Am J Transl Res 2023;15(7):4487-4503
www.ajtr.org /ISSN:1943-8141/AJTR0143181

Original Article

The molecular link between obstructive

sleep apnea and osteoarthritis: based on
bioinformatics analysis and experimental validation

Xun-Shan Ren®*, Ting Xie?", Huang-Ming Zhuang**, Tian-Run Lei*, Fu-Ze Jiang?, Pang-Hu Zhou*

1Department of Orthopedics, Renmin Hospital of Wuhan University, Wuhan, Hubei, China; 2Department of
Women’s Health Care, Maternal and Child Health Hospital of Hubei Province, Wuhan, Hubei, China. *Equal con-
tributors.

Received March 28, 2022; Accepted June 29, 2023; Epub July 15, 2023; Published July 30, 2023

Abstract: Background: Obstructive sleep apnea (OSA) and osteoarthritis (OA) are highly prevalent and seriously
affect the patient’s quality of life. Patients with OSA have a high incidence of OA, however, the underlying mecha-
nism remains unclear. Here, we investigated the molecular link between OSA and OA via bioinformatics analysis and
experimental validation. Methods: We downloaded a peripheral blood monocyte microarray profile (GSE75097) for
patients with OSA and two synovial microarray profiles (GSE55235 and GSE55457) for patients with OA from the
Gene Expression Omnibus database. We identified OSA-associated differentially expressed genes (OSA-DEGS) in
patients with OA. Additionally, we constructed protein-protein interaction networks to identify the key genes involved
in OA. Immunohistochemistry was performed to verify the expression of key genes in OA rat models. RNA interfer-
ence assay was performed to validate the effects of key genes on synovial cells. Gene-miRNA, gene-transcription
factor, and gene-drug networks were constructed to predict the regulatory molecules and drugs for OA. Results:
Fifteen OSA-DEGs screened using the threshold criteria were enriched in the tumor necrosis factor (TNF) pathway.
Combining the 12 algorithms of CytoHubba, we identified JUNB, JUN, dual specificity phosphatase 1 (DUSP1), and
TNF-alpha-induced protein 3 (TNFAIP3) as the key OSA-DEGs involved in OA development. Immunohistochemistry
and quantitative polymerase chain reaction revealed that these key genes were downregulated in the OA synovium,
promoting TNF-a expression. Therefore, OSA-DEGs, JUN, JUNB, DUSP1, and TNFAIP3 function in OA by increasing
TNF-a expression. Our findings provide insights on the mechanisms underlying the effects of OSA on OA.
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Introduction pain due to external disturbances and inade-

quate innervation of the joint cartilage [7].

Osteoarthritis (OA) is the leading cause of dis-
ability and decreased quality of life, especially
in the elderly population. Approximately 10-15%
of people aged over 60 years and almost 300
million people worldwide suffer from OA [1].
Incidence of OA increases annually with the
increasing age of the global population, placing
an overwhelming financial burden on society [2,
3]. OA is caused by complex risk factors, such
as age, obesity, trauma, and dysregulated hor-
mone levels [4, 5]. OA is mainly characterized
by joint pain, stiffness, and decreased motion,
with varying degrees of inflammation [6]. Pain
is one of the most prominent manifestations of
OA, and synovitis is the primary source of joint

Synovitis is observed in patients with early OA.
Synovial cells release inflammatory mediators
and matrix metalloproteinases that drive the
development of OA. OA severity can be predict-
ed based on the degree of synovitis [8, 9.
However, the etiology and regulatory mecha-
nisms of synovitis are unclear.

Obstructive sleep apnea (0SA), a common
sleep-related disorder characterized by repeat-
ed obstruction of the upper respiratory tract
during sleep, affects approximately one billion
people [10]. Risk factors for OSA include ana-
tomical abnormalities of the upper respiratory
tract, aging, obesity, genetic factors, and dys-
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regulated estrogen levels. OSA is usually asso-
ciated with daytime sleepiness, reduced atten-
tion, fatigue, and decreased cognitive function
due to intermittent hypoxia caused by sleep
apnea [11]. OSA is associated with many dis-
eases, such as cardiovascular diseases, meta-
bolic diseases, neurological diseases, and can-
cer [12]. The primary mechanism by which OSA
affects other diseases is the hyperactivation of
circulating inflammatory products stimulated
by intermittent hypoxia, which likely affects OA
progression [13].

Several studies have suggested a close asso-
ciation between OSA and OA. Intermittent
hypoxia in OSA promotes the senescence of
synovial cells and chondrocytes and activates
the senescence-associated secretory pheno-
type [14]. Intermittent hypoxia leads to selec-
tive activation of the nuclear factor (NF)-kB
inflammatory signaling pathway and the se-
cretion of circulating inflammatory products.
Therefore, OSA is often accompanied by chron-
ic systemic low-grade inflammation. OA is con-
sidered as a systemic, chronic, and low-degree
inflammatory disease with high levels of circu-
lating inflammatory cytokines. Systemic chron-
ic low-degree inflammation causes sarcopenic
obesity, leading to the obstruction of the upper
respiratory tract and exacerbation of OSA [15,
16]. In addition, progression of OA is accelerat-
ed by systemic chronic low-grade inflammation,
which leads to worsened symptoms, such as
synovitis and arthralgia [17]. A previous study
reported that the prevalence of OSA can reach
up to 66% in OA cohorts [18]. OSA shares simi-
lar risk factors with OA, such as aging, meta-
bolic abnormalities, obesity, and dysregulated
estrogen levels [19-22]. Systemic chronic low-
degree inflammation, which is inevitable in OSA
due to intermittent hypoxia, is also observed in
OA. These shared features indicate that OSA
and OA may interact via unknown inflammatory
signaling pathways. Therefore, the associated
signaling pathways and regulatory mechanisms
should be investigated to understand the link
between OSA and OA.

In this study, we identified four key OSA-
associated differentially expressed genes
(OSA-DEGs) via bioinformatics analysis. We
also determined the expression and function of
the identified key genes in vivo and in vitro. Our
results indicate that the four key genes can
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exacerbate OA by increasing the expression of
tumor necrosis factor (TNF)-a.

Materials and methods
Public datasets

Public datasets (GSE55235, GSE55457, GSE-
1919, and GSE75097) were obtained from the
Gene Expression Omnibus database (http://
www.ncbi.nim.nih.gov/geo). GSE55235, GSE-
55457 and GSE1919 are synovial mRNA mi-
croarray datasets from patients with OA and
healthy controls, respectively. GSE75097 is a
microarray dataset of peripheral blood mono-
nuclear cells from primary snoring patients with
OSA and those with moderate-to-severe OSA.

Identification of OSA-DEGs

After ID annotation and normalization of the
expression matrix in the R program (version
4.1.1), DEGs were identified using the limma
package (version 3.48.3) and visualized using
the ggplot2 package (version 3.3.5) package,
with a threshold criterion of P-value <0.05,
|LogFC| >0.5. The online tool Draw Venn Dia-
gram (http://bioinformatics.psb.ugent.be/web-
tools/Venn/) was used to detect OSA-DEGs.

Functional annotation of OSA-DEGs

Database for Annotation, Visualization, and
Integrated Discovery (DAVID), an online bioin-
formatics analysis tool, was used to perform
Gene Ontology (GO) term and Kyoto Encycl-
opedia of Genes and Genomes (KEGG) enrich-
ment analyses as previously described [23,
24]. DAVID results were visualized using the
ggplot2 package in R.

Construction of protein-protein interaction
(PPI) networks and identification of the hub
gene cluster

PPl networks of OSA-DEGs were constructed
by using the Search Tool for the Retrieval of
Interacting Genes/Proteins (STRING, http://
www.string-db.org/), an online tool to identify
and predict interactions between proteins, and
visualized using the Cytoscape software (vision
3.7.2). The CytoHubba plug-in in Cytoscape was
used to study hub genes with 12 different PPI
algorithms [25].
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Surgical rat model of OA

Ten 8-week-old male Wistar rats were pur-
chased from SiPeiFu Biotechnology Co., Ltd.
The OA rat model was established via anterior
cruciate ligament transection. In the OA group,
all rats underwent ACL transaction surgery on
both knees. In the sham group, the knee joint
was exposed via an incision on the medial
aspect of the joint capsule, and the incision
was closed with braided silk sutures. Eight
weeks after surgery, all rats were anesthetized
with isoflurane and sacrificed. The knee joint
samples were fixed with 4% paraformaldehyde,
decalcified in 0.5 M EDTA, and embedded in
paraffin for further study.

Animal care and experiments were in accor-
dance with the National Research Council
guide for the care and use of laboratory ani-
mals and approved by the Laboratory Animal
Welfare and Ethics Committee of Renmin
Hospital of Wuhan University (Approval No:
20220103A).

Histology

Paraffin-embedded tissues were cut into
6-pum-thick sections using a rotary microtome
(Leica RM2016, Leica Microsystems Ltd.).
Midsagittal sections were stained with hema-
toxylin-eosin and safranin O-fast green. Images
were captured using a microscope (NIKON
ECLIPSE CI, NIKON).

Immunohistochemistry

Tissue sections were subjected to antigen
retrieval using a citric acid buffer. Endogenous
peroxidases were quenched using 3% hydro-
gen peroxide at room temperature for 25 min.
Non-specific protein binding was blocked by
bovine serum albumin (BSA) at room tempera-
ture for 30 min. The sections were incubated
with primary antibodies against JUN (1:200,
A0246, Abclonal), JUNB (1:200, A5290, Ab-
clonal), TNFAIP3 (1:200, A19128, Abclonal)
and DUSP1 (1:200, A2919, Abclonal) overnight
at 4°C. After washing with PBS, the sections
were incubated with goat anti-rabbit IgG HRP
(@b205718, Abcam) at 37°C for 50 min. DAB
HRP substrate kit (K3468, DAKO) was used for
dye development, and hematoxylin was used
as a nuclear counterstain. Images were taken
using a microscope (NIKON ECLIPSE CI, NIKON).
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Synovial cell isolation and culture

To culture primary rat synovial cells, synovial
tissues were isolated from 8-week-old male
Wistar rats. Then, the synovial tissues were
cut into pieces, placed in 0.2% collagenase |l
(G5029, Servicebio), and digested for 2 h at
37°C. Finally, synovial cells were centrifuged
at 1200 rpm for 8 min and maintained in the
complete Dulbecco’s Modified Eagle’s Me-
dium/Nutrient Mixture F-12 medium (PM15-
03108, Procell) in a humidified 37°C, 5% CO,,
and 3% O, atmosphere.

Immunofluorescence assay

Synovial cells were fixed in 4% paraformalde-
hyde for 10 min at room temperature. After
washing thrice with PBS, the synovial cells were
permeabilized with 0.5% Triton X-100 for 10
min and blocked with 10% BSA for 1 h at room
temperature. Then, synovial cells were in-
cubated with anti-vimentin primary antibody
(1:200, A2584, Abclonal) overnight at 4°C,
followed by incubation with the Cy3-conjugat-
ed secondary antibody (1:500, GB21303, Ser-
vicebio) at room temperature for 2 h. Finally,
4’ .6-diamidino-2-phenylindole was used as a
counterstain and images were acquired using a
microscope.

RNA interference

si-JUN, si-JUNB, si-TNFAIP3, si-DUSP1, and
si-NC were obtained from RiboBio (Guangzhou,
China). Synovial cells were transfected with
siRNAs using Lipofectamine 2000, according
to the manufacturer’s protocol. Target sequenc-
es for RNA are listed in Table S1.

Reverse transcription-quantitative polymerase
chain reaction (RT-gPCR)

Total cellular RNA was isolated using an RNA
Isolation Kit, following the manufacturer’s pro-
tocol. RNA concentration was measured using
a NanoDrop spectrophotometer. RNA (1 ug)
was reverse-transcribed using SweScript RT I
Enzyme Mix. QPCR was performed using 2X
Universal SYBR Green Fast gPCR Mix in a
LightCycler 480 machine. B-actin was used for
normalization. All primer sequences are listed
in Table S2.
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Construction of microRNA (miRNA)-gene and
transcription factor (TF)-gene networks

miRNAs and TFs regulating the expression
of OSA-DEGs were predicted using online
databases. miWALK database (http://mirwalk.
umm.uni-heidelberg.de/search_mirnas/) and
Targetscan database (http://www.targetscan.
org/vert_80/) were used to construct the miR-
NA-gene network, and the TF-gene network
was determined using ChEA3 (https://maayan-
lab.cloud/chea3/) [26]. Finally, the results were
visualized using the Cytoscape software.

Identification of potential drugs

Drug-gene interaction database (DGidb) (htt-
ps://www.dgidb.org) was used to predict poten-
tial drugs and molecular compounds for OSA-
DEGs, and the drug-gene network was analyzed
and visualized using the Cytoscape software
[27].

Receiver operating characteristic (ROC) curve

ROC curves were used to evaluate the predic-
tive value of hub genes for OSA and OA based
on the expression matrix and sample status
of GSE55235, GSE55457, and GSE1919. ROC
curves were plotted using the pROC package
in R. The predictive value of hub genes was
assessed based on the area under the curve
(AUC) values.

Statistical analysis

All results are presented as the mean * stan-
dard deviation (SD). For statistical analyses,
two-tailed one-way analysis of variance was
conducted using the GraphPad Prism software.
Each experiment was repeated two or three
times. Differences were considered statistical-
ly significant at P<0.05.

Results

Identification of OSA-DEGs between OSA and
OA

Recruitment of peripheral blood mononuclear
cells to synovial tissues is crucial for the in-
flammatory response in OA. Therefore, parsing
transcriptomic signatures common to periph-
eral blood mononuclear cells in OSA and syno-
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vial cells in OA can aid in determining the
molecular link between these two diseases.
We identified 1295 DEGs in GSE55235 and
970 DEGs in GSE55457 associated with OA
based on the defined criteria. Moreover, in the
OSA dataset GSE75097, 466 DEGs were fil-
tered by comparing 28 OSA samples with 20
primary snoring patients and long-term con-
tinuous positive airway pressure treatment
samples. Expression profiles and DEGs are
shown as heat maps and volcano plots, res-
pectively (Figure 1A and 1B). Finally, 15 OSA-
DEGs, including two upregulated and 13 down-
regulated OSA-DEGs, shared between the
synovium of OA and peripheral blood mononu-
clear cells in OSA were integrated using the
Venn Diagram online tool (Figure 1C; Table 1).

Functional annotation of OSA-DEGs

Functional annotation analysis of the 15 OSA-
DEGs was performed at a threshold of P<0.05.
The top three terms in GO biological processes
(BP), cellular components (CC), and molecular
functions (MF) and KEGG are shown in the bub-
ble chart, chord plot, and network diagram
respectively (Figure 2A-C; Table 2). The top
three terms related to BP among the OSA-
DEGs included response to hydrogen peroxide
(p-adjust: 0.004), negative regulation of pro-
tein phosphorylation (p-adjust: 0.005), and
response to oxidative stress (p-adjust: 0.005).
The top three terms related to CC included
transcription factor complex (p-adjust: 0.002),
nuclear euchromatin (p-adjust: 0.002), and
euchromatin (p-adjust: 0.002). The top three
terms related to MF were DNA-binding tran-
scription activator activity, RNA polymerase
ll-specific (p-adjust: 7.64e-05), beta-catenin
binding (p-adjust: 0.002), and transcription
corepressor activity (p-adjust: 0.027). Notably,
OSA-DEGs in the KEGG pathway were mainly
enriched in TNF signaling pathway.

PPI network analysis and hub gene screening

PPI network, consisting of 15 OSA-DEGs, con-
tained 15 nodes and 70 edges. OSA-DEGs were
ranked by 12 algorithms in CytoHubba. JUN,
JUNB, DUSP1, and TNFAIP3 were the top five
OSA-DEGs in over half the algorithms (Figure
3A and 3B). Therefore, these four genes were
identified as the hub genes.
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Figure 1. Differentially expressed gene in 3 datasets. A. Volcano plots of DEGs in GSE55235, GSE55457 and
GSE75097, P-value <0.05, |LogFC| >0.5 were set as the screening threshold, red and blue points represented
up-regulated genes and down-regulated genes, respectively. B. Heatmaps of DEGs in GSE55235, GSE55457, and
GSE75097. C. Venn diagrams of OSA-DEGs from GSE55235, GSE55457, and GSE75097. NOR, normal sample;
OA, osteoarthritis; OSA, obstructive sleep apnea; PSS/CPAP, primary snoring subject/OSA patient with long-term

continuous positive airway pressure treatment.

Expression levels of the key genes in OA rats

A rat model of OA was established via anterior
cruciate ligament transection. As expected,
ACL transaction-mediated injury induced artic-
ular cartilage degradation and surface irregu-
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larities, confirming the successful establish-
ment of the OA model (Figure 4A and 4B).
JUN, JUNB, TNFAIP3, and DUSP1 levels were
downregulated in the OA synovium, consistent
with the bioinformatics analysis results (Figure
4C).

Am J Transl Res 2023;15(7):4487-4503
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Table 1. List of OSA-DEGs

OSA-DEGs Genes names
Up-regulated HLTF, TBL1XR1

Down-regulated CD163, PPP1R15A, NR4A2, JUNB, NFIL3, KLF4, DUSP1, BCL6, JUN, MAFF, TNFAIP3, SAT1,
GADD45B

Abbreviations: OSA-DEGs, OSA-associated differentially expressed genes; HLTF, helicase like transcription factor; TBL1XR1,
TBL1X/Y related 1; PPP1R15A, protein phosphatase 1, regulatory subunit 15A; NR4A2, nuclear receptor subfamily 4 group
A member 2; JUNB, Jun B proto-oncogene; NFIL3, nuclear factor interleukin 3 regulated; KLF4, KLF transcription factor 4;
DUSP1, dual specificity phosphatase 1; BCL6, B cell leukemia/lymphoma 6; JUN, Jun proto-oncogene; MAFF, v-maf avian
musculoaponeurotic fibrosarcoma oncogene homolog F; TNFAIP3, TNF alpha induced protein 3; SAT1, spermidine/spermine
N1-acetyltransferase 1; GADD45B, growth arrest and DNA damage inducible beta.

A
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Figure 2. Gene Ontology and KEGG enrichment analysis of OSA-DEGs. A. Bubble chart showed the terms of BP (bio-
logical process), MF (molecular function), CC (cell composition) in the GO and KEGG pathway. The x-axis label and
y-axis label represent the GeneRatio and the names of terms, respectively. B. Chord plot showed the relationship
between each OSA-DEGs and terms. Fold change values of OSA-DEGs were mapped by color scale. C. The network
diagram showed the connection of each OSA-DEGs to GO and KEGG terms. HLTF, helicase like transcription factor;
TBLA1XR1, TBL1X/Y related 1; PPP1R15A, protein phosphatase 1, regulatory subunit 15A; NR4A2, nuclear receptor
subfamily 4 group A member 2; JUNB, Jun B proto-oncogene; NFIL3, nuclear factor interleukin 3 regulated; KLF4,
KLF transcription factor 4; DUSP1, dual specificity phosphatase 1; BCL6, B cell leukemia/lymphoma 6; JUN, Jun
proto-oncogene; MAFF, v-maf avian musculoaponeurotic fibrosarcoma oncogene homolog F; TNFAIP3, TNF alpha
induced protein 3; SAT1, spermidine/spermine N1-acetyltransferase 1; GADD45B, growth arrest and DNA damage
inducible beta.

Effects of the key genes on synovial cells key genes on synovial cells. Immunofluorescen-

ce assay revealed that the isolated synovial
Primary synovial cells from rats were isolated cells expressed vimentin, a biomarker of syno-
and cultured to confirm the effects of the four vial cells, consistent with the results of previ-
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Table 2. GO terms and KEGG enrichment analysis of OSA-DEGs

Terms P.adjust Count
BP response to hydrogen peroxide 0.004 4
negative regulation of protein phosphorylation 0.005 5
response to oxidative stress 0.005 5
negative regulation of phosphorylation 0.005 5
response to reactive oxygen species 0.005 4
CcC transcription factor complex 0.002 4
nuclear euchromatin 0.002 2
euchromatin 0.002 2
nuclear transcription factor complex 0.002 3
transcriptional repressor complex 0.008 2
MF DNA-binding transcription activator activity, RNA polymerase ll-specific 7.64E-05 6
beta-catenin binding 0.002 3
transcription corepressor activity 0.037 3
KEGG TNF signaling pathway 0.031 3

Abbreviations: GO, gene ontology; KEGG, kyoto encyclopedia of genes and genomes; BP, biological processes; CC, cellular
components; MF, molecular function; TNF, tumor necrosis factor.

Figure 3. PPl network analysis of OSA-DEGs. A. PPl network of OSA-DEGs, green dots represented down-regulated
genes, red dots represented up-regulated genes, and the size represented LogFC. B. The subnetwork based on
the MCC algorithm in cytohubba, red color represents high rank. HLTF, helicase like transcription factor; TBL1XR1,
TBL1X/Y related 1; PPP1R15A, protein phosphatase 1, regulatory subunit 15A; NR4A2, nuclear receptor subfam-
ily 4 group A member 2; JUNB, Jun B proto-oncogene; NFIL3, nuclear factor interleukin 3 regulated; KLF4, KLF
transcription factor 4; DUSP1, dual specificity phosphatase 1; BCLG, B cell leukemia/lymphoma 6; JUN, Jun proto-
oncogene; MAFF, v-maf avian musculoaponeurotic fibrosarcoma oncogene homolog F; TNFAIP3, TNF alpha induced
protein 3; SAT1, spermidine/spermine N1-acetyltransferase 1; GADD45B, growth arrest and DNA damage inducible

beta.

ous studies (Figure 5A). Subsequently, an RNA
interference assay was performed to knock
down the expression of JUN, JUNB, TNFAIP3,
and DUSP1 in synovial cells (Figure 5B). Twenty-
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four hours after the transfection of siRNA into
synovial cells, a significant decrease in the
MRNA levels of JUN, JUNB, TNFAIP3, and
DUSP1 was observed via gRT-PCR. As the
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Figure 4. Expression of the key genes in OA rat. (A) Hematox-
ylin-eosin, (B) safranin O-fast green staining and OARSI score
in OA and sham cartilage. (C) Immunohistochemistry staining
... Of JUN, JUNB, TNFAIP3 and DUSP1 in OA and sham synovium.
; Scale bar 50 ym. **P<0.01. OARSI, Osteoarthritis Research
| Society International; OA, osteoarthritis; JUNB, Jun B proto-
oncogene; DUSP1, dual specificity phosphatase 1; JUN, Jun
proto-oncogene; TNFAIP3, TNF alpha induced protein 3.
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OSA-DEGs were mainly enriched in the TNF sig-
naling pathway, we measured the expression of
TNFa, the main effector molecule of the TNF
signaling pathway, using similar experiments.
TNF-a levels were significantly increased in
synovial cells after the knockdown of JUN,
JUNB, TNFAIP3, and DUSP1 (Figure 5C).

Construction of miRNA-gene and TF-gene net-
works

OSA-DEGs were modulated by 61 miRNAs and
50 TFs (Figure 6A and 6B). TBL1XR1 was
modulated by 39 miRNAs. MAFF and TNFAIP3
were modulated by nine and five miRNAs,
respectively. In the TF-gene network, OSA-DEGs
were modulated by a large number of TFs.
JUNB, GADD45B, and MAFF were modulated by
48 TFs, NR4A2 by 47 TFs, and TNFAIP3 and
JUN by 46 TFs. Moreover, JUN, NFIL3, KLF4,
and JUNB acted as TFs and regulated the
expression levels of other OSA-DEGs.
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Potential drug analysis

As shown in the drug-gene network, 55 drugs
had potential effects on OSA-DEGs (Figure 7).
JUN was affected by 44 drugs, including bupro-
pion hydrochloride, and was found to be the
most crucial target. Furthermore, albuterol,
vasopressin, and hydroxyurea regulated DUSP1
expression. Methotrexate regulated TNFAIP3
expression. Insulin and dexamethasone regu-
lated JUNB expression.

Diagnostic values of hub genes

Diagnostic values of hub genes were assessed
using ROC curves and the corresponding AUC
values. AUC values for DUSP1, TNFAIP3, JUNB,
and JUN in the GSE55235 dataset, AUC valu-
es for DUSP1, TNFAIP3, JUNB, and JUN were
0.98 (p-value <0.0001, CL: 0.9329-1), 1
(p-value <0.0001, CL: 1-1), 0.98 (p-value
<0.0001, CL: 0.9329-1) and 0.99 (p-value

Am J Transl Res 2023;15(7):4487-4503
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Figure 5. Effects of the key genes in synovial cells. A. Representative imaging of immunofluorescence staining. Scale bar 100 um. B, C. RT-gPCR analysis of JUN,
JUNB, TNFAIP3, DUSP1 and TNFa. Data represented the mean + SD from three independent experiments. **P<0.01 versus NC; ns, not statistically significant.
JUNB, Jun B proto-oncogene; DUSP1, dual specificity phosphatase 1; JUN, Jun proto-oncogene; TNFAIP3, TNF alpha induced protein 3; TNF, tumor necrosis factor.
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<0.0001, CL: 0.9623-1) respectively (Figure
8A). In the GSE55457 dataset, AUC values for
DUSP1, TNFAIP3, JUNB, and JUN were 0.96
(p-value <0.0001, CL: 0.8861-1), 0.92 (p-value
<0.0001, CL: 0.810-1) and 0.95, 0.85 (p-value
<0.0001 respectively, CL: 0.6784-1), 0.95
(p-value <0.0001, CL: 0.8648-1) (Figure 8B).
The AUC for JUN, JUNB, TNFAIP3, and DUSP1 in
GSE1919 were 0.96 (CL: 0.849-1.000), 0.800
(CL:0.472-1.000), 1 (CL: 1-1), 0.920 (CL: 0.736-
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1.000) (Figure 8C). These results suggest that
the identified hub genes possess good diag-
nostic values for OA, and to a certain extent, for
OSA. Finally, we verified the expression levels
of these hub genes using GSE55235, GSE-
55457 and GSE1919 datasets for external
validation. Consistent with previous results,
DUSP1, TNFAIP3, JUNB, and JUN levels were
downregulated in patients with OSA and OSA
(Figure 8D-F).
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Discussion

OA and OSA are highly prevalent and share sim-
ilar pathophysiological features, such as local-
ized or circulatory low-grade inflammation.
Epidemiological studies have shown that pa-
tients with OSA exhibit a high incidence of
severe OA symptoms. Zhang et al. reported
that intermittent hypoxia, a significant feature
of OSA, is a vital trigger for the cartilage and
synovial tissue to produce a senescence-asso-
ciated secretory phenotype (SASP) and cata-
bolic and anabolic imbalances. Therefore,
exploring the molecular mechanisms by which
OSA affects OA progression is necessary for
the prevention and treatment of OA [12].

We downloaded mRNA microarray data from
the peripheral blood monocytes of patients
with OSA and from synovial cells pf patients
with OA. OSA-DEGs were analyzed to identify
the common molecular features between
OSA and OA using bioinformatics methods. GO
and KEGG enrichment analyses of OSA-DEGs
revealed that OSA-DEGs were mainly enriched
in the TNF signaling pathway, consistent with
the pathological progression of OSA and OA.
TNF is produced by various cells, exerting its
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effects by binding to TNFR1/2, activating the
downstream NF-kB and mitogen-activated pro-
tein kinase (MAPK) pathway. They regulate the
expression levels of downstream genes, such
as c-jun, JNK, and ERK, thereby promoting
immune cell differentiation and activation and
playing important roles in anti-infection and
tumor defense responses [28]. In middle-aged
and elderly populations, the TNF signaling path-
way is involved in some pathological process-
es, such as chronic systemic inflammatory
response and autoimmunity [29-31]. Circulat-
ing TNF signaling pathway is hyperactivated in
patients with OSA due to intermittent hypoxia
from apnea. Disorders of circadian hormones
in patients with OSA may also be essential fac-
tors for the activation of the TNF signaling path-
way [32]. Activation of the circulating TNF sig-
naling pathway increases the risk of many dis-
eases, such as cardiovascular and metabolic
diseases [33, 34]. Furthermore, activation of
the circulating TNF signaling pathway promotes
muscle dysfunction and increases the risk of
upper airway dysfunction [35].

TNF signaling pathway also plays an essential
role in the pathological progression of OA.
Circulating TNF signaling pathway is activated
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in patients with OA [36]. Peripheral blood mono-
cytes and synovial cells can secrete TNF-a.
TNF-a binds to TNFR1 on the surface of syno-
vial cells in patients with OA to inhibit the syn-
thesis of proteoglycan, connexin, and type 2
collagen and promote the expression levels of
MMP1, MMP3, and MMP13, resulting in carti-
lage anabolic and catabolic imbalance [37-39].
TNF-a can also induce the expression of pro-
inflammatory cytokines, such as IL-6, and che-
mokines, such as IL-8, causing an inflammatory
cascade that further aggravates anabolic and
catabolic imbalances [40, 41]. Moreover, TNF
can upregulate the expression of prostaglandin
E2, which binds to the prostaglandin receptor
EP and is the leading cause of inflammatory
pain in OA [42, 43]. In addition, TNF-a can pro-
mote the production of reactive oxygen spe-
cies, dominated by NO and superoxide anions,
further leading to cartilage degradation. Our BP
results from the GO enrichment analysis are
consistent with the above findings [44]. Thus,
the TNF signaling pathway may mediate the
interaction between OSA and OA.

We subsequently performed PPI network analy-
sis of OSA-DEGs and screened four hub genes
that were downregulated in both diseases
using the CytoHubba algorithm. JUN and JUNB
belong to the Jun-family. Activator protein-1
(AP-1) component regulates transcription by
forming an AP-1 complex by dimerizing with
the AP-1-family of proteins. Low AP-1 protein
expression promotes the secretion of TNF-a.
JunB/c-Jun are essential physiological regula-
tors of TNF-a shedding by directly activating
the converting enzyme inhibitor, tissue inhibitor
of metalloproteinase-3, thus showing high
expression of skin and circulating TNF-a in
c-Jun/JunB-deficient mice, leading to inflam-
matory skin diseases [45]. High expression lev-
els were also observed in the dendritic cells of
c-Jun/JunB-deficient mice [46]. Another com-
ponent of the AP-1 protein dimer, the Fos pro-
tein, exerts similar anti-inflammatory effects.
Overexpression of the Fos protein inhibits the
expression of inflammatory cytokine TNF-a in
mice, thereby promoting fracture repair. In OA,
overexpression of AP-1 protein in adipose-
derived stromal cells showed better therapeu-
tic effects [47, 48]. In summary, low expression
of JUNB and JUN in patients with OSA and OA
may be responsible for the activation of the
TNF signaling pathway.
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TNFAIP3, also known as A20, is a ubiquitin-
dependent regulator of immune homeostasis
[49]. TNFAIP3 is a critical anti-inflammatory
mediator that regulates the ubiquitin state of
the molecules through its dual enzymatic activ-
ity, inhibiting the MAPK and NF-kB pathway
activation and antagonizing the cytotoxicity of
the TNF signaling pathway [50]. TNFAIP3 inhib-
its TNF signaling pathway function and release
of chemokines and inflammatory cytokines in
airway smooth muscles [50]. In OA synovial
cells, TNFAIP3 works as an NF-kB antagonist to
inhibit the release of the inflammatory factors,
IL-6 and IL-8 [51].

DUSP1 is a threonine-tyrosine dual-specificity
phosphatase that plays a crucial role in inflam-
matory responses and chronic metabolic dis-
eases [52]. Activities of the MAPK and NF-kB
signaling pathways and expression levels of
pro-inflammatory cytokines, such as TNF-q,
IL1B, and IL-1a, were enhanced in DUSP1-
deficient mice [53]. In OSA, DUSP1 suppresses
MAPK activity and reduces IH-induced oxida-
tive stress by inducing SOD enzyme expres-
sion [54]. Here, the protective role of DUSP1 in
OA synovial cells was confirmed. Overexpres-
sion of DUSP1 inhibited MAPK pathway in OA
synovial cells and reduced the expression lev-
els of inflammatory cytokines and MMPs [55].
DUSP1 knockdown increased the inflammatory
response to allergens and production of IL-6
and IL-8 in airway epithelial cells [56]. DUSP1-
deficient mice exhibited high inflammation dur-
ing dust exposure [57]. In this study, we
observed the downregulation of JUN, JUNB,
TNFAIP3, and DUSP1 levels in OA synovial tis-
sues. Consistent with previous studies, in-
creased expression of TNF was observed in
synovial cells with JUN, JUNB, TNFAIP3, or
DUSP1 knockdown. Therefore, these four OSA-
associated genes may mediate the effects of
OSA on OA via the TNF signaling pathway.

miRNAs, with tissue- and developmental stage-
specific expression patterns, influence tissue
development and homeostasis by regulating
gene expression and are involved in the patho-
genesis of various diseases [58]. Altered circu-
lar miRNAs in patients with OSA increase the
expression levels of inflammatory genes, such
as TNF-«, in monocytes, increasing the risk of
other diseases, such as cardiovascular diseas-
es [59, 60]. miRNAs also participate in the syn-
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thesis of the cartilage matrix and synovitis in
OA [61, 62]. We analyzed potential miRNAs and
TFs involved in the regulation of OSA-DEGs.
TBL1XR1 is an OSA-DEG regulated by most
miRNAs that is involved in the growth and
metastasis of multiple tumors. However, its
roles and diagnostic values in OSA and OA
remain unclear [63]. Here, expression levels of
hub genes JUN, JUNB, and TNFAIP3 were regu-
lated by the corresponding miRNAs. These miR-
NAs are likely upstream factors of hub gene
downregulation that function as biomarkers.
Hub genes JUNB, JUN, and TNFAIP3 are regu-
lated by most TFs, and JUNB and JUN also regu-
late other OSA-DEGs as TFs. This regulatory
network underscores the crucial role of the JUN
family proteins in the interactions between OSA
and OA.

DGIdb database was used to search for poten-
tial drugs and molecular compounds targeting
OSA-DEGs. JUN is a crucial drug target and 44
drugs and their molecular compounds affect
JUN expression. JUN-targeting drugs, such as
bupropion hydrochloride, butinoline, and clo-
trimazole, antagonize the TNF signaling path-
way-induced inflammatory response in differ-
ent tissues [64-66]. Remaining hub genes
(JUNB, TNFAIP3, and DUSP1) are the targets of
dexamethasone, methotrexate, and albuterol,
respectively, which are anti-inflammatory drugs
used to inhibit autoimmunity. These drugs may
be effective treatment modalities for OSA and
OA.

Our study has some limitations. First, in addi-
tion to the molecular linkages, other features of
OSA that may affect OA, such as obesity, were
not evaluated in this study and should be
assessed in future studies. In addition, we vali-
dated the expression levels and effects of key
genes only in the OA model, not in OSA due to
the difficulty of sample acquisition. Therefore,
further clinical studies are necessary to
address these limitations.

Conclusion

In this study, we demonstrated the molecular
links between OSA and OA via bioinformatics
analysis and experimental validation. We found
that four key OSA-associated genes, JUN, JUNB,
DUSP1, and TNFAIP3, mediated the activation
of the TNF signaling pathway and were involved
in the development of OA. This study provides
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new insights into the underlying mechanisms of
OA that may aid in its treatment.
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Table S1. Target sequences of siRNA

siRNA name Target sequences
si-r-JUN GGCACAGCTTAAACAGAAA
si-r-JUNB GCATCAAAGTGGAGCGAAA
si-r-TNFAIP3 GGAGTGGACTTCAGTACAA
si-r-DUSP1 GCTCCACTCAAGTCTTCTT

Abbreviations: JUNB, Jun B proto-oncogene; DUSP1, dual specificity phosphatase 1; JUN, Jun proto-oncogene; TNFAIP3, TNF
alpha induced protein 3.

Table S2. Primer sequences used in this study

Gene name F/R Sequences 5’-3’
B-actin F TGCTATGTTGCCCTAGACTTCG
R GTTGGCATAGAGGTCTTTACGG
JUN F CCCCATCGACATGGAGTCTC
R TGGCACCCACTGTTAACGTG
JUNB F GGGGCAGGCAGCTACTTTTC
R CATCTTGTGCAGGTCGTCCA
TNFAIP3 F ACGGCACGACTCACCTGATC
R CTGTTTCCTCGGGGTTCCAG
DUSP1 F TCCGGATGCAGCTCCTGTAG
R GCACAAACACCCTTCCTCCA
TNFa F TCCAGAACTCCAGGCGGT
R TTGGTGGTTTGCTACGAC

Abbreviations: JUNB, Jun B proto-oncogene; DUSP1, dual specificity phosphatase 1; JUN, Jun proto-oncogene; TNFAIP3, TNF
alpha induced protein 3; TNF, tumor necrosis factor.



