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Aims
This study aimed, through bioinformatics analysis, to identify the potential diagnostic
markers of osteoarthritis, and analyze the role of immune infiltration in synovial tissue.

Methods

The gene expression profiles were downloaded from the Gene Expression Omnibus (GEO) da-
tabase. The differentially expressed genes (DEGs) were identified by R software. Functional en-
richment analyses were performed and protein-protein interaction networks (PPI) were con-
structed. Then the hub genes were screened. Biomarkers with high value for the diagnosis of
early osteoarthritis (OA) were validated by GEO datasets. Finally, the CIBERSORT algorithm was
used to evaluate the immune infiltration between early-stage OA and end-stage OA, and the
correlation between the diagnostic marker and infiltrating immune cells was analyzed.

Results

A total of 88 DEGs were identified. Gene ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) enrichment analyses indicated that DEGs were significantly enriched in leu-
cocyte migration and interleukin (IL)-17 signalling pathways. Disease ontology (DO) indicated
that DEGs were mostly enriched in rheumatoid arthritis. Six hub genes including FosB proto-
oncogene, AP-1 transcription factor subunit (FOSB); C-X-C motif chemokine ligand 2 (CXCL2);
CXCLS; IL-6; Jun proto-oncogene, AP-1 transcription factor subunit (JUN); and Activating tran-
scription factor 3 (ATF3) were identified and verified by GEO datasets. ATF3 (area under the
curve = 0.975) turned out to be a potential biomarker for the diagnosis of early OA. Several
infiltrating immune cells varied significantly between early-stage OA and end-stage OA, such as
resting NK cells (p = 0.016), resting dendritic cells (p = 0.043), and plasma cells (p = 0.043). Ad-
ditionally, ATF3 was significantly correlated with resting NK cells (p = 0.034), resting dendritic
cells (p = 0.026), and regulatory T cells (Tregs, p = 0.018).

Conclusion

ATF3 may be a potential diagnostic marker for early diagnosis and treatment of OA, and
immune cell infiltration provides new perspectives for understanding the mechanism
during OA progression.
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Article focus Key messages

How can we diagnose and treat osteoar-
thritis (OA) at the early stage?

What is the relationship between OA and
immune cell infiltration?

What is the significance of this relationship to
the treatment of OA?

Activating transcription factor 3 (ATF3)
can be a potential diagnostic marker
and therapeutic target for early-stage
OA.

Immune cell infiltration is of great signifi-
cance in the development of OA.

VOL. 11, NO. 9, SEPTEMBER 2022

679


mailto:fanyu1979@live.cn

680 J. YANG, S. LIU, Y. FAN

Strengths and limitations

The present study revealed that ATF3 could be a potential
diagnostic marker and therapeutic target for early-stage
OA, and we associated ATF3 with immune cell infiltra-
tion in OA to elucidate its role in the development of the
disease.

Experimental verification and a large-scale sample size
are still needed for better reliability of the results in the
future.

Introduction
Osteoarthritis (OA) is the most common chronic degen-
erative joint disease which is mainly characterized by
synovial inflammation and cartilage degeneration
among older people.”? OA can cause serious limits on
articular functions in major daily activities without an
effective treatment.®> Over 200 million people world-
wide suffer from OA, which is a great burden both for
individuals and for society. However, early diagnosis
and treatment are imperative to effectively prevent
disease progression and joint damage.® Currently, diag-
nosis is based on clinical manifestations and imaging,
which can only detect quite advanced OA. Moreover,
the severity of structural degeneration and clinical
manifestations are not consistent.® The lack of reliable
methods to diagnose, stage, and monitor pathological
changes in the joint has been one of the major impedi-
ments to advances in disease-modifying interventions.”
Therefore, it is essential to identify new and effective
biomarkers for the early diagnosis and treatment of OA.
OA has now been recognized as a disease that affects
whole-joint tissues, including the synovium (synovial
tissue), which can produce synovial fluid and maintain
the smoothness and motion of the joint. Some studies
indicate that the pathological changes in synovium
occur even before visible cartilage degeneration in OA.8
Multiple findings from MRI and ultrasound techniques
have confirmed the existence of synovial pathological
changes, such as thickening of the synovial lining layer
and joint effusion, in early OA.?'® With the onset of syno-
vitis, proinflammatory cytokines produced by inflamed
synovial tissue cause the cartilage breakdown which
can, in turn, exacerbate synovitis, creating a vicious
circle. However, only a few pieces of research focus
on exploring the molecular mechanism between syno-
vitis and the progression of OA. An increasing number
of studies have demonstrated that cell infiltration plays
a crucial role in the development of OA."> Numerous
immune cells have been discovered in the synovial tissue
of OA patients. Among them, macrophages, T cells,
and mast cells (MCs) are the most frequently identified
infiltrating immune cells.™ In addition, a distinct infil-
tration pattern characterized by the increasing polariza-
tion of CD4* T cells towards activated Th1 cells, and the
increased secretion of immunomodulating cytokines,
was recently discovered." Therefore, understanding
infiltration of the immune cells is of great importance to

elucidate the mechanisms of OA, while identifying the
differences in components of infiltrating immune cells
is beneficial to the development of new immunothera-
peutic targets. However, no studies have yet analyzed
the difference in immune cell infiltration between early-
stage OA and end-stage OA.

Methods

Microarray datasets collection and preprocessing. We
used the “GEOquery” package of R software (version
4.1.1, R Foundation for Statistical Computing, Austria)
to download gene expression profiles of human synovial
tissues, including three test sets GSE55235, GSE55457,
and GSE55584 based on GPL96 platforms, and two
validation sets including GSE12021 based on GPL96
platforms, and GSE32317 based on GPL570 platforms
from the GEO database.”™ Three test sets GSE55235,
GSE55457, and GSE55584 contain 46 samples, includ-
ing 20 normal samples and 26 OA samples. GSE12021
contains 19 samples, including nine normal samples
and ten OA samples (Table I). GSE32317 contains
19 samples, including nine end-stage OA samples and
ten early-stage OA samples. GSE55235, GSE55457, and
GSE55584 gene expression matrixes were then com-
bined, and the “sva” package was used to remove the
inter-batch difference and other unwanted variations.'®
Identification of DEGs. The “limma” package was
used to identify DEGs by comparing the expression
value between normal and OA synovial tissues.” The
corresponding p-value of the gene symbols after the
independent-samples t-test was defined as adjusted p
< 0.05, and |log,FC| > 1.5 were considered as screen-
ing criteria. The “ComplexHeatmap” package'™ and
“ggplot2” package' were then used to make the com-
plex heatmap and volcano plot to better visualize these
DEGs.

Gene ontology, KEGG, and disease ontology analyses of
DEGs. We used the “clusterProfiler” package to per-
form the GO and KEGG pathway enrichment analyses
of DEGs.?° A “GOplot” package was used to calculate
the Z-score as well as visualize the results of these en-
richment analyses.?' Disease ontology (DO) enrichment
analysis was performed and visualized by the online
tool Enrichr (Icahn School of Medicine at Mount Sinai,
USA). A p-value < 0.05 was considered statistically
significant.

PPl network construction and identification of the hub
genes. The PPl network was constructed using the
STRING database with a filter condition (confidence
score 0.4).2 Then, Cytoscape (Institute for Systems
Biology, USA) was used to better visualize the interac-
tion information performed by STRING. Additionally,
MCODE plugin was used to identify significant gene
modules (degree cut-off = 2; node score cut-off =
0.2; k-score = 2; maximum depth = 100). The top
eight genes were identified by the three algorithms
including Degree, Maximal Clique Centrality (MCC),
and Maximum Neighborhood Component (MNC) of
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Table 1. Information of selected microarray datasets.
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Samples

Mean age, yrs (SD)

Sex, n (male/female)

Accession Source

numbers Platform Normal OA Normal OA Normal OA tissue Attribute
GSE55235  GPL96 10 10 N/A N/A N/A N/A Synovium  Test set
GSE55457  GPL96 10 10 51 (18.7) 72.4(5.6) 8/2 2/8 Synovium  Test set
GSE55584  GPL96 0 6 N/A 73.2(7.9) N/A 0/6 Synovium  Test set
GSE12021  GPL96 9 10 50.2(20.7) 71.9(6.1) 7/2 2/8 Synovium  Validation set
GSE32317  GPL570 0 19 (10 early-stage  N/A 62.3 (10.5) (early-stage) N/A 8/2 (early-stage) Synovium  Validation set

and 9 end-stage)

69.1 (6.1) (end-stage)

5/4 (end-stage)

Annotation: GPL96: [HG-U133A] Affymetrix Human Genome U133A Array; GPL570: [HG-U133_Plus_2] Affymetrix Human Genome U133 Plus 2.0

Array.
N/A, not available; OA, osteoarthritis.
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Differentially expressed genes (DEGs) of synovial tissue between osteoarthritis (OA) and normal controls. a) Heatmap of DEGs. Red rectangles represent
high expression, and blue rectangles represent low expression. b) Volcano plot of DEGs. Red spots represent upregulated genes, and blue spots represent

downregulated genes.

CytoHubba.?* Next, the top eight genes were verified
by the support vector machine-recursive feature elim-
ination (SVM-RFE) algorithm.?* Finally, we intersect-
ed all these results to obtain the final hub genes. The
GSE12021 dataset was analyzed to verify the hub genes

of OA, while the GSE32317 dataset was analyzed to
identify the significant differentially expressed genes
between early-stage OA and end-stage OA.

Evaluation of immune cell infiltration. CIBERSORT
(Stanford University, USA) was used to analyze the gene
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Fig. 2

Gene ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG), and disease ontology (DO) analyses of differentially expressed genes (DEGs)
between osteoarthritis (OA) and normal controls. a) Bubble plot showing the top ten GO terms, including four biological processes, two cell components,
and four molecular functions. b) KEGG pathway analysis of DEGs between OA and normal controls: the bubble plot shows the top ten enriched KEGG
pathways of DEGs. c) Bar plot showing the DO enrichment analysis, where the horizontal axis represents the number of DEGs under the DO terms. IL-17,

interleukin 17; NF-kappa B, nuclear factor kappa B; TNF, tumour necrosis factor.

expression matrix data obtained previously, and the sam-
ples were filtered out according to p-value < 0.05. Next,
a percentage diagram of each kind of immune cell in
every sample was made. Then the “ggplot2” package
was used to draw a correlation heatmap which can vis-
ualize the correlation of infiltrating immune cells." Next,
the “ggplot2” package was used to visualize the different
immune infiltration levels of each immune cell between
early-stage OA and end-stage OA.

Correlation analysis between ATF3 and infiltrating im-
mune cells. Finally, Spearman correlation analysis on
ATF3 and infiltrating immune cells was performed us-
ing “ggstatsplot” package; “ggplot2” package was
used to demonstrate the results.

Results

Identification of DEGs. To identify DEGs between OA
and normal synovial tissue, the datasets GSE55235,
GSE55457, and GSE55584 were selected. A total of 88
DEGs including 34 upregulated and 54 downregulated

genes were detected. The results were visualized by a
volcano map of all DEGs (Figure 1a), and a heatmap
(Figure 1b) was made to show DEG expression.

Enrichment analyses of DEGs. GO enrichment analysis
revealed that DEGs were mainly enriched in biological
processes including leucocyte migration, regulation of
inflammatory response, response to steroid hormone,
and response to corticosteroid; cellular components
including immunoglobulin complex and circulating
immunoglobulin complex; and molecular functions in-
cluding RNA polymerase ll-specific DNA-binding tran-
scription activator activity, cytokine activity, antigen
binding, and chemokine activity (Figure 2a, Table I,
Supplementary Figure a). KEGG enrichment analyses
indicated that DEGs were mainly enriched in IL-17 sig-
nalling, cytokine-cytokine receptor interaction, osteo-
clast differentiation, and rheumatoid arthritis-related
pathways (Figure 2b, Table Il, Supplementary Figure
b). DO analysis showed that diseases enriched by these
DEGs mainly include rheumatoid arthritis, juvenile
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Table I1. The Gene Ontology and Kyoto Encyclopedia of Genes and Genomes enrichment analysis of differentially expressed genes.

Gene Adjusted p-
Category ID Description count value Genes
BP G0:0050900 Leucocyte migration 17 4.88E-08 IGLV1-44, IGLC1, CXCL3, CXCL8, CXCL2, IL6, MMP1,
CX3CR1, IGHM, CCL20, APOD, TNFSF11, TREM2, IGKC,
SLC7AS5, LRCH1, SELE
G0:0050727 Regulation of inflammatory 14 1.43E-05 IGLV1-44, IGLC1, IL6, PTGS2, APOD, TNFSF11, TREM2,
response TACT, IGKC, SOCS3, IL1R2, TLR7, IGHG1, SELE
G0:0031960 Response to corticosteroid 9 1.85E-05 FOSB, IL6, PTGS2, CSN1S1, KLF9, FOSL1, ZFP36,
CDKN1A, DDIT4
G0:0048545 Response to steroid hormone 12 3.75E-05 FOSB, NR4A1, IL6, PTGS2, CSN1S1, NR4A2, KLF9,
KDM5D, FOSL1, ZFP36, CDKN1A, DDIT4
G0:0032496 Response to 1 4.60E-05 CXCL3, CXCL8, CXCL2, IL6, PTGS2, CX3CR1, TREM2,
lipopolysaccharide TAC1, ZFP36, JUN, SELE
(dd G0:0042571 Immunoglobulin complex, 4 2.90E-02 IGLC1, IGHM, IGKC, IGHG1
circulating
G0:0019814 Immunoglobulin complex 5 3.24E-02 IGLV1-44, IGLC1, IGHM, IGKC, IGHG1
MF G0:0005125 Cytokine activity 8 1.17E-03 CXCL3, CXCL8, CXCL2, IL6, CCL20, TNFSF11, NAMPT,
TNFRSF11B
GO:0008009 Chemokine activity 5.48E-03 CXCL3, CXCL8, CXCL2, CCL20
G0:0003823 Antigen binding 6 5.48E-03 IGLV1-44, IGLC1, IGHM, IGKC, SLC7A5, IGHG1
G0:0001228 DNA-binding transcription 9 6.84E-03 FOSB, MAFF, NR4A1, ATF3, FOSL2, NR4A2, MYC, FOSL1,
activator activity, RNA JUN
polymerase Il-specific
GO0:0042379 Chemokine receptor binding 4 9.18E-03 CXCL3, CXCL8, CXCL2, CCL20
KEGG hsa04657 IL-17 signalling pathway 10 1.38E-08 FOSB, CXCL3, CXCL8, CXCL2, IL6, MMP1, PTGS2,
CCL20, FOSLT, JUN
hsa05323 Rheumatoid arthritis 8 3.55E-06 CXCL3, CXCL8, CXCL2, IL6, MMP1, CCL20, TNFSF11,
JUN
hsa04668 TNF signalling pathway 8 1.02E-05 CXCL3, CXCL2, IL6, PTGS2, CCL20, SOCS3, JUN, SELE
hsa04380 Osteoclast differentiation 8 2.15E-05 FOSB, TNFSF11, TREM2, FOSL2, SOCS3, FOSLT, JUN,
TNFRSF11B
hsa05167 Kaposi sarcoma-associated 9 3.70E-05 CXCL3, CXCL8, CXCL2, IL6, PTGS2, MYC, ZFP36, JUN,
herpesvirus infection CDKNTA
hsa04061 Viral protein interaction 6 5.20E-04 CXCL3, CXCL8, CXCL2, IL6, CX3CR1, CCL20
with cytokine and cytokine
receptor
hsa05146 Amoebiasis 6 5.20E-04 CXCL3, CXCL8, CXCL2, IL6, ILT1R2, LAMA3
hsa04064 NF-kappa B signalling 6 5.20E-04 CXCL3, CXCL8, CXCL2, PTGS2, GADD45B, TNFSF11
pathway
hsa05166 Human T-cell leukaemia virus 8 5.25E-04 IL6, MYC, IL1R2, FOSL1, ZFP36, JUN, ADCY2, CDKNTA
1 infection
hsa04060 Cytokine-cytokine receptor 9 5.87E-04 CXCL3, CXCL8, CXCL2, IL6, CX3CR1, CCL20, TNFSF11,
interaction ILTR2, TNFRSF11B

p < 0.05 was considered statistically significant.

BP, biological process; CC, cellular component; DEGs, differentially expressed genes; IL-17, interleukin-17; KEGG, Kyoto Encyclopedia of Genes
and Genomes; MF, molecular function; NF-kappa B, nuclear factor kappa beta; TNF, tumour necrosis factor.

arthritis, arthritis, pulmonary hypertension, skin ero-
sion, and OA (Figure 2¢).

PPI network construction, module analysis, and identifica-
tion of the hub genes. The PPl network, which was com-
posed of 48 nodes and 192 edges, was constructed by
STRING and visualized by Cytoscape (Figure 3). MCODE
plugin was used to do the module analysis, and two clus-
ter modules were obtained according to the filter crite-
ria (Supplementary Figure c). Cluster 1 had the highest
score (score: 6, 9 nodes and 24 edges), followed by clus-
ter 2 (score: 3.692, 14 nodes and 24 edges). Then, three
algorithms including MCC, MNC, and degree plugins
were used to identify the top eight hub genes. After veri-
fying and intersecting these hub genes with the SVM-RFE

algorithm, we finally obtained six hub genes which are
the mostimportant genes in the interaction network, and
may play a pivotal role in the pathogenesis of OA, includ-
ing CXCL2, FOSB, JUN, ATF3, IL6, and CXCL8. Six hub
genes with detailed information are shown in Table IlI.
Verification of six hub genes from the GEO dataset
GSE12021. GSE12021, which included nine normal syn-
ovial samples and ten OA synovial samples, was select-
ed to verify the six hub genes. The results are shown
in Figure 4a, which indicate that the messenger RNA
(mRNA) expression levels of the six hub genes in OA
samples were significantly decreased compared with
those in the normal samples (p < 0.05).
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Fig. 3

Protein-protein interaction network of differentially expressed genes (DEGs). The interaction network between proteins coded by DEGs was constructed based
on STRING database and Cytoscape software. ARC, activity regulated cytoskeleton associated protein; APOLD1, apolipoprotein L domain containing 1; ATF3,
activating transcription factor 3; CCL20, C-C motif chemokine ligand 20; CDKN1A, cyclin dependent kinase inhibitor 1A; CSN1S1, casein alpha s1; CXCLS8, C-
X-C motif chemokine ligand 8; CXCL2, C-X-C motif chemokine ligand 2; CXCL3, C-X-C motif chemokine ligand 3; CX3CR1, C-X3-C motif chemokine receptor
1; CYR61, as known as CCN1, cellular communication network factor 1; DDIT4, DNA damage inducible transcript 4, DUOX2, dual oxidase 2; DUSP2, dual
specificity phosphatase 2; FOSB, FosB proto-oncogene, AP-1 transcription factor subunit; FOSL1, FOS like 1, AP-1 transcription factor subunit; FOSL2, FOS like
2, AP-1 transcription factor subunit; FKBP5, FKBP prolyl isomerase 5; GADD45B, growth arrest and DNA damage inducible beta; HTR2B, 5-hydroxytryptamine
receptor 2B; ILTR2, interleukin 1 receptor type 2; IL6, interleukin 6; JUN, Jun proto-oncogene, AP-1 transcription factor subunit; KLF9, KLF transcription factor
9; MAFF, MAF bZIP transcription factor F; MMP1, matrix metallopeptidase 1; MYC, MYC proto-oncogene, bHLH transcription factor; NAMPT, nicotinamide
phosphoribosyltransferase; NFIL3, nuclear factor, interleukin 3 regulated; NR4A1, nuclear receptor subfamily 4 group A member 1; NR4A2, nuclear receptor
subfamily 4 group A member 2; PTGS2, prostaglandin-endoperoxide synthase 2; RGS1, regulator of G protein signaling 1; SELE, selectin E; SIK1, salt inducible
kinase 1; SLC16A7, solute carrier family 16 member 7; SLC18A2, solute carrier family 18 member A2; SLC2A3, solute carrier family 2 member 3; SLC7AS5, solute
carrier family 7 member 5; SOCS3, suppressor of cytokine signaling 3; TAC1, tachykinin precursor 1; TLR7, toll like receptor 7; TNFSF11, TNF superfamily
member 11; TNFRSF11B, TNF receptor superfamily member 11b; TREM2, triggering receptor expressed on myeloid cells 2; WIF1, WNT inhibitory factor 1;
WNTS5B, Wnt family member 5B; ZFP36, ZFP36 ring finger protein.

Identification of the effective diagnostic markers of early of normal and OA samples in GSE12021, as well as the
OA. GSE32317, which included ten early-stage OA and  ROC curves of hub genes based on expression profiles of
nine end-stage OA samples, was used to identify the early-stage OA and end-stage OA samples in GSE32317
effective diagnostic markers of early OA. We observed  (Supplementary Figure d). Among the six hub genes,
that the mRNA expression level of ATF3 was significant-  JUN has the highest diagnostic value (area under the
ly decreased in the end-stage OA samples compared curve (AUC) 0.988) in the OA samples, while ATF3 has
with the early ones (p < 0.001, Figure 4b). the highest diagnostic value (AUC 0.975) in the end-
Receiver operating characteristic curve of six hub stage OA samples. In order to identify better diagnostic
genes. We created the receiver operating characteristic markers, we combined the results of ROC curves with
(ROC) curves using the hub genes expression profiles
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Table Il. Six hub genes identified by three algorithms of cytoHubba and support vector machine-recursive feature elimination.

Gene symbol Description Fold-change Adjusted p-value Regulation
CXCL2 C-X-C motif chemokine ligand 2 -2.499 3.09E-05 Down
FOSB FosB proto-oncogene, AP-1 transcription factor subunit -3.581 2.42E-04 Down
JUN Jun proto-oncogene, AP-1 transcription factor subunit -1.696 3.67E-06 Down
ATF3 Activating transcription factor 3 -2.189 6.34E-06 Down
IL-6 Interleukin-6 -2.256 1.06E-03 Down
CXCL8 C-X-C motif chemokine ligand 8 -2.561 5.75E-04 Down

SVM-RFE, support vector machine recursive feature elimination.

their expression levels; compared with end-stage OA,
ATF3 was significantly upregulated in early-stage OA (p
< 0.001). Therefore, ATF3 may have a high diagnostic
value for early diagnosis of OA and could be a potential
therapeutic target.

Immune cell infiltration analyses results. The landscape of
immune cell infiltration in different stages of OA has not
been fully elucidated. We first investigated the difference in
immune cell infiltration between early-stage OA and end-
stage OA tissues. The correlation heatmap revealed that M2
macrophages had a significant negative correlation with
memory B cells (p = 0.012), plasma cells (p = 0.017), folli-
cular helper T cells (p = 0.038), and activated NK cells (p =
0.009). Regulatory T cells (Tregs) had a significant negative
correlation with follicular helper T cells (p = 0.014) and acti-
vated NK cells had a significant negative correlation with rest-
ing NK cells (p < 0.001), while resting mast cells also had a
significant negative correlation with monocytes (p = 0.011).
The plasma cells had a significant positive correlation with
memory B cells (p = 0.047). MO Macrophages had a signifi-
cant positive correlation with activated NK cells (p = 0.019),
while gamma delta T cells had a significant positive correla-
tion with activated dendritic cells and resting mast cells (p =
0.003, Supplementary Figure €). The violin plot showed that
several infiltrating immune cells varied significantly between
early-stage OA and end-stage OA. Compared with early-
stage OA tissue, end-stage OA tissue contained a lower pro-
portion of resting NK cells (p = 0.016) and resting dendritic
cells (p = 0.043), while plasma cells (p = 0.043) infiltrated
more (Figure 5).

Correlation analysis between ATF3 and immune infiltrating
cells. Correlation analysis (Figure 6) revealed that ATF3 was
positively correlated with resting NK cells (p = 0.034, |Cor| =
0.488), resting dendritic cells (p = 0.026, |Cor| = 0.510), and
regulatory T cells (Tregs, p = 0.018, |Cor| = 0.535).

Discussion

OA has become a common disease that brings substan-
tial burdens not only to society but also to the healthcare
system. However, because of the lack of early diagnostic
biomarkers, once OA is diagnosed, it is always at the
end phase of the disease, resulting in a poor prognosis.
Moreover, in previous studies, cartilage was consid-
ered as the central component bearing the full brunt
of the OA. Recently, more evidence indicated that OA
is a whole-joint disease affecting entire articular tissues
including cartilage, synovium, and subchondral bone.?

Furthermore, during the development of OA, synovitis
is always concomitant with OA from the early stage to
the end stage.? It is reported that synovitis can lead to
secondary OA by initiating cartilage degeneration and
bone reconstruction.?” In addition, researches also reveal
thatimmune cell infiltration plays a vital role in the patho-
genesis of OA.">'" Therefore, it is of great significance
and urgency to clarify the underlying mechanism of OA
and identify effective biomarkers for the early diagnosis
of OA. In this study, we aimed to identify the effective
markers for the early diagnosis of OA and explore the role
of immune cell infiltration in OA.

Through functional analyses, the results indicate that
inflammatory response, immune response, and syno-
vial membrane signal transduction play an important
role in OA, resulting in arthritis and pain, which are
known as the main clinical manifestations of OA.%
Additionally, the immune response may be related
to infiltration of the immune cells, which needs to be
further explored.

In this study, we found that ATF3 was significantly
upregulated in early-stage OA with a high diagnostic
value compared with end-stage OA. Therefore, we
hypothesize that ATF3 may be an effective biomarker for
the early diagnosis of OA based on our analysis. ATF3
is @ member of the ATF/cyclic AMP response element-
binding (CREB) protein family of transcription factors.?
A couple of studies have indicated that ATF3 may play
an important role in regulating the cell biological
processes of the joint. Chan et al*° reported that ATF3
can directly affect the transcription of matrix metallo-
proteinase (MMP)13. However, the increased expres-
sion of MMP13 would lead to the degradation of type II
collagen, which could result in the loss of the extracel-
lular matrix (ECM) and the imbalance of the cartilage
homeostasis. Furthermore, IL-18, which is considered
to be related to the catabolic effects including growth
inhibition and apoptosis induction of the chondrocyte,
is reported to be mediated by ATF3.3" All of these effects
on cartilage would lead to bone remodelling in OA.
Hence, we have reasons to believe that ATF3 is of great
significance in maintaining the cells and joint function,
as well as in the course of OA development. In addi-
tion, one study showed that the JNK/SAPK pathway
is involved in the induction of ATF3, which indicated
its potential role in stress responses.??> Another study
reported that ATF3 functions as a ‘hub’ of the cellular
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Verification of the six hub genes by two datasets of the Gene Ontology database. a) Verification by GSE12021 (GPL96). Compared with normal controls,
all hub genes were downregulated in osteoarthritis (OA) with significance. b) Verification by GSE32317 (GPL570). Compared with early OA, activating
transcription factor 3 (ATF3) was downregulated in end-stage OA with significance, while others had no significance. ***p < 0.001; *p < 0.05; ns, no
significant difference. CXCL2, C-X-C motif ligand 2; FOSB, FosB proto-oncogene, AP-1 transcription factor subunit; IL6, interleukin-6; JUN, Jun proto-

oncogene

; AP-1 transcription factor subunit.
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Evaluation and visualization of the landscape of immune infiltration between early-stage osteoarthritis (OA) and end-stage OA. The difference of immune cell
infiltration between early-stage OA and end-stage OA. The red marks represent the significant difference in infiltration between the two groups of samples. p
< 0.05 was considered statistically significant. NK cells, natural killer cells. ‘Fraction’ refers to the proportion of each immune cell.

adaptive-response network, especially in the role of ATF3
in modulating inflammatory responses.?* Moreover, a
study showed that ATF3 is related to the regulation of
cell growth, apoptosis, invasion, and collagen synthesis
in keloid fibroblast through the transforming growth
factor B (TGF-beta)/SMAD signalling pathway.?*3** The
roles of ATF3 in immunity, which may be related to
Toll-like receptors, have also been reported.?® In addi-
tion, during the literature search, we noticed that there
may be some interactions between ATF3 and NF-kappa
B1,” while manifestations of inflammation of syno-
vial tissues in early-stage OA were associated with
increased expression of NF-kappa B1.28 Jiang et al** and
Li et al*® also found that ATF3 may be of great help to
diagnose early-stage OA, and can be an effective ther-
apeutic target. Therefore, we believe that ATF3 is likely
to be involved in the pathogenic, immunological, and
inflamed processes of OA. Furthermore, ATF3 is associ-
ated with some classic inflammation-related signalling
pathways which play important roles in the progres-
sion of OA. However, more studies are still needed to
fully reveal the roles of ATF3 in osteoarthritic synovial
tissues.

As for immune cell infiltration in the development of
OA, we found that plasma cells infiltrated significantly
more while resting NK cells and resting dendritic cells
infiltrated significantly less in end-stage OA, which may
be related to OA progression. Previous studies have
shown that OA patients often exhibit inflammatory infil-
tration of synovial membranes by plasma cells, NK cells,
and dendritic cells.**? One study revealed that biopsy
samples from intensely inflamed synovium contained
plasma cells.** Another study confirmed that NK cells
play an important role in OA.* Further, a significant
increase of dendritic cells has been observed in the syno-
vial fluid of OA patients.* The literature above, combined
with our analysis, indicates that the infiltration of plasma
cells, NK cells, and dendritic cells may play crucial roles
in OA development. However, further experimental
evidence is needed to reveal the underlying mechanism.
Our analysis also discovered some details of immune cell
infiltration of OA, such as the finding that activated NK
cells are significantly related to resting NK cells and M2
macrophages, while activated dendritic cells are signifi-
cantly related to gamma delta T cells. As for the results
of the correlation between ATF3 and immune cells, we
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Correlation between activating transcription factor 3 (ATF3) and immune infiltrating cells. The size of the dots represents the strength of the correlation
between ATF3 and immune cells: the larger the dots, the stronger the correlation. The colour of the dots represents the p-value: the brighter shade of blue

indicates a lower p-value. p < 0.05 was considered statistically significant.

hypothesize that ATF3 raises the number of NK cells,
dendritic cells, and regulatory T cells, which are related to
the occurrence and progression of OA. Our study found
that ATF3 might correlate with immune cell infiltration
and change the course of the development of the disease
eventually, however all of these results require validation
by cell and animal experiments; this can be the focus of
further studies.

Despite some of the novel data-analyzing methods like
SVM-RFE and CIBERSORT used, there are some limitations
to our research. First of all, the sample size for analysis
and verification is relatively small, which could result in
the deviation of the hub genes and CIBERSORT analysis.
In addition, it is reported that age and sex are considered
to relate to OA prevalence.*¢ However, some of the demo-
graphicinformation such as sex and age was missing from
the selected datasets. The possible differences in the age
and the sex distribution of the normal compared to OA
samples might lead to unreliability in the results. Lastly,
our analysis is based on previously published datasets.
Although some previous studies are consistent with our
results, the credibility of our results needs to be validated
in further experiments.

To summarize, in our study we found that ATF3 may
be a potential biomarker for the early diagnosis and
treatment of OA. We also found that the differences in
immune cell infiltration may be related to the differen-
tially expressed ATF3 between early-stage OA and end-
stage OA synovial tissue samples. Our study provides a
theoretical basis and research direction for the early diag-
nosis, monitoring, and potential therapeutic intervention
of OA.

Supplementary material
E Figures showing more details about the osteo-

genesis of osteoarthritis (OA) and the role that
activating transcription factor 3 plays in the devel-

opment of OA, as well as its correlation with immune in-

filtration.
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