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Aims
Knee osteoarthritis (OA) involves a variety of tissues in the joint. Gene expression profiles in
different tissues are of great importance in order to understand OA.

Methods
First, we obtained gene expression profiles of cartilage, synovium, subchondral bone, and
meniscus from the Gene Expression Omnibus (GEO). Several datasets were standardized
by merging and removing batch effects. Then, we used unsupervised clustering to divide
OA into three subtypes. The gene ontology and pathway enrichment of three subtypes
were analyzed. CIBERSORT was used to evaluate the infiltration of immune cells in different
subtypes. Finally, OA-related genes were obtained from the Molecular Signatures Database
for validation, and diagnostic markers were screened according to clinical characteristics.
Quantitative reverse transcription polymerase chain reaction (qRT-PCR) was used to verify
the effectiveness of markers.

Results
C1 subtype is mainly concentrated in the development of skeletal muscle organs, C2 lies
in metabolic process and immune response, and C3 in pyroptosis and cell death process.
Therefore, we divided OA into three subtypes: bone remodelling subtype (C1), immune
metabolism subtype (C2), and cartilage degradation subtype (C3). The number of macro-
phage M0 and activated mast cells of C2 subtype was significantly higher than those of the
other two subtypes. COL2A1 has significant differences in different subtypes. The expression
of COL2A1 is related to age, and trafficking protein particle complex subunit 2 is related to
the sex of OA patients.

Conclusion
This study linked different tissues with gene expression profiles, revealing different molecu-
lar subtypes of patients with knee OA. The relationship between clinical characteristics and
OA-related genes was also studied, which provides a new concept for the diagnosis and
treatment of OA.

Article focus
• This study linked different tissues with

gene expression profiles, revealing
different molecular subtypes of patients
with knee osteoarthritis (OA).

• We also studied the relationship
between clinical characteristics and OA-
related genes.

Key messages
• Through unsupervised clustering, we

divided the OA gene expression profiles
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of different tissues into three subtypes: bone remodelling
subtype (C1), immune metabolism subtype (C2), and
cartilage degradation subtype (C3).

Strengths and limitations
• Unlike other unsupervised cluster analyses, our experiment

covers almost all tissues of the knee joint, which is more
comprehensive.

• We studied OA at the molecular level, and classified OA
more accurately by combining clinical characteristics.

• A limitation of the study is that the tissue sample size is still
too small, and further experiments are needed to verify the
research.

Introduction
Osteoarthritis (OA) is the most common disabling disease,
within which knee OA has the highest incidence rate at
present.1 Patients tend to show pain, stiffness, dysfunction,
and even deformity of the knee joint, which seriously affects
quality of life.2 At the time of writing, the aetiology of OA
has not been fully clarified, and the main pathogenesis is
the degeneration of articular cartilage.3 However, cartilage
wear caused by mechanical stress cannot explain all the
problems. Genetic mechanism and immune inflammatory
mechanism all play an important role in the occurrence and
development of OA.4,5 Components in the knee joint such
as synovium, subchondral bone, and meniscus have their
unique clinical manifestations. When the synovium of the
knee joint is stimulated, it will produce inflammation, release
various inflammatory factors, and cause joint effusion at the
same time.6 Subchondral bone is located in the deep layer
of cartilage, and different patients show cystic changes or
osteophyte formation.7 Therefore, it is inappropriate to apply
the same diagnosis and treatment to all patients. We believe
that it is of great importance to classify OA subtypes based on
knee components for early diagnosis and treatment.8

So far, clinical OA classification is mainly based on
aetiology, clinical symptoms, imaging changes, and other
factors. The Kellgren-Lawrence (KL)9 classification is the most
commonly used indicator, but this only focuses on the severity
of knee damage shown on plain radiograph.10 These indicators
are not sensitive to early OA, and the first change in patients
is often at the molecular level.11,12 Studies have confirmed that
OA involves changes in a variety of molecular pathways and
markers, which are closely related to the functional changes
of synovium, cartilage, and subchondral bone.13 Inflamma-
tory factor markers and cartilage metabolism markers are
currently the two most widely studied indicators.13 Interleu-
kin 1 beta (IL-1β) is an important inflammatory mediator
that can stimulate synovium to secrete a variety of inflamma-
tory factors and promote cartilage apoptosis. Detecting the
content of IL-1β in patients’ knee joints is helpful to judge
the condition.14 In addition, catilage oligomeric matrix protein
(COMP) is the degradation product of articular cartilage. In the
early stages of OA, radiographs cannot highlight the dam-
age of articular cartilage, yet the level of COMP has already
increased.15 However, the molecular communication within
and between tissues is still unclear, and there is also crosstalk
between these tissues in OA.16 Hence, it is necessary to classify
OA subtypes by combining gene expression information and
knee joint tissue.17

Some studies have identified OA subtypes in individual
tissues. Cao et al18 discovered subtypes of lipid metabolism
disorders and potential molecular markers ADCY7 in syno-
vial tissue. In order to construct OA subtypes more compre-
hensively, we determined three subtypes by unsupervised
clustering based on gene expression profiling of four tissues,
defining these subtypes based on molecular characteristics
and identifying the differences. Furthermore, we explored the
relationship between OA markers and immune cells, patient
age, and sex.

Methods
Dataset collection of different tissues
We searched the relevant gene expression profiles from the
Gene Expression Omnibus (GEO)19 with the keyword “osteoar-
thritis”. GEO is an international public repository that col-
lects and organizes genomic data uploaded by researchers
worldwide. The specific inclusion criteria are as follows: 1)
Homo sapiens microarray analysis of OA; 2) knee joint tissue
with sample size greater than 10; 3) the sample has complete
clinical information; and 4) the KL grade of the patient’s knee
joint is the same. According to the inclusion criteria, five
datasets of four different knee joint tissues were obtained.
Cartilage sample dataset (GSE114007) of OA patients, synovial
datasets (GSE55457, GSE12021), subchondral bone dataset
(GSE51588), and meniscus dataset (GSE98918) were selected.
Finally, 92 OA samples were obtained from the datasets, and
the control samples were removed.

Removal of batch effects and merging of datasets
All R packages are implemented through RStudio (v4.1.3; USA).
The raw data of five datasets were obtained from the series
of matrix files and supplementary files. The probe expression
matrix was transformed into gene expression matrix, and the
rows and columns with the missing value ratio greater than
50% were deleted. The missing values were completed with
“impute” package. After using the R package “inSilicoMerging”
to merge five datasets, the “ComBat” algorithm was applied
to remove the batch effect. Finally, we obtained a merging
normalized gene expression matrix to enhance the reliability
of the results.

Unsupervised cluster analysis
In order to clarify the different molecular subtypes of OA
patients, the combined datasets were analyzed by unsuper-
vised cluster analysis. The consistency clustering method is to
perform subsampling from sample data and determine the
clusters with a specific cluster count (k). Then, two items with
the same number of occurrences in the same subsample have
the same clustering, which is calculated and stored in the
symmetric consistent matrix of each k. R package ‘Consen-
seClusterPlus’ based on the ‘pam’ method was used, and
resampled 80% of the samples for ten repetitions. The optimal
number of clusters was determined according to the empirical
cumulative distribution function plot and the tSNE diagram
constructed by R software package ‘Rtsne’. Finally, all tissue
samples were divided into three subtypes.

Screening and enrichment analysis of DEGs
The differential expression analysis of different OA subtypes
was carried out by the Linear models for microarray data
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‘limma’ package. The differentially expressed genes (DEGs)
were shown by volcano map, and p-value < 0.05 and | log2FC
| > 1 were considered to be statistically significant. The ten
up-regulated and ten down-regulated genes with the largest
differential expression were shown by heatmap.

When we obtain DEG and wish to observe the
function or pathway of these genes, enrichment analysis is
the most convenient method. The Gene Ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis
of DEGs are performed by R package ‘clusterProfiler’. GO
functional enrichment analysis includes cellular component
(CC), molecular function (MF), and biological process (BP).
KEGG is a pathway enrichment database. Ten significantly
different GO terms and signal pathways were screened by
p-value < 0.05 and q value < 0.05. Gene set enrichment
analysis (GSEA) compares the differential expression of all
genes in two subtypes to improve the accuracy of enrichment
analysis.

Construction of PPI network
The protein–protein interaction (PPI) network was predicted
using online tool STRING (ELIXIR, UK, and Global Biodata
Coalition). By analyzing the interaction between candidate
proteins from laboratory data, other databases, text mining,
and predictive bioinformatics data, we can deeply under-
stand the mechanism of disease occurrence or develop-
ment. Interactions with a composite score greater than 0.4
were considered statistically significant. We downloaded the
PPI network and used Cytoscape software (v3.8.0; National
Institutes of Health, USA) for better visualization.

Evaluation of immune cell infiltration
Based on our gene expression profile, the CIBERSORT
algorithm was used to compare the infiltration of immune
cells between different subtypes. CIBERSORT transformed the
normalized gene expression matrix into the composition of

immune cells using the LM22 characteristic matrix (Stanford
University, USA). A violin diagram compared the differences
of immune cells between OA patients with different clinical
characteristics. The relationship between immune cells and OA
related genes was shown by correlation heatmap.

Clinical features and OA-related gene validation
The clinical characteristics of 92 tissue samples corresponding
to patients were constructed by histogram. OA-related genes
were downloaded from MSigDB database.20 This database
constructs a gene collection from multiple perspectives such
as location, function, metabolic pathways, and targets. A
violin diagram visualizes the relationship between different
subtypes, different tissues, different ages, different sexes, and
OA-related genes (Figure 1). All samples and corresponding
clinical information are listed in Supplementary Table i. The
diagnostic value of OA-related genes was evaluated by the
operating characteristic curve (ROC) of subjects. ROC analysis
was performed by the ‘pROC’ software package to obtain
the area under the curve (AUC). An AUC greater than 0.75
indicates that biomarkers have good diagnostic value.

qRT-PCR validation
In  order  to  further  verify  the  relationship  between clinical
characteristics  and genetic  markers,  samples  were  obtained
from  16 OA patients  of  Chinese  ethnicity  who under-
went  knee arthroplasty.  They  were  grouped according to
the  type of  tissues,  sex,  and age,  as  shown in  Supple-
mentary  Table  ii.  All  participants  gave  written  informed
consent.  Quantitative  real-time polymerase  chain  reaction
(qRT-PCR)  was  carried  out  as  the  method previously
described.21  Simply  put,  total  RNA was  extracted from
tissues  using TRIzol  reagent  (Beyotime,  China)  and reverse
transcribed.  qRT-PCR was  performed on  CFX connect
real-time PCR detection system (Bio-Rad,  USA).  The  relative
gene expressions  were  calculated by  the  2-ΔΔCt  method.

Fig. 1
Clinical features and osteoarthritis (OA)-related gene validation. a) Tissue composition of different subtypes. b) Age composition of different
subtypes. c) Sex composition of different subtypes. d) Expression of OA-related genes in different subtypes. *p < 0.05, **p < 0.01, ***p < 0.001, ****p <
0.0001, Mann-Whitney U test.
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Glyceraldehyde 3-phosphate  dehydrogenase  (GAPDH)  was
selected to  normalize  the  expression levels  of  the  target
genes.  All  experiments  were  performed independently
in  triplicate.  Specific  primer  sequences  are  shown in
Supplementary  Table  iii.  All  methods  were  performed in
accordance with  the  relevant  guidelines  and regulations.

Statistical analysis
Paired t-test and Mann-Whitney U test were used to assess the
significant differences between two groups. GraphPad Prism
software (version 5.01; USA) was used for statistical analyses.
Any p-values < 0.05 were considered significant.

Results
Identification of OA molecular subtypes
The flowchart of this study is shown in Supplementary Figure
a. Five microarray raw datasets were used in total, including
20 cartilage samples from OA patients, 20 synovial samples
from the same platform, 40 subchondral bone samples, and
12 meniscus samples (Figure 2a and 2b). The data after batch
correction are presented in Figure 2c and 2d, which indicate
that the batch effect of the merged data has been successfully
eliminated. According to the mean consistency evaluation
within the cluster group, the consistency is better when the
specific cluster count k = 2 to 4 (Figure 3a and 3b). When k
= 3, tSNE analysis showed that there were differences among
subtypes, especially cluster 1 and cluster 3 (Figure 3c and 3d).
Thus, 92 OA tissue samples were divided into three subtypes:
Cluster 1 (n = 29), Cluster 2 (n = 32), and Cluster 3 (n = 31)
(Figure 3e).

DEGs and enrichment analysis of different subtypes
Compared with C1 and C2 subtypes, we found 128 up-regula-
ted DEGs and 30 down-regulated DEGs (Figure 4a). Between

C1 and C3 subtypes, we found 239 up-regulated DEGs and 167
down-regulated DEGs (Figure 4b). Overall, 35 up-regulated
DEGs and 68 down-regulated DEGs were obtained between
C2 and C3 subtypes (Figure 4c). No common DEGs were
found among the three groups of DEGs (Figure 3f). The most
significant ten up-regulated DEGs and ten down-regulated
DEGs were visualized by heatmap (Figure 4d and 4f). The
protein-protein interaction (PPI) network diagram of DEGs is
shown in Supplementary Figure b. The DEGs of C1 versus C2
are marked in blue, C1 versus C3 in red, and C2 versus C3 in
green.

GO enrichment analysis showed that the differences
between C1 and C2 subtypes were concentrated in the plasma
membrane part, transporter activity, and organ development
(Figure 5a). KEGG pathway analysis shows that the differ-
ence between the two lies in systemic lupus erythematosus,
tyrosine metabolism, and other reactions (Figure 5d). Figure
5e compares the GO and KEGG differences between C1 and
C3 subtypes. GO analysis focuses specifically on the plasma
membrane part and condensed chromosome region. The
functional enrichment of C2 and C3 DEGs lies in the meta-
bolic process and filament sliding (Figure 5c). Cell adhesion
molecules, systemic lupus erythematosus, and some other
immune responses are the main enrichment pathway (Figure
5f).

GSEA analyzes the entire gene dataset and will not
ignore genes with insignificant differential expression. C1
subtype function is enriched in the differentiation and
development of bone joints and chondrocytes, C2 is enriched
in immune cell regulation and some metabolic processes, and
C3 is involved in pyroptosis and programmed necrotic cell
death (Supplementary Figures ca to cc). KEGG also showed
similar results for further verification of the characteristics of
each subtype (Supplementary Figures cd to cf ).

Fig. 2
Remove batch effects and merge datasets. a) Box plot of five osteoarhritis (OA) datasets before batch correction. b) Five OA datasets before batch
correction, as calculated using uniform manifold approximation and projection (UMAP). c) Box plot after batch correction. d) UMAP after batch
correction.
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Differences in immune cell infiltration
As shown in Figure 6a, there are many immune cells involved
in OA, such as B cells, plasma cells, T cells, natural killer (NK)
cells, macrophages, and mast cells, and there is correlation
between them. The violin diagram shows that macrophage M2
and resting mast cells are the main immune cells in the tissues
of OA patients. There were significant differences in plasma
cells, monocytes, and mast cells resting among different
subtypes. The proportion of regulatory T cells (Tregs) of C2
subtype is higher than that of C3 subtype, and the propor-
tion of mast cells activated is higher than that of C1 subtype
(Figure 6b). CD247, IL2RB, and STAT4 have a stronger correla-
tion with immune cells, and are positively correlated with T
follicular helper cells, Tregs, and γδ T cells. Patient age was
positively correlated with memory resting CD4 T cells (Figure
6c). There are more monocytes in cartilage and meniscus,
and no difference in immune cells between them. There are
more mast cells activated and fewer dendritic cells resting in
synovium (Figure 6d). There was no significant difference in
immune cells between patients of different ages (Figure 6e).
Female patients had more M0 macrophages and fewer M2
macrophages (Figure 6f).

Association between clinical features and OA-related genes
The C2 subtype contains all synovial tissue and no menis-
cus tissue (Figure 1a). There are more patients aged 70
to 79 years, and more female patients, in the C2 subtype
group than the other two groups, but there is no significant
difference between them (Figure 1b and 1c). There were,
however, significant differences in CD247, matrix metallopro-
teinase (MMP)13, collagen type II alpha 1 chain (COL2A1),
and COL9A2 among the three subtypes. MMP13, COL2A1,

and COL9A2 are highly expressed in C1 subtype but less
so in C3 subtype (Figure 1d). COL2A1 and COL9A2 have a
relatively low expression in cartilage but are highly expressed
in subchondral bone and meniscus (Supplementary Figure
da). COL2A1 is highly expressed in young patients and less
so in elderly patients. MMP13 expression differs according
to age groups, but it is higher in both younger and older
patients (Supplementary Figure db). In female patients, the
expression of interleukin 2 receptor subunit beta (IL2RB) and
trafficking protein particle complex subunit 2 (TRAPPC2) was
higher, while the expression of protein tyrosine phosphatase
non-receptor Type 2 (PTPN2) was lower (Supplementary Figure
dc).

Validation of OA-related genes
In order to further verify the effectiveness of gene diagnosis,
ROC curve and qRT-PCR were used for verification. AUC among
the different subtypes of COL1A2 was greater than 0.75: C1
vs C2 (AUC = 0.88), C2 vs C3 (AUC = 0.77), and C1 vs C3
(AUC = 0.84). MMP13 showed a good distinction (AUC > 0.75)
between C1 vs C3 (AUC = 0.83), and COL9A2 has a good
distinction between C2 vs C1 (AUC = 0.82) and C2 vs C3 (AUC
= 0.80) (Supplementary Figure e). After further verification by
qRT-PCR, no statistical differences were found in the GAPDH
expression among OA patients of different tissues, ages, and
sexes. COL2A1 and COL9A2 demonstrated a relatively low
expression in cartilage, and a high expression in subchondral
bone (Figure 7a and 7b). COL2A1 is highly expressed in OA
patients under the age of 60 years, and less so in patients over
the age of 80 years (Figure 7c and 7d). PTPN2 was significantly
down-regulated in females with OA (p = 0.015, paired t-test),

Fig. 3
Clustering analysis based on gene expression profiles of knee joint tissue. a) Clustering cumulative distribution function (CDF) curve. b) Relative
change in area under the CDF curve. c) tSNE diagram of subgroups. d) Samples clustering consistency, determine k = 3. e) Clustering heatmap.
f ) Venn diagram of differentially expressed genes.
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and TRAPPC2 was significantly up-regulated in females (p <
0.001 paired t-test) (Figure 7e and 7f ).

Discussion
Previously, knee OA has been considered as a disease of
articular cartilage, but with the deepening of research, knee
OA is considered as a whole joint disease.22 It includes the
interaction between articular cartilage, synovium, subchon-
dral bone, meniscus, tendon, and muscle. For example,
cartilage debris caused by wear will stimulate synovium to

release inflammatory factors, which in turn will stimulate
cartilage degeneration and apoptosis.23 From the perspective
of molecular biology, genes in cells have already begun to
express abnormally in the asymptomatic and no-imaging
stages of patients.24 Based on microarray technology, even
if some tissues have no significant changes, gene expres-
sion profiling can also be used to make an early diagno-
sis.25 One study has even shown that knocking out specific
genes in bone cells or using inhibitors can effectively salvage
the structure of subchondral bone and alleviate cartilage

Fig. 4
Identification of differentially expressed genes (DEGs). a) Volcano map showing DEGs of C1 subtype vs C2 subtype. b) DEGs of C1 vs C3. c) DEGs of C2
vs C3. d) Heatmap shows the top ten up-regulated and down-regulated C1 vs C2 DEGs. e) Top ten up-regulated and down-regulated C1 vs C3 DEGs.
f ) Top ten up-regulated and down-regulated C2 vs C3 DEGs.

Fig. 5
Function enrichment analysis of differentially expressed genes (DEGs). a) Gene Ontology (GO) enrichment analysis of C1 vs C2 DEGs. b) GO
enrichment analysis of C1 vs C3 DEGs. c) GO enrichment analysis of C2 vs C3 DEGs. d) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
analysis of C1 vs C2 DEGs. e) KEGG pathway analysis of C1 vs C3 DEGs. f ) KEGG pathway analysis of C2 vs C3 DEGs.
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degeneration.26 By combining gene expression profile data
and clinical manifestations of different tissues, we finally
divided OA into three subtypes: bone remodelling sub-
type (C1), immune metabolism subtype (C2), and cartilage
degradation subtype (C3). This method not only establishes an
effective classification model, but also an important means of
finding gene markers and potential targets of drug therapy. It
provides a specific direction for in-depth understanding of the
pathogenesis and precision treatment of OA.

According to the enrichment analysis results of GSEA,
C1 subtype function is enriched in skeletal joints, carti-
lage development, and glycosaminoglycan biosynthesis. This

subtype may represent the formation of osteophytes, and we
describe it as a subtype of bone remodelling. C3 subtype
is enriched in pyroptosis, cell death process, and vascular
endothelial cell proliferation. It differs the most from the
C1 subtype, and we classify it as a cartilage degeneration
subtype. Both subtypes are caused by the imbalance between
anabolism and catabolism.27 Metabolic imbalance causes
crosstalk between tissues, directly or indirectly affecting joint
health and cartilage turnover, and altering the progression
of OA.28 A lot of evidence shows that in the early stage of
OA, there is temporary bone loss in subchondral bone, and
in the late stage, there is an increase in bone volume and

Fig. 6
Analysis of immune cell infiltration. a) Correlation analysis of immune cells. b) Correlation between osteoarthritis (OA)-related genes and immune
cells. c) Immune cell infiltration of different subtypes. d) Immune cell infiltration of different tissues. e) Immune cell infiltration of different ages. f )
The difference in immune cell infiltration between male and female sex. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, Mann-Whitney U test. NK,
natural killer cells.
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bone density in subchondral bone.29 Therefore, we found that
subchondral bone is mainly distributed in C1 and C3 subtypes.
In addition, when OA occurs, the permeability of subchondral
bone plate increases, vascular growth factor invades carti-
lage, and vascular proliferation occurs. Inflammatory factors
can also enter cartilage through channels and interfere with
proteoglycan metabolism of chondrocytes.30 These previous
research results are consistent with our conclusions, and also
prove the effectiveness of our typing. We also found signifi-
cant differences in the expression of CD247, MMP13, COL2A1,
and COL9A2 in C1 and C3 subtypes. COL2A1 and MMP13 have
a good differentiation effect on C1 and C3 subtypes, and the
C1 vs C3 AUC values are both greater than 0.8. COL2A1 is
expressed in normal cartilage, and its decrease is related to
IL-1β-induced cartilage degeneration.31,32 Deberg et al33 found
that COL2A1 was correlated with the severity of OA, and its
one-year change was positively correlated with joint space
stenosis. MMP13 acts as an extracellular matrix-degrading
enzyme in OA, which can directly degrade type II collagen.34

As one of the decomposition products of type II collagen,
CTX-II can be detected in urine, blood, and joint fluid, and
is expected to become an indicator for monitoring OA.35 In
summary, COL2A1 and MMP13 may be effective targets for the
treatment of knee OA.36

It is worth noting that all synovial tissues are classi-
fied as C2 subtype. C2 subtype functions are enriched in
various metabolic processes, and pathways are enriched in
systemic lupus erythematosus and primary immunodeficiency.
Based on the above results, we described C2 subtype as
an immune metabolism subtype. Synovial inflammation is
closely related to joint swelling, inflammatory pain, and other
symptoms, representing the progress of OA.37 However, in

the C2 subtype, the inflammation-related markers IL2RA and
IL2RB did not show higher expression than other subtypes.
Several treatment tests for low-grade inflammation also
showed disappointing results.38 Orange et al39 also divided
the synovial tissue of rheumatoid arthritis into a high-inflam-
mation subtype characterized by extensive infiltration of
leucocytes; a low inflammatory subtype characterized by
enrichment in pathways including transforming growth factor
β, glycoproteins, and neuronal genes; and a mixed subtype.
We speculate that although the synovium of OA patients also
exhibits histological changes similar to inflammatory arthritis,
it is well known that OA is only a chronic low-grade inflamma-
tion.40 Miller et al41 found that OA inflammation is chronic,
mainly mediated by the innate immune system, and that
immune cells play an important role in the disease’s devel-
opment. In their analysis of immune cell infiltration, macro-
phages and mast cells were found to be the main immune
cells involved in OA. Macrophage M0 and C2 activated
mast cells were significantly higher than those of the other
two subtypes. The role of macrophages in OA has always
been a research hotspot: the infiltration and accumulation of
macrophages in synovium are considered to be biomarkers
of OA progress.42 Targeting M2 macrophages and promoting
their expression is an effective method for the treatment of
inflammatory arthritis.43,44 Tryptase, produced by mast cells,
can induce chondrocyte inflammation and apoptosis.45 Chen
et al46 also found that there are a high proportion of mast cells
and macrophages, making them the main infiltrating cells in
OA.

More interestingly, we found that the expression of
COL2A1 gradually decreased with age, which may be related
to the expression of MMP13, which behaves in the same

Fig. 7
Clinical features and osteoarthritis (OA)-related genes validated by quantitative real-time polymerase chain reaction (qRT-PCR). a) and b) qT-PCR
of OA-related genes across different tissues. c) and d) qT-PCR of OA-related genes across different ages. e) and f ) qPCR of OA-related genes
across different sexes. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, paired t-test. COL2A1, collagen type II alpha 1 chain; MMP13, matrix
metalloproteinase 13; PTPN2, protein tyrosine phosphatase non-receptor type 2; TRAPPC2, trafficking protein particle complex subunit 2.
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way. COL2A1 is only considered as a structural component
of cartilage matrix. Recently, however, it was found to be
an external signal molecule that can significantly inhibit
chondrocyte hypertrophy.47 The symptoms of OA can also be
improved by stimulating the supplement of joint collagen.
In addition, we also found that the expression of PTPN2
and TRAPPC2 may be related to the sex of OA patients. In
synovial samples from patients with OA, PTPN2 can regulate
IL-6 production, cell death, and autophagy.48 In some immune
diseases, the expression of PTPN2 in male patients is signif-
icantly increased.49 Mutations in the TRAPPC2 gene were
confirmed to be linked to X-linked recessive osteochondral
dysplasia. The disease will cause joint pain, and degenerative
osteoarthritis will occur early.50 Yuan et al51 also used RNA
sequence datasets to perform unsupervised cluster analysis
of gene expression profiles; however, unlike our study, they
only classified the cartilage transcriptome, which is not as
comprehensive as our experiment. They also combined clinical
data, and the classification was similar to ours. A limitation of
our study is that the tissue sample size is still too small, and
further experiments are needed to verify this bioinformatics
research.

In conclusion, through unsupervised clustering, we
divided the OA gene expression profiles of different tis-
sues into three subtypes: bone remodelling subtype (C1),
immune metabolism subtype (C2), and cartilage degradation
subtype (C3). The relationship between clinical characteris-
tics of different subtypes and OA genes was studied, provid-
ing guidance for personalized treatment and more effective
treatment targets for OA.

Supplementary material
Research flowchart, protein-protein interaction network, gene
set enrichment analysis, clinical features, and receiver operating
characteristic curve.
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