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Abstract

Background Osteoarthritis (OA) is a chronic and low-grade inflammatory disease associated with metabolism disor-
der and multiple cell death types in the synovial tissues. Sulfur metabolism has not been studied in OA.

Methods First, we calculated the single sample gene set enrichment analysis score of sulfur metabolism-associ-
ated annotations (i.e, cysteine metabolism process, regulation of sulfur metabolism process, and disulfidptosis)
between healthy and synovial samples from patients with OA. Sulfur metabolism-related differentially expressed
genes (DEGs) were analyzed in OA. Least absolute shrinkage and selection operator COX regression were used

to identify the sulfur metabolism-associated gene signature for diagnosing OA. Correlation and immune cell decon-
volution analyses were used to explore the correlated functions and cell specificity of the signature gene, TM9SF2.
TMOISF2's effect on the phagocytosis of macrophages M2 was analyzed by coculturing macrophages with IgG-coated
beads or apoptotic Jurkat cells.

Results A diagnostic six gene signature (i.e., MTHFD1, PDK4, TM9SF2, POU4F1, HOXA2, NCKAPT) was identified based
on the ten DEGs, validated using GSE12021 and GSE1919 datasets. TM9SF2 was upregulated in the synovial tissues
of OA at both mRNA and protein levels. The relationship between TM9SF2 and several functional annotations, such
as antigen processing and presentation, lysosome, phagosome, Fcy-mediated phagocytosis, and tyrosine metabo-
lism, was identified. TM9SF2 and macrophages M2 were significantly correlated. After silencing TM9SF2 in THP-1-de-
rived macrophages M2, a significantly reduced phagocytosis and attenuated activation of PLC-y1 were observed.

Conclusion A sulfur metabolism-associated six-gene signature for OA diagnosis was constructed and upregulation
of the phagocytosis-associated gene, TM9SF2, was identified. The findings are expected to deepen our understanding
of the molecular mechanism underlying OA development and be used as potential therapeutic targets.
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Introduction

Osteoarthritis (OA) is the most prevalent degenerative
joint disease. OA leads to chronic low-grade synovi-
tis, joint pain, and even disability [1, 2]. Synovial tissues
include a thin membrane lining the inside of synovial
joints, comprising immune cells (e.g., monocytes, mac-
rophages, dendritic cells), fibroblasts, and a sub-lining
vascularized connective tissue. Among multiple immune
cell types in OA synovium, macrophages are the most
common immune cells in inflammatory synovial tissues
and are correlated with the disease’s clinical symptoms
[3—6]. Notably, OA is always first diagnosed at an irre-
versible stage after bone damage has occurred [7]. The
diagnosis by testing early or pre-osteoarthritic changes
before the onset of irreversible changes is crucial for
understanding its underlying pathogenesis and design-
ing treatment strategies. Metabolic changes in synovial
tissues may represent the earliest measurable changes
and are considered reversible [7, 8]. Sulfur-containing
amino acids play an important role in health and some
inflammatory diseases, such as ulcerative colitis [9-11].
Cysteine is a semi-essential proteinogenic amino acid
given its synthesis from methionine and serine by trans-
sulfuration. L-cysteine exerts an anti-inflammatory
effect, including enhancing the inhibitory effect of vita-
min D under oxidative stress [12—15]. To date, sulfur
metabolism in OA has not been studied.

In response to the low-grade inflammation stress in
OA, multiple forms of cell death occur in OA syno-
vial tissues, such as apoptosis and ferroptosis [16, 17].
Notably, SLC7A11, coding for the sodium-independent
cystine-glutamate antiporter Xc- [18], is involved in the
clearance of apoptotic cells [19] and inhibition of cellu-
lar ferroptosis [20, 21]. SLC7A11 inhibition can increase
efferocytosis of dendritic cells blocking the cysteine
transport into cells. Interestingly, a recent study found
that SLC7A11 was involved in regulating a new form of
cell death, disulfidptosis, by mediating cysteine intake
and inhibiting ferroptosis under glucose starvation con-
ditions [18, 22]. Disulfidptosis is induced by aberrant
disulfide bonds in actin cytoskeleton proteins and F-actin
collapse and can be promoted by activating cytoskeleton-
associated WAVE regulatory complex and Rac. In addi-
tion to disulfidptosis, SLC7A11 is also involved in two
other sulfur-associated functions as per the gene ontol-
ogy (GO), namely, “regulation of sulfur metabolic pro-
cess” and “cysteine metabolic process” [23, 24]. Among
the top-ranked proteins that can inhibit disulfidptosis
in SLC7A11M¢" cells, GYS1, NDUFA1l, NUBPL, and
LRPPRC promote glycogen synthesis and mitochon-
drial oxidative phosphorylation, suggesting the close
relationship between energy metabolism and disulfidp-
tosis [22]. Therefore, whether the expression of sulfur
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metabolism-related genes is enhanced or weakened in
OA synovial tissues merits investigation.

To explore the role of sulfur metabolism-associated
genes in OA, including those involved in cysteine metab-
olism, sulfur metabolism, and disulfidptosis, differentially
expressed genes among them were identified and a con-
sensus cluster analysis was performed to compare the
C1/C2 groups and OA/healthy groups. We constructed
a gene signature using LASSO COX regression and vali-
dated their diagnostic efficiency using receiver operating
characteristic curve (ROC) analysis, followed by external
validation using the expressional data from GSE12021
and GSE1919. To gain a deeper understanding of the rel-
evant underlying molecular mechanisms, immunologi-
cal relevance, and cell specificity of the signature gene,
TMOISF2, we conducted correlational, functional enrich-
ment, and immune cell deconvolution analyses. After
silencing the expression of TM9SF2 in THP-1-derived
macrophages, phagocytosis by macrophages M2 was
weakened. Our findings can provide molecular clues for
the role of sulfur metabolism in the pathogenesis of OA
along with new therapeutic targets.

Methods and materials

Data resource and processing

Microarray and single-cell RNA sequencing (scRNA-
seq) data were obtained from the gene expression omni-
bus (GEO) database (https://www.ncbi.nlm.nih.gov/
geo/query/acc.cgi?acc=) with accession IDs, GSE55235/
GSE55457/GSE82107/GSE12021/GSE1919, using  the
‘GEOquery’ R package [25]. The platform annotation
documents were downloaded from GEO and annotated
for microarray probes by using the ‘merge’ R command
after Log,(x+1) normalization. Batch effects among
datasets GSE55235 (10 healthy and 10 OA synovial tis-
sues), GSE55457 (10 healthy and 10 OA synovial tissues),
and GSE82107 (7 healthy and 10 OA synovial tissues)
were removed by the command, ‘removeBatchEffect(data,
batch=datasets, design=group)’ in ‘Limma’ R pack-
age [26]. Nine healthy and 10 OA synovial tissues in the
GSE12021 dataset and 5 healthy and 5 OA synovial tis-
sues in the GSE1919 dataset were obtained.

Single-sample gene set enrichment analysis (ssGSEA)
ssGSEA was performed and the enrichment score of each
sample was calculated for energy metabolism- and sul-
fur metabolism-associated gene sets using the ‘GSVA’ R
package [27]. Boxplots and heatmaps were drawn using
the ‘ggplot2’ R package [28].

Differentially expressed gene (DEG) analysis
Student’s t-test was used to assess the significance of
DEGs between OA and healthy groups. The ‘Limma’ R


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc

Zheng et al. Journal of Orthopaedic Surgery and Research (2024) 19:62

package was used to identify DEGs between C1 and C2
classes. Briefly, the ‘ImFit’ function for multiple linear
regression was used, followed by the ‘eBays’ function to
calculate moderated t-statistics/F-statistics and log odds
of differential expression by using empirical Bayes mod-
eration of the standard errors toward a common value,
and finally, statistically significant DEGs were obtained.

Cluster analysis

Consensus cluster analysis was performed using the
‘ConsensusClusterPlus’ R package [29] for the 10 sul-
fur-related DEGs. The agglomerative partition around
medoids (PAM) clustering with a 1-Pearson correlation
distance and resampling of 80% of the samples in 10 rep-
etitions was used in the analysis. Clustering by tSNE was
performed for the merged dataset, GSE55235/GSE55457/
GSEB82107, using the ‘Rtsne’ R package [30]. Specifically,
we first obtained the z-score of the expression profile and
used the ‘Rtsne’ function for dimensionality reduction
analysis to obtain the dimensionality-reduced matrix.

Functional enrichment analysis

GO and pathway analysis based on gene cluster GO
terms [including biological process (BP), molecular func-
tions (MF), and cellular components (CC)] and Kyoto
Encyclopedia of Genes and Genomes (KEGG) annota-
tions were obtained by using the ‘clusterProfiler’ R pack-
age [31] and virtualized by the ‘ggplot2’ R package. GSEA
was performed by pre-ranking genes based on their cor-
relation with classes C1/C2. We subsequently performed
GSEA by pre-ranking the c2.cp.kegg.v7.4.symbols.gmt
gene set from MsigDB [32, 33] by using the ‘clusterPro-
filer’ R package.

Immune cell deconvolution analysis

Immune cell deconvolution analysis methods, CIB-
ERSORT [34] and xCell [35] were used to calculate the
proportion and score of immune cell infiltration, respec-
tively, in the synovial microenvironment using the TOBR’
R package [36]. Boxplots of proportions and scores were
drawn with the ‘ggplot2’ R package. Student’s t-test was
performed to compare between groups.

Least absolute shrinkage and selection operator
(LASSO)-COX regression analysis

LASSO-COX regression analysis was performed using
the ‘glmnet’ R package to identify signature genes and
their coefficients to predict the risk of OA [37, 38].

ROC analysis

We used the pROC’ R package [39] to perform ROC
analysis, and the results were visualized with the ‘ggplot2’
R package.
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Correlational analysis

Correlational analysis was performed by computing Pear-
son correlation coefficients between the expression levels
of two genes or between the expression level of gene A
and the infiltrated level of immune cell B, using the func-
tion, ‘cor; of the base R package.

Phagocytosis analysis

THP-1-derived macrophages M2 were induced with
20 ng/ml PMA for two days followed by polarization with
20 ng/ml IFN-r and 100 ng/ml LPS for another two days.
The macrophages were co-cultured with IgG-PE labeled
latex beads (Phagocytosis Assay Kit (Cat. 600540; Cay-
man Chemical, Ann Arbor, MI, USA)) or PKH26-labeled
apoptotic Jurkat cells for phagocytosis or efferocyto-
sis for 1 h, respectively. For efferocytosis, apoptosis was
induced in PKH26-labeled Jurkat cells by UV irradiation
for 15 min. After apoptosis induction in Jurkat cells, they
were added to the macrophage culture in a ratio of 1:10
(macrophages to Jurkat cells). The efficiency of phagocy-
tosis/efferocytosis was quantified by flow cytometry.

Interaction among proteins

The protein—protein interaction (PPI) network analysis
was performed using the STRING database (https://cn.
string-db.org), and the Analysis Tab on the website was
used for conducting KEGG pathway analysis for the PPI
network. Potential interactors of TM9SF2 were identi-
fied using BioGRID (https://thebiogrid.org) and HIPPIE
(http://cbdm-01.zdv.uni-mainz.de/~mschaefer/hippie/
index.php). TM9SF2 was knocked down by shRNA and
its mRNA and protein levels were quantified by qPCR
and western blotting (#PA-48517, ThermoFisher),
respectively. PLC-y1 (#2822, CST) activity was assessed
based on Y783 phosphorylation (#2821, CST) by western
blotting.

Results

Scores of sulfur-related annotations are reduced

in the osteoarthritic synovium

We first merged the synovial tissue microarray datasets,
GSES55235 (10 healthy/10 OA), GSE55457 (10 healthy/10
OA), and GSE82107 (7 healthy/10 OA). We downloaded
gene sets (Additional file 1) related to energy and sul-
fur metabolism annotations from MSigDB along with
the gene set regulating cell disulfidptosis, particularly
SLC7A11, from the literature [22]. Based on the expres-
sion matrix, by ssGSEA, we analyzed energy metabolism
(i.e., glycolysis, oxidative phosphorylation) and sulfur
metabolism (i.e., sulfur metabolism, cysteine metabolism,
and disulfidptosis) in osteoarthritic synovial tissues com-
pared with those in normal synovial tissues (Fig. 1A,B).
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Fig. 1 ssGSEA scores for different gene sets related to glycolysis, OXPHOS, cysteine metabolic process, sulfur metabolic process, and disulfidptosis
in synovial samples. A Boxplot shows the ssGSEA score for each gene set in synovial samples. Only the scores of the cysteine metabolic process,
regulation of the sulfur metabolic process, and disulfidptosis gene sets are significantly downregulated. The P value is shown at the top

of the figure for each group. B The heatmap shows the normalized ssGSEA score for each gene set. C The heatmap shows the expression of DEGs
between healthy (red samples) and OA (light blue samples) groups. DEGs: differentially expressed genes between OA and healthy groups

The scores for sulfur metabolism, cysteine metabolism,
and disulfidptosis were significantly reduced in OA tis-
sues (Fig. 1A,B), suggesting their potential inhibitory
effect on the pathogenesis of OA or reduction in sulfur
metabolism with OA progression. The scores of glyco-
lysis and oxidative phosphorylation (OXPHOS) were all
unchanged in OA tissues, except for the “KEGG_OXI-
DATIVE_PHOSPHORYLATION” score in OA, which
was increased (Fig. 1A,B), further indicating increased
OXPHOS in osteoarthritic synovial tissues. Furthermore,
between the healthy and OA groups, we obtained 91
DEGs by t-test (Fig. 1C).

(See figure on next page.)

Classification of synovial tissues based on sulfur
metabolism-associated DEGs and their potential molecular
mechanisms of action

To select characteristic genes in the OA synovium among
the 91 DEGs, we overlapped the 91 DEGs with sulfur
metabolism-associated genes (Fig. 2A). We obtained
10 DEGs from sulfur metabolism-associated annota-
tions, including CTH, MTHFD1, SNCA, PDK4, TM9SF2,
ELTDI1, POU4F1, HOXA2, NCKAPI, and RPN (Fig. 2B).
To understand their ability to distinguish between OA
and healthy groups, we performed a consensus cluster
analysis according to the expressional level of the ten

Fig. 2 Sulfur-associated DEGs distinguish classes C1 and C2, along with their differentially enriched functions. A The Venn diagram shows
ten overlapping genes between DEGs and sulfur-associated gene sets (i.e., cysteine metabolic process, regulation of sulfur metabolic process,
and disulfidptosis gene sets). DEGs: differentially expressed genes between OA and healthy groups. B The violin plot shows the expression

of the ten 10 sulfur metabolism-associated DEGs. € The bar graph shows the consistency within each group following consensus cluster analysis.
Different colors represent the K-value or the number of groups set in each round of the clustering algorithm. The clustering solution based on K=2
groups shows a higher intra-group consistency compared to other K values. D The heatmap shows two classes distinguished by consensus cluster
analysis based on the 10 sulfur-associated DEGs. E, F Clusters identified by tSNE analysis for the expression profile of all genes. These are labeled
with colors for healthy/OA groups (E) or C1/C2 groups (F), and the results suggest a consistency between the two classifications G, H. KEGG (G)
and GO (H) enriched functions for the upregulated genes in class C2 (OA-dominated); e.g., cell adhesion molecules, IL-17 signaling pathways,
rheumatoid arthritis, extracellular matrix, and leukocyte migration. I, J KEGG (I) and GO (J) enriched functions for genes upregulated in class C1
(healthy-dominated); e.g., tyrosine metabolism, fatty acid degradation, and lipid transport.”
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sulfur metabolism-associated genes (Fig. 2C,D). The ten-
gene classified C1 and C2 groups were consistent for the
OA and healthy groups (Fig. 2E,F).

To explore the potential functions of the ten sulfur
metabolism-associated genes, we performed a func-
tional enrichment analysis by using all DEGs between
C1 and C2. The upregulated genes in the OA-dominated
C2 group were mainly enriched in the following KEGG
pathways: “Hematopoietic cell lineage,” “Cell adhesion
molecules (CAMs),” and “Antigen processing and pres-
entation” (Fig. 2G), with GO annotations of “extracellu-
lar matrix,” “leukocyte migration,” and “vesicle” (Fig. 2H).
The upregulated genes in the healthy samples-dominated
C1 group were primarily enriched in the KEGG path-
ways of “Tyrosine metabolism” and “Fatty-acid degrada-
tion” (Fig. 2I), with GO annotations of “lipid transport’,
“ethanol metabolic process’, “lipid localization’, and “reg-
ulation of glucose transmembrane transport” (Fig. 2J).

(2024) 19:62
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These suggest the potential associations between sulfur
metabolism and extracellular matrix, antigen process-
ing/presentation, tyrosine metabolism, and lipid/glucose
transport.

Identifying a sulfur metabolism-associated gene signature

for diagnosing OA

We performed a LASSO COX regression analysis for the
nine genes (since we planned to use the GSE12021 and
GSE1919 datasets to verify the diagnostic efficacy of
gene biomarkers, we removed ELTDI, which was absent
in the two datasets) and identified the diagnostic gene
signature comprising six genes (Fig. 3A). The risk score
could be used for diagnosing OA. The following was the
calculation: Risk Score= —0.1355XMTHFDI (expres-
sion level)+(—0.1114) X PDK4+0.7726 Xx TM9SF2 + (—
0.0031) X POU4F1 + (—0.0374) x HOXA2 + (- 0.0047) X
NCKAPI. The diagnostic ROC of the risk score showed

A. C
2.0 | A=0.07 6
‘ 04
8 15 S
£ 0:’9 2
= 1.04
K 0
05
= T = = = = =
i 100 ettt et ea e ea e ea e eeneeaneeaneeanaad
08 A=0.07, E
Y{TMQSF& 2]
06 NCKAP1
T POUA4F1
04 ‘HOXA; I MTHFD1 Expression
2 |MTHFD1
g o2 PDK4
3 J TmosFa  ZkScore:
0.0 .
~ I I |rour S
-02 ] HOXA2 :gialthy
- NCKAP1
o S — 1 I
-log2(lambda)
B. 10 D.
’ 14
E—DJ:’J—F L 5.4e-7 0.02 2.0e-3 11e-4 0.04 0.02 0.04 Group
0.8 , 12 ] ©® Healthy
I f . ®on
= e - e )
24 4 I
.l Y i ==
~ ©7 8] ==
z y ==
2 " 6 =
@ 041 [_ | RiskScore (AUC = 0.867), 153 1 I
3 - —/MTHFD1 (AUC =0.710) 4 ‘
+,— PDK4 (AUC = 0.726) [ ]
024 ,7 — TM9SF2 (AUC = 0.793) 2] T
POU4F1 (AUC = 0.636)
2 — HOXA2 (AUC = 0.667) o0l
NCKAP1 (AUC = 0.617) —RWkScore MTHFDT PDRE TMISFZ POUFT HORAZ NCRAPT
0.0 T T T

0.00 0.25 0.50 0.75 1.00
1-Specificity (FPR)

Fig. 3 Establishment of the diagnostic gene signature by LASSO COX regression analysis. A LASSO COX regression for 9 sulfur-associated genes.
The coefficient profile plot was generated against the log (lambda) sequence (Upper). LASSO coefficient profiles of the nine genes in the merged
dataset (Lower). B Accuracy of the diagnostic model for the six-gene signature to predict OA diagnosis, as evidenced by the receiver operating
characteristic (ROC) curve analysis. When AUC (i.e., Area under the ROC curve) is 0.5, it means there is a 50% chance that the model can distinguish
between positive and negative classes; 0.7 > AUC>0.6: acceptable discrimination; AUC > 0.7: excellent discrimination. C Detailed diagnostic
information (healthy/OA) and expressional patterns of candidate genes differ between high-risk score and low-risk score groups. Upper layer: level
of risk score for each sample; middle layer: OA status (red: OA, green: healthy); lower layer: heatmap shows the gene expression. D The boxplot
shows differential expression levels of the six genes between healthy and OA groups
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excellent predictive power (area under the ROC curve
(AUC)=0.867, Fig. 3B). From the heatmap (Fig. 3C)
and boxplot (Fig. 3D) of gene expression, we observed
that most of the high-risk group samples were in the
OA group with TM9SF2 being significantly upregulated
while the other five genes were significantly downregu-
lated. Most of the high-risk group samples were of OA
(Fig. 3C).

To verify the diagnostic gene signature’s reliability, we
calculated the risk score of the samples in GSE12021 and
GSE1919 using the same coefficients and validated the
diagnostic ability of the gene signature (Fig. 4A,B shows
the ROC curve for assessing the overall diagnostic per-
formance of the risk score and gene expression; Fig. 4E,F
shows the risk score in the upper layer, the OA status in
the middle layer, and gene expression in the lower layer).
Although the expressional differences of some genes (i.e.,
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MTHFDI1, PDK4, POU4F1, and NCKAPI) were not sta-
tistically significant (Fig. 4C,D), the basic changing trends
were consistent with those in the original data (Fig. 3D).
Notably, TM9SF2 was significantly upregulated in the
OA group among all datasets (Figs. 3D, 4C,F).

Functional enrichment and cell specificity analyses
for the signature gene, TM9SF2
To further understand the function of TM9SF2 in OA
synovial tissue, we performed a correlation analysis for
TMOISF2 and GO/KEGG pathway enrichment analysis
results for TMISF2 positively correlated genes. TM9SF2
was associated with phagosome, lysosome, and antigen
processing/presentation via MHCII (Fig. 5A).

We performed a GSEA between TM9SF2 high- and
low-expression samples, classified based on the median
expression of TM9SF2. The high-TM9SF2 expression
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including lysosome, phagocytosis, and tyrosine metabolism. C The heatmap shows the correlation between the six genes and CIBERSORT-identified
immune cells. There is a strong correlation between TM9SF1 and macrophages M1/M2. D The heatmap shows the correlation between the six
genes and xCell-identified immune cells. There is a strong correlation between TM9SF1 and macrophage M2

samples were enriched in the following KEGG pathways:

“FC_GAMMA_MEDIATED_PHAGOCYTOSIS,

“LYS-

OSOME,” and “N/O_GLYCAN_BIOSYNTHESIS,” and
the low TM9SF2 samples were enriched in “TYROSINE_
METABOLISM,” “INSULIN_SIGNALING_PATHWAY;

and

“ADIPOCYTOKINE_SIGNALING_PATHWAY”

(Fig. 5B). TMOSF2 was involved in the functions of
phagocytosis, lysosome, and glycan biosynthesis, and
could potentially inhibit tyrosine metabolism, insulin,

and adipokine signaling pathways.

Many immune cells infiltrate the OA synovium,

and we further studied the correlation between this
gene and immune cells. From CIBERSORT analysis,
TMOSF2 was found to be positively correlated with
macrophages M2 and negatively with macrophages M1
(Fig. 5C). After xCell analysis, TM9SF2 was found to
be positively correlated with both macrophages and
M2 macrophages (Fig. 5D).
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TM9ISF2 regulates the phagocytic function of macrophages
M2

According to the GESA and immune cell infiltration
analyses described above, we speculated that upregu-
lated TMYSF2 expression potentially regulated the
phagocytic function of macrophages M2 in OA. There-
fore, we silenced TM9SF2 by siRNA in THP-1-derived
macrophage M2 (Fig. 6A,B) and cocultured them with
IgG-coated beads to assess phagocytosis level. Knock-
ing down TM9SF2 reduced the proportion of phagocytic
macrophages (Fig. 6C). Because apoptotic cells are accu-
mulated in the synovium in OA, we tested efferocytosis
efficiency by co-culturing macrophages M2 with PKH26-
labeled apoptotic Jurkat cells. Knocking down TM9SF2
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reduced the efferocytosis of THP-1-derived macrophages
M2 (Fig. 6D).

To explore the mechanisms underlying the downregu-
lation of phagocytosis by shTM9SF2, we performed a
PPI network analysis in STRING. TM9SF2 was involved
in functions of “Fc gamma R-mediated phagocytosis,’
“Regulation of actin cytoskeleton,” and “Endocytosis” by
potential interaction with ARPC5 or BCAR1 (Fig. 7A). To
identify protein interactors of TM9SF2 and their associ-
ated functions, we combined the interacting proteins
of TMI9SF2 from BioGRID and HIPPIE databases and
performed GO/KEGG enrichment analyses. TM9SF2
may promote phagocytosis by regulating phospholipase
C activity by interacting with LPAR1/S1PR4/EGFR/
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Fig. 6 The effect of TMISF2 on phagocytosis of macrophages M2. A, B Knocking down TM9SF2 in THP-1-derived macrophages M2 at mRNA (A)
and protein (B) levels. C The downregulation of macrophage phagocytosis on PE-stained IgG-coated latex beads by knocking down TM9SF2.

D Downregulation of macrophage phagocytosis on PKH26-stained apoptotic Jurkat cells following TM9SF2 knockdown. Flow cytometry

and immunofluorescence results with statistical values obtained from three biological replicates in one technical replicate. The data are
representative of three independent experiments. *P<0.05, two-sided t-test. Red scale bar: 50 um
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NMURLI (Fig. 7B). Given the connection between PLC-yl  Discussion
activation, calcium release, and phagocytosis, we tested
the status of PLC-yl activation after knocking down
TMISF2 and found downregulation of PLC-yl activity
(Fig. 7C), as evidenced by the phosphorylation of PLC-y1

at Y783.

The pathogenesis and early diagnosis of OA are inter-
esting and challenging issues. Metabolic changes often
yield biomarkers for early diagnosis, however, sulfur
metabolism has not been analyzed in synovial tissues
in OA. In this study, by analyzing the scores of sulfur
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metabolism-related genes in OA, we found reduced sul-
fur metabolism in OA synovial tissues and increased
OXPHOS. The results suggest that impaired sulfur
metabolism may play a role in OA pathogenesis. We
obtained 10 differentially expressed sulfur metabolism-
related genes, which could distinguish between OA and
healthy synovial tissues following consensus cluster anal-
ysis. Sulfur metabolism-associated mechanical changes
in OA-dominated class C2 included the upregulation of
hematopoietic cell lineage, CAM, extracellular matrix,
and vesicles, along with the downregulation of tyrosine
metabolism, fatty acid degradation, glycolysis/gluconeo-
genesis, and lipoprotein particles. LASSO COX regres-
sion identified six signature genes, which could well
distinguish OA samples in both the training (merged
from GSE55235/GSE55457/GSE82107) and the verifi-
cation (GSE12021 and GSE1919) datasets. Among the
six genes, TM9SF2 was upregulated in OA synovial tis-
sues, suggesting strengthened activity of “FC_GAMMA _
MEDIATED_PHAGOCYTOSIS,” “LYSOSOME,” and
“N/O_GLYCAN BIOSYNTHESIS,” and  attenuated
activity of “TYROSINE_METABOLISM,” “INSULIN_
SIGNALING_PATHWAY, and “ADIPOCYTOKINE_
SIGNALING_PATHWAY” in osteoarthritic synovial
tissues. Correlation analysis among immune cells showed
that TM9SF2 was expressed in macrophages M2.
MTHEDI1 has trifunctional enzymatic activities and
catalyzes one of three sequential reactions during the
interconversion of 1-carbon derivatives of tetrahydro-
folate, the substrates for methionine, thymidylate, and
de novo purine syntheses [40]. PDK4 is localized in the
matrix of the mitochondria and regulates glucose and
fatty acid metabolism [41]. It inhibits the pyruvate dehy-
drogenase complex by phosphorylating one of its subu-
nits, either PDHA1 and PDHA?2, further downregulating
aerobic respiration and inhibiting the formation of acetyl-
coenzyme A from pyruvate. PDK4 can inhibit ferroptosis
by blocking pyruvate dehydrogenase-dependent pyru-
vate oxidation in human pancreatic ductal carcinoma
cells, indicating its ability of metabolic reprogramming
[42]. Furthermore, it is a sensitive marker of increased
fatty acid oxidation in multiple tissue types and cell types
[43]. TM9SEF2 plays a role in small molecule transport or
can act as an ion channel [44]. It can promote cell adhe-
sion and phagocytosis of eukaryotic phagocytes [45, 46].
It has also been implicated as an oncogene in colorec-
tal cancer owing to its promotive effect on the cell cycle
and OXPHOS [47]. In this study, we provide evidence of
the potential link between TM9SF2 and antigen pres-
entation/macrophage M2. Macrophage polarization is
essential in the development of OA-associated synovitis
[5, 48]. Functionally, macrophages can be categorized
into three types, namely, unstimulated macrophages MO,
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proinflammatory macrophages M1, and anti-inflamma-
tory macrophages M2. In addition to its anti-inflamma-
tory effect, macrophage M2 plays an important role in
clearing synovial apoptotic cells, which can attenuate
OA’s progression [49]. POU4F1 belongs to the POU-IV
class of neural transcription factors which regulate the
expression of specific genes involved in differentiation
and survival, including osteoclast/neuron differentia-
tion and BCL2-promoted cell survival [50-53]. Recently,
Pou4fl was found to be expressed in kidney infiltrating
macrophages in progressive renal fibrosis, with the pro-
portion of Pou4fl™ macrophages being correlated with
the degree of macrophage—myofibroblast transition in
human kidney tissues [54]. TGF-B1l can promote the
expression of neuronal differentiation marker, Tubb3,
and neuron development transcription factor, Pou4fl,
in bone marrow-derived macrophages [54, 55]. The link
between POU4F1 and macrophages may partly explain
the negative correlation between POU4F1 and lysosome
in macrophages. HOXA2, as a transcription factor regu-
lating gene expression during cell morphogenesis, cell
differentiation, and embryonic development, may be
involved in the placement of hindbrain segments in their
proper locations along the anterior—posterior axis [56].
Hoxa2 can regulate palate development by inhibiting
osteogenic differentiation of palatal mesenchyme [57].
NCKAP1 is part of the WAVE complex that regulates
lamellipodia formation [58, 59] and has an important
positive regulatory role on disulfidptosis [22]. Interest-
ingly, NCKAP1 disruptive variants lead to a neurodevel-
opmental disorder [60]. HOXA2, POU4F1, and NCKAP1
are all associated with the development of the nervous
system, suggesting their potential connection with pain
in patients with OA.

TMOISF2 is a member of the transmembrane 9 super-
family and localizes to early endosomes in human cells,
which may play a role in small molecule transport or act
as an ion channel [47, 61, 62]. In addition to its role in
promoting tumorigenesis and facilitating cell adhesion
and phagocytosis of eukaryotic phagocytes [45-47],
studies on the function of TM9SF2 and its association
with OA are scarce. We tested and confirmed the sus-
taining effect of TM9SF2 on macrophage phagocyto-
sis. The phagocytosis-sustaining effect of TM9SF2 was
potentially due to the interaction between TM9SF2 and
molecules associated with cytoskeleton/focal adhesion,
phospholipase C activity, and vesicle formation. Nota-
bly, one study showed that high accumulation of apop-
totic cells in the synovium of OA with the impaired
efferocytosis ability of synovial macrophages [49].
Therefore, we hypothesized that TM9SF2 may attenu-
ate the progression of OA. Why upregulated TM9SF2
expression in OA synovial tissues could not reverse
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impaired efferocytosis of synovial macrophages and
the role of TM9SF2 in the phagocytosis/efferocytosis/
antigen processing and presentation of synovial mac-
rophages merit further exploration. Inhibiting PLC-y1
exerts a protective effect on cartilage against OA [63,
64]. However, given the role of TM9SF2-activated PLC-
v1 in facilitating efferocytosis of macrophages, the inhi-
bition of PLC-yl may promote the OA progression by
impairing efferocytosis. The link between the TM9SF2/
PLC-y1 axis and OA progression merits further studies.

Some limitations of our study warrant considera-
tion. First, we identified synovial OA biomarkers by
using a small number of samples (27 healthy and 30
OA samples) by integrating GSE55235, GSE55457, and
GSE82107 datasets, all of which were obtained from
synovial tissues and are reliable GEO resources. We
validated the result in two other datasets, GSE12021 (9
healthy and 10 OA samples) and GSE1919 (5 healthy
and 5 OA samples) but the results were inferred from
a sample size, and more studies are needed to vali-
date our findings. Second, this study was based on
bioinformatics analysis of the transcriptome of clini-
cal samples, and in vivo studies or cohort studies are
needed to validate the real diagnostic performance of
these biomarkers. Moreover, the specific connection
between the upregulated TM9SF2 expression and PLC-
y1 activation remains unclear. We think that it may be a
result of the interaction between TM9SF2 and LPAR1/
S1PR4/EGFR/NMUR1 and deserves further investi-
gation. Nevertheless, our study has many advantages.
Since the progression of OA is irreversible, late-stage
OA can only be treated by joint replacement. Synovial
tissues are more accessible by biopsy than by obtaining
cartilage tissues during surgery. Furthermore, synovial
samples have a closer pathological correlation with OA
than peripheral blood samples. Therefore, identifying
biomarkers of OA from synovial tissues can facilitate
the early diagnosis and intervention of patients with
OA.

In conclusion, we identified a six-gene signature for
the diagnosis of OA and explored their correlated func-
tions and immune cell infiltration state in OA synovial
tissues. The availability of genomic biomarkers with
diagnostic potential is invaluable for patients with OA
for early detection and treatment.
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