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ARTICLE INFO ABSTRACT
Keywords: Background: Low back pain (LBP) is generally caused by lumbar degeneration without effective treatment.
Endoplasmic reticulum stress Lumbar degeneration is influenced by aberrant axial mechanical stress (MS), with facet joint osteoarthritis

Facet joint osteoarthritis
Mechanical stress
MiR-3085-3p

(FJOA) representing one of its primary pathological manifestations. MicroRNA (miRNA), functioning as an early
intermediate in the transcription process, has frequently been demonstrated to serve as a critical mediator linking
mechanical stress perception with cellular processes such as growth, development, aging, and apoptosis. We
hypothesized that miR-3085-3p regulates chondrocyte apoptosis under mechanical stress, influencing FJOA and
serving as a key regulator.

Methods: The severity of cartilage degeneration in bipedal standing models (BSM) was established and validated
through micro-CT and histopathology. Cyclic tensile strain experiments (CTS) were conducted on the ATDCS5 cell
line to simulate MS. In situ hybridization was utilized to assess the expression levels of miR-3085-3p in degraded
facet articular cartilage. The role of miR-3085-3p and its interaction with the downstream mRNA target Hspb6
were investigated through a combination of bioinformatic analysis, quantitative real-time polymerase chain
reaction, western blotting, immunofluorescence, and luciferase assay. In vivo experiments on BSM, the functional
impact of miR-3085-3p was further examined through transfection with adeno-associated virus (AAV).

Resuits: It was observed that miR-3085-3p induced endoplasmic reticulum (ER) stress and apoptosis in chon-
drocytes and cartilage tissues under MS. The detrimental impact of miR-3085-3p was associated with the
downregulation of Hspb6 expression, resulting in disruption of endoplasmic reticulum folding function. Addi-
tionally, intra-articular transfection of AAV miR-3085-3p mimics in mice facet joints led to spontaneous cartilage
loss, while AAV miRNA-3085-3p sponge administration mitigated FJOA in the murine BSM model.

Conclusion: Mechanical stress-regulated miR-3085-3p up regulation induced the ER stress and aggravates FJOA
development through targeting HSPB6, suggesting miR-3085-3p may be a novel therapeutic target for FJOA.
Translational potential of this article: Our study confirmed the elevated expression of miR-3085-3p in lumbar
facet joints following mechanical stress loading, suggesting that miR-3085-3p may serve as a biomarker for the
clinical management of FJOA. Additionally, we demonstrated that the knockdown of miR-3085-3p in animal
facet joints mitigated facet joint degeneration, thereby identifying a potential therapeutic target for FJOA.

1. Introduction disability-adjusted life years (DALYs) for many years [2]. Various etio-
logical factors contribute to LBP, including intervertebral disc degen-

Low back pain (LBP) constitutes a significant public health concern eration, sacroiliitis, and facet joint syndromes [3]. Notably, facet joint

on a global scale, with a reported lifetime prevalence among adults arthropathy, also known as facet joint osteoarthritis (FJOA), is impli-
reaching up to 84 % [1]. It has emerged as the foremost cause of cated in approximately 30 % of chronic low back pain cases [4,5].
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Contemporary understanding suggests that the pathological alterations
observed in FJOA are analogous to those seen in osteoarthritis at large
joints at extremities, involving cartilage loss, subchondral bone
remodeling, joint space changes, osteophyte formation, ligaments and
other imbalances of the entire joint [6,7]. Currently, the management of
FJOA predominantly involves non-pharmacological therapies, pharma-
cological interventions, and intra-articular procedures [8].
Intra-articular interventions include techniques such as intra-articular
blockade, radiofrequency ablation denervation, and dorsal root neuro-
tomy [9-11]. The effectiveness of these treatments continues to be a
subject of debate. A prospective double-blind randomized controlled
trial demonstrated that the conventional treatment of radiofrequency
ablation exhibited an efficacy rate of merely 6 % [12]. Moreover, mul-
tiple studies have suggested that the effectiveness of intra-articular in-
terventions diminishes over extended follow-up periods, indicating poor
long-term efficacy [13-15], as the treatment does not halt the progres-
sion of FJOA. Advancements in treatment are contingent upon a deeper
understanding of the specific pathogenesis of FJOA and the develop-
ment of strategies to mitigate cartilage degeneration. Thus, further
research on the pathogenesis of this disease and the development of new
therapeutics are of great clinical importance.

Mechanical stress, a prevalent in vivo stimulus, significantly in-
fluences the growth and development of chondrocytes [16,17]. A study
has identified mechanical stress as a primary factor contributing to the
degeneration of lumbar facet joints. This degeneration occurs because
the bilateral facet joints, in conjunction with the intervertebral disc, are
responsible for load transfer and the guidance and restriction of spinal
movement [18]. To simulate the conditions experienced by facet joints,
our research team previously developed a mouse bipedal standing model
(BSM) [19]. We observed facet joint degeneration in the BSM in mice
subjected to continuous daily weight loading exclusively on the lower
limbs. Nevertheless, the precise mechanism by which this alteration in
stress induces joint degeneration remains unclear.

MicroRNAs (miRNAs) are a class of endogenous, highly conserved
non-coding RNAs approximately 23 nucleotides in length, known to
interact with mRNA and suppress its expression within the
3'untranslated region (3'UTR) [20]. MiRNAs play a significant role in
regulating the homeostasis, growth, and development of chondrocytes,
as well as the pathogenesis of osteoarthritis [21]. By establishing mice
model of knee OA, Zhang H et al. [22] demonstrated that miR-146a-5p
promotes apoptosis in osteoarthritic chondrocytes and inhibits auto-
phagy by targeting NUMB. The regulatory role of miRNAs has been
documented not only in large joints but also in small ones like facet
joints. Nakamura A et al. [23] demonstrated that antisense oligonucle-
otides targeting miR-181a-5p effectively mitigated cartilage degenera-
tion in facet joints. Similarly, Zhao J et al. [24] conducted the same
animal experiments as the BSM we developed and confirmed that
downregulation of miR-325-3p accelerated facet joint chondrocyte
aging and exacerbated facet joint degeneration. Recently, Crowe N’s
research team identified miR-3085-3p as a microRNA predominantly
expressed in osteoarthritis chondrocytes [25]. In addition, the team
observed that miR-3085-3p plays a role in promoting osteoarthritis by
targeting downstream factors [26]. Based on previous studies,
miR-3085-3p has been identified as playing a crucial role in OA.
Consequently, we hypothesize that miR-3085-3p exerts a similar influ-
ence in facet joints. To substantiate this hypothesis, we conducted a
preliminary experiment, which revealed that miR-3085-3p was signifi-
cantly up-regulated in the facet joints following BSM modeling.

Research indicates that chondrocyte apoptosis is notably vulnerable
to endoplasmic reticulum (ER) stress due to the critical role of the ER in
facilitating cellular functions such as the synthesis and maintenance of
the extracellular matrix (ECM) [27]. Various cellular stressors, including
mechanical stress, hypoxia, nutrient deprivation, oxidative stress, and
aging, can impair the synthesis and secretion of ECM proteins. This
impairment may result in the accumulation of aberrant proteins within
the ER, thereby inducing ER stress [28]. Prolonged and excessive ER
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stress has been shown to activate the apoptotic pathway, indicating that
ER stress may contribute to the pathogenesis of cartilage degeneration,
such as osteoarthritis [29]. Previous studies have demonstrated that
miR-21 modulates ER stress by inhibiting the phosphorylation of p38
MAPK [30]. Additionally, miRs-211-5p and 204-5p have been found to
regulate the expression of several ER stress markers downstream of the
PERK pathway [31]. Based on previous findings and preliminary ex-
periments, it is plausible to hypothesize that miR-3085-3p may induce
degeneration of facet joints in BSM by modulating ER stress and pro-
moting chondrocyte apoptosis.

2. Material and method
2.1. Establishment of bipedal standing experimental model in mice

All experiments and interventions on animals were approved by the
Animal Ethics Committee of Nanfang Hospital, Southern Medical Uni-
versity (IACUC-LAC-20230411-009). Our team has previously estab-
lished a mouse bipedal standing model (BSM) [19] and observed the
development of disc and facet joint degeneration in mice following
treatment. For the current study, eighteen 10-week-old male C57BL/6
mice weighted approximately 25g were randomly assigned to either a
control group (CON group) or a modeling group (POST 8w group). The
mice were placed in specialized molds designed to contain water and
provide ventilation. A specific volume of water was added to the mold,
ensuring it was positioned 5 mm above the base to induce a fear
response of the mice, resulting in upright body position withstanding on
two hindlimbs accompanied with raised forelimbs. In contrast, as for the
control group, no water was injected into their holding molds. The
molding process spanned 8 weeks, with mice exposed to the mold seven
days a week for 6 h each day. After standing for 3 h, the technicians
moved the mice out of the molding machine, provided them with feed
and clean drinking water, and continued to stand after a rest for 2 h.
After 8 weeks, the lumbar regions of mice were initially subjected to
microCT scanning to generate imaging data. Subsequently, facet joints
from six mice (three from the (CON) group and three from the POST 8w
group) were used for mRNA sequencing to examine disparities in mRNA
expression. Total RNA was isolated from the tissues and sequenced
utilizing the Illumina platform (Novaseq 6000 PE150, USA) following
quality assurance measures. The remaining mice were euthanized via
established cervical dislocation, and the lumbar vertebrae were extrac-
ted, preserving the posterior superior iliac spine for identification of the
Lumbar 5/Lumbar 6 (L5/L6) segments. All specimens underwent
decalcification with an 8 % ethylenediamine tetraacetic acid (EDTA)
solution for one month before being embedded in paraffin for histo-
logical processing and then analysis.

2.2. MicroCT analysis

The isolated facet joints were immobilized in 4 % formaldehyde for a
duration of 24 h and subsequently examined through microCT (SCANCO
p80 MicroCT, Switzerland) (voltage, 55 kVp; current, 0.1 mA; and res-
olution, 12 mm/pixel). The microstructure parameters of the facet joint
trabecular bone were assessed by detailing the characteristics of the
large joint trabecular bone. Bone volume/total volume (BV/TV) and
subchondral bone plate thickness (SBP. Th) were determined using data
analysis software (CTAn v1.18, Bruker) and 3-dimensional model visu-
alization software (mCTVol v2.2, Bruker).

2.3. In situ hybridization (ISH)

MiR-3085-3p expression levels were assessed through in situ hy-
bridization (ISH) following the manufacturer’s protocol. A specific miR-
3085-3p probe was custom-designed and synthesized for this study.
Tissue sections were initially dewaxed and hydrated, followed by anti-
gen retrieval through boiling in 0.1M citric acid buffer for 5 min.
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Subsequently, protease K was applied at a concentration of 20 units/ml
for 10 min at room temperature to facilitate digestion. Permeabilization
was achieved by adding 0.2 % Tritonx-100, and endogenous catalase
was blocked by incubating the sections with 3 % hydrogen peroxide for
15 min at room temperature. The pre-hybridization solution was sub-
jected to incubation at 37 °C for a duration of 2 h, followed by incu-
bation of the miR-3085-3p-containing hybridization solution overnight
at 42 °C. Subsequently, mouse anti-digoxin labeled peroxidase, strep-
tavidin, and tyramine-fluorescein were sequentially introduced. The
sections were then sealed using a fluorescent sealer containing DAPI,
and the resulting fluorescence images were captured and analyzed using
the optical microscope (Zeiss Axio Imager-D2, Germany).

2.4. Bioinformatics analysis of mRNA-miRNA interactions

Initially, to identify the genes that significantly contribute to BSM,
we conducted transcriptome sequencing on BSM specimens with normal
facet joint (NFJ) and degenerative facet joint (DFJ) to screen for
differentially express genes set (Degs). Next, to identify potential targets
of miR-3085-3p, various online databases including miRDB, miR-
PathDB, and MicroT-CD were consulted. The predicted miR-3085-3p
target genes was intersected with the Degs of the BSM. Venn diagram
shows 6 genes that overlap the target genes of Degs and miR-3085-3p.

2.5. Luciferase assay

293T cells were plated in 96-well plates and cultured until reaching
70 % confluence. Transfections were performed with 0.16ug of either m-
Hspb6-3'UTR-wt or m-Hspb6 3'UTR-mut, along with 5 pmol of mmu-
miR-3085-3p or a negative control, using Lipo3000 (GLPBIO, USA).
Cells were harvested and analyzed 48 h post-transfection. The Dual-
Luciferase Reporter Assay Kit (Hanbio Biotech, China) was utilized for
luciferase activity measurements, with Luciferase Reaction Reagent I
detecting firefly luciferase activity and Luciferase Reaction Reagent II
measuring Renilla luciferase activity as per the manufacturer’s
instructions.

2.6. Cell culture and transduction

The Murine ATDCS cell line was procured from KeyGEN BioTECH
(Cat#KG445, KeyGEN, China) and maintained in a humidified incu-
bator at 5 % CO2 and 37 °C using DMEM/F12 (Gibico, US), supple-
mented with 10 % fetal bovine serum (Procell, China) and 1 % penicillin
and streptomycin (Gibico, US). Subsequent to this, the ATDCS5 cells were
stimulated with insulin-transferring-sodium selenite media supplement
(Sigma, USA) to induce their differentiation into chondroblasts [32].
Upon reaching 80-90 percent confluence, the culture medium was
replaced.

2.7. Cyclic tensile strain (CTS) experiment

To simulate cellular responses to mechanical loading, we conducted
in vitro experiments involving cell cycle tensile strain on ATDC5 carti-
lage cell lines seeded onto collagen I biaxial stretch culture plates on a
cell tension system (FX5000TXL, Flexcell, USA). The cell tension system
utilized in this study was procured from Flexcell, USA, and its me-
chanical parameters adhere to the original specifications provided by
the manufacturer. Upon reaching 80 % confluency, the culture plates
were affixed to the piston of a cell tensiometer. The best modeling
conditions of ATDC5 cartilage cell line were obtained through pre-
liminary experiments: tensile strength of 20 %, stretching frequency of
0.5Hz, and duration of 48 h.

2.8. Cell transfection and treatments

ATDCS cells were initially cultured in 6-well plates at a seeding
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density of 1.5 x 10° cells/well, achieving 80 % confluency within 48 h.
Subsequently, the cells were subjected to transfection with miR-3085-3p
mimics, scramble, miR-3085-3p inhibitor, and negative control (Sangon
Biotech, China) using RNA TransMate at a 4 pl volume as per the
manufacturer’s protocol. Following a 48-h transfection period, the cells
were harvested or continued for other experimentation. As for the target
gene Hspb6, an Hspb6 overexpression plasmid (Tsingke Biotech, China)
was constructed and utilized for transfection of ATDC5s via Lipo3000
(GLPBIO, USA), following the provided guidelines. The experimental
group and procedure were the same as that of miRNA transfection.

2.9. RNA extraction and quantitative real-time polymerase chain reaction
(qRT-PCR)

Total RNA was isolated from ATDC5s using the TRIzol reagent (Ac-
curate Bioloy, China). For the miRNA, total RNA (1000 ng) were reverse
transcribed into cDNA with miRNA stem loop reverse transcription kit
(Sangon Biotech, China) according to manufacturer’s instructions. For
the mRNA, total RNA (1000 ng) was reverse transcribed into cDNA using
HiScript III All-in-one RT SuperMix Perfect for qPCR (Vazyme, China).
qRT-PCR was performed using Taq Pro Universal SYBR qPCR Master Mix
(Vazyme, China). Cycling conditions are 95 °C for 30 s, followed by 40
cycles of 10s at 95 °C and 30s at 60 °C. Finally, the dissolution curve is
programmed to run at 95 °C for 15s, 60 °C for 60s, and 95 °C for 15s. As a
standard, all reactions were performed in duplicate and normalized to
the internal reference U6 for miRNAs and $-Actin for mRNAs. Relative
mRNA/miRNA expression levels were determined using the 2Ct method.

2.10. Western blotting

Total proteins were separated from ATDC5s by radio-
immunoprecipitation assay buffer (RIPA, Biosharp, China), and pro-
tein concentrations were quantified by bicinchoninic acid (BCA) protein
assay kit (Solarbio, China). Separating the protein components on so-
dium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
gels and transferring them to polyvinylidene fluoride (PVDF) mem-
branes was performed. After being blocked by 10 mM Tris-buffered sa-
line (TBS) containing 5 % nonfat skimmed milk for 2 h, the membranes
were incubated with Anti-Mmpl3 antibody (1:1000, Affinity,
#AF5355), Anti-Adamts5 antibody (1:1000, Affinity, #DF13268), Anti-
Hspb6 antibody (1:1000, Affinity, #AF6003), Anti-Atf4 antibody
(1:1000, Affinity, #DF6008), Anti-Grp78 antibody (1:1000, Abcam,
#ab108615), Anti-Cleaved caspase3 (1:1000, Cell Signaling, #9664S),
Anti-Bcl2 (1:1000, Affinity, #AF6139), Anti-Gapdh antibody (1:5000,
Affinity, #AF7021), Anti-p-Tubulin (1:1000, Affinity, #DF7967), Anti-
B-Actin antibody (1:10000, Affinity, #T0022) at 4°Cfor14-16h, washed
by TBS with Tween-20 (TBST), followed by secondary antibody (Goat
Anti-Rabbit 1gG,1:5000, Affinity, #S0001; Goat Anti-Mouse IgG,
1:5000, #S0002) incubation for 1h at room temperature. Membranes
were excited by a hypersensitive ECL chemiluminescence kit and placed
into BCL chemiluminescence instrument to record the trend of protein
blot expression.

2.11. Immunofluorescence staining

The ATDCS cell line was suspended and seeded onto a 6-well plate,
following successful transfection and experimental treatments. The cells
were fixed with 4 % paraformaldehyde for 15 min, permeabilized with
0.2 % Tritonx-100 for 10 min, and blocked with 5 % BSA at room
temperature for 30 min. Subsequently, the primary antibody was incu-
bated overnight at 4 °C, followed by incubation with the secondary
antibody in the dark for 1 h. The antibodies were anti-Hspb6 (1:200,
Affinity, #AF6003) and Goat Anti-Rabbit IgG (H + L) FITC-conjugated
(1:200, Affinity, #S0008), respectively. The cell slides were extracted
using microscopic forceps and sealed with 4’,6-diamidino-2-phenyl-
indole (DAPI) fluorescent sealer. Fluorescence images were obtained
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using optical microscope (Zeiss Axio Imager-D2, Germany).
2.12. Apoptosis detection

Flow cytometry was used to measure cell apoptosis. The ATDC5
transfection assay was conducted in a 6-well plate using EDTA-free
pancreatic enzyme digestion to harvest cell precipitates. Following the
protocol of the Annexin V-Abfluor 488/PI double-stained apoptosis
detection kit, the Annexin V working solution was incubated for 15 min
in the absence of light, and apoptosis was assessed using flow cytometry
(BECKMAN, flow cytometer Cytoflex, USA). It is noteworthy that the
Hspb6 overexpression plasmid emits green fluorescence, necessitating
the use of the Annexin V-IF647/PI apoptosis detection kit for detecting
apoptosis in experimental cells transfected with Hspb6 overexpression
[33].

2.13. Animal transfection experiment

MiR-3085-3p overexpression and knockdown adeno-associated virus
(AAV) were designed and synthesized to complete animal transfection
experiments. A total of 24 10-week-old male C57B/L6 mice were
randomly divided into 4 groups, including: negative control group (AAV
NC), overexpression group (AAV mimics), negative control with BSM
(AAV NC + POST 8w), and knockdown group with BSM (AAV sponge +
POST 8w). The facet joints of mice were injected with AAV in situ. In the
initial phase of the experiment, mice were anesthetized using isoflurane
and a precise incision was performed at the juncture of the posterior
superior iliac spine and the central spine axis following disinfection,
resulting in the exposure of the L5/L6 facet joints. Adeno-associated
viruses (AAV) were administered using a Hamilton microsyringe,
ensuring a copy number of 10'2 genome copies (GC) in each joint.
Subsequently, the subcutaneous tissue and skin were sutured. After a
period of 2 weeks, the BSM was constructed in AAV NC + POST 8w
group and AAV sponge + POST 8w group. After 8 weeks, all mice were
euthanized and specimens from the L5/L6 region were collected for
further analysis.

2.14. Histological analysis

After fixation, decalcification, dehydration, and embedding, the
collected lumbar spine specimens were prepared into 4um tissue sec-
tions, which were dewaxed and hydrated before staining. For hema-
toxylin and eosin (H&E) staining, the pre-prepared slices was soaked
with hematoxylin (Biosharp, China) for 2min, differentiated with 1 %
hydrochloric acid solution for 2s, and eosin (Biosharp, China) impreg-
nated for 5min; For Safranin O-Fast Green staining, the nucleus was first
stained with hematoxylin, followed by 0.05 % fast green (Sigma, USA)
for 8 min, 0.1 % Safranin O (Sigma, USA) for 5 min; To perform
immunohistochemistry, specimens were repaired by antigen, peroxidase
was blocked, and specimens were sealed, and then incubated overnight
at 4 °C with primary antibodies. The primary antibodies involved in this
study include Anti-Mmp13 antibody (1:200, Affinity, #AF5355), Anti-
Adamts5 antibody (1:200, Affinity, #DF13268) Anti-Hspb6 antibody
(1:200, Affinity, #AF6003), Anti-Atf4 antibody (1:200, Affinity,
#DF6008), Anti-Grp78 antibody (1:200, Abcam, #ab108615). The
secondary antibody (Goat Anti-Rabbit IgG,1:400, Affinity, #S0001) was
incubated at room temperature for 2 h. DAB staining was performed
with DAB chromogenic kit (Solarbio, China), and hematoxylin staining
was performed after observing the gene expression trend. For all histo-
logical staining, sections were sealed with clear, neutral paraffin after
staining.

2.15. Statistical analysis

GraphPad Prism 8.0 software was used for data analysis and quan-
titative data were presented as Mean + SD. The Student’s t-test was
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employed to assess differences between two independent groups, while
one-way ANOVA followed by Tukey’s post hoc tests was used to dif-
ferences between multiple groups. Significance was set at a level of p <
0.05. Animal experiments were repeated with a minimum of 6 samples,
while cell experiments were repeated with a minimum of 3 samples.

3. Result
3.1. Elevated miR-3085-3p in degenerative lumbar facet joints

To investigate the correlation between miR-3085-3p expression and
degenerated lumbar facet joints, a mouse BSM was established and
divided into control (CON) and modeling groups (POST 8w). Imaging
analysis revealed a significant increase in subchondral bone mass in the
POST 8w group, as evidenced by 3-D reconstruction of subchondral
bone in facet joints (Fig. 1c). Furthermore, BV/TV (Fig. 1a) and SBP.Th
(Fig. 1b) in the POST 8w group exhibited a notable increase following 8
weeks of modeling, suggesting an augmentation in bone mass and
increasement in subchondral bone thickness of lumbar facet joints.
Histological analysis revealed changes in cartilage morphology and
discontinuities in the POST 8w group, as demonstrated by H&E staining
(Fig. 1d). Safranin O/Fast green staining in the same group indicated
cartilage matrix loss and an elevated Osteoarthritis Research Society
International (OARSI) score, both indicative of cartilage degeneration
(Fig. 1g, 1). ISH showed a significant increase in fluorescence intensity of
miR-3085-3p probe in the degraded cartilage of the POST 8w group
(Fig. 1h-i). Inmunohistochemistry also showed an increased expression
of Mmp13 and Adamts5 genes in the cartilage tissue of the POST 8w
group (Fig. 1d), and the statistics of positive cells (Fig. 1e and f).

3.2. Increased expression of miR-3085-3p in chondrocytes under
abnormal mechanical stress (MS)

This study utilized the cyclic tensile strain (CTS) assay on the ATDC5
cartilage cell line to investigate the correlation between miR-3085-3p
expression and mechanical loading. Findings from qRT-PCR and West-
ern Blot analyses indicated a degenerative effect on ATDC5 cells under
CTS conditions, as evidenced by elevated levels of Mmp13 and Adamts5
(Fig. 2b-d). The statistical diagram of protein detection is shown in
Supplementary Figs. 4a-b. Furthermore, QRT-PCR results demonstrated
an upregulation of miR-3085-3p expression in ATDC5 cells subjected to
CTS, supporting the notion that miR-3085-3p was responsive to me-
chanical stress, as depicted in Fig. 2a. Fig. 2e displays the outcomes of
flow cytometric apoptosis assessment following the application of me-
chanical loading on ATDCS5 cells. The imposition of mechanical stress
notably elevated the Q2+Q3 ratio in the CTS group as opposed to the
control group, suggesting the occurrence of apoptosis in ATDC5 cells.
The distribution of early and late apoptotic cells in the CTS group is
illustrated in Fig. 2f.

3.3. MiR-3085-3p induces endoplasmic reticulum stress (ER stress) and
leads to chondrocyte apoptosis

In the scope of this research, we developed and synthesized se-
quences for the expression and suppression of miR-3085-3p for trans-
fection experiments on ATDCS5 cells to further explore its involvement in
ER stress and apoptosis. Initially, the results depicted in Fig. 3a-b
demonstrated a substantial 6000-fold increase in miR-3085-3p expres-
sion following mimics transfection, with a subsequent decrease observed
after inhibitor transfection, thus confirming the efficacy of the trans-
fection process. Subsequently, ATDCS5 cells were subjected to treatment
with or without CTS in the presence of miR-3085-3p mimics or in-
hibitors. In the case of excessive mechanical load, the introduction of
miR-3085-3p mimics led to a notable upregulation in the expression
levels of ER stress target genes Atf4, Grp78, and apoptosis-related genes
Cleaved caspase3, while concurrently downregulating the expression of
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Fig. 1. Elevated MiR-3085-3p was found in degenerative lumbar facet joints in mice. (a) Statistical analysis of BV/TV between the control (CON) group and the
bipedal standing model (BSM) group. (b) Statistical analysis of SBP-Th between the CON group and the BSM group. (c) CT view and 3D reconstruction view of the
CON group and the BSM group. Scale bars, 500 pm. (d) H&E staining (left panel) and immunohistochemistry image (right panel) of Mmp13 and Adamts5 between the
CON group and the BSM group. Scale bars, 50 pm. (e,f) Statistical graph of expression of Mmp13 and Adamts5 detected by immunohistochemistry. (g) OARSI scoring
statistical analysis between the CON group and the BSM group. (h) In situ hybridization (ISH) fluorescence intensity statistics between the CON group and the BSM
modeling group. (i) Safranin O/fast green staining (left panel) and ISH (right panel) of the cartilage between the CON group and the BSM group. Scale bars, 50 pm
***P < 0.001,****P < 0.0001. All data are shown as means + SDs of six independent experiments in (a) (b) (e) (f) (g) (h), student’s t-test was used for comparison
between two groups. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

the apoptosis-protecting gene Bcl2 (Fig. 3c—f). In contrast, the inhibition
of miR-3085-3p was able to reverse these trends (Fig. 3g-j). MiR-3085-
3p promotes ER stress and cell apoptosis at the protein level under
abnormal mechanical stress, supporting mRNA expression levels’
outcome (Fig. 3k-n). To further investigate the impact of miR-3085-3p
on chondrocyte apoptosis induced by mechanical stress, flow cytom-
etry was utilized to assess apoptosis in cells transfected with miR-3085-
3p mimics and inhibitor. The findings indicated that upregulation of
miR-3085-3p exacerbated apoptosis in ATDC5 cells, whereas down-
regulation of miR-3085-3p partially reversed apoptosis in ATDC5 cells
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under abnormal mechanical load, as depicted in Fig. 30-q. In conclusion,
these results suggest that miR-3085-3p induces ER stress, which leads to
apoptosis. Following the confirmation that overexpression of miR-3085-
3p induces apoptosis in chondrocytes, we investigated whether the
simple inhibition of miR-3085-3p would impact the normal functioning
of these cells. The results indicated that, on the third- and fifth-days post-
transfection of ATDCS5 cells with the miR-3085-3p inhibitor, there were
no significant changes in the expression levels of chondrocyte marker
genes Col2a and Sox9. Additionally, there was no upregulation of
extracondral matrix degradation marker genes Mmp13 and Adamts5, as
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Fig. 2. The expression of MiR-3085-3p was increased in chondrocytes stimulated by mechanical stress. Cyclic tensile strain (CTS) test was carried out on ATDC5, and
the load condition of CTS group molding was 20 % strength, 0.5Hz, 48h. (a—c) qRT-PCR analysis of miR-3085-3p(a), Mmp13(b), Adamts5(c) expression between
control group and CTS group. (d) Western blotting analysis of Mmp13and Adamts5 protein levels between control group and CTS group. (e) Flow cytometry was used
to detect the amount of apoptosis in control group and CTS group. (f) The statistical graph of the number of apoptosis detected by flow cytometry. **P < 0.01, ***P <
0.001. All data are shown as means + SD of three independent experiments in (a) (b) (c) (f), student’s t-test was used for comparison between two groups.

illustrated in Supplementary Fig. 1a-d.
3.4. MiR-3085-3p directly targets Hspb6

A comprehensive analysis utilizing BSM transcriptome sequencing
identified a total of 413 differentially expressed genes (fold-change =
1.5, p < 0.05, FDR <1), forming the differentially expressed gene set
(Degs). In order to investigate potential miR-3085-3p target genes
associated with Degs identified through transcriptome sequencing of
BSM mRNA, bioinformatics analysis was conducted using public data-
bases such as miRDB, MiRPathDB, and MicroT-CDs. A total of 269 miR-
3085-3p target genes were identified from the public dataset (Fig. 4a),
and 6 key genes were further identified through intersection with Degs
(Fig. 4b). The expression levels of these 6 key genes in the Degs matrix
are depicted in a heat map in Fig. 4c, with Hspb6 exhibiting the highest
expression level. Therefore, it is suggested that Hspb6 may play a crucial
role in the regulation of miR-3085-3p and the development of facet joint
degeneration. The results of western blotting and qRT-PCR analyses
indicated a negative correlation between Hspb6 mRNA and protein
(Hspb6) levels and miR-3085-3p expression in ATDC5 cells, both with
and without CTS modeling (Fig. 4f-i). The statistical diagram of protein
detection is shown in Supplementary Figs. 4c—d. Immunofluorescence
assays consistently demonstrated that miR-3085-3p significantly sup-
pressed the expression of Hspb6 (Fig. 4j-1). In accordance with target
prediction algorithms, miR-3085-3p was identified as a target for mouse
Hspb6 3'UTRs, which contained possible seed sequences (Fig. 4d). In
order to confirm the direct binding of miR-3085-3p with the 3'UTR of
Hspb6 mRNA, a luciferase activity assay was conducted. The results
showed that miR-3085-3p mimics significantly inhibited the luciferase
activity of the reporter gene in cells transfected with the wild type (WT)
3'UTR of Hspb6, but not in cells transfected with the mutated (Mut)
3'UTR of Hspb6 (Fig. 4e). These findings suggest that miR-3085-3p
directly targets Hspb6 in chondrocytes.
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3.5. MiR-3085-3p induces ER stress leading to apoptosis by targeting
Hspb6

To further confirm the role of miR-3085-3p in exacerbating FJOA
through the targeting of Hspb6, we conducted a response experiment
involving the overexpression of Hspb6 in ATDC5 cells via transfection
with plasmids containing Hspb6 overexpression (Hspb6 OE). The
transfection efficiency of Hspb6 OE was verified at transcriptional and
protein levels (Fig. 5a, Supplementary Fig. 4e). In the situation of
abnormal mechanical stress, co-transfection of miR-3085-3p mimics and
Hspb6 OE into ATDCS5 cells resulted in the reversal of the effects of miR-
3085-3p overexpression on the down-regulation of Bcl2 expression and
the upregulation of Atf4, Grp78, and Cleaved caspase3 expression, as
determined by qRT-PCR (Fig. 5b—e). The findings indicate a consistent
pattern in protein levels, wherein the overexpression of Hspb6 partially
counteracted the upregulation of Atf4, Grp78, Cleaved caspase3, and the
downregulation of Bcl2 induced by miR-3085-3p (Fig. 5f-g). Addition-
ally, flow cytometry analysis revealed a reduction in apoptotic cells
following Hspb6 overexpression in response to miR-3085-3p under
overload stress (Fig. 5h—i). Our experimental data further supports the
notion that miR-3085-3p exacerbates ER stress-induced apoptosis by
targeting Hspb6.

3.6. Down-regulation of miR-3085-3p in mouse facet joints alleviates the
exacerbation of FJOA

Mice in the control group were transfected with AAV-miR-3085-3p
mimics (or NC), while BSM mice (POST 8w) were transfected with
AAV-miR-3085-3p sponge (or NC) to investigate the role of miR-3085-
3p during the progression of FJOA. To assess AAV transfection effec-
tiveness, qRT-PCR measured miR-3085-3p expression post-transfection
with AAV mimics or sponge. After one week, changes in miR-3085-3p
levels were minimal, but significant up-regulation (Supplementary
Fig. 2a) or down-regulation (Supplementary Fig. 2b) was observed after
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Fig. 3. MiR-3085-3p induces endoplasmic reticulum stress (ER stress) and leads to chondrocyte apoptosis. (a,b) ATDC5s were transfected with miR-3085-3p mimics
(a) or scramble and miR-3085-3p inhibitor(b) or negative control (NC). After 48 h of transfection, miR-3085-3p levels in ATDC5s were evaluated by qRT-PCR. Cyclic
tensile strain (CTS) test was performed after transfection, and the load condition of CTS group molding was 20 % strength, 0.5Hz, 48h. (c-f) qRT-PCR analysis of Atf4
(c), Grp78 (d), Bcl2 (e) and Cleaved caspase3 (f) in ATDC5s transfected with miR-3085-3p mimics or scramble with or without CTS. (g-j) qRT-PCR analysis of Atf4
(), Grp78 (h), Bcl2 (i) and Cleaved caspase3 (j) in ATDC5s transfected with miR-3085-3p inhibitor or NC with or without CTS. (k, 1) Western blotting analysis of
Atf4, Grp78, Cleaved caspase3 and Bcl2 protein levels in ATDC5s after miR-3085-3p overexpression (k) and inhibition (1). (m, n) Quantification data of Western
blotting analysis of Atf4, Grp78, Cleaved caspase3 and Bcl2 protein levels after miR-3085-3p inhibition (n) and overexpression (m). (O) Flow cytometry was used to
detect the amount of apoptosis after miR-3085-3p inhibition and overexpression with or without CTS. (p, q) The statistical graph of the number of apoptosis detected
by flow cytometry. ns: no significant difference, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. All data are shown as means + SD of three independent
experiments in (a) (b) (c) (d) (e) (M (g) (h) () () (m) (n) (p) (q), student’s t-test and one-way analysis of variance (ANOVA) were used for comparison between two

groups and multiple groups, respectively.

two weeks, confirming effective AAV transfection. Imaging analysis
indicated an increase in bone mass and thickness of the subchondral
bone in facet joints following transfection with AAV-miR-3085-3p
mimics. Conversely, the application of AAV-miR-3085-3p sponge to
attenuate miR-3085-3p expression effectively reversed the observed
increase in bone mass and thickness in the subchondral bone of BSM
mice, micro CT images are presented in Supplementary Fig. 3a-d, 3D
reconstruction view and statistical analyses chart are depicted in Fig. 6a,
g, h. Histological analysis using H&E staining, Safranin O, and Fast
Green staining revealed that AAV-miR-3085-3p mimics induced carti-
lage destruction in a spontaneous manner, whereas inhibition of miR-
3085-3p attenuated the progression of FJOA in BSM mice following
injection of AAV-miR-3085-3p sponge (Fig. 6b, c, i). Subsequently, we
confirmed in vivo that Hspb6 is a downstream target of mir-3085-3p.
Immunohistochemical analysis revealed a decrease in Hspb6 expres-
sion with overexpression of mir-3085-3p, and an increase in Hspb6
expression with knockdown of mir-3085-3p (Fig. 6d, j). To evaluate the
impact of miR-3085-3p on cartilage ER stress, the expression of Atf4 and
Grp78 was examined. It was observed that the administration of AAV-
miR-3085-3p mimics exacerbated ER stress by upregulating Atf4 and
Grp78 in FJOA, whereas AAV-miR-3085-3p sponge attenuated ER stress
by decreasing Atf4 and Grp78 in FJOA, as evidenced by immunohisto-
chemical analysis (Fig. 6e, f, k, 1). The results of these studies suggest
miR-3085-3p can aggravate joint degeneration by increasing ER stress to
promote articular cartilage apoptosis in vivo.

4. Discussion

The scientific hypothesis of this study is systematically validated
through a series of experimental steps. Initially, we identified miR-3085-
3p as a significant factor in the initiation and progression of FJOA.
Subsequently, our predictions and validations identified Hspb6 as a
definitive target gene of miR-3085-3p. Furthermore, our investigations
revealed that miR-3085-3p modulates key genes associated with ER
stress and apoptosis. Recovery experiments demonstrated that Hspb6
can counteract the regulatory effects of miR-3085-3p. Finally, we also
confirmed that the suppression of miR-3085-3p mitigated the progres-
sion of FJOA in murine facet joints. In summary, the upregulation of
miR-3085-3p induced by mechanical stress precipitates ER stress and
apoptosis through its interaction with Hspb6 (Fig. 6m). Consequently,
targeting miR-3085-3p may represent a promising therapeutic strategy
for the prevention and treatment of FJOA.

As a highly conserved non-coding RNA, miRNA interacts with ho-
mologous messenger RNA (mRNA) to perform its primary function [34].
As a highly conserved non-coding RNA, miRNA interacts with homolo-
gous messenger RNA (mRNA) to perform its primary function. Excessive
mechanical load has become an important risk factor for joint degen-
eration [35]. A number of studies have demonstrated that microRNAs
are implicated by mechanical stress. Research has shown that miR-221
and miR-222 may act as regulators of mechanotransduction pathways
in bovine cartilage, as evidenced by their increased expression in the
anterior weight-bearing area compared to the posterior
non-weight-bearing region [36]. Furthermore, miR-365 has been
implicated in cartilage catabolism through its modulation of mechanical
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stress and pro-inflammatory responses [37]. Additionally, miR-146a has
been found to upregulate vascular Endothelial Growth Factor (VEGF) by
downregulating Smad4 under mechanical stress, ultimately resulting in
apoptosis of human chondrocytes [38]. In particular, the study by Zhao
J’s team demonstrated that miR-325-3p can be down-regulated by me-
chanical loading in the facet joints [24]. Previous studies have shown a
strong association between miR-3085-3p and osteoarthritis [26].
Nevertheless, the impact of mechanical loading on miR-3085-3p and the
precise mechanisms underlying cartilage degeneration remain uncer-
tain. In this study, we found that miR-3085-3p has the effect of aggra-
vating cartilage degeneration. Under excessive mechanical loading, the
overexpression of miR-3085-3p increased the expression of ER stress
related target genes, such as Atf4 and Grp78, and promoted apoptosis
through upregulation of Cleaved caspase3 and downregulation of Bcl2.
Therefore, we believe that this is the first report that highlights the
biological significance of miR-3085-3p in FJOA exacerbation.

Small heat shock proteins (sHsps) are a widespread chaperone family
characterized by core domains of crystalline proteins containing 80-100
amino acid residues. In Human tissues, HSPB6 (HSP20) and HSPB1
(HSP27) are major members of small heat-shock proteins family [39].
Under stressful conditions, these sHsps are overexpressed to prevent
protein aggregation and apoptosis [40]. The endoplasmic reticulum
(ER) is a crucial organelle involved in the synthesis, folding, and
maintenance of proteins and lipids, as well as cellular homeostasis.
Dysfunction of the ER can result in ER stress, which has been implicated
in various pathological conditions. Studies have shown that several
sHsps are localized to the ER and play a protective role in mitigating ER
stress [41]. HSPB6 phosphorylation on serinel6 protects against
oxygen-glucose deprivation and reperfusion-induced ER structural
changes in Human neuroblastoma (SH-SY5Y) cells via ER stress [42]. In
addition, studies have shown that KAIV, a peptide homologous to the a
crystal protein sequence in HSPB6, can inhibit the apoptosis of Hela cells
by blocking the release of mitochondrial cytochrome c and the activa-
tion of caspase-3 [43]. According to our study, miR-3085-3p has the
potential to target multiple downstream genes. However, our results
suggest that miR-3085-3p is related to mechanical load, and could
directly target Hspb6, which could inhibit ER stress and apoptosis.
Furthermore, miR-308-3p regulated Hspb6 downregulation in the
cartilage degeneration area. Overexpression of Hspb6 significantly
reversed the ER stress and apoptosis caused by miR-3085-3p mimics,
confirming that Hspb6 was the direct target of miR-3085-p to suppress
cartilage degeneration. Therefore, identifying miR-3085-3p’s role in
FJOA prevention and treatment will shed light on the disease.

The degeneration of facet joints, particularly in the lumbar spine, has
garnered increased attention due to its potential occurrence indepen-
dent of disc degeneration [44]. The facet joint, situated in the posterior
column of the lumbar spine, exhibits a greater range of motion that can
lead to significant degeneration. Additionally, rodents experience
differing axial forces on their spines compared to humans [45]. This
study utilized a BSM in which the orientation of the mouse’s facet joint
was altered to align parallel to the horizontal plane, as opposed to
perpendicular. This modification was made to better mimic the stress
conditions experienced by humans. BSM are considered to be more
representative of real-life scenarios compared to other invasive models
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of Hspb6 transfected with miR-3085-3p mimics(f) or inhibitor(g) with or without CTS. (h,i) Western blotting analysis of Hspb6 protein levels in ATDC5s after miR-
3085-3p overexpression (h) and inhibition(i) with or without CTS. (j) Representative images of Hspb6 assayed by immunofluorescence confocal microscopy in
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multiple groups, respectively.
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Fig. 5. MiR-3085-3p induces ER stress leading to apoptosis by targeting Hspb6. (a) ATDC5s were transfected with Hspb6 overexpression plasmid. After 48h of
transfection, qRT-PCR and Western blotting analysis of Hspb6 were performed. (b—e) ATDC5s were transfected with miR-3085-3p mimics or scramble combine with
Hspb6 overexpression plasmid. After 48h of transfection, Cyclic tensile strain (CTS) test was performed, and the load condition of CTS group molding was 20 %
strength, 0.5Hz, 48h. qQRT-PCR analysis of Atf4 (b), Grp78 (c), Cleaved Caspase3 (d) and Bcl2 (e) in ATDC5s after transfection with a combination of miR-3085-3p
mimics and Hspb6 overexpression with or without CTS. (f) Western blotting analysis of Atf4, Grp78, Cleaved caspase3, Bcl2 protein levels in ATDC5s with a
combination of miR-3085-3p mimics and Hspb6 overexpression with or without CTS. (g) Quantification data of western blotting analysis of Atf4, Grp78, Cleaved
caspase3 and Bcl2 protein levels after transfection with a combination of miR-3085-3p mimics and Hspb6 overexpression with or without CTS. (h) Flow cytometry
was used to detect the number of apoptosis after transfection with a combination of miR-3085-3p mimics and Hspb6 overexpression with or without CTS. (i) The
statistical graph of the number of apoptosis detected by flow cytometry. ns: no significant difference, *P < 0.05, **P < 0.01, ***P < 0.001,****P < 0.0001. All data
are shown as means + SD of three independent experiments in (a) (b) (c) (d) (e) (g) (i), student’s t-test and one-way analysis of variance (ANOVA) were used for
comparison between two groups and multiple groups, respectively.

of facet degeneration [23,46]. The indicators pertaining to cartilage A few limitations are evident in our study. Firstly, based on miRbase
degeneration of the BSM exhibited positive results following modeling, data, miR-3085-3p exhibits homology with both humans and mice.
thereby enhancing the efficacy of the modeling process. Additionally, However, our research solely focused on investigating the impact of
intraarticular injections were utilized to introduce AAV carrying either miR-3085-3p on chondrocytes in mice, without extending the analysis to
an overexpression or knockdown of miR-3085-3p. Our result revealed human specimens and cells. Secondly, while exploring the regulatory
that the overexpression of miR-3085-3p exacerbated FJOA in growing axis of miR-3085-3p/Hspb6/FJOA, we did not consider the potential
mice, whereas a reduction in miR-3085-3p levels improved the degen- influence of other cellular factors on miR-3085-3p, such as H3K4me3
erated cartilage in the BSM without affecting the normal function of the demethylase and SnoRNAs. Furthermore, our investigation confirmed
cells. Consequently, blocking miR-3085-3p appears to be a promising that miR-3085-3p facilitates ER stress and apoptosis through its inter-
treatment for FJOA according to our study with good clinical trans- action with Hspb6. However, the precise mechanisms by which Hspb6
lational value. modulates ER stress, apoptosis, and cartilage degeneration remain to be
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Fig. 6. MiR-3085-3p aggravates facet joint osteoarthritis in vivo. Mice in control group were injected with adeno-associated virus (AAV) miR-3085-3p mimics or AAV
NC, while experiencing bipedal standing model (BSM) mice were injected with AAV-miR-3085-3p sponge or AAV NC. (a) 3D reconstruction view were created using
Micro CT, Scale bars, 500 pm. (b,c) The articular cartilage was stained with Hematoxylin/Eosin (H&E) and Safranin-O/Fast green (SOFG), Scale bars, 50 pm. (d-f)
Expression of Hspb6 (d), Atf4 (e), Grp78 (f) in articular cartilage were detected by immunohistochemistry, Scale bars, 50 pm. (i) OARSI scoring was based on the
results of SOFG staining. (j-1) Statistical graph of expression of Hspb6(j), Atf4(k), Grp78(1) detected by immunohistochemistry. (m) Schematic of the scientific
hypothesis. MiR-3085-3p is upregulated in mechanical-loading chondrocytes and FJOA cartilage tissues directly related to endoplasmic reticulum stress and cell

apoptosis. MiR-3085-3p induces ER stress by directly targeting Hspb6. **P < 0.01, *

*P < 0.0001. All data are shown as means + SD of six independent experiments

in (g) (h) () () (k) (1), one-way analysis of variance (ANOVA) was used for comparison between multiple groups. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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elucidated, providing a promising direction for future research. Lastly,
the detailed mechanism that mechanical stress induces the increase of
miR-3085-3p remains further investigation.

In conclusion, the biological role of miR-3085-3p in FJOA develop-
ment has been revealed by our study. An increased amount of miR3085-
3p stimulates ER stress and leads to chondrocyte apoptosis. Intra-
articular inhibition of miR-3085-3p may represent a novel and prom-
ising therapeutic strategy for FJOA.
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