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Objective: Osteoarthritis (OA) is characterized by articular cartilage degeneration, osteophyte formation, subchondral bone remodel-
ing, synovitis, and joint capsule fibrosis, yet its underlying molecular mechanisms and the functional roles of long non-coding RNAs
(IncRNAs) remain poorly understood. This study aimed to investigate the role of IncRNA NONHSAT248596.1 in the pathogenesis of
OA through the miR-146a-5p/CXCR4 axis.

Materials and Methods: The experimental systems included human articular cartilage samples, a rabbit model of OA, and
chondrocytes treated with 100 ng/mL SDF-1. DIANA software predicted IncRNAs targeting the miR-146a-5p/CXCR4 axis. Dual-
luciferase reporter assay verified the molecular interactions. The expression levels of target genes and proteins (CXCR4, miR-146a-5p,
NONHSAT248596.1, TNF-a, IL-1p, MMP-13, collagen II, and aggrecan) were analyzed using qRT-PCR, Western blotting, and
ELISA both in vitro and in vivo. Cell viability and apoptosis were measured by CCK-8 assay and flow cytometry, respectively.
Cartilage pathology in the rabbit models was assessed via safranin O and hematoxylin and eosin staining at 4, 8, and 12 weeks.
Results: LncRNA NONHSAT248596.1 was significantly upregulated in OA patients and in SDF-1-induced chondrocytes. The dual-
luciferase assays confirmed that NONHSAT248596.1 interacted with miR-146a-5p, and miR-146a-5p interacted with CXCR4 in OA.
Overexpression of NONHSAT248596.1 promoted chondrocyte apoptosis (p<0.0001, n=3), upregulated MMP-13 (p<0.0001, n=3),
and downregulated collagen II (p<0.0001, n=3) and aggrecan (p<0.01, n=3), while exacerbating cartilage degradation (p<0.05, n=3/
group/time point). Silencing NONHSAT248596.1 or overexpressing miR-146a-5p reduced chondrocyte apoptosis and extracellular
matrix degradation in vitro, which also ameliorated cartilage degradation (Mankin score: 5.9+£1.7 VS 2.4+0.59, p<0.0001, n=3/group/
time point) in rabbit OA models.

Conclusion: LncRNA NONHSAT248596.1 promotes OA via miR-146a-5p/CXCR4 axis by inducing chondrocyte apoptosis and
extracellular matrix degradation. These results identify NONHSAT248596.1 as a potential therapeutic target for OA intervention and
underscore the miR-146a-5p/CXCR4 axis as a critical regulatory pathway for cartilage protection.

Keywords: osteoarthritis, competing endogenous RNA, IncRNA NONHSAT248596.1, CXCR4, miR-146a-5p, chondrocyte apoptosis,

extracellular matrix degradation

Introduction

Osteoarthritis (OA) is a highly prevalent chronic disorder, affecting over 300 million individuals globally and posing
a substantial burden on public health and healthcare systems worldwide.' Primary risk factors for OA include age, body
size, ethnicity, and genetic predisposition.” The disease is characterized by articular cartilage degeneration, osteophyte
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formation at joint margins, subchondral bone remodeling, synovitis, and thickening of the joint capsule.® Despite its high
prevalence, the precise molecular mechanisms underlying OA pathogenesis remain incompletely elucidated.*

Long non-coding RNAs (IncRNAs) are a class of non-coding RNA molecules with transcripts longer than 200
nucleotides that lack protein-coding capacity but possess specialized molecular and cellular functions.” Accumulating
evidence implicates IncRNAs in the pathogenesis of various diseases,®’ including OA, where multiple IncRNAs have
been shown to regulate disease progression.® These transcripts participate in epigenetic regulation and modulate
transcriptional and post-transcriptional processes, playing pivotal roles in cartilage development, chondrocyte differen-
tiation, apoptosis, and metabolic homeostasis.” Their functional significance extends to the pathological alterations

characteristic of OA joints.'® In our previous study,'' we employed sequencing technology to analyze SDF-1-induced
OA chondrocyte models and identified numerous differentially expressed IncRNAs associated with the disease. Stromal
cell-derived factor-1 (SDF-1) functions as a potent inducer of cartilage matrix degradation,'? with its expression
Inhibiting the SDF-1/CXCR4 axis-mediated
crosstalk between cartilage and subchondral bone has been shown to prevent OA progression.'* Our previous work
demonstrated that miR-146a-5p blocks the SDF-1/CXCR4 signaling pathway by targeting CXCRA4, thereby delaying

cartilage degeneration.'

markedly elevated in OA tissues and correlated with disease severity.'?

While targeting SDF-1 activity represents a promising therapeutic strategy for OA, the under-
lying mechanisms of OA pathogenesis require further elucidation. The precise genomic annotation and functional
significance of IncRNAs in OA remain largely unclear.

In this study, we hypothesized that IncRNA NONHSAT248596.1 functions as a competing endogenous RNA (ceRNA)
by sponging miR-146a-5p, leading to the upregulation of CXCR4 and thereby promoting chondrocyte apoptosis and
extracellular matrix (ECM) degradation in OA. We identified NONHSAT248596.1 as a IncRNA that is significantly
upregulated in SDF-1-induced OA models. By analyzing previous next-generation sequencing data, we investigated the
expression patterns and potential ceRNA network mechanisms of NONHSAT248596.1. These findings may contribute
substantially to the diagnosis and prognostic prediction of OA, while also facilitating related drug discovery efforts.
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Materials and Methods

Patients and Cartilage Tissue Samples
Cartilage samples, consisting solely of complete cartilage without subchondral bone from defective areas, were collected
from 10 patients undergoing total knee replacement surgery for OA at the First Affiliated Hospital of Kunming Medical
University.'® Inclusion criteria were: (1) age between 40 and 70 years; (2) clinical diagnosis of unilateral knee OA
requiring total knee arthroplasty; (3) combined femoral condyle chondral injury, including ICRS grades I to III; and (4)
provision of signed informed consent (for elderly participants or minors, consent was provided by legal guardians).
Patients with a history of knee ligament reconstruction, total meniscectomy, joint infection, or theumatoid arthritis were
excluded. Additionally, healthy cartilage samples were obtained from an unloaded region of the femoral condyle from
each of the same 10 OA patients.

The study protocol was approved by the Ethics Committee of the First Affiliated Hospital of Kunming Medical
University (Approval No.: (2018) Ethical Review L No. 21; Date: July 25, 2018). All participants provided written
informed consent. The investigation was conducted in accordance with the principles of the Declaration of Helsinki.

Chondrocyte Culture, Identification, and Treatment

The C28/12 human chondrocyte cell line (Beina Chuanglian Biotechnology Institute, China; RRID: CVCL _0187) was
cultured in Dulbecco’s Modified Eagle Medium (DMEM; Gibco, USA) supplemented with 10% fetal bovine serum
(FBS; Gibco, USA) and 1% penicillin-streptomycin (Gibco, USA) at 37°C in a humidified atmosphere of 5% CO,. All
experiments utilized chondrocytes at passages 3 to 4. Cell line identity was confirmed by short tandem repeat profiling.
To establish an in vitro OA model, chondrocytes were treated with 100 ng/mL stromal cell-derived factor-1 (SDF-1;
PeproTech, USA) for 24 hours.'®

LncRNA Overexpression and Transfection

LncRNA NONHSAT248596.1 (18 kb; NONCODE) exceeds conventional viral vector capacity (<10 kb). Therefore,
a dCas9-sgRNA dual-target CRISPR activation (CRISPRa) system was used to activate its endogenous promoter,
mimicking its upregulation in OA. Key procedures included:

sgRNA Design for NONHSAT248596.1 Promoter

The target region was the core promoter of NONHSAT248596.1 (chrl: 152,340,000-152,341,000; hg38, UCSC Genome
Browser), which contains RNA polymerase II-binding elements. Two sgRNA pairs (09668—1 and 09669-1) were
designed using the Harvard Zhang Lab tool (http://sam.genome-engineering.org/), prioritizing sequences with high

predicted on-target efficiency (off-target score <5). Each sgRNA included a 20-nt sequence complementary to the
promoter and 5'-CACC/3’ overhangs for cloning (Table 1). Using dual sgRNA pairs enhanced dCas9 binding and
transcriptional activation.

ssDNA Oligo Synthesis & Annealing

sgRNA sequences (Table 1) were synthesized as single-stranded DNA (ssDNA) oligos (Shanghai GenePharma Co) and
purified by PAGE. The oligos were dissolved in RNase-free water to a concentration of 100 uM for storage at —20°C. For
annealing, complementary ssDNA pairs were combined in a 20-pL reaction containing 1 pL of each forward and reverse
ssDNA (100 uM), 2 pL of 10x annealing buffer, and 16 pL of RNase-free water. The thermal cycling program was: 95°C

Table 1 LncRNA NONHSAT248596.1 siRNA Sequences

NO. 5’ STEM (Promoter-Binding Region) | 3’

IncRNA-sgRNA (09668-1)-a | CACCg GCATCGAGGTGTAATACCCGC

IncRNA-sgRNA (09668-1)-b aaac GCGGGTATTACACCTCGATGC c
IncRNA-sgRNA (09669-1)-a | CACCg GAAGGCATGTTGACTCCGTGC
IncRNA-sgRNA (09669-1)-b aaac GCACGGAGTCAACATGCCTTC c

Note: Lowercase = BsmBl ligation overhangs.
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for 5 minutes, followed by cooling to 25°C at a rate of 0.5°C per minute. This process generated double-stranded DNA
(dsDNA) fragments with 4-nt sticky ends suitable for vector ligation.

Lentiviral Vector Construction

The dsDNA fragment was cloned into the BsmBI-digested LV-sgRNA-MS2-P65-HSF1-Neon vector (Addgene #61425),
which encodes an MS2-P65-HSF1 transcriptional activator and a neomycin resistance gene. The vector was digested with
BsmBI (New England Biolabs) at 37°C for 2 hours and purified using a Qiagen gel extraction kit. The purified vector (50 ng)
was ligated with 10 ng of dSDNA using 1 pL of T4 DNA ligase at 16°C overnight. A 10 pL aliquot of the ligation product was
added to 100 pL of competent E. coli DH5a cells (TransGen). The mixture was incubated on ice for 30 minutes, subjected to
a42°C heat shock for 90 seconds, and then recovered at 37°C for 1 hour in LB medium without antibiotics. Transformed cells
were plated on LB-agar plates containing 50 pg/mL neomycin and incubated overnight at 37°C. Single colonies were selected
and cultured in LB medium with neomycin for 8 hours. Colony PCR was performed using vector-specific primers (F: 5'-
GGTGGAATCATACTGGAACA-3', R: 5-TTAACTCTGGCAAAGTGGAT-3') to verify insert presence, yielding a 150-bp
product that was visualized on a 1.5% agarose gel. Positive clones were confirmed by Sanger sequencing (Shanghai Sunny).
Validated clones served as the sgRNA lentiviral plasmids for subsequent experiments.

NONHSAT248596.1 siRNA Synthesis
Small interfering RNA (siRNA) targeting NONHSAT248596.1 and a negative control (NC) siRNA were designed and
synthesized by Shanghai GeneChem Co., Ltd., based on a dCas9-sgRNA dual-target strategy consistent with the
promoter-targeting logic used for sgRNA design. The siRNAs were synthesized as 21-nt double-stranded RNA
molecules with 3’ dTdT overhangs and purified by high-performance liquid chromatography to >99% purity. Final
products were adjusted to 20 uM in RNase-free water and stored at —80°C. The SAM dual-vector lentiviral system was
used for transcriptional activation. For standard transduction, target cells were seeded into plates one day prior to
transduction. On the day of transduction, dCAS9-VP64 lentivirus was added according to the experimental design. After
3 days, transduced cells were selected with puromycin. Following stable cell growth recovery, cells were transduced with
one or more sgRNA-MS2-P65-HSF1-expressing lentiviruses and subsequently selected with G418 before harvesting for
overexpression verification. Separately, NONHSAT248596.1 overexpression vectors were constructed by cloning its
sequence into the pcDNA3.1 vector (Thermo Fisher Scientific).'” Additionally, 17 individual siRNAs targeting
NONHSAT?248596.1, siRNA negative control, miR-146a-5p mimic, miR-NC, miR-146a-5p inhibitor, and inhibitor
negative control (anti-miR-NC) were synthesized by Gene Pharm (Shanghai, China).

For transfection, C28/I12 cells were seeded into 6-well plates and cultured until they reached approximately 60%
confluence. The cells were then transfected with 40 nM of the respective oligonucleotides using Lipofectamine 2000
(Thermo Fisher Scientific) according to the manufacturer’s protocol, followed by a 24-hour incubation period.

Luciferase Reporter Assay

The potential binding sites between miR-146a-5p and NONHSAT248596.1 were predicted using LncBase Predicted v.2.
The wild-type and mutant miR-146a-5p binding sequences of NONHSAT248596.1 were then cloned into the pmirGLO
vector (Promega, Madison, WI, USA) to generate the corresponding luciferase reporter constructs. These constructs were
co-transfected with either miR-146a-5p mimic or a negative control (miR-NC) into chondrocytes. Using a similar
approach, the wild-type and mutant CXCR4 binding sequences of miR-146a-5p were cloned into pmirGLO vector
(Promega) to generate corresponding luciferase reporter constructs, which were co-transfected with miR-146a-5p mimic
or negative control (miR-NC) into chondrocytes. After 48 hours, luciferase activity was measured using the dual-
luciferase reporter assay system (Promega).

Cell Counting Kit-8 Assay
Cell viability was assessed using a Cell Counting Kit-8 (CCK-8; Dojindo, Kumamoto, Japan) according to the manufacturer’s
protocol. Briefly, transfected and non-transfected OA chondrocytes were seeded in triplicate into a 96-well plate. Following
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the addition of CCK-8 solution and incubation at 37°C for 2 hours, the absorbance at 450 nm was measured with a microplate
reader (Thermo Fisher Scientific, USA). Cell viability was normalized to the respective control groups.

Flow Cytometry

Each experimental group was analyzed in triplicate. Cells were rinsed, resuspended in binding buffer, and stained with
Annexin V-FITC and propidium iodide (PI) for 15 minutes in the dark. Apoptosis was then analyzed using a flow
cytometer (BD FACSCelesta, USA) to distinguish early and late apoptotic cell populations.

Quantitative Real-Time PCR (qRT-PCR)

Total RNA was extracted from C28/12 cells using TRIzol reagent (Life Technologies, USA). RNA concentration and
purity were quantified with a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, USA). Complementary DNA
(cDNA) was synthesized from the extracted RNA using a commercial cDNA synthesis kit (Servicebio, China).
Quantitative real-time PCR was performed using the BIO-RAD CFX96 Touch system (Bio-Rad Laboratories, USA)
with SYBR Green qPCR Master Mix (Genecopoeia, China). All primers were designed with Beacon Designer 7.90
software; sequences are provided in Table 2. Gene expression levels were calculated using the 2 22" method based on
obtained threshold cycle (Ct) values.

Enzyme-Linked Immunosorbent Assay (ELISA)

Levels of extracellular matrix-degrading factors in chondrocyte cultures were quantified using a commercial ELISA kit
(Thermo Fisher Scientific, USA). Briefly, chondrocytes were seeded at a density of 10> cells per well. The culture
supernatant was subsequently collected and analyzed for matrix metalloproteinase-13 (MMP-13) concentration according
to the manufacturer’s instructions.

Rabbit Model of OA

Japanese white rabbits (3 months old, 2-2.5 kg) were obtained from the Laboratory Animal Center of Kunming Medical
University. All animals were housed under controlled conditions: temperature 22 + 1°C, relative humidity 50 £+ 1%, and
a 12-hour light/dark cycle, with ad libitum access to food and water. The experimental protocol was approved by the
Experimental Animal Ethics Committee of Kunming Medical University (Approval No.: kmmu2020416; Date: April 1,

Table 2 Primer Sequences for qRT-PCR in vitro

Name Sequence (5'-3") Length (bp)
CXCR4(H)-R AAGATGATGGAGTAGATG 134
CXCR4(H)-F CAGATATACACTTCAGATAAC
NONHSAT248596.1-F | GTGAAGAACAGATACTAT 110
NONHSAT248596.1-R | CAGGAAGAATGAATAATG
GAPDH-R GCTGTTGTCATACTTCTC 80
GAPDH-F AAAGGGTCATCATCTCTG
miR-146a-5p-R CAGTGCGTGTCGTGGAGT 397
miR-[46a-5p-F GGGTGAGAACTGAATTCCA
Aggrecan(H)-F TCTGGAGTAGAGGACATC 87
Aggrecan(H)-R AGGAAGTTCACTGACATC

Collagen II(H)-F AGCAAGAGCAAGGAGAAG 90
Collagen II(H)-R GGGAGCCAGATTGTCATC
MMP-13(H)-F GTGGTGATGAAGATGATT 78
MMP-13(H)-R TTGTAGGATGGTAGTATGA

Ué-F TCCGATCGTGAAGCGTTC 60
Ué-R GTGCAGGGTCCGAGGT

Abbreviations: R, reverse; F, forward.
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2020) and conducted in compliance with the national standard “Laboratory Animal - Guideline for Ethical Review of
Animal Welfare” (GB/T 35892-2018, China).

Prior to the study, all rabbits underwent a one-week acclimatization period. OA was induced via intra-articular
injection of SDF-1 solution (40 pg/kg in 200 uL; Beijing Yigiao Shenzhou Technology Co., China)'® into the right
posterior knee joint. Following the initial injection, two additional injections were administered on days 3 and 5,

1.10

completing the three-injection modeling protocol.”” Thirty-six OA rabbits were randomly assigned to groups (n=9 per

group, with 18 females and 18 males in total) using a random number table:

e IncRNA group: 10 pL of lentiviral vector overexpressing IncRNA (NONHSAT248596.1) and 10 pL of empty
lentiviral vector without miR-146a-5p expression were injected into the right posterior knee.

e miRNA group: 10 pL of lentiviral vector overexpressing miR-146a-5p and 10 pL of empty lentiviral vector without
IncRNA (NONHSAT248596.1) expression were injected into the right posterior knee.

e ceRNA group: 10 pL of lentiviral vector overexpressing both miR-146a-5p and IncRNA (NONHSAT248596.1) was
injected into the right posterior knee.

e Control group: 10 puL of empty lentivirus vector without IncRNA (NONHSAT248596.1) expression and 10 pL of
empty lentivirus vector without miR-146a-5p expression were injected into the right posterior knee.

Lentivirus vectors for gene overexpressing were purchased from Jiman Biotechnology Co. Ltd. (Shanghai, China) and
administered via intra-articular injection. Humane endpoint criteria were defined as body weight loss below 1 kg or the
onset of uncontrollable joint infection. No significant body weight changes were observed in the study. At 4, 8, and
12 weeks following the final injection, three rabbits per group were euthanized. Histological evaluation was performed on
samples of the synovial membrane, the anterior half of the medial femoral condyle cartilage, and the underlying
subchondral bone.

Cartilage Histology Staining

Following euthanasia by exsanguination under anesthesia, the right knee joints of the rabbits were dissected to expose the
femoral condyles, which were visually examined and documented. Cartilage samples were harvested from the medial
femoral condyle. The samples were then decalcified, dehydrated, cleared, and embedded in paraffin. Sections were
stained with hematoxylin and eosin (H&E) and safranin O—fast green.

Modified Safranin O-Solid Green Cartilage Staining

Cartilage tissue samples from rabbits were routinely dewaxed and rehydrated. Sections were stained with Weigert’s
hematoxylin for 5 minutes, followed by differentiation in an acid-alcohol solution for 15 seconds. After rinsing with
distilled water, the sections were stained with a solid green solution for 5 minutes and then with a safranin O solution for
an additional 5 minutes. Following whole-slide scanning, the stained sections were dehydrated, cleared, and mounted
with a coverslip for observation.

ELISA of Rabbits OA

Synovial tissue samples from OA rabbits were collected and stored in 1 mL centrifuge tubes at 4°C. TNF-a, IL-1f, and
SDF-1 levels in the synovial tissue were quantified using ELISA (Minnesota, USA). Absorbance at 450 nm was
measured with a SPECTRA MAX 190 microplate reader (Molecular Devices, USA). A standard curve was generated
using ELISA Calc software based on the known concentrations and optical densities of the standards, from which
a regression equation was derived. The concentrations of TNF-a, SDF-1, and IL-1f in the samples were then determined
using this regression equation.

qRT-PCR Analysis of Rabbits OA

Cartilage tissue (20 mg) was pulverized under liquid nitrogen and homogenized. Total RNA was isolated through a series
of separation and purification steps, including a wash with pre-chilled 75% ethanol prepared with DEPC-treated water.
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After discarding the supernatant, the RNA pellet was dissolved in 20 pL of DEPC-treated water. cDNA was synthesized
from the extracted RNA using a reverse transcription kit. The resulting cDNA was used to quantify the expression levels
of NONHSAT248596.1, miR-146a-5p, MMP-13, CXCR4, aggrecan, and collagen II. QRT-PCR primers were designed
with Beacon Designer 7.90 (sequences in Table 3), with GAPDH serving as the internal reference control. The
amplification conditions were: initial denaturation at 95°C for 30 seconds; 40 cycles of denaturation at 95°C for
10 seconds, annealing at 60°C for 30 seconds; followed by melt curve analysis: 95°C for 15 seconds, 60°C for
60 seconds, and 95°C for 15 seconds. Gene expression was calculated using the 27" method based on the Ct values.

Western Blot Analysis

Proteins were extracted from chondrocytes or cartilage tissues using RIPA lysis buffer (Beyotime Biotech, China).
Protein samples (20 pg per lane) were separated by 10% SDS-PAGE and transferred onto PVDF membranes (Millipore
Sigma, USA). After blocking with 5% skim milk for 1 hour at room temperature, the membranes were incubated
overnight at 4°C with the following primary antibodies: anti-aggrecan (1:1000, ab34861, Abcam, UK), anti-collagen 11
(1:800, ab36712, Abcam, UK), and anti-GAPDH (1:1000, P30008, Abmart, China). Subsequently, membranes were
incubated with horseradish peroxidase-conjugated secondary antibodies (1:2000, #7074, Cell Signaling Technology,
USA) for 2 hours at room temperature. Protein bands were visualized using ECL detection reagents (Millipore Sigma,
USA) and quantified with ImageJ software (version 1.5.0).

Statistical Analysis

All experiments were performed in triplicate using cells or animals from three independent preparations. Differences
between two groups were assessed using Student’s #-test or Mann—Whitney U-test, as appropriate. Comparisons among
multiple groups were analyzed by one-way ANOVA followed by Tukey’s post hoc test. Statistical analyses were
conducted using GraphPad Prism software (version 10.2; GraphPad Software, La Jolla, CA, USA). A p-value of less
than 0.05 was considered statistically significant.

Results
A Novel IncRNA NONHSAT248596.1 is Overexpressed in SDF-1 Induced OA

Our previous study employed sequencing technology to analyze SDF-1-induced OA in cell models.'> Bioinformatics
prediction identified CXCR4 as a primary target of miR-146a-5p. In the present study, we utilized DIANA software to
identify IncRNAs potentially targeting the miR-146a-5p/CXCR4 axis, which yielded 37 specific IncRNAs, including

Table 3 Primer Sequences for qRT-PCR in vivo

Sequence Name Length (bp)
TTAACTCTGGCAAAGTGGAT GAPDH (Rb) -R 89
GGTGGAATCATACTGGAACA GAPDH (Rb) -F
CAGGAAGAATGAATAATG NONHSAT248596.1-R | 110
GTGAAGAACAGATACTAT NONHSAT248596. 1-F
GCTGTCAACGATACGCTACGTAAC | miR-146a-5p-R 397
TGAGAACTGAATTCCATGGGTT miR-146a-5p-F
ATCTACTCCATCATCTTCTTG CXCR4 (Rb) -R 86
ATGCTTCTCTGCTTCTTC CXCR4 (Rb) -F
AACAGTAACGAGGATGAT MMP-13 (Rb) -R 8l
CAGAGGATGGTAGTATGAT MMP-13 (Rb) -F
GTGGTAGTGGTGAATCTT aggrecan (Rb) -R 90
CTAAGCCTTCTTCTTCTCT aggrecan (Rb) -F
AGAGGTATAATGATAAGGAT Col Il (Rb) -R 100
GTGTCTTCACAGATTATG Col Il (Rb) -F

Abbreviations: F, forward; R, reverse.
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NONHSAT?248596.1 (Figure 1A). Furthermore, by cross-referencing the top 15 differentially expressed and upregulated
IncRNAs from our previous SDF-1-induced OA cell model, we identified four IncRNAs as putative targets of miR-146a-
5p (Figure 1B). Subsequent qRT-PCR validation confirmed that the predicted targeting relationship was consistent for
IncRNA NONHSAT248596.1 (Figure 1C). The significant differential expression of IncRNA NONHSAT248596.1
suggests its potential importance in SDF-1-induced OA, potentially mediated through the miR-146a-5p/CXCR4 axis.

NONHSAT248596.1 Interacts with miR-146a-5p and miR-146a-5p Interacts with
CXCR4 in OA

LncRNAs can function as miRNA sponges.'® To investigate whether NONHSAT248596.1 interacts with miR-146a-5p in
OA. First, qRT-PCR was used to verify the effectiveness of SDF-1 in inducing the OA chondrocyte model. The results
showed that mRNA expression of both IL-1f and IL-6 was significantly upregulated (p < 0.05) in the OA-Chondrocyte
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Figure | The novel IncRNA NONHSAT248596.1 is overexpressed in SDF-l-induced OA. (A) Construction of CXCR4-hsa-miR-146a-5p-IncRNA subnetworks. (B)
High-throughput sequencing results. NONHSAT248596.1, NONHSAT060379.2, and ENST00000559458 were identified as putative targets of miR-146a-5p. (C) Expression

levels of miR-146a-5p, NONHSAT248596.1, and CXCR4. miR-146a-5p was significantly down-regulated in the SDF-1 group, while NONHSAT248596.1 and CXCR4 were
significantly up-regulated. (n=3, *p<0.05).
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group, indicating the successful establishment of the inflammatory OA model (Figure 2A). Then, we constructed wild-
type NONHSAT248596.1, mutant NONHSAT248596.1, and miR-146a-5p plasmids for dual-luciferase reporter assays.
Luciferase activity was measured in all experimental and control groups. A significant reduction in relative luciferase
activity and fluorescence intensity was observed specifically in OA chondrocytes co-transfected with the wild-type
NONHSAT248596.1 plasmid and the miR-146a-5p mimic (p < 0.0001). In contrast, no such changes were detected with
the mutant plasmid or in other experimental groups (Figure 2B). These results indicate a specific binding interaction
between miR-146a-5p and NONHSAT248596.1, suggesting that NONHSAT248596.1 functions through direct interac-
tion with miR-146a-5p. Meanwhile, we constructed wild-type and mutant CXCR4, and miR-146a-5p plasmids for dual-
luciferase reporter assays. Luciferase activity was measured in all groups, with significant reductions in relative luciferase
activity and fluorescence intensity specifically in OA chondrocytes co-transfected with wild-type CXCR4 plasmid and
miR-146a-5p mimic (p < 0.0001); no such changes were seen with the mutant plasmid (Figure 2C). These results also
indicate a specific binding interaction between miR-146a-5p and CXCR4, suggesting that miR-146a-5p functions
through direct interaction with CXCR4.
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NONHSAT248596.1 Regulates CXCR4 by Acting as ceRNA Sponge for miR-146a-5p
To validate the NONHSAT248596.1/miR-146a-5p/CXCR4 ceRNA network, chondrocytes were transfected with either
a NONHSAT248596.1 overexpression plasmid or a NONHSAT248596.1-specific interfering plasmid, followed by SDF-
1 treatment to mimic OA conditions. qRT-PCR analysis confirmed that NONHSAT248596.1 expression was significantly

increased by the overexpression plasmid, while the interfering plasmid effectively attenuated the SDF-1-induced
upregulation (Figure 3A). Furthermore, NONHSAT248596.1 overexpression increased CXCR4 expression in OA
chondrocytes, whereas NONHSAT248596.1 knockdown reduced CXCR4 levels (Figure 3B). In contrast, miR-146a-5p
expression showed opposite trends to both NONHSAT248596.1 and CXCR4 across experimental groups (Figure 3C). In
rescue experiments, both overexpression and knockdown of miR-146a-5p substantially abolished the regulatory effects of
NONHSAT?248596.1 on CXCR4 expression (Figure 3). These findings strongly suggest that NONHSAT248596.1
regulates CXCR4 expression through a miR-146a-5p-dependent mechanism.

The NONHSAT?248596.1/miR-146a-5p/CXCR4 ceRNA Network Promotes

Apoptosis and ECM Degradation in vitro

Chondrocytes were transfected separately with plasmids overexpressing NONHSAT248596.1, a NONHSAT248596.1
interference plasmid, a miR-146a-5p mimic, or a miR-146a-5p inhibitor, followed by exposure to SDF-1. Cell viability
was assessed by CCK-8 assay, and apoptosis was quantified by flow cytometry. Treatment with SDF-1 alone significantly
reduced cell viability (Figure 4A) and increased apoptosis (Figure 4B and C). Overexpression of NONHSAT248596.1
enhanced these SDF-1-induced effects, whereas silencing of NONHSAT248596.1 significantly attenuated them
(Figure 4A—C). In rescue experiments, both overexpression and inhibition of miR-146a-5p counteracted the effects on
cell viability and apoptosis induced by altering NONHSAT248596.1 expression (Figure 4A—C). These results indicate
that NONHSAT248596.1 promotes SDF-1-induced chondrocyte apoptosis, and that this effect can be rescued by
modulating miR-146a-5p expression.

Furthermore, qRT-PCR and Western blot analysis revealed that SDF-1 stimulation downregulated collagen II and aggrecan
expression in chondrocytes (Figure 4D—H, Supplementary File S1). Concurrently, qRT-PCR and ELISA results showed that
SDF-1 upregulated MMP-13 expression (Figure 41 and J). These effects were enhanced by NONHSAT248596.1 over-
expression but reversed by NONHSAT248596.1 interference (Figure 4D-I), indicating that NONHSAT248596.1 promotes
SDF-1-induced ECM degradation in chondrocytes. Both overexpression and inhibition of miR-146a-5p attenuated the ECM
degradation resulting from altered NONHSAT248596.1 expression (Figure 4). These findings demonstrate that the
NONHSAT248596.1/miR-146a-5p/CXCR4 ceRNA network regulates the progression of SDF-1-induced OA.
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Figure 3 Expression of IncRNA NONHSAT248596.1 (A), CXCR4 (B), and miR-146a-5p (C) in chondrocytes across experimental groups. (A) NONHSAT248596.1 levels
were significantly increased by its overexpression plasmid and decreased by its interference plasmid following SDF-1 induction. (B) CXCR4 expression was upregulated by
NONHSAT248596.1 overexpression and downregulated by NONHSAT248596.1 knockdown. (C€) miR-146a-5p expression showed an inverse correlation with
NONHSAT248596.1 and CXCR4 levels in all groups.

Note: Al: SDF-1-induced OA chondrocytes for 48h. A2: OA chondrocytes were exposed to a control plasmid overexpressing NONHSAT248596.1. A3: OA chondrocytes
were exposed to a plasmid overexpressing NONHSAT248596.1. A4: OA chondrocytes were exposed to a plasmid overexpressing NONHSAT248596.1 and miR-146a-5p
mimic. A5: OA chondrocytes were exposed to a control NONHSAT248596.1 interference plasmid. A6: OA chondrocytes were exposed to a NONHSAT248596.1
interference plasmid. A7: OA chondrocytes were exposed to a NONHSAT248596.1 interference plasmid and a miR-146a-5p inhibitor. (n=3, *p < 0.05).
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Figure 4 IncRNA NONHSAT248596.1 regulates human OA chondrocyte degeneration by sponging miR-146a-5p to modulate the SDF-1/CXCR#4 axis. (A) Chondrocyte
proliferation was assessed by CCK-8 assay. (B and C) Chondrocyte apoptosis was quantified by flow cytometry. (D—H) Expression of collagen Il and aggrecan was analyzed
by qRT-PCR and Western blot. (I and J) Expression and secretion of MMP-13 were quantified by qRT-PCR and ELISA, respectively.

Note: Al: SDF-1-induced OA chondrocytes for 48h. A2: OA chondrocytes were exposed to a control plasmid overexpressing NONHSAT248596.1. A3: OA chondrocytes
were exposed to a plasmid overexpressing NONHSAT248596.1. A4: OA chondrocytes were exposed to a plasmid overexpressing NONHSAT248596.1 and miR-146a-5p
mimic. A5: OA chondrocytes were exposed to a control NONHSAT248596.1 interference plasmid. A6: OA chondrocytes were exposed to a NONHSAT248596.1
interference plasmid. A7: OA chondrocytes were exposed to a NONHSAT248596.1 interference plasmid and a miR-146a-5p inhibitor. (n=3, *¥p<0.01, ****p<0.0001).
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NONHSAT248596.1 Promotes OA Progression via the miR-146a-5p/CXCR4 Axis in

a Rabbit Model
The function of the NONHSAT248596.1/miR-146a-5p/CXCR4 axis in OA was further investigated in a rabbit model.
Gross morphology revealed distinct pathological features across experimental groups: the IncRNA group exhibited a dry,
granular cartilage surface with reduced glossiness, large-area defects, osteophyte formation, and joint deformity; the
miRNA group showed a smooth cartilage surface without defects, slightly reduced glossiness, and subchondral
hyperemia of the femoral condyle; the ceRNA group displayed a slightly dry surface with reduced glossiness, partial
cartilage defects, and obvious inflammatory reaction; the control group demonstrated a slightly dry and rough cartilage
surface with reduced gloss, but without large-area cartilage loss (Figure 5A). NONHSAT248596.1 overexpression
exacerbated SDF-1-induced morphological damage in rabbit cartilage (OARSI score: 4.67+2.1), while miR-146a-5p
overexpression attenuated this effect (OARSI score: 1.56+0.48, p<0.0001, n=3/group/time point) at 12 week (Figure 5B).

Histological staining demonstrated that NONHSAT248596.1 overexpression exacerbated SDF-1-induced cartilage
tissue destruction and proteoglycan loss, effects that were attenuated by miR-146a-5p overexpression (Figure 6A and B).
Detailed histological analysis revealed distinct pathological characteristics: In the IncRNA group, cartilage was sub-
stantially thinner with markedly reduced chondrocytes; cell polarity was lost with disordered arrangement; significant
cell swelling and large fissures near the subchondral bone were observed. In the miRNA group, the cartilage surface
remained uniform with only mild cell reduction; chondrocytes maintained normal polarity and arrangement with no
apparent swelling. In the ceRNA group, cartilage thinning was evident with disordered cell arrangement, loss of polarity,
cell swelling, disappearance of cartilage lacunae, and reduced chondrocytes in the middle layers. In the control group,
cartilage showed thinning, loss of cell polarity, disordered arrangement, obvious cell swelling, significant chondrocyte
reduction, disappearance of cartilage lacunae, and fissure formation near the bone (Figure 6A and B). These results
indicate that while the control group progressed to advanced OA after 12 weeks of NONHSAT248596.1 and SDF-1
stimulation, the miR-146a-5p overexpression group remained in the early to middle stages of OA progression (Mankin
score: 5.9£1.7 VS 2.44+0.59, p<0.0001, n=3/group/time point) (Figure 6C).

Western blot analysis further demonstrated that NONHSAT248596.1 reduced aggrecan and collagen Il protein
expression in cartilage tissue (Figure 7A—C, Supplementary File S2). qRT-PCR analysis revealed increased MMP-13

mRNA expression in cartilage, while ELISA detected elevated SDF-1, IL-1pB, and TNF-a, protein levels in synovial tissue
(Figure 7D-G). At the 12-week time point, qRT-PCR results showed that NONHSAT248596.1 significantly upregulated
CXCR4 and MMP-13 mRNA expression while downregulating miR-146a-5p, aggrecan, and collagen II (Figure 7H).
Critically, intra-articular injection of miR-146a-5p abolished all the effects induced by NONHSAT248596.1 (Figure 7).
Collectively, these results confirm that NONHSAT248596.1 promotes SDF-1-induced OA progression in vivo through
the miR-146a-5p/CXCR4 axis.

Discussion

Accumulating evidence indicates that dysregulated IncRNAs are intricately associated with OA pathogenesis,'* !

yet the
functional roles of most IncRNAs identified via human transcriptome sequencing in OA remain unclear.?? Our previous
sequencing analysis of SDF-1-induced OA cell models identified CXCR4 as a key target of miR-146a-5p'>~* and
revealed several differentially expressed IncRNAs, including NONHSAT248596.1. The present study demonstrates that
NONHSAT?248596.1 functions as a ceRNA for miR-146a-5p to mediate SDF-1-induced ECM degradation and chon-
drocyte apoptosis in vitro.

miR-146a-5p is an immunomodulatory miRNA with recognized tumor suppressor functions in various cancers>*?>
and has been shown to attenuate inflammatory responses in OA.*® Our previous work established that miR-146a-5p
inhibits chondrocyte apoptosis and ECM degeneration in OA through regulation of the CXCR4 axis,'® a finding
consistent with other reports of miR-146a-5p-mediated CXCR4 regulation.”’ Nevertheless, the precise mechanistic
role of the miR-146a-5p-CXCR4 axis in OA requires further elucidation.

NONHSAT248596.1 is a cytoplasmic long non-coding RNA that functions as a ceRNA."' Our findings indicate that

NONHSAT248596.1 promotes SDF-1-induced OA in chondrocytes by regulating the miR-146a-5p/CXCR4 axis.
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Figure 5 Gross morphology (A) and OARSI macroscopic score statistical results (B) of the OA rabbit model assessed at 4, 8, and 12 weeks. LncRNA group: 10 uL lentiviral
vector overexpressing INcRNA NONHSAT248596.1 and 10 pL empty lentiviral vector without miR-146a-5p expression were injected into the right posterior knee; miRNA
group: 10 pL lentiviral vector overexpressing miR-146a-5p and 10 uL empty lentiviral vector without IncRNA NONHSAT248596.1 expression were injected into the right
posterior knee; ceRNA group: 10 pL lentiviral vector overexpressing both miR-146a-5p and IncRNA NONHSAT248596.1 was injected into the right posterior knee; control
group: 10 pL empty lentivirus vector without IncRNA NONHSAT248596.1 expression and 10 uL empty lentivirus vector without miR-146a-5p expression were injected
into the right posterior knee. (n=3, *p<0.05, ***p < 0.0001).

Abbreviation: ns, no significance.

Analysis of OA cartilage tissue revealed a positive correlation between NONHSAT248596.1 and CXCR4 expression, and
a negative correlation between miR-146a-5p and CXCR4. Importantly, overexpression of miR-146a-5p reversed the
growth inhibition, cell cycle arrest, and apoptosis induced by NONHSAT248596.1 in OA chondrocytes.
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100/25 pum. Histological evaluation included the cartilage surface, chondrocyte number, cell arrangement, and ECM structure. The control group progressed to advanced-
stage OA following 12 weeks of IncRNA NONHSAT248596.1 stimulation, whereas the miRNA group remained at an intermediate stage of OA progression. (n=3/group/
time point, ¥p<0.05, *p<0.01, ***p < 0.0001).
Abbreviation: ns, no significance.
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Recent clinical studies demonstrate that carboxymethyl-chitosan (CM-C) injections improve pain and functional
outcomes in advanced knee OA.*® Given that CM-C modulates cartilage homeostasis, it may interact with the
NONHSAT248596.1/miR-146a-5p/CXCR4 axis. Future studies could investigate whether combining CM-C therapy
with NONHSAT248596.1 silencing produces enhanced therapeutic effects for OA. NONHSAT248596.1 is upregulated
in OA patients’ cartilage tissue, suggesting it may correlate with histological severity, future studies will also explore its
potential as a diagnostic biomarker.

This study has several limitations. First, although our preliminary data confirmed that CXCR4 protein levels were
significantly upregulated in OA chondrocytes following miR-146a-5p inhibitor transfection'> and dual luciferase assays
preliminarily established physical binding between miR-146a-5p and CXCR4, we did not pursue further validation
through methods such as RNA immunoprecipitation. Second, chondrocyte autophagy plays complex roles in OA
pathogenesis, and its activity at different disease stages requires systematic investigation across multiple time points.
Third, a formal power analysis was not performed prior to the study. Although our sample sizes (10 human cartilage
specimens, n=9 rabbits per group) are consistent with typical preclinical OA research, they may limit the detection of
small effect sizes. Fourth, the potential involvement of the NONHSAT248596.1/miR-146a-5p/CXCR4 axis in regulating
chondrocyte autophagy merits further investigation to fully elucidate its regulatory mechanisms.

Conclusions

This study demonstrates that IncRNA NONHSAT248596.1 promotes chondrocyte apoptosis and ECM degradation in OA
by functioning as a ceRNA for miR-146a-5p, thereby regulating CXCR4 expression. These findings identify
NONHSAT?248596.1 as a potential therapeutic target for OA intervention.

Abbreviations

OA, osteoarthritis; IncRNAs, long non-coding RNAs; CeRNA, competing endogenous RNA; SDF-1, stromal cell-
derived factor-1; CXCL12, CXC motif chemokine ligand 12; CXCR4, C-X-C chemokine receptor type 4; ELISA:
Enzyme-linked immunosorbent assay; MMP-13: Matrix metallopeptidase 13; ECM, extracellular matrix.
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