 5D-F; P < .001). Enzyme-linked immunosorbent assay
results confirmed that TLR4 overexpression increased IL-6 and TNF-a
secretion by 48.7% and 45.2%, respectively (Figures 5G-H; P < .001).
Collectively, these findings show that TLR4 exacerbates OA progres-
sion by enhancing chondrocyte apoptosis and inflammatory responses.

Discussion

This is the first study to demonstrate that miR-655-3p is significantly
downregulated in primary OA patients and IL-1f-induced chondro-
cytes and that it functions as a high-accuracy diagnostic biomarker
and a negative regulator of OA inflammation by directly targeting
TLR4. The findings fill a critical knowledge gap in the field and pro-
vide a novel potential target for OA diagnosis and treatment.
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Figure 4. TLR4 overexpression completely reverses the chondroprotective effects of miR-655-3p. (A) Representative Western blot bands of TLR4 and GAPDH in the rescue

experiment. (B) Quantitative analysis of TLR4 protein levels normalized to GAPDH (n=

3). (C) Cell viability detected by Cell Counting Kit-8 assay (n=4). (D) Chondrocyte

apoptosis detected by Annexin V-FITG/PI flow cytometry (n=4). (E) Interleukin-6 secretion detected by enzyme-linked immunosorbent assay (ELISA) (n=3). (F) Tumor
necrosis factor-a secretion detected by ELISA (n=3). Group definitions: CON: normal chondrocytes; interleukin-1p (IL-1B)-OA: IL-1p-induced osteoarthritis (OA)
chondrocytes; IL-1p+miR-655-3p mimic: OA chondrocytes transfected with miR-655-3p mimics; IL-1p+miR-655-3p mimic+oe-NC: OA chondrocytes co-transfected with
miR-655-3p mimics and oe-NC; IL-1+miR-655-3p mimic+oe-TLR4: OA chondrocytes co-transfected with miR-655-3p mimics and oe-TLR4. All data are presented as

mean + SD. **P <.01, ***P < .001; ns, not significant.
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Figure 5. TLR4 overexpression exacerbates osteoarthritis (OA) progression by enhancing chondrocyte inflammation and apoptosis. (A) TLR4 mRNA expression and
overexpression efficiency detected by quantitative real-time polymerase chain reaction (RT-qPCR) (n=3). (B) Cell viability detected by Cell Counting Kit-8 assay (n=4). (C)
Chondrocyte apoptosis detected by Annexin V-FITC/PI flow cytometry (n=4). (D-F) mRNA expression of RelA (D), Interleukin-6 (IL-6) (E) and tumor necrosis factor-o (TNF-a)
(F) detected by RT-qPCR (n=3). (G-H) Secretion levels of IL-6 (G) and TNF-a (H) detected by enzyme-linked immunosorbent assay (n=3). Group definitions: CON: normal
chondrocytes; interleukin-1p (IL-1B)-OA: IL-1B-induced OA chondrocytes; IL-1p+0e-NC: OA chondrocytes transfected with oe-NGC; IL-1p+0e-TLR4: OA chondrocytes
transfected with oe-TLR4. All data are presented as mean + SD. ***P < .001.
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At present, research on miR-655-3p has mainly focused on oncology,
where it acts as a tumor suppressor by inhibiting cell proliferation,
migration, and invasion in various cancers including ovarian carci-
noma, non-small cell lung cancer, and hepatocellular carcinoma.*7%
However, the rationale for investigating miR-655-3p in OA is not
derived from its tumor-related functions, but from its conserved
anti-inflammatory and cell survival-regulating roles—processes cen-
tral to OA pathogenesis. Emerging evidence has shown that miR-
655-3p attenuates microglial inflammation in stroke and mitigates
intestinal ischemia/reperfusion-induced injury by inhibiting NF-xB
signaling,**! indicating its anti-inflammatory activity is a general-
ized biological function rather than a tumor-specific trait. Given that
NF-«B activation is a hallmark of OA and TLR4 is a critical upstream
activator of NF-xB in OA chondrocytes,**** the predicted targeting of
TLR4 by miR-655-3p provides a strong, disease-specific justification
for this study.

Earlier research has shown that many miRNAs are abnormally
expressed in peripheral blood, and this abnormal expression has
early diagnostic value for OA, such as miR-146a and miR-365." The
diagnostic analysis revealed that serum miR-655-3p has excellent
diagnostic accuracy for primary OA, with an overall AUC of 0.9518.
Importantly, the spectrum bias concern was addressed by perform-
ing subgroup analyses: miR-655-3p could distinguish OA patients
from both healthy controls (AUC=0.9509) and meniscus injury
patients (AUC=0.9425), and could also distinguish mild OA patients
from controls (AUC=0.9306). These results demonstrate that miR-
655-3p has robust diagnostic value in clinically realistic scenarios.
Furthermore, serum miR-655-3p levels correlated significantly with
OA severity (AAOS score) and inflammatory factor levels (TNF-o,
IL-6), suggesting it may also serve as a biomarker for monitoring dis-
ease progression. Moreover, results from binary logistic regression
analysis also suggested that miR-655-3p may serve as an OA-related
risk factor. These findings imply that serum miR-655-3p is capable
of serving as a biomarker with high accuracy for early diagnosis in
OA patients.

The regulatory relationship between miRNAs and their target genes
is a research hotspot in life sciences. Specifically, miR-655-3p inhib-
its cell migration and invasion in non-small cell lung cancer by tar-
geting pituitary tumor-transforming 1 (PTTG1).* miR-655 inhibits
the epithelial-mesenchymal transition progression of esophageal
squamous cell carcinoma by targeting zinc finger E-box-binding
homeobox 1 and transforming growth factor-beta receptor 2, thereby
inducing the inactivation of the TGF- signaling pathway.** In OA,
miRNA-target TLR4 interactions are well-documented: for example,
miR-146a directly targets TLR4 to reduce inflammatory cytokine
secretion in OA chondrocytes," and miR-214-3p indirectly inhibits
TLR4-NF-B signaling to alleviate OA.* These studies establish that
miRNA-mediated TLR4 regulation is a valid therapeutic axis in OA.
Mechanistically, it was confirmed that TLR4 is a direct and specific
target of miR-655-3p using dual-luciferase reporter assay and Western
blot analysis. Gain- and loss-of-function experiments showed that
miR-655-3p negatively regulated TLR4 expression and exerted anti-
inflammatory and anti-apoptotic effects in OA chondrocytes. Most
importantly, rescue experiments demonstrated that TLR4 overex-
pression completely reversed the protective effects of miR-655-3p,
confirming the mechanistic specificity of the miR-655-3p-TLR4 inter-
action. To the best of current knowledge, this is the first study to vali-
date the mechanistic specificity of a miRNA-TLR4 interaction in OA
using rescue experiments, which significantly strengthens the causal
inference.

The study also confirmed that TLR4 exacerbates OA progression
by enhancing chondrocyte apoptosis and inflammatory responses.
TLR4 overexpression upregulated the mRNA expression of RelA (the
gene encoding p65, a core component of the NF-«xB pathway) and
increased the secretion of downstream pro-inflammatory cytokines
IL-6 and TNF-o. These findings are consistent with the well-estab-
lished role of the TLR4-NF-«xB pathway in OA pathogenesis.'****
Taken together, the results support the following model: miR-655-3p
is downregulated in OA, leading to upregulation of TLR4, activation
of the NF-xB pathway, increased production of pro-inflammatory
cytokines, enhanced chondrocyte apoptosis, and ultimately OA
progression.

This study has several limitations that should be acknowledged.
First, due to ethical restrictions, synovial fluid samples could not
be collected from healthy controls, so miR-655-3p expression could
not be directly comapred in synovial fluid between OA patients and
healthy controls. However, miR-655-3p expression was comapred in
paired serum and synovial fluid samples from OA patients, which
provides valuable information about its local expression in the joint.
Second, this was a single-center study with a relatively small sam-
ple size. Multi-center studies with larger sample sizes are needed to
further validate the findings. Third, in vitro experiments were only
performed; in vivo animal experiments are needed to confirm the
therapeutic potential of miR-655-3p in OA. Fourth, although it was
confirmed that TLR4 is a direct target of miR-655-3p, miR-655-3p may
have other target genes that contribute to its effects in OA. Fifth, the
mRNA level of RelA was only detected, but not the nuclear translo-
cation or DNA binding activity of NF-xB p65 protein, which would
provide more direct evidence for NF-xB pathway activation. Future
studies using high-throughput sequencing techniques and more com-
prehensive functional assays are needed to address these limitations.

In conclusion, the study demonstrates that miR-655-3p is a highly
accurate diagnostic biomarker for primary OA and exerts protective
effects by directly targeting TLR4 to inhibit the NF-xB inflammatory
pathway. These findings provide a novel research direction for the
early diagnosis and targeted treatment of OA.
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