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KEY WORDS Abstract  Osteoarthritis (OA), the most prevalent joint disease of late life, is closely linked to cellular
senescence. Previously, we found that the senescence of fibroblast-like synoviocytes (FLS) played an
essential role in the degradation of cartilage. In this work, single-cell sequencing data further demon-
strated that cartilage acidic protein 1 (CRTACI) is a critical secreted factor of senescent FLS, which sup-
presses mitophagy and induces mitochondrial dysfunction by regulating SIRT3 expression. In vivo,
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Senescent FLS;
Cartilage degradation;
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dysfunction; deletion of SIRT3 in chondrocytes accelerated cartilage degradation and aggravated the progression of
Acetylation; OA. Oppositely, intra-articular injection of adeno-associated virus expressing SIRT3 effectively alleviated
CRTACI; OA progression in mice. Mechanistically, we demonstrated that elevated CRTACI could bind with NRF2
SIRT3; in chondrocytes, which subsequently suppresses the transcription of SIRT3 in vitro. In addition, SIRT3
FOX03a reduction could promote the acetylation of FOXO3a and result in mitochondrial dysfunction, which
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finally contributes to the degradation of chondrocytes. To conclude, this work revealed the critical role
and underlying mechanism of senescent FLSs-derived CRTAC]1 in OA progression, which provided a po-
tential strategy for the OA therapy.

© 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and
Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Osteoarthritis (OA), the most prevalent age-related joint disease, is
primarily characterized by disrupted articular cartilage homeo-
stasis and subsequent degradation of the cartilage matrix'. As a
prototypical degenerative disease, cellular senescence, the hall-
mark of aging, has been proposed as an essential driver in the
pathogenesis of osteoarthritis®. Cellular senescence is a state of
irreversible cell cycle arrest, characterized by resistance to
apoptosis and persistent secretion of senescence-associated
secretory phenotype (SASP) factors. In addition to chon-
drocytes, fibroblast-like synoviocytes (FLS), synovial macro-
phages, and adipocytes also contribute to SASP production®. In
addition, it has been determined that senescent FLS secrete
various SASPs, which ultimately lead to chondrocyte degenera-
tion and OA progression both in vivo and in vitro*. As a physio-
logically non-self-renewing avascular tissue, the dysfunction of
resident chondrocytes directly modulates the cartilage homeosta-
sis”. Therefore, uncovering the underlying molecular mechanisms
of senescent FLS-induced chondrocyte dysfunction in OA pro-
gression may offer innovative therapeutic strategies for mitigating
or impeding the development of OA.

The cartilage is immersed in synovial fluid, which contains a
variety of proteins that are responsible for maintaining normal
joint function. In OA joints, alterations in the synovial fluid
composition may facilitate chondrocyte degeneration by modu-
lating its physicochemical properties®. In OA synovial fluid, there
was a significant increase in the levels of cartilage acidic protein 1
(CRTAC]1) compared to healthy synovial fluid’, which was simi-
larly upregulated in OA synovium’®. CRTACI is initially identi-
fied as a gene induced during chondrogenesis, which is highly
conserved in mouse and human®'C. In addition, CRTAC1 was
recognized as a promising biomarker for OA, exhibiting a strong
correlation with OA severity and serving as an accurate predictor
of joint replacement progression'""'2. It has been reported that
CRTAC1 may function as a cytokine, promoting the catabolic
activity and inhibiting the anabolic activity of chondrocytes in the
development of OA'®. However, the mechanisms by which
CRTACI1 regulates OA progression remain unclear. In our work,
we found CRTAC1 was profoundly increased in senescent FLS,
and its expression positively correlates with cellular senescence.
Exogenous treatment of CRTAC1 resulted in mitochondrial
damage and impaired mitophagy. Emerging evidence has indi-
cated that the imbalance of mitochondrial homeostasis results in
oxidative stress and reactive oxygen species (ROS) over-
production, which contribute to the occurrence and progression of
OA™13, However, the role of CRTACI in mechanisms that
regulate chondrocyte redox balance has yet to be fully elucidated.

OA cartilage is more susceptible to ROS damage due to a
decrease in expression of mitochondrial antioxidant enzymes.
Sirtuin 3 (SIRT3) is a deacetylase that plays an essential role in
promoting mitochondrial dynamics and anti-oxidation to alleviate

mitochondrial dysfunction'®. Studies have shown that SIRT3
expression is decreased in the cartilage of mice with aging, and
SIRT3 knockout accelerates the progression of OA. Oppositely,
restoration of SIRT3 during aging could protect cartilage from
DMM-induced degradation'’. However, the role of SIRT3 in
CRTACI1-mediated chondrocyte degeneration was not studied, and
the underlying mechanism needs further investigation. In this
study, we explored the essential role and underlying molecular
mechanism of CRTACI in chondrocyte degeneration and OA
progression. We performed single-cell RNA-sequencing (scRNA-
seq) analysis in the normal and OA synovium, which indicated a
positive correlation between CRTACI and senescent FLS. We
identified that CRTAC1 suppressed mitophagy and promoted the
mitochondrial damage of chondrocytes via impairing the tran-
scription activity of FOXO3a, which subsequently modulated the
expression of antioxidant and mitophagy-related genes. Further
mechanism studies revealed that CRTAC1 directly binds to the
transcription factor NRF2, and then suppresses NRF2-mediated
SIRT3 transcription, which subsequently results in enhanced
acetylation of FOXO3a. The elucidation of such mechanisms will
potentially offer broader insights into the pathophysiology of OA
and facilitate the development of new strategies for OA therapy.

2. Materials and methods
2.1.  Reagents and antibodies

All  chemical small molecules were procured from
MedChemExpress (Shanghai, China), including nicotinamide
(NAM, catalog no. HY-B0150) and trichostatin A (TSA, catalog no.
HY-15144). Detailed information regarding the antibodies utilized
in this study can be found in Supporting Information Table S1.

2.2.  Animal experiments

COL2AI-CreER mice were purchased from Gempharmatech
(Nanjing, China). The Cre recombination efficiency could be
induced with tamoxifen administration. SIRT3"*/"** mice were
also obtained from Gempharmatech and were further bred with
COL2AI-CreER mice to generate the inducible conditional Sirt3
knockout mice (COL2AI-CreER; SIRT3"% mice). For condi-
tional knockout of the Sirt3 gene in chondrocytes (Supporting
Information Fig. S6D), COL2AI-CreER; SIRT3"**/% mice were
administered with tamoxifen (Sigma—Aldrich, MO, USA)
100 mg/kg per day intraperitoneally at the age of 3 months, 5 days
before DMM surgery. Mice treated with corn oil were used as
controls in this study. All C57BL/6 genetic background mice used
were housed in a specific pathogen-free (SPF) environment. And
the procedures were strictly performed according to the protocols
approved by the Institutional Animal Care and Use Committee of
Nanjing University (IACUC-D2202120).
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For OA induction, the right knees of male mice aged 3 months
underwent either destabilization of the medial meniscus (DMM)
surgery or sham surgery, following a previously described proto-
col*. Briefly, mice were anesthetized and the joint capsule was
opened shortly under type microscope. The medial meniscotibial
ligament was intentionally severed without causing harm to
adjacent tissues. In the sham group, the joint capsule was opened
without additional damage. For local delivery, mice were intra-
articularly injected with 10 pL of recombinant adeno-associated
virus  (AAV) containing specified siRNA or genes
(1 x 10" GC) 14 days post-DMM surgery. The joint samples
were collected at 8 weeks after DMM. The number of mice in
each group was calculated according to the formula reported by
Charan and Kantharia'®,

2.3.  Histology and immunohistochemistry

Mouse knee joints were fixed overnight with 4% para-
formaldehyde and then decalcified with ethylene diamine tetra-
acetic acid (EDTA) before paraffin embedding. The paraffin-
embedded samples were sectioned into 5 pm slices for Fast Green
and Safranin O staining. Cartilage destruction was assessed by
blinded observers using the Osteoarthritis Research Society In-
ternational (OARSI) grading system (0-6). The highest OARSI
score for every section was recorded, and the means of all scores
were calculated'®. For immunohistochemistry, sections underwent
deparaffinization in xylene and rehydration through an ethanol
gradient to water. Antigen retrieval was performed after washing,
followed by incubation with 3% hydrogen peroxide (H,O,) to
quench endogenous peroxidase activity. Sections were then
blocked with goat serum to reduce non-specific binding. Next, the
sections were incubated overnight at 4 °C with the specified pri-
mary antibodies. Following this, they were washed and incubated
with the appropriate secondary antibody for 1 h at room temper-
ature. Antigen-positive cells were detected using a DAB Substrate
kit (ZSGB-BIO, Beijing, China). The proportions of positive cells
in human synovium were calculated by two observers under a
blind condition.

2.4.  Immunofluorescent staining

For immunofluorescent staining, fixed cells or deparaffinized tis-
sues were first permeabilized with 0.3% Triton X-100 at room
temperature for 5 min. Following this, samples were blocked with
bovine serum albumin (BSA; Sigma) at room temperature for 1 h.
Then, the samples were incubated with primary antibodies over-
night at 4 °C. After washing with PBS five times, the samples
were incubated with fluorescently labeled secondary antibodies
specific to the host species of the primary antibody for 1 h at room
temperature. The Nuclei were counterstained with DAPI (Beyo-
time Biotechnology, Shanghai, China). Images were captured
using a confocal laser scanning microscope (Olympus).

2.5.  Isolation of FLS and cell culture

Synovium specimens for this study were collected from patients
diagnosed with OA and from control subjects without synovitis or
cartilage injury. OA synovium samples were obtained from 10
patients (aged 50—65 years) undergoing total knee replacement
surgery in Nanjing Drum Tower Hospital (Nanjing, China).
Normal synovium samples were sourced from 10 patients (aged
50—65 years) undergoing arthroscopic meniscus repair surgery,

confirmed to have no synovitis or cartilage injury via arthroscopic
examination. This study was approved by the Ethical Committee
of the Nanjing Drum Tower Hospital (2020-156-01). The synovial
tissues were enzymatically digested with collagenase A (2 mg/
mL) and DNase I (0.1 mg/mL; Roche) to isolate the fibroblast-like
synoviocytes (FLS). The FLSs were further cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum (FBS). The next day, the non-adherent cells were
removed, and the cells were passaged using Trypsin-EDTA
(Gibco) when they reached approximately 90% confluence and
subcultured in fresh medium.

The human chondrocyte cell line C28/12 was established by
Professor Mary B. Goldring’s laboratory at the Hospital for Spe-
cial Surgery/Weill Medical College of Cornell University. These
cells, isolated from the costal cartilage of a 15-year-old female,
were immortalized using SV-40 large T-antigen®®. C28/12 cells
were maintained in DMEM/F12 medium supplemented with 10%
FBS. Similar to the FLS culture protocol, cells were passaged
using Trypsin-EDTA (Gibco) upon reaching about 90% conflu-
ence and transferred to fresh medium.

2.6.  RNA interference

The lentivirus-based vectors were used for regulating the
expression of CRTAC1, FOXO3a, or SIRT3 (OBIO, Shanghai,
China). The siRNA sequences used against CRTAC1 or SIRT3
were listed as follows: mouse CRTACI1, 5- GCACCTAC
GGATCATTGAT-3"; human CRTACI, 5'- CTCTATCTACATTGC
CAATTA-3’; human SIRT3, 5- CCCAACGTCACTCA
CTACTTT-3'. Lentiviruses were produced in accordance with
the protocol provided by the manufacturer. The viruses were
employed for cell infection in the presence of protamine sulfate at
a concentration of 8 pug/mL.

2.7.  Western blot analysis

For the detection of protein levels, cells or tissues were lysed on
ice for 30 min using RIPA buffer supplemented with protease and
phosphatase inhibitor cocktails (KeyGen Biotech, Nanjing,
China). Protein concentrations were detected using the BCA
protein assay kit (Beyotime Biotechnology, Shanghai, China). The
total proteins were separated by SDS-PAGE before transferring
onto polyvinylidene difluoride (PVDF) membranes (Millipore).
Then, the membranes were washed and blocked with 5% non-fat
milk at room temperature for 1 h. Following blocking, the mem-
branes were incubated with the appropriate primary antibodies
overnight at 4 °C. After five washes with PBST, the membranes
were incubated with horseradish peroxidase (HRP)-conjugated
secondary antibodies. Protein bands were further visualized by an
automatic chemiluminescence imaging system (Tanon, Shanghai,
China) after incubation with an enhanced chemiluminescence
solution (Millipore). The protein levels were determined by
quantification of the intensity of each band using ImagelJ software
and normalized to ACTB.

2.8.  Quantitative real-time PCR

RNAs were extracted from cells or tissues using TRIzol reagent
(KeyGen Biotech, Nanjing, China) according to the manufac-
turer’s instructions. Complementary DNAs (cDNAs) were ac-
quired from the isolated RNA using the HiScript Q RT SuperMix
(Vazyme, Nanjing, China). The ChamQ SYBR qPCR Master Mix
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(Vazyme) on an ABI StepOne Plus™ Real-Time PCR System
(Applied Biosystems) was used for detecting the mRNA levels,
which were quantified using the 2~ 22" method. Primer sequences
are provided in Supporting Information Tables S2 and S3.

2.9.  SA-B-Gal staining

For cellular senescence detection, the Cell Senescence (-Galac-
tosidase Staining Kit (Beyotime Biotechnology) was used to stain
senescent FLS. Briefly, tissues were washed and fixed with 2%
paraformaldehyde and 0.2% glutaraldehyde for 5 min. Then, the
samples were washed and further incubated with the SA-(-Gal
staining solution at 37 °C for 16 h. Senescent cells were imaged
using an Eclipse Ni-U microscope (Nikon). Total cells and SA-3-
Gal—Gal-positive cells were calculated in six random fields per
culture dish by two observers under blind conditions via Imagel.

2.10.  ROS and mitochondrial membrane potential assay

The expression of ROS was detected by ROS Assay Kit -Highly
Sensitive DCFH-DA and MitoBright ROS Deep Red (Dojindo,
Shanghai, China). Briefly, C28/I12 cells with the indicated treat-
ment were incubated with Highly Sensitive DCFH-DA Dye
(1 pmol/L) or MitoBright ROS Deep Red working solution
(10 umol/L) for 30 min at 37 °C. Cells were washed twice with
PBS and analyzed by a laser confocal scanning microscope
(Olympus).

The mitochondrial membrane potential was measured using
the JC-1 MitoMP Detection Kit (Dojindo, Shanghai, China).
Briefly, C28/12 cells were washed with PBS and subsequently
incubated with JC-1 in a 37 °C incubator for 30 min. Then, cells
were washed with PBS twice and covered with imaging buffer
solution. Subsequently, the cells were imaged with a laser
confocal scanning microscope (Olympus).

2.11.  Immunoprecipitation

For immunoprecipitation experiments, cells were lysed with a
buffer containing a protease inhibitor cocktail. Lysates were
rotated at 4 °C for 1 h with intermittent vortexing and were
centrifuged at 5000 x g for 5 min to remove the cellular debris. The
supernatant was incubated with FOXO3a or NRF2 antibody-
conjugated Pierce Protein A/G Magnetic Beads (Thermo Fisher
Scientific). Following three washes with lysis/wash buffer, protein
complexes were eluted by incubating with low pH elution buffer
for 10 min. The beads were magnetically separated, and the su-
pernatant containing the target antigen was collected for further
immunoblotting analysis.

2.12. ELISA

Cells were rinsed with phosphate-buffered saline (PBS) and
cultured in serum-free DMEM supplemented with antibiotics for
48 h. The resulting conditioned medium was filtered and stored at
—80 °C. Cell counts were determined for each experiment. ELISAs
were conducted using kits from Boster Biological Technology, and
the data were normalized based on the number of cells present.

2.13.  Statistical analysis

Results are expressed as the mean + standard error of the mean
(SEM). Statistical analyses were performed using Student’s #-test

for comparisons between two groups and one-way ANOVA fol-
lowed by post hoc tests for multiple group comparisons, as
detailed in the figure legends. P values were considered statisti-
cally significant at *P < 0.05 and **P < 0.01.

3. Results
3.1. CRTACI is elevated in the FLS of OA patients

Considering the critical role of synovium in the development of
OA, we generated single-cell suspensions from the synovium of
OA patients and non-OA controls (Normal), and then performed
scRNA-seq using the 10 x Genomics Chromium platform. We
removed low-quality cells according to the inclusion criteria for
cells based on observations from the entire dataset. A total of
32,161 cells underwent dimensionality reduction and unsuper-
vised clustering (9178 cells for control, 22,983 cells for OA) using
Seurat*'. As illustrated in Supporting Information Fig. SIA and
S1B, we annotated and classified 18 clusters into five distinct
cell types within the synovium based on canonical lineage-
defining markers (Supporting Information Table S4), including
fibroblasts, macrophages, smooth muscle cells, endothelial cells,
and NK cells (Fig. 1A). As previously reported, OA FLS have
been shown to induce the degradation of cartilage both in vivo and
in vitro*. To better define the underlying mechanism of OA-FLS-
mediated cartilage degradation in OA progression, differentially
expressed genes within the fibroblast cluster were identified using
the Wilcoxon rank-sum test with a significance cutoff of P < 0.01
and evaluated by Ingenuity Pathway Analysis (IPA). Our results
showed that CRTAC1 was significantly elevated in OA synovium
(Supporting Information Fig. S2A and S2B), which was highly
expressed in OA FLS as compared with the fibroblasts originating
from normal synovium (Fig. 1B—D, Fig. S1C and S1D). Sub-
clustering of fibroblasts resulted in 13 distinct clusters (Fig. S1E
and S1F), which also showed that CRTAC1 was profoundly
elevated in OA fibroblasts (Fig. 1E). To verify the results of
scRNA-seq, we also observed an elevated expression of CRTACI
and senescence markers both in OA synovium and OA FLS
(Fig. 1F—=J). The immunofluorescence-based analysis of co-
localization also demonstrated that CRTAC1 was dramatically
increased in pl6™¥*%positive cells (Fig. 1K). These results
indicated that CRTAC1 is highly expressed in senescent FLS.

3.2.  Clearance of senescent FLS suppresses CRTACI expression
in vitro and in vivo

To further confirm the relationship between FLS senescence and
CRTACI expression in OA progression, OA-FLS was treated with
ABT-263, which can selectively clear senescent cells?2. Treatment
with ABT-263 significantly reduced the levels of pl6™<** and
p21, along with decreased expression of CRTACI1, which indi-
cated that clearance of senescent FLS could suppress the pro-
duction of CRTAC1 (Fig. 2A and B, Fig. S2C). In addition,
inducing the senescence of FLS via bleomycin administration
could also promote the expression and secretion of CRTACI,
which could be compromised with the treatment of ABT-263
(Fig. 2C and D, Fig. S2D). In vivo, we established a DMM-
induced OA model in INK-ATTAC transgenic mice that ex-
presses FKBP-Casp8 and GFP under the control of a minimal
p16™54 promoter fragment transcriptionally active in senescent
cells and monitored cell survival after activating the FKBP-Casp8
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Figure 1 CRTACI is elevated in the FLS of OA patients. (A) tSNE plots of all cells analyzed from human normal synovium (9178 cells) and
OA synovium (22,983 cells), colored by density clustering and annotated by cell-type identity. (B) Scatter plots showing the differentially
expressed genes from OA synovium versus normal synovium. (C) Heatmap revealing the scaled expression of CRTACI, TIMP3, APOE, and
COLIAI in the fibroblasts cluster defined in A. (D) Violin plots showing the expression levels of CRTACI, TIMP3, APOE, and COLIAI for
fibroblasts. (E) Feature plots demonstrating expression of CRTACI in fibroblasts from normal synovium and OA synovium. (F) gPCR analysis of
the expression of CRTACI, CDKNIA, and CDKNZ2A in the synovium from OA patients and patients without OA (Normal). n = 10, **P < 0.01.
(G) Western blot analysis of the protein levels of CRTACI, p21, and p16INK4“ in the normal synovium and OA synovium. n = 6, **P < 0.01. (H)
Representative images and analysis of SA-8-Gal staining (up panel) and immunostaining (lower panel) for CRTACI in the normal synovium and
OA synovium. n = 6. **P < 0.01. (I) Representative images and analysis of coimmunostaining of vimentin, p16™*, and CRTAC1 in the normal
synovium and OA synovium. (J) qPCR analysis of the expression of CRTACI, CDKNIA, and CDKN2A in normal FLS and OA FLS. n = 3,
##P < 0.01. (K) Western blot analysis of the protein levels of CRTACI, p21, and p16™%*? in normal FLS and OA FLS. n = 3, **P < 0.01. All
data are presented as the mean = SEM. A paired r-test was used for statistical analysis.
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Figure 2

Clearance of senescent FLS suppresses CRTACI expression in vitro and in vivo. (A) qPCR analysis of the expression of CRTACI,

CDKNIA, and CDKN2A in normal FLS and OA FLS treated with or without ABT-263 (2 pmol/L). n = 3, *P < 0.05. (B) Western blot analysis of
the expression of CRTACI, p21, and p16™%** in normal FLS and OA FLS treated with or without ABT-263. n = 3, *P < 0.05. (C) qPCR analysis
of the expression of CRTACI, CDKNIA, and CDKN2A in FLS pretreated with bleomycin (BLM), accompanied with or without ABT-263
(2 pmol/L) treatment. n = 3, *P < 0.05. (D) Western blot analysis of the expression of CRTAC1, p21, and p16™** in FLS pretreated with
BLM, accompanied with or without ABT-263 treatment. n = 3, *P < 0.05. (E) Schematic of the time course for the experiments in F and G. (F)
Representative images and analysis of coimmunostaining of p16™¥4? and CRTAC] in the knee joint from post-traumatic INK-ATTAC transgenic
mice intraperitoneally injected with or without AP20187 (10 mg/kg). n = 6, *P < 0.05. (G) The representative safranin O staining images of the
knee joints from post-traumatic INK-ATTAC transgenic mice intraperitoneally injected with or without AP20187. n = 6. All data are presented as
the mean + SEM. One-way ANOVA with Tukey’s post hoc test (A)—(F) was used for statistical analysis.

fusion protein by AP20187 treatment (Fig. 2E)**. AP20187
treatment markedly reduced p16™ ** and CRTACI expression,
which were profoundly elevated in the synovium of OA mice
(Fig. 2F). In addition, clearance of senescent cells by AP20187
also inhibited articular cartilage erosion as confirmed by safranin
O staining for proteoglycans (Fig. 2G). These results suggested
that elevated CRTAC1 expression is tightly correlated with FLS
senescence, which may play an essential role in senescent cell-
mediated cartilage degradation in OA progression.

3.3.  OA FLS-mediated degradation of chondrocytes depends on
the secretion of CRTACI

To confirm whether CRTACI participated in OA pathogenesis,
synovial fluid (n = 5 healthy, n = 5 OA) was analyzed using
high-resolution liquid chromatography mass spectrometry
(LC—MS). Differential abundance analyses were conducted to
detect dysregulated proteins in OA synovial fluid. In total, 1004
proteins were detected and relatively quantified in synovial fluid

samples from 5 OA and 5 normal subjects. Among them, 5 pro-
teins were significantly upregulated and 15 proteins were signifi-
cantly downregulated in OA synovial fluid (Fig. 3A, Supporting
Information Fig. S3A and S3B). Interestingly, we found that
CRTACI was significantly elevated in OA synovial fluid (Fig. 3B).
In vitro, we detected increased expression of MMPI13 and
decreased levels of Collagen II in C28/I12 cells after CRTACI1
treatment (Fig. 3C—E). To further verify whether OA FLS-
mediated chondrocyte dysfunction was due to elevated CRTACI
expression, FLS were transfected with CRTACI siRNA before
being co-cultured with C28/12 cells. Knockdown of CRTACI
effectively attenuated the expression and secretion of CRTACI
in OA-FLS (Fig. 3F, Fig. S3C). The expression of MMP13 was
profoundly decreased, and Collagen II expression was dramati-
cally elevated in C28/I2 cells that were co-cultured with CRTAC!
siRNA-transfected OA FLS as compared with cells co-cultured
with OA-FLS (Fig. 3G). Our results demonstrated that suppres-
sion of CRTACI effectively abrogated OA FLS-induced degra-
dation of chondrocytes. In vivo, we observed decreased safranin O
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Figure 3 CRTACI induces the degradation of chondrocytes in vivo and in vitro. (A) Volcano plots showing differentially expressed proteins
detected by LC—MS in OA synovium fluid versus normal synovium fluid. (B) The protein levels of CRTACI based on the LFQ intensity in
normal and OA synovium fluid. n = 5, *P < 0.05. (C) gPCR analysis of the expression of COL2A1, MMP3 and MMP13 in C28/12 cells treated
with or without recombinant CRTAC1 (100 ng/mL). n = 3, *P < 0.05. (D, E) Western blot analysis of the expression of Collagen II and MMP13
in C28/12 cells treated with or without recombinant CRTAC1 (100 ng/mL). n = 3, *P < 0.05. (F) Western blot analysis of CRTACI levels in
normal FLS and OA FLS transfected with or without CRTACI siRNA (si-CRTACI). n = 3, *P < 0.05. (G) Western blot analysis of the expression
of Collagen II and MMP13 in C28/12 cells that were co-cultured with FLS treated as in (F). n = 3, *P < 0.05. (H) The representative safranin O

staining images and analytical results with the Osteoarthritis Research Society International (OARSI) scoring system of the knee joints from
DMM mice intra-articular injected with AAV-NC, AAV-CRTACI, or AAV-si-CRTACI. n = 6, *P < 0.05. All data are presented as the
mean = SEM. Paired r-test (B) and (C) and one-way ANOVA with Tukey’s post hoc test (D)—(H) were used for statistical analysis.

staining and aggravated cartilage degradation in mice injected
with AAV-CRTAC! (Fig. 3H, Fig. S3D). Oppositely, the progres-
sive cartilage degradation in DMM mice was significantly
reversed after intra-articular administration of AAV-si-CRTACI
(Fig. 3H, Fig. S3E). These results indicated that senescent FLS-
mediated degradation of cartilage was dependent on the secre-
tion of CRTAC1 in OA progression.

3.4. CRTACI induces mitochondrial dysfunction of
chondrocytes in a FOXO3a-dependent manner

To further uncover CRTAC1-mediated pathophysiology in chon-
drocytes, C28/12 cells were treated with CRTAC1, and morpho-
logical alterations in mitochondria and autophagosomes were
determined by TEM. We observed a decreased number of auto-
phagosomes in CRTACI-treated C28/12 cells (Supporting Infor-
mation Fig. S4). The mitochondria’s shape was altered from
oblong to swollen, and the regular pattern of the cristae was
impaired after CRTACI1 treatment (Fig. 4A). Moreover, the
mitochondrial membrane potential was measured through the JC-1
assay, the results of which showed that CRTACI could accelerate
mitochondrial damage in vitro (Fig. 4B and D). Mitochondria are

important cellular organelles which was the main source of
cellular ROS. Accumulation of excessive ROS in mitochondria
would result in cellular oxidative stress, which may damage
mitochondria®®. Thus, the total intracellular ROS levels and
mitochondrial ROS were measured by DCF-DA assay and Mito-
SOX assay, respectively. ROS staining showed that the DCF-DA
(green) and Mito-SOX (pink) fluorescent levels were extensively
augmented in C28/I12 cells following the administration of
CRTACI (Fig. 4C and E), which indicated that CRTAC1 could
enhance the production of mitochondrial ROS. Recently, FOXO3a
was reported to be tightly associated with mitochondrial-derived
ROS and mitophagy via modulating the transcription of antioxi-
dant enzymes and mitophagy-related genes® ¥, which was
robustly impaired in the cartilage of OA mice (Fig. 4F). In vitro,
we observed a significant decrease in the protein levels of
FOXO3a in CRTAC1-treated C28/12 cells (Fig. 4H). Additionally,
there was a notable reduction in SOD2, Parkin, and LC3 expres-
sion (Fig. 4G and H). To confirm the role of FOXO3a in CRTAC1-
mediated chondrocyte mitochondrial dysfunction, C28/12 cells
were transfected with LV-FOXO3a in the presence or absence of
CRTACI treatment. The findings demonstrated that the upregu-
lation of FOXO3a effectively enhanced the expression of SOD2,
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Figure 4 CRTACI induces mitochondrial dysfunction of chondrocytes in a FOXO3A-dependent manner. (A) Representative transmission
electron microscope (TEM) images showing mitochondrial morphology in C28/12 cells treated with or without recombinant CRTAC1. (B, D) The
detection and analysis of mitochondrial potential changes by JC-1 staining in C28/12 cells treated with or without recombinant CRTAC1. n = 3,
*P < 0.05. (C, E) The detection and analysis of ROS and mtSOX expression in C28/12 cells treated with or without recombinant CRTAC1.n = 3,
*P < 0.05. (F) Immunofluorescence staining and analysis of FOXO3a in the cartilage from mice suffered with DMM surgery. n = 6, *P < 0.05.
(G) qPCR analysis of the expression of SOD2, FOX0O3a and PRKN in C28/12 cells treated with or without recombinant CRTAC1. n = 3,
*P < 0.05. (H) Western blot analysis of the expression of FOXO3a, SOD2, Parkin, p62, and LC3 in C28/I2 cells treated with or without re-
combinant CRTAC1. n = 3, *P < 0.05. (I) Western blot analysis of the expression of FOXO3a, SOD2, Parkin, p62, and LC3 in CRTAC1-treated

C28/12 cells transfected with or without lentivirus FOXO3a (LV-FOXO03a). n = 3, *P < 0.05. (J) The detection and analysis of mtSOX expression
in CRTAC -treated C28/12 cells transfected with or without LV-FOXO3a. n = 3, *P < 0.05. All data are presented as the mean + SEM. Paired
t-test (D—H) and one-way ANOVA with Tukey’s post hoc test (I, J) were used for statistical analysis.

Parkin, and LC3 (Fig. 4I), while simultaneously reducing mtSOX
expression and increasing the clearance of damaged mitochondria
(Fig. 4], Fig. S4). These results suggested that overexpression of
FOXO3a can enhance mitophagy and reverse the mitochondrial
dysfunction caused by CRTACI.

3.5.  CRTACI induces the acetylation of FoxO3a in SIRT3-
dependent manner

Intriguingly, we observed that CRTAC1 remarkably decreased the
protein levels of FOXO3a without altering the mRNA expression
(Fig. 4G). In addition, the nuclear expression of FOXO3a was
dramatically decreased in CRTACI-treated C28/12 cells (Fig. 5A
and B), which indicated the participation of post-translational

modifications (PTMs). PTMs are fundamental processes that
regulate protein function, potentially altering their subcellular
localization, molecular stability, and DNA-binding affinity*.
FOXO3a activity, in particular, is modulated by several types of
PTMs, including phosphorylation, acetylation, ubiquitination, and
methylation®. It was demonstrated that lysine 242 and 245 have
been identified as two major acetylation modification residues in
FOXO3a protein, which are near the nuclear localization signal
(NLS) of FOXO family proteins and involved in FOXO3a-
mediated transcriptional activation®*'. In vitro, treatment with
CRTACT significantly induced FOXO3a acetylation (Fig. 5C and
D). Interestingly, we found that the acetylation levels of FOXO3a
were dramatically increased in C28/I2 cells after the SIRT in-
hibitor NAM treatment, but not in cells treated with trichostatin A
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Figure 5 CRTACI induces the acetylation of FoxO3a in a SIRT3-dependent manner. (A) Immunofluorescence staining and analysis of
FOXO3a in C28/12 cells treated with or without recombinant CRTAC1. n = 3, *P < 0.05. (B) Western blot analysis of the nuclear expression of
FOXO3a in C28/12 cells treated with or without recombinant CRTACI. n = 3, *P < 0.05. (C, D) Western blot analysis of the acetylation of
FOXO3a in C28/12 cells treated with or without recombinant CRTAC1. n = 3, *P < 0.05. (E) Western blot analysis of the acetylation of FOXO3a
in C28/12 cells treated with nicotinamide (NAM) or trichostatin A (TSA). n = 3, *P < 0.05. (F) gPCR analysis of the expression of SIRT/-7 in
C28/12 cells treated with or without recombinant CRTACI. n = 3, *P < 0.05, **P < 0.01. (G) qPCR analysis of the expression of SIRT3 in
C28/12 cells co-cultured with normal FLS or OA FLS. n = 3, *P < 0.05. (H) Immunofluorescence staining and analysis of FOXO3a in the
cartilage from mice suffered with DMM surgery. n = 6, *P < 0.05. (I) Western blot analysis of the acetylation of FOXO3a, SIRT3, FOXO3a,
SOD2, Parkin, p62, and LC3 expression in recombinant CRTAC I -treated C28/12 cells transfected with or without LV-SIRT3. n = 3, *P < 0.05. (J)
Immunofluorescence staining of SOD2 in recombinant CRTAC1-treated C28/12 cells transfected with or without LV-SIRT3. n = 3, *P < 0.05. All
data are presented as the mean = SEM. Paired 7-test (A—H) and one-way ANOVA with Tukey’s post hoc test (I) were used for statistical analysis.

(TSA), an inhibitor of HDAC family deacetylases (Fig. SE), which
suggested the involvement of SIRT family deacetylases in
FOXO3a acetylation. Thus, we further detected the expression of
SIRT1-7 in CRTACI-treated C28/12 cells, in which SIRT3 was
robustly decreased at the mRNA level (Fig. 5F). In addition, we
observed an extensive reduction of SIRT3 expression in C28/12
cells co-cultured with OA-FLS and in the cartilage of DMM-
induced OA mice (Fig. 5G and H). It was reported that the
deacetylase SIRT3 could promote both the activity and nuclear
translocation of FOXO3a through its deacetylation ability*>*. To
define whether SIRT3 is responsible for CRTACI-induced
FOXO3a acetylation, C28/12 cells were overexpressed with
SIRT3. We observed that upregulation of SIRT3 effectively
decreased CRTAC1-mediated acetylation of FOXO3a (Fig. 5I),
accompanied by elevated expression of SOD2, Parkin, and LC3
(Fig. 5I and J, Supporting Information Fig. S5). These results
indicated that upregulating SIRT3 could restore CRTACI-
mediated mitophagy and mitochondrial dysfunction in
chondrocytes.

3.6.  SIRT3 knockdown in chondrocytes promotes FOXO3a
acetylation and aggravates the progression of OA

To examine whether SIRT3 regulated the de-acetylation of
FOXO3a, we suppressed the activity of SIRT3 in C28/12 cells with
3-TYP treatment, and found that FOXO3a acetylation was
robustly elevated, along with aggravated mitochondrial dysfunc-
tion (Fig. 6A and B, Supporting Information Fig. S6A). Endoge-
nously knocking down SIRT3 expression could also induce the
acetylation of FOXO3a in vitro (Fig. 6C), subsequently resulting
in attenuated SOD2, Parkin, LC3, and Collagen II expression
(Fig. 6E). MitoSOX staining also demonstrated increased ROS
levels in chondrocytes transfected with SIRT3 siRNA (Fig. 6D).
Subsequently, we established cartilage-specific SIRT3 ™~ mice via
tamoxifen (TAM)-inducible Cre/loxP system to investigate the
role of SIRT3 in OA progression. We mated SIRT3"/* mice
with COL2AI-Cre™ ™ mice and generated COL2AI-Cre“*"%/
SIRT3"™°x (SIRT3°€%) male littermates. Immunohistochemistry
showed that SIRT3-positive cells were significantly reduced and
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Figure 6  SIRT3 knockdown in chondrocytes promotes FOXO3a acetylation and aggravates the progression of OA. (A) Western blot analysis of
the acetylation of FOXO3a in C28/12 cells treated with or without 3-TYP. n = 3, *P < 0.05. (B) The detection and analysis of mtSOX expression
in C28/12 cells treated with or without 3-TYP. n = 3, *P < 0.05. (C) Western blot analysis of the acetylation of FOXO3a in C28/12 cells
transfected with or without SIRT3 siRNA (si-SIRT3). n = 3, *P < 0.05. (D) The detection and analysis of mtSOX expression in C28/12 cells
transfected with or without si-SIRT3. n = 3, *P < 0.05. (E) Western blot analysis of the expression of SIRT3, SOD2, Collagen II, Parkin, p62, and
LC3 in C28/12 cells transfected with or without si-SIRT3. n = 3, *P < 0.05. (F) The representative safranin O staining images and analytical
results with the Osteoarthritis Research Society International (OARSI) scoring system of the knee joints from SIRT3” and SIRT3%C mice that
underwent DMM surgery. n = 6, ¥P < 0.05. All data are presented as the mean == SEM. A paired 7-test was used for statistical analysis.

the protein acetylation was profoundly enhanced in the cartilage
of SIRT3°X mice, along with decreased expression of SOD2 and
Collagen 11 (Fig. S6B and S6C). Next, the SIRT3"/* and
SIRT3°X mice were further subjected to post-traumatic OA using
classical destabilization of the medial meniscus (DMM) surgery.
OA development was significantly accelerated in SIRT3°%° mice
as compared with SIRT3"*/°* mice (Fig. 6F). Taken together, our
results demonstrated that inhibition of SIRT3 could suppress
mitophagy and induce mitochondrial dysfunction via enhancing
the acetylation of FOXO3a in chondrocytes, which subsequently
resulted in aggravated cartilage degradation.

3.7. Overexpression of SIRT3 suppresses ROS and protects
chondrocytes from CRTACI-induced degradation

To further demonstrate whether decreased SIRT3 is responsible
for CRTACI-induced chondrocyte degradation, we conducted
rescue experiments with the transfection of LV-SIRT3. Over-
expression of SIRT3 in CRTACI-treated chondrocytes increased
the expression of COL2A1 to near normal levels, and effectively

attenuated MMP13 expression and ROS levels (Fig. 7A—C). Next,
we sought to investigate whether restoration of SIRT3 could
attenuate the progression of OA in vivo. 10 pL of AAV-SIRT3
(1 x 10" particles) or negative control was injected into the knee
joint every two weeks after DMM. Intra-articular injection of AAV-
SIRT3 restored SIRT3 expression and suppressed protein acety-
lation in the cartilage of OA mice (Fig. 7D—F). Assessing by
safranin O-fast green and IHC staining, we observed that over-
expression of SIRT3 substantially inhibited articular cartilage
erosion, and rescued Collagen II compared to OA mice injected
with AAV-NC (Fig. 7G and H). The OARSI scores also suggested
AAV-SIRT3-treated knee joints exhibited a milder OA phenotype
(Fig. 7H), which revealed a therapeutic effect of SIRT3 for
treating cartilage degeneration in OA progression.

3.8.  CRTACI suppresses SIRT3 transcription via regulating
NRF2

To explore the mechanism of CRTACI-mediated suppression of
SIRT3 in chondrocytes, we found that the binding of NRF2, a
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Figure 7  Overexpression of SIRT3 suppresses ROS and protects chondrocytes from CRTAC1-induced degradation. (A) gPCR analysis of the
expression of COL2AI, MMP3 and MMP13 in recombinant CRTAC]-treated C28/12 cells transfected with or without LV-SIRT3. n = 3,
*P < 0.05. (B) Western blot analysis of the expression of Collagen II and MMP13 in recombinant CRTAC1-treated C28/12 cells transfected with
or without LV-SIRT3. n = 3, *P < 0.05. (C) The detection and analysis of mtSOX expression in recombinant CRTAC1-treated C28/12 cells
transfected with or without LV-SIRT3. n = 3, *P < 0.05. (D—F) The representative images and analysis of immunohistochemistry staining of
SIRT3 and acetylated-lysine in cartilage from DMM mice injected with or without AAV-SIRT3. n = 6, **P < 0.01. (G, H) The representative
images and analysis of safranin O staining and Collagen II staining for knee joints from DMM mice injected with or without AAV-SIRT3. n = 6,

*#*P < (0.01. All data are presented as the mean + SEM. One-way ANOVA with Tukey’s post hoc test was used for statistical analysis.

positive regulator of SIRT3, on the promoter region of SIRT3 was
significantly impaired by CRTAC1 treatment (Fig. 8A). The
immunofluorescence and immunoblot results also determined that
CRTACI impaired the nuclear translocation of NRF2 (Fig. 8B,
Supporting Information Fig. S7). Activation of NRF2 by tBHQ
could effectively compromise CRTACI-mediated reduction of
SIRT3 (Fig. 8B—D, Supporting Information Fig. S8A). Interest-
ingly, we found that the mRNA levels of NRF2 were not changed
in CRTACI-treated C28/12 cells (Fig. S8B), which indicated that
CRTACI-mediated reduction of NRF2 was not due to its tran-
scription. Molecular docking was performed, and the predicted
binding mode revealed a good shape match between CRTAC1 and
NRF2 (Fig. 8E). As shown in Fig. 8F, the results of immunoflu-
orescent staining revealed that exogenous CRTACI1 could be up-
take by C28/12 cells and co-localized with NRF2 in vitro. The
interaction between CRTACI and NRF2 was further determined
by coimmunoprecipitation assay, which showed that CRTACI1
physically interacted with endogenous NRF2 in C28/12 cells
(Fig. 8G). These results suggested that CRTAC1 could interact
with NRF2 and impair the nuclear translocation of NRF2, which
resulted in suppressed transcription of SIRT3 in chondrocytes.

4. Discussion

OA is the most common type of joint disease, characterized by the
degeneration of cartilage. As OA progresses, it can lead to
disability among older adults, resulting in socioeconomic conse-
quences™*. The etiology of OA is complex and involves multiple
factors, including mechanical stresses placed on the joints and
predisposing factors such as aging®. In this study, we demon-
strated that CRTAC1 was highly expressed in senescent FLS,
which was found to be a crucial regulator in cartilage degradation
via using both loss- and gain-of-function models. In addition, it
was documented that the plasma CRTACI levels were tightly
associated with OA diagnosis, which was the best predictor of OA
progression to joint replacement!’. The present study demon-
strated that CRTAC1-mediated mitophagy suppression and mito-
chondrial damage existed in the chondrocytes and contributed to
the chondrocyte degradation in a FOXO3a-dependent manner. It
was documented that the alterations in the structure, dynamics,
and genome stability of mitochondria would lead to decreased
mitochondrial respiration and an excessive production of ROS,
ultimately resulting in oxidative damage, which serves as a
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Figure 8 CRTACI suppresses SIRT3 transcription via regulating NRF2. (A) ChIP assay of NRF2 binding to the promoter of SIRT3 in C28/12
cells treated with or without recombinant CRTAC1. n = 3, *P < 0.05. (B) Immunofluorescence staining of NRF2 and SIRT3 in recombinant
CRTAC 1 -treated C28/12 cells, accompanied with or without tBHQ treatment. (C, D) Western blot analysis of the expression of SIRT3 and NRF2
in recombinant CRTAC1-treated C28/I2 cells, accompanied with or without tBHQ treatment. n = 3, *P < 0.05. (E) The molecular docking
simulation of CRTAC1 and NRF2. (F) Representative images of coimmunostaining of NRF2 and His-CRTAC1 in C28/I2 cells treated with or
without recombinant CRTACI. (G) Co-IP assay of the binding between NRF2 and CRTACI1 in C28/I2 cells transfected with or without LV-
CRTACI. n = 3, *P < 0.05. (H) Schematic representation of mechanisms by which senescent FLS-derived CRTACI] mediates cartilage
degradation in OA progression. All data are presented as the mean - SEM. Paired #-test (A) and one-way ANOVA with Tukey’s post hoc test (C,

D, G) were used for statistical analysis.

hallmark of OA®. The expression of ROS is typically low in
normal chondrocytes, which becomes elevated in OA progres-
sion®”. Currently, impairing ROS production in the mitochondria
is considered a novel approach to modify the development of
OA™.

FOXO3a, as an important member of the FOXO family, dis-
played a definite antioxidant stress effect via inducing the
expression of SOD2**°. SOD2 could further scavenge ROS by
converting the superoxide anion radical into hydrogen peroxide
and molecular oxygen, thus maintaining redox homeostasis.
SOD2 knockout mice exhibited increased cartilage degeneration
during aging*'. The function of FOXO3a is crucially regulated
through phosphorylation, which keeps it inactive in the cytoplasm
as a phosphorylated form, and transfers to the nucleus to activate

target genes after dephosphorylation*?. Very recently, growing
evidence has demonstrated that the SIRT3/FOXO3a axis serves as
a critical contributor to mitochondrial protection in response to
cellular stresses'®*. SIRT3 is a mitochondrial deacetylase
involved in several important metabolic processes**. The deace-
tylation of FOXO3a by SIRT3 also decreases the phosphorylation
of FOX03a*. In our work, SIRT3 was found to be a critical
regulator in CRTACI-induced mitochondrial dysfunction. It
physically modulated the deacetylation of FOXO3a, which ulti-
mately promoted the transcription activity of FOXO3a. Whole-
body knockout of SIRT3 could accelerate the progression of
OA'7. In this study, we further proved that conditional knockout of
SIRT3 in the cartilage could aggravate the development of OA.
Overexpression of SIRT3 could inhibit the degeneration of
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cartilage in OA mouse models. In vitro, CRTAC1 could decrease
the expression of SIRT3 in chondrocytes. However, the role of
CRTACI in regulating SIRT3 expression has not been fully
elucidated.

NRF2 modulates the transcription of various genes involved in
antioxidant defense and cell protection, which are essential for
combating oxidative stress*®. There is compelling evidence of a
close relationship between NRF2 and SIRT3, as NRF2 binds to
the SIRT3 promoter and regulates its transcription®’. Studies have
shown that NRF2 could protect hepatocytes from endoplasmic
reticulum stress-induced liver injury by increasing SIRT3
expression*®. Inhibition of NRF2 leads to a remarkable reduc-
tion in SIRT3 expression, accompanied by enhanced acetylation
of FOX03a*. In vitro, we demonstrated that CRTACI impaired
the binding ability of NRF2 on the promoter region of SIRT3 in
chondrocytes. In addition, CRTAC1 physically interacted with
NRF2, resulting in suppressed nuclear translocation of NRF2 in
chondrocytes. Under normal conditions, when normal cells are
exposed to external stimuli, the NRF2 protein dissociates from the
Keapl protein and binds with antioxidant response elements
(ARE) to form the NRF2—ARE complex. The NRF2—ARE
complex is then transported to the nucleus, where it regulates the
transcription of multiple genes responsible for antioxidant defense
and cellular protection®®. Activation of NRF2 by tBHQ could
effectively elevate the nuclear translocation of NRF2 and
compromise CRTAC1-mediated reduction of SIRT3.

5. Conclusions

In summary, our findings significantly expand the understanding
of how senescent FLS secrete CRTAC1 to promote chondrocyte
degeneration and OA progression. For the first time, we provide
evidence that CRTAC1 induces mitochondrial dysfunction by
modulating FOXO3a in a NRF2—SIRT3-dependent manner
(Fig. 8H). Our study underscores the critical role of SIRT3-
mediated deacetylation in chondrocyte degeneration, offering
novel insights into the molecular mechanisms through which
CRTACI influences OA progression. These findings also highlight
potential therapeutic strategies targeting this pathway for the
treatment of OA.
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