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ABSTRACT
Objective  Osteoarthritis (OA) is a degenerative joint 
disease associated with excessive mechanical loading. 
The aim here was to elucidate whether different 
subpopulations of chondrocytes exhibit distinct 
phenotypes in response to variations in loading conditions. 
Furthermore, we seek to investigate the transcriptional 
switches and cell crosstalk among these chondrocytes 
subsets.
Methods  Proteomic analysis was performed on 
cartilage tissues isolated from weight-bearing and non-
weight-bearing regions. Additionally, single-cell RNA 
sequencing was employed to identify different subsets 
of chondrocytes. For disease-specific cells, in vitro 
differentiation induction was performed, and their presence 
was confirmed in human cartilage tissue sections using 
immunofluorescence. The molecular mechanisms 
underlying transcriptional changes in these cells were 
analysed through whole-transcriptome sequencing.
Results  In the weight-bearing regions of OA cartilage 
tissue, a subpopulation of chondrocytes called OA 
hypertrophic chondrocytes (OAHCs) expressing the marker 
genes SLC39A14 and COL10A1 are present. These cells 
exhibit unique characteristics of active cellular interactions 
mediated by the TGFβ signalling pathway and express 
OA phenotypes, distinct from hypertrophic chondrocytes 
in healthy cartilage. OAHCs are mainly distributed in 
the superficial region of damaged cartilage in human 
OA tissue, and on TGFβ stimulation, exhibit activation 
of transcriptional expression of iron metabolism-related 
genes, along with enrichment of associated pathways.
Conclusion  This study identified and validated the 
existence of a subset of OAHCs in the weight-bearing area 
of OA cartilage tissue. Our findings provide a theoretical 
basis for targeting OAHCs to slow down the progression of 
OA and facilitate the repair of cartilage injuries.

INTRODUCTION
Osteoarthritis (OA) represents failed repair 
of joint damage resulting from stresses 
initiated by any joint or periarticular tissue 
abnormality, usually causing joint pain and 

impairment of function.1 OA can involve any 
joint in the body and the most commonly 
affected joint is the knee, which affects more 
than 240 million people worldwide.2 Many 
patients present to orthopaedic surgeons with 
a painful knee attributed to OA of the medial 
compartment, with the lateral compartment 
and patella-femoral joint being relatively 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ The multifaceted and intricate phenomenon of the 
impact of mechanical stimulation under different 
loading states on osteoarthritis (OA) remains enig-
matic. It is unclear whether the hypertrophic chon-
drocytes generated in this pathological state of OA 
are synonymous with those in the normal physio-
logical state.

WHAT THIS STUDY ADDS
	⇒ This study introduces the effects of weight-bearing 
conditions and mechanical stimulation on patients 
with OA, using MRI-based grading of cartilage 
damage.

	⇒ This study examined the dissimilarities in chondro-
cytes of patients with OA under divergent loading 
states at the levels of proteomics, transcriptomics 
and single-cell resolution, and validated the find-
ings through in vitro cellular induction and clinical 
specimens.

	⇒ SLC39A14+/COL10A1+ osteoarthritis hypertrophic 
chondrocytes (OAHCs) were identified in OA car-
tilage tissue stimulated by excessive mechanical 
loading. These OAHCs exhibited a sensitive response 
to the TGFβ signalling pathway.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ These findings have not only established a funda-
mental basis for targeted therapies for chondrocytes 
but have also provided novel insights into alleviating 
cartilage degeneration under mechanical loading.
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spared.3 Up to 90% of unicompartment knee OA had 
exclusively medial involvement,4 which is closely associ-
ated with the loading of forces on the medial side during 
walking, the most common site of knee degeneration, 
due to the adduction moment of weight-acceptance 
phase.5 The knees are subject to continuous mechanical 
load as a weight-bearing joints, and cartilage is the only 
tissue on the articular surface that cushions this load. 
At the same time, chondrocytes are the only cell type 
in articular cartilage tissue.6 The transition mechanism 
of chondrocytes under mechanical stimuli during joint 
loading has an important impact on cartilage homoeo-
stasis and function.

Chondrocytes are surrounded by a highly specialised 
extracellular matrix (ECM) that does not have a homo-
geneous structure and composition, with type II collagen 
forming the network and receiving high concentra-
tions of proteoglycans (such as aggrecan, lubricin and 
perlecan) and glycosaminoglycans (such as hyaluronan), 
as well as type VI collagen and type IX collagen, which 
together form the pericellular matrix.7 8 Mechanical 
loading brings not only ‘wear and tear’ but actually a 
driving force that promotes chondrocyte phenotypic 
drift and OA development by activating mechanorespon-
sive cell signalling (mechanosignalling) and the resulting 
proinflammatory mediators and catabolic enzymes.9–11

Previous studies have demonstrated that poor align-
ment is a strong predictor of disease progression in 
patients with knee OA.12 In addition, single-cell RNA 
sequencing (scRNA-seq) has demonstrated the presence 
of different subpopulations of chondrocytes that differ-
entially drive inflammation in patients with OA.13 There-
fore, the purpose of this study was to determine whether 
patient-reported sites of excessive stress loading exhibit 
cartilage tissue with a different transcriptomic phenotype 
containing different subpopulations of chondrocytes, 
compared with sites of normal mechanical loading.

METHODS
Patient recruitment, pain scoring and tissue collection
On obtaining ethical review approval, 44 patients diag-
nosed with knee joint pain and receiving treatment at 
the Third Affiliated Hospital of Sun Yat-sen University 
were enrolled as study subjects. Among them, 25 indi-
viduals underwent joint replacement surgery, while 
the remaining patients underwent arthroscopic exam-
ination or received non-surgical treatment. Compre-
hensive clinical data were collected for all participants. 
For patients undergoing total knee arthroplasty (TKA), 
cartilage tissue samples were extracted from the medial 
and lateral tibial plateaus. The specific methodology 
employed is as follows: subsequent to the tibial plateau 
osteotomy, full-thickness cartilage (~1.5 g) was resected 
from identical locations at the central region (central 
lateral articular cartilage and central medial articular 
cartilage). In addition, we also collected cartilage tissue 
samples from the weight-bearing and non-weight-bearing 

regions of facet joints in three patients diagnosed with 
scoliosis, who underwent osteotomy corrective surgery 
at the Third Affiliated Hospital of Sun Yat-sen Univer-
sity. These collected cartilage tissues were used for 
protein and RNA extraction, as well as for tissue section 
staining.

OA scoring using MRIs
The presurgical MRI images were evaluated using the 
MRI Osteoarthritis Knee Score (MOAKS), which is a 
semiquantitative assessment tool derived from the Whole 
Organ MRI Score and the Boston Leeds Osteoarthritis 
Knee Score scoring system. Articular cartilage and bone 
marrow lesions were scored in 15 distinct subregions, 
which include the medial and lateral patella, medial and 
lateral trochlea, medial and lateral central femur, medial 
and lateral posterior femur, anterior medial articular 
cartilage, central medial articular cartilage, posterior 
medial articular cartilage, anterior lateral articular carti-
lage, central lateral articular cartilage, posterior lateral 
articular cartilage and tibial spines.14 The scoring process 
was conducted by a consultant radiologist and research 
fellow.

Protein mass spectrometry
For the four TKA patients in the study population with 
varus knees in whom there was a significant difference 
between the medial and lateral weight-bearing zones 
of the tibial plateau in the preoperative MOAKS score 
(table 1), we performed protein mass spectrometry of 
their cartilage tissues. The sterile cartilage tissue was 
cleansed with phosphate buffered saline (PBS) and 
then pulverised into a fine powder using a mortar and 
pestle in liquid nitrogen. The resulting powder was 
combined with trichloroacetic acid (TCA)/acetone 
(1:9) in a fivefold volume and the mixture was subse-
quently dried and resuspended in sodium dodecyl 
sulfate-dithiothreitol-tris (SDT) lysis buffer at a mass-to-
volume ratio of 1:30. After ultrasonication, the samples 
were centrifuged at 14 000g for 15 min and the superna-
tant was filtered through a 0.22 µm membrane. Protein 
concentration was assessed using the bicinchoninic 
acid (BCA) assay. For each group, 200 µg of protein was 
digested with filter aided sample preparation (FASP), 
and 100 µg of peptides were labelled using the Thermo 
Tandem Mass Tag (TMT) labelling kit according to 
the manufacturer’s instructions. The resulting labelled 
peptides from each group were mixed and fractionated 
using an Agilent 1260 Infinity II HPLC system. The 
samples were subsequently separated by nanoflow chro-
matography and analysed by mass spectrometry using 
a Q Exactive Plus mass spectrometer. Mascot 2.6 and 
Proteome Discoverer 2.1 software were employed for 
library search identification and quantitative analysis. 
A total of 5177 unique peptides were detected in 10 
cartilage tissues, and 967 proteins were used for further 
bioinformatics analysis.
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Single-cell sequencing analysis
Using the search terms osteoarthritis and single cell in the 
GEO database (https://www.ncbi.nlm.nih.gov/geo/), 
the dataset GSE152805 was obtained (GSE152805 was 
uploaded by Kraus in 2020).15 16 The data sets collected a 
total of 26 228 chondrocytes from 3 patients undergoing 
knee arthroplasty due to OA. The dataset was single-cell 
high-throughput sequencing using the Illumina HiSeq 
4000 (Homo sapiens) platform. The sequencing data 
were analysed using Seurat v4.0.5 (https://satijalab.​
org/Seurat/) for the purpose of data processing.17 
Following quality control standardisation and log trans-
formation, highly variable genes were identified and 
used for performing principal component analysis 
(PCA). Harmony was employed to further integrate the 
data. Uniform Manifold Approximation and Projection 
(UMAP) was performed using the top 30 PCs to cluster 
cells, with a resolution of 0.5.

Monocle v2.22.0 was used to analyse the pseudotime 
trajectory (http://Monocle-bio.sourceforge.net/).18 
We established a ‘CellDataSet object’ derived from 
Seurat object. Subsequently, we identified differentially 
expressed highly variable genes that were expressed in a 
minimum of 10 cells with a q value<0.01. The dimension-
ality of the data was reduced using the DDRTree method, 
and cells were pseudotime sorted.

CellChat v1.6.0 was used to quantitatively charac-
terise and compare the inferred cell-cell communica-
tion networks.19 We first established a ‘CellChat object’ 
derived from Seurat objects, encompassing cell type iden-
tity for each cell. The comprehensive collection of human 
ligand–receptor interactions documented in the Cell-
ChatDB was employed for the examination of cell–cell 
communication. Subsequently, we identified the ligands 

and receptors that were overexpressed within each cell 
type, and determined the overexpressed interactions 
between these ligands and receptors. The probabilities of 
cell–cell communication for each ligand–receptor inter-
action were deduced using permutation tests. Impor-
tance of each cell cluster in the signalling pathway of 
interest was also computed and represented.

miloR V.1.9.1 was employed for the identification of 
disease-specific cell populations by performing differen-
tial abundance analysis.20 We generated a ‘Milo object’ 
from Seurat objects, in which PCA and UMAP dimen-
sionality reduction had been executed. Subsequently, 
representative cell neighbourhoods were established by 
randomly selecting 10% of all cells within the object, 
setting d and k values at 40. The cell count within each 
neighbourhood was then computed, followed by the 
execution of differential abundance analysis between 
conditions (‘iMT’ vs ‘oLT’).

Cell culture
Following the protocol of Haseeb and Lefebvre,21 the 
tibial plateau and femoral head of 3-day-old C57BL/6 
mice were dissected open. Initially, the tissues were 
digested with 5 mL of 0.25% Trypsin-EDTA (Gibco, USA) 
at 37℃ in a 5% CO2 incubator for 1 hour, followed by 
5 mL of 0.2% collagenase type II (Biofroxx, Germany) 
digestion for 5 hours at 37℃ to collect and culture 
primary mouse chondrocytes. Chondrocytes and ATDC5 
(Sigma-Aldrich) were cultured in DF12 (Gibco, USA) 
supplemented with 10% fetal bovine serum (Nobimpex) 
and 1% penicillin-streptomycin (Gibco) at 37℃ and 
5% CO2. The culture medium was replenished every 72 
hours. ATDC5 or chondrocytes were treated with 1% ITS 
(#41400045, Gibco), 250 µM L-Ascorbic acid (#4055, 

Table 1  Tandem Mass Tag Patients MRI Osteoarthritis Knee Score (MOAKS) information

Side Left Right Right Right Right

MOAKS Medial patella 0 1 0 1 0

Lateral patella 1 1 0 0 0

Medial trochlea 2 4 1 1 0

Lateral trochlea 0 0 0 0 0

Medial central femur 1 3 1 0 0

Lateral central femur 0 0 0 0 0

Medial posterior femur 0 1 0 0 0

Lateral posterior femur 0 0 0 0 0

Anterior medial articular cartilage 6 8 2 4 4

Central medial articular cartilage 7 11 9 11 6

Posterior medial articular cartilage 9 6 6 6 8

Anterior lateral articular cartilage 0 0 0 0 0

Central lateral articular cartilage 0 0 0 0 0

Posterior lateral articular cartilage 0 0 0 0 0

Tibial spines 0 0 0 0 0

Total score 26 35 19 23 18

https://www.ncbi.nlm.nih.gov/geo/
https://satijalab.org/Seurat/
https://satijalab.org/Seurat/
http://Monocle-bio.sourceforge.net/
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Tocris), or 20 ng/mL TGF-β (#7666-MB, R&D) as indi-
cated.

RNA sequencing analysis
Total RNA was isolated from primary chondrocytes 
(n=6) in the presence or absence of TGF-β using Trizol 
Reagent (#15596018, Invitrogen), followed by RNA 
library preparation using the QIAseq RNA Library Kit 
(QIAGEN, Germany). Subsequently, the Illumina high-
throughput sequencing technology platform was used to 
obtain sequencing data which were then normalised for 
differential gene expression analysis after alignment with 
BWA (v0.7.12-r1039). We used the DEGSeq algorithm to 
selectively isolate differentially expressed microRNA and 
circular RNA genes. Moreover, we employed the DESeq2 
algorithm to identify and filter differentially expressed 
mRNA and long non-coding RNA (lncRNA) genes. 
These algorithms conducted correction based on false 
discovery rate (FDR) control method in multiple tests to 
reduce the probability of Class I errors, and determined 
differentially expressed genes with significant differences 
based on criteria of >1.5 fold change and FDR<0.05.

Pathway analysis
The proteins that showed significant differences (>1.2 
fold change, p<0.05) were subjected to analysis using the 
Ingenuity Pathway Analysis (IPA; Qiagen, UK). This tool 
incorporates a database that integrates machine learning 
and manual curation by researchers, encompassing 
approximately 8 million relevant pieces of information 
on humans, mice and rats from biomedical literature and 
over 30 authoritative databases. In addition, the differen-
tial genes or marker genes were subjected to enrichment 
analysis of gene ontology, Kyoto Encyclopedia of Genes 
and Genomes, and Reactome pathways using David 
(https://david.ncifcrf.gov/home.jsp).22 This allowed us 
to determine the interactions and regulatory network 
relationships of the differential genes.

Quantitative real-time PCR (qPCR)
mRNA isolation and qPCR were performed following 
previously described methods.23 Total RNA was extracted 
and mRNA was purified using the E.Z.N.A. Total RNA 
Kit I (Omega, USA). mRNA was then reverse transcribed 
into cDNA using Evo M-MLV RT Premix (AG11706, 
China). The primer sequences used are as follows: 
SLC39A14,F:5’​AAGGCCCTACTCAACCACCT3’,R:5’​
CGAC​TGCT​CGCT​GAAA​TTGTG3’;Slc39a14,F:5’​GTGT​
CTCA​CTGA​TTAA​CCTGGC3’,R:5’​AGAGCAGCGTTC-
CAATGGAC3’;COL10A1,F:5’​ATGC​TGCC​ACAA​ATAC​
CCTTT3’,R:5’​GGTA​GTGG​GCCT​TTTA​TGCCT3’;Co-
l10a1,F:5’GGTGTGAATGGGCGGAAAG3’,R:5’​GCTT​
CCCA​ATAC​CTTC​TCGTC3’;Col2a1,F:5’​CACA​CTGG​
TAAG​TGGG​GCAA​GACCG3’,R:5’​GGAT​TGTG​TTGT​
TTCA​GGGT​TCGGG3’;Mmp13,F:5’ ​TGTT​TGCA​
GAGC​ACTA​CTTGAA3’,R:5’​CAGT​CACC​TCTA​AGCC​
AAAGAAA3’.

Gene expression was detected using the LightCycler 
480 system (Roche, USA) and amplified using SYBR-
Green Premix (AG11701, China) according to the user 
manual. mRNA expression values were normalised to 
Beta-Actin and relative calculations were performed 
using the 2−ΔΔCt method.

Immunofluorescence and immunohistochemical staining
The histological slides of human cartilage were depa-
raffinised and hydrated. They were then subjected to 
blocking using 5% bovine serum albumin for 1 hour at 
room temperature, followed by overnight incubation 
with primary antibodies against COL10A1 (orb312179, 
Biobyt). A secondary antibody labelled with horseradish 
peroxidase (HRP) corresponding to the primary anti-
body species was added to the tissue. After CY3-tyramide 
signal amplification, the primary antibody against 
SLC39A14 (PA5-21077, Thermo) was added along with 
the corresponding fluorescein isothiocyanate (FITC)-
fluorescent secondary antibody. The nuclei were coun-
terstained with 4′,6-diamidino-2-phenylindole (DAPI). 
The samples were imaged using both fluorescence micro-
scope (Nikon, Germany) and confocal laser scanning 
microscope (Leica, Germany). Under blinded condi-
tions, two observers quantified the proportion of posi-
tive cells. For safranin o-fast green counterstaining, the 
sections were first stained with plant safranin and plant 
o-fast, followed by rapid differentiation with ethanol. To 
quench endogenous peroxidase activity, 3% (v/v) H2O2 
was used for immunohistochemical staining. FTH1 (PA5-
27500, Invitrogen) was used as the primary antibody, and 
incubated overnight. A goat anti-rabbit immunoglobulin 
G conjugated with HRP (BL003A, BioSharp, Shanghai, 
China) was used as the secondary antibody. The immu-
nohistochemical staining was observed under an inverted 
microscope (Nikon, Germany). Quantification of posi-
tively cells in immunofluorescence images, encompassing 
regions located within 700 µm from the articular surface 
were included in the analysis.

GSH detection in primary mouse chondrocytes
The quantification of GSH content in primary mouse 
chondrocytes was conducted by thoroughly mixing the 
extracted cell protein solution with the GSH detection 
reagent (A006-2-1, Jiancheng), as protocol. The resultant 
supernatant was collected for analysis. GSH content was 
assessed through colorimetric analysis at 405 nm, with 
reference to a standard curve.

Statistical analysis
Data were analysed using Graphpad Prism V.9. Specific 
tests performed are detailed within the figure legends, 
with statistical significance determined to be p<0.05. To 
avoid bias the investigators were blinded during data 
analysis.

https://david.ncifcrf.gov/home.jsp
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RESULTS
Differences in arthritis severity, radiographic assessments 
and proteomic profiles among patients with knee OA different 
weight-bearing states
Based on preoperative imaging findings, most patients 
with OA exhibited genu varum (figure 1A). Compared 
with knee joints with a normal force line (median 
OKS=48), patients with OA with altered force line due 
to genu varum or genu valgum (genu varum median 
OKS=18, genu valgum median OKS=24) exhibit signif-
icantly (p<0.05) more severe joint arthritis(table  2). 
Naturally, patients with genu varum or genu valgum 
also had a larger hip-knee-ankle angle than normal 
patients(table 2).

The total MOAKS scores, which were calculated by 
combining scores from MRI analysis at 15 anatomical 
locations, were significantly higher in patients with 
OA with genu varum (15.34±1.60) and genu valgum 

(12.75±1.97) when compared with patients with a normal 
force line (2±1.02) (figure 1B). On comparing MOAKS 
cartilage grades in different anatomical locations, it was 
observed that most cartilage injuries in patients with OA 
with genu varum and genu valgum were concentrated in 
the weight-bearing area of the tibial plateau. The carti-
lage injury grade in the non-weight-bearing area of the 
contralateral tibial plateau was found to be significantly 
lower (p<0.05) (online supplemental figure S1A).

Considering the differential response of cartilage tissue 
to mechanical stimuli under varying weight-bearing 
states, we conducted TMT-based proteomic analysis 
on tibial plateau cartilage tissue from matched weight-
bearing and non-weight-bearing sites in patients with 
OA (5 samples/group) (table 1, figure 1C). Comparing 
weight-bearing and non-weight-bearing cartilage tissue in 
patients with OA, a total of 224 proteins were differen-
tially expressed (> 1.2 fold change, p<0.05) of which 101 

Figure 1  Clinical radiographic alterations in patients with knee osteoarthritis (OA) under different weight-bearing types and 
Tandem Mass Tag (TMT) analysis of cartilage tissues. (A) Representative imaging of the knee joint in patients with OA, with 
X-ray (full-length standing anteroposterior scan of both lower limbs) showing different weight-bearing types (indicated by 
red triangles) and MRI (coronal scan) showing cartilage damage and bone marrow oedema in different anatomical locations 
(indicated by red triangles). (B)Total MRI Osteoarthritis Knee Score score for normal knees (n=31), varus knees (n=29), and 
valgus knees (n=28). ****P<0.0001 (one-way analysis of variance (ANOVA)), with significant differences observed in both valgus 
and varus knees compared with normal knees. (C) Schematic workflow illustrating the experimental strategy, outlining the 
sequence of steps involved in TMT. (D) Heatmap of top 20 differentially expressed proteins in cartilage tissue from non-weight-
bearing (oLT), compared with weight-bearing (iMT) regions in patients with OA (5 samples/group). Colour of tile indicates z-
scored expression. (E) Volcano plot of differentially expressed proteins (|FC|>1.2) in cartilage tissue from non-weight-bearing 
(oLT), compared with weight-bearing (iMT) regions in patients with OA (5 samples/group). (F) Z-scores of predicted upstream 
regulators in the proteomes of non-weight-bearing (oLT) and weight-bearing (iMT) cartilage tissues. Positive Z-scores (orange 
bars) represent predicted ‘activated’ upstream regulators, while negative Z-scores (blue bars) represent predicted ‘inhibited’ 
upstream regulators. The numerical values indicate the Z-scores. (G) Significant enrichment of differential proteins in classic 
pathways as analysed by Ingenuity Pathway Analysis. Orange denotes predicted ‘activation’ of a pathway, blue denotes 
predicted ‘inhibition’ and purple indicates a lack of activation or inhibition prediction for the pathway. The y-axis on the left 
represents the significance level of enrichment (-Log P-value), while the ratio shown by the line indicates the proportion of 
differential proteins in the pathway compared with all proteins in that pathway.

https://dx.doi.org/10.1136/rmdopen-2023-003255
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were upregulated and 123 were downregulated proteins 
in weight-bearing-associated cartilage (figure 1D,E).

To further investigate these differentially expressed 
proteins, we then performed an upstream analysis to 
identify any activated or inhibited upstream regulators 
of the weight-bearing-associated proteomes. TNF, IL1B 
and THZ1 were identified as activated upstream regu-
lators, while KRAS, TGFB1 and SLC2A3 were identi-
fied as inhibited upstream regulators (figure  1F). It is 
noteworthy that the expression of TGFB1, an inhibited 
upstream regulator, is significantly downregulated in 
weight-bearing cartilage tissue. IPA analysis also revealed 
that the activated pathways included ‘LXR/RXR Activa-
tion’ and ‘Role of JAK family kinases in IL-6-type Cyto-
kine Signalling’, while the inhibited pathways included 
‘CREB Signalling in Neurons’ and ‘Glycolysis I’. OA 
and Ferroptosis Signalling pathways were also enriched, 
but without direct prediction of activation or inhibition 
(figure 1G).

Single-cell RNA sequencing identifies differences in 
chondrocyte subpopulations among different weight-bearing 
types of knee OA
After identifying differences in the proteomes of weight-
bearing and non-weight-bearing cartilage tissues, we 
proceeded to investigate whether chondrocytes from 
weight-bearing-associated cartilage tissue exhibited 
distinct cellular subpopulations. To this end, an anal-
ysis was performed on publicly available scRNA-seq data 
(GSE152805) sourced from outer lateral (non-weight-
bearing) and inner medial (weight-bearing) tibial artic-
ular cartilage (n=3).15 16

UMAP analysis revealed 12 discrete subsets of chondro-
cytes, designated as clusters 0–11(figure 2A), exhibiting 

evident distribution disparities between weight-bearing 
and non-weight-bearing cartilage sites (figure 2B). Chon-
drocytes isolated from weight-bearing sites were mainly 
observed in clusters 3, 5, 7, 8, 9, 10 and 11. In contrast, 
chondrocytes obtained from non-weight-bearing regions 
were predominantly observed in clusters 0, 1, 2, 4 and 
6 (figure  2C). In particular, cluster 8 (black circle) 
appears to emerge in the iMT region as a consequence 
of changes in weight-bearing conditions. Through 
Milo analysis,20 we further discerned that in compar-
ison to the non-weight-bearing region represented by 
oLT, there is a significant abundance alteration within 
the region of cluster 8(figure  2D). This suggests that 
cluster 8 represents a population of disease-specific cells 
under weight-bearing conditions. Considering that each 
cluster exhibited distinct gene expression patterns and 
marker genes(figure 2E). Based on an extensive review 
of high-quality literature (online supplemental table 
1),13 24–68 we have summarised the widely accepted and 
recognised types of chondrocyte subpopulations and 
their corresponding marker genes: hypertrophic chon-
drocytes (HCs) (COL10A1, RUNX2, SPP1), endothelial 
cells (ECs) (CD93, CDH5), fibrochondrocytes (FCs) 
(COL1A1, COL3A1, COL6A1), stable chondrocytes 
(SCs) (COL2A1, COL6A1, COL9A1) and chondrogenic 
progenitor cells (CPCs) (CDK1, BIRC5).

On visualising the expression levels of these marker 
genes using UMAP and violin plots (figure  3A), we 
observed the following: both clusters 2 and 8 exhibit high 
expression level of HC markers. Considering the Milo 
analysis that suggested cluster 8 as a disease-specific cell 
population, we have identified cluster 8 as ‘osteoarthritis 
hypertrophic chondrocytes’ (OAHCs) and cluster 2 as 

Table 2  Patients information

All patients Genu varum Genu valgum Normal

Age 59.48±1.28 64.83±1.12* 60.43±2.77* 53.61±1.99

Gender (male:female) 11:33 2:14 2:14 9:10

Height (cm) 166.25±0.74 165.24±1.26 164.71±1.11 168.58±1.37

Weight (kg) 65.10±1.07 63.90±1.70 62.52±1.72* 68.56±1.96

BMI 23.56±0.37 23.42±0.60 23.11±0.68 24.10±0.63

Oxford Knee Score (0–48) Median 31.5 (8–48) 18 (8–41)* 24(8-48)* 48(17-48)

Oxford Knee Score Category Severe (0–19) 33% (29) 59% (17) 39.2% (11) 3% (1)

Moderate (20–29) 15% (13) 17% (5) 28.6% (8) 0% (0)

Mild (30–39) 8% (7) 21% (6) 3.6% (1) 0% (0)

Normal (40–48) 44% (39) 3% (1) 28.6% (8) 97% (30)

Hip-Knee-Ankle Angle (°) 4.60±0.46 7.21±0.73* 6.4±0.74* 0.53±0.06

Osteotomy (TKA:UKA:None) 15:10:63 8:7:14 6:3:19 1:0:30

Values represent mean±SEM for all patients (n=44), genu varum (n=29), genu valgum (n=28) and normal knee joints (n=31).
Values represent median (IQR).
Values represent % (number) of patients in each category.
*A statistically significant comparison with normal patients.
BMI, body mass index; TKA, total knee arthroplasty; UKA, unicompartmental knee arthroplasty.

https://dx.doi.org/10.1136/rmdopen-2023-003255
https://dx.doi.org/10.1136/rmdopen-2023-003255
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HCs. Furthermore, clusters 10 and 11 can be distinctly 
identified as CPCs and ECs, respectively. In light of the 
high expression levels of marker genes within clusters 
1, 3 and 9, coupled with the concentrated distribution 
of these highly expressing cells, we have, respectively, 
labelled them as SCs or FCs. Due to the lack of distinct 
features exhibited by clusters 0, 4, 5, 6 and 7 during 
the visualisation of marker genes, we have provisionally 
labelled these cells as ‘Cho’ to facilitate streamlined anal-
ysis. After identifying and annotating the chondrocyte 
subtypes (figure  3B), we compared the differences in 
the proportion of chondrocyte subtypes between weight-
bearing and non-weight-bearing cartilage tissues. It was 
observed that the proportion of SCs and HCs decreased, 
while that of FCs increased in weight-bearing cartilage 
tissues. In addition, OAHCs appeared, and the propor-
tion of CPCs increased after activation. ECs also emerged 
in weight-bearing cartilage tissues (figure 3C). Additional 
Milo analysis further reveals that the alterations in abun-
dance of these chondrocyte subpopulations during the 
transition to weight-bearing states align consistently with 
changes in their proportions (figure 3D).

Apart from these alterations, we assessed the func-
tional enrichment of characteristic genes in each 
subtype. Remarkably, despite the relatively small number 
of OAHCs, they displayed more characteristic genes 
enriched in biological processes like ‘skeletal system 
development’, ‘cartilage development’ and ‘chondro-
cyte differentiation’, which were also enriched in the 
proteomics analysis of weight-bearing and non-weight-
bearing cartilage tissue (figure  3E). These findings all 
suggest that OAHCs may modulate protein-level biolog-
ical functions under mechanical stimulation from weight 
bearing. Through pathway enrichment analysis of each 
chondrocyte subpopulation, we found that OAHCs 
have more characteristic genes responsive to the TGF-β 
signalling pathway compared with other chondrocyte 
subpopulations (figure  3F). This suggests that despite 
the prediction from the proteomics analysis that TGFB1, 
an upstream regulatory factor, is inhibited and downreg-
ulated, OAHCs are still able to exhibit a more sensitive 
response to TGF-β-related signalling pathways compared 
with other chondrocyte subpopulations. In addition, by 
comparing the transcription levels of RNAs corresponding 
to the differentially expressed proteins identified in the 

Figure 2  Single-cell sequencing of human knee articular cartilage tissues from weight-bearing and non-weight-bearing 
regions. (A) The single-cell RNA sequencing (scRNAseq) of chondrocytes was visualised using Uniform Manifold Approximation 
and Projection (UMAP) plots, which demonstrated 12 distinct chondrocyte subsets. A total of n=3 patients with OA were 
included in the study, and chondrocytes from both weight-bearing (iMT) and non-weight-bearing (oLT) cartilage patient-
matched sites were subjected to scRNAseq analysis. (B) Identification of a disparate population (black circle) in OA cartilage 
undergoing transitions from non-weight-bearing to weight-bearing states, visualised through UMAP plot split by weight-
bearing conditions (oLT vs iMT). (C) UMAP plot illustrates the distribution of chondrocyte subsets under different weight-
bearing conditions (upper panel). Percentage distribution of the 12 different subsets according to either weight-bearing (iMT) 
or non-weight-bearing (oLT) sites (lower panel). (D) Milo analysis reveals a significant upregulation in the abundance of cell 
neighbourhoods in the disparate subset (black circle) compared with other subpopulations. (E) Heatmap showing the z-
score average gene signature expression of the top 5 most differentially expressed genes within each of the 12 chondrocytes 
clusters.
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proteomics analysis across each cell subtype, we found 
that OAHCs better reproduced the differences between 
weight-bearing and non-weight-bearing cartilage tissue 
compared with the other cell subtypes (figure 3G).

Functional characteristics of OAHCs populations
To further investigate the differences between OAHCs 
and HCs, we calculated the proportion of these two 
subtypes in different samples. OAHCs were present in 

Figure 3  Single-cell RNA sequencing identifies distinct chondrocyte subsets in the cartilage from weight-bearing (iMT) 
and non-weight-bearing (oLT) sites in patients with osteoarthritis (OA). (A) Visualisation of chondrocytes subsets by Uniform 
Manifold Approximation and Projection (UMAP) plot (left panel). Feature plots show the expression distribution of subset-
specific markers for each of the seven chondrocyte subsets (clusters 1–3, 8–11) on the UMAP plot (middle panel). Violin plots 
showing the expression levels of these markers, the grey dashed line highlights a comparatively higher average expression 
level relative to other subsets (right panel). (B) Visualisation of the spatial distribution of annotated chondrocyte subsets on the 
UMAP plot. (C) The percentage distribution of stable chondrocytes, hypertrophic chondrocytes, endothelial cells, osteoarthritis 
hypertrophic chondrocytes (OAHCs), fibrochondrocytes, and chondrogenic progenitor cells in cartilage tissues under different 
weight-bearing conditions. (D) Milo analysis reveals a pronounced enriched associated with weight-bearing conditions in 
the abundance of cell neighbourhoods in the OAHCs compared with other chondrocytes. (E) Heatmap of biological process 
significantly associated with the transcriptome of each of the six annotated chondrocytes subsets as identified using DAVID 
functional annotation tool, and coloured by scaled gene number. (F) Heatmap of significant pathways for each of the six 
chondrocytes subsets as identified using Reactome Pathway Database, and coloured by scaled gene number. (G) DotPlot 
depicts the expression pattern of differentially expressed proteins identified through Tandem Mass Tag proteomics analysis 
in each of the annotated chondrocyte subsets. The size of the circles represents the proportion of protein expression in the 
corresponding subset, while the colour indicates the average expression level.
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all three weight-bearing cartilage tissue samples, while 
the number of HCs in weight-bearing cartilage tissue 
was lower than that in their corresponding non-weight-
bearing cartilage tissue (figure  4A). Subsequently, we 
employed Monocle to construct a pseudotime trajectory 
to investigate the transcriptional alterations of chondro-
cytes during their maturation and development, as well 
as throughout the progression of OA. We discovered that 

in the physiological state, the maturation trajectory of 
chondrocytes proceeds from CPCs to FCs, SCs and finally 
HCs, which is consistent with previous studies. However, 
in weight-bearing cartilage tissue subjected to more 
intense mechanical stress, the proportion of CPCs and 
FCs increased while the ratio of SCs and HCs decreased. 
Notably, a subset of cells exhibited a sudden differenti-
ation pattern similar to that of ‘tumour cells’, deviating 

Figure 4  Transcriptional switch and ligand–receptor analysis of hypertrophic phenotypes associated with osteoarthritis (OA) 
disease progression to evaluate the crosstalk between hypertrophic chondrocytes and other chondrocyte types after weight 
bearing. (A) Comparison of the number of two hypertrophic chondrocyte subsets under different weight-bearing conditions. 
(B) Monocle pseudotime trajectory of the transcriptome phenotype transition of chondrocytes (left panel). The trajectory 
is divided into different weight-bearing conditions (right panel). Cells are ordered in pseudotime based on differentially 
expressed genes (q-value<0.01), coloured according to the chondrocyte types. (C) Expression dynamics of upregulated and 
downregulated genes, which serve as markers of osteoarthritis hypertrophic chondrocytes (OAHCs), were analysed over the 
progression of chondrocyte phenotype towards pseudotime, and were overlaid with cell distribution. Violin plots and feature 
plots showing the expression levels (y-axis) of the upregulated/downregulated genes for different weight-bearing conditions 
(x-axis). (D) Feature plots illustrate the expression of markers specific to OAHCs on the Uniform Manifold Approximation and 
Projection (UMAP) (identified by performing differential expression analysis on the non-parametric Wilcoxon rank sum test). 
(E) Violin plots below the UMAP display the expression levels (y-axis) of these markers across different chondrocyte cohorts 
(x-axis). (F Quantification of intercellular communication intensity between two subtypes of hypertrophic chondrocytes and 
other chondrocytes using Cellchat (thicker line segments representing higher intensity). (G) Dot plot visualise the interaction 
scores between chondrocyte subtypes, where each subtype was either the ligand-expressing cell (top axis) or the receptor-
expressing cell (bottom axis). The specific ligand–receptor pairs were listed along the left axis. Size of the dot indicates -Log 
p value. Colour of the dot indicated the interaction score, with dark red dots representing stronger predicted interactions. 
(H) Hierarchical plot display the activation of the TGFβ signalling pathway in chondrocyte subtypes, with the left portion 
indicating the extent of signalling received by two hypertrophic chondrocyte subtypes and the right part indicating the 
signalling received by the other chondrocyte groups under different weight-bearing conditions. (I) Violin plots show the 
expression levels of TGFβ signalling pathway ligands TGFB1 and TGFB2 in each chondrocyte subsets. (J) Violin plots depict 
the distribution of expression levels of TGFβ signalling pathway receptors TGFBR1, AVCR1 and TGFBR2 in each annotated 
chondrocyte subset. The y-axis represents the expression values, and the x-axis represents the different chondrocyte subsets 
(same in (I)).
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from the normal maturation trajectory, and these cells, 
namely OAHCs, may be a critical factor in the develop-
ment and progression of OA (figure 4B). Through the 
analysis of pseudotemporal expression dynamics, we 
have identified COL10A1 and SLC39A14, which are 
marker genes of OAHCs, as potential key regulatory 
genes involved in inducing the fate of differentiation in 
chondrocytes. When both COL10A1 and SLC39A14 are 
highly expressed, OAHCs are present. In contrast, when 
SLC39A14 expression is reduced and COL10A1 expres-
sion is further increased, normal chondrocyte hyper-
trophy occurs (figure 4C). Based on the aforementioned 
results, as well as the expression levels of COL10A1 and 
SLC39A14 as displayed in the UMAP and violin plots 
(figure 4D,E), we conclude that chondrocytes expressing 
both COL10A1 and SLC39A14 can be accurately identi-
fied as OAHCs.

To gain deeper insights into the cellular interaction 
underlying the generation of OAHCs in response to 
mechanical stimulation in load-bearing cartilage, we 
used CellChat to predict the differential strength of 
cellular crosstalk and signalling between cell types in 
different load-bearing states. We found that compared 
with HCs, OAHCs showed higher interaction weights 
with all chondrocyte subpopulations, including them-
selves (figure  4F), indicating that even though OAHCs 
are present in low numbers, they may be regulating the 
state of various cell subpopulations in load-bearing carti-
lage through strong cellular crosstalk. On comparing 
the signal transduction interactions among diverse cell 
subpopulations, acting as ligand and receptor cells, we 
have discovered that the proportion of TGFB1-related 
signalling pathways is significantly escalated in the weight-
bearing cartilage (figure  4G). Further examination of 
the communication strength of TGFβ signal transduc-
tion pathways in different cell subpopulations exposed 
to different weight-bearing conditions has demonstrated 
that OAHCs hold critical importance as both targets and 
sources of the TGFβ signal, particularly when compared 
with HCs (figure 4H). Additionally, the analysis of ligand 
and receptor transcription levels within the TGFβ signal-
ling pathway has revealed that OAHCs demonstrate 
higher expression levels of TGFB1, TGFBR1, and ACVR1 
than other cell subpopulations (figure 4I,J). Collectively, 
the data we have obtained offer a rational and temporal 
framework for how OAHCs respond to excessive mechan-
ical stimulation under weight-bearing conditions by inter-
acting with various cell types through the TGFβ pathway, 
emphasising the autocrine and paracrine functions of 
OAHCs in this process.

Induction of OAHCs in vitro and histological validation
To verify the distinctiveness of OAHCs from normal 
HCs, we initially compared the transcript levels of 
OAHCs marker genes, SLC39A14 and COL10A1, in 
the cartilage of the non-weight-bearing and the weight-
bearing regions of the tibial plateau. Our findings were 
in line with the scRNAseq data and proteomic analysis, 

revealing an elevated expression level of SLC39A14 in 
the weight-bearing region (figure 5A). Subsequently, we 
used ATDC5, a chondrogenic cell line that undergoes 
a sequential process analogous to chondrocyte differ-
entiation, to simulate the overloading-induced OAHCs 
production process via TGFβ stimulation. We monitored 
the transcript-level changes of ATDC5 cells at various 
time points during this process (figure 5B).

Initially, under standard induction by insulin-
transferrin-selenium, ATDC5 cells exhibited high expres-
sion of COL2A1, a chondrocyte-specific marker, at day 
14. As time elapsed, the expression levels of COL2A1 
steadily escalated to 21 days. Notably, concomitant with 
this temporal progression, the expression of COL10A1, 
indicative of HCs, also exhibited a substantial increase, 
signifying the advancing differentiation of cells into the 
hypertrophic phenotype. On stimulation with TGF-β 
cytokine on this basis, at day 14, phenotypes related to 
OA appeared, such as a decrease in COL2A1 expression 
and an increase in MMP13 expression. At day 21, the 
expression level of SLC39A14 was elevated, indicating 
the emergence of the OAHCs. Notably, the application 
of TGF-β alone was insufficient to induce the differentia-
tion of ATDC5 cells into chondrocytes, as demonstrated 
by our control experiments (figure 5C).

To validate the presence of OAHCs subtypes in vivo, 
we employed immunohistochemistry with antibodies 
specific targeting to SLC39A14 and COL10A1, enabling 
us to spatially validate our findings. We observed a consid-
erable number of HCs in the deeper layers of non-weight-
bearing articular cartilage, consistent with previous 
research. However, in regions of weight-bearing cartilage 
adjacent to the injury site, we identified the presence 
of OAHCs positive for both SLC39A14 and COL10A1 
(figure 5D). Given the limitations of fluorescent micros-
copy in precisely localising the distribution of both marker 
proteins, we employed laser confocal microscopy for a 
more comprehensive examination. The results revealed 
that, unlike normal HCs where COL10A1 uniformly 
envelops the cell, in OAHCs, COL10A1 and SLC39A14 
are dispersed around the cell periphery (figure 5E). We 
also quantified the number of positive cells within carti-
lage tissues under different weight-bearing conditions, 
confirming the augmentation of SLC39A14+/COL10A1+ 
OAHCs in weight-bearing cartilage tissues (figure  5F). 
Hence, both the in vitro induction and the immunohis-
tochemical data obtained from human articular cartilage 
provide compelling evidence for the molecular identi-
fication of OAHC subtypes and their temporal progres-
sion following excessive mechanical loading stimuli on 
the weight-bearing surface. In summary, the analysis of 
chondrocytes has uncovered a novel and pivotal subtype 
of OAHCs that arises during the progression of OA due 
to excessive mechanical loading.
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Transcriptional conversion mechanism of OAHCs phenotype 
under weight-bearing conditions
To explore the precise mechanism underlying tran-
scriptional conversion in OAHCs under weight-bearing 
conditions, we used TGFβ to directly stimulate primary 
mouse chondrocytes and mimic the chondrocytes 

receiving excessive mechanical stimuli under weight-
bearing conditions. We then performed and analysed 
whole-transcriptome sequencing on the stimulated cells 
and compared them with untreated primary chondro-
cytes (figure  6A). A total of 2222 genes were found to 
be differentially expressed (> 1.5 fold change, p<0.05) in 

Figure 5  Osteoarthritis hypertrophic chondrocytes (OAHCs) induced to differentiate by TGFβ stimulation, and these specific 
OAHCs, unlike typical hypertrophic chondrocytes, exist in the weight-bearing cartilage surface of joints. (A) Relative expression 
levels of OAHCs marker genes were assessed in either weight-bearing or non-weight-bearing cartilage tissues (nine knee 
patients with osteoarthritis (OA) with total knee arthroplasty (TKA)). ns=no significant difference, **** = p < 0.0001 (paired t-test). 
(B) The schematic diagram of the pattern for inducing the differentiation of OAHCs using the ATDC5 chondrogenesis cell line 
in vitro experimental conditions through insulin, transferrin, selenium (ITS) and TGFβ stimulation. (C) Relative expression levels 
of OA-related genes and OAHCs marker genes were assessed in ATDC5 cells differentiated with TGFβ, ITS, or ITS and TGFβ 
stimulation for 7, 14 or 21 days. Significant differences between OAHCs and HCs differentiated by ATDC5 were determined 
by repeated measures analysis of variance (ANOVA) followed by Sidak test, with significance levels denoted as follows: ns=no 
significant difference, * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001. (D) Histological validation of the tibial plateau 
cartilage from patients with OA was performed. Non-weight-bearing (oLT) and weight-bearing (iMT) tibial plateau cartilage 
sections were stained with safranin o-fast green and immunohistochemically labelled for SLC39A14 (green) to identify OAHCs 
and for COL10A1 (red) to label HCs that overlie the hypertrophic site. Captured using fluorescence microscopy, scale bars, 
100 µm. (E) Immunohistological (COL10A1 in red, SLC39A14 in green) validation of HCs and OAHCs in response to weight 
bearing. White arrowheads denote COL10A1+ HCs, and red arrowheads denote SLC39A14+/COL10A1+ OAHCs. DAPI is in 
blue labelling cell nuclei. Captured using confocal laser scanning microscope, scale bars, 100 µm. (F) Quantification of positive 
hypertrophic chondrocytes numbers within the cartilage tissues of oLT and iMT (four patients with knee OA with TKA), ** = p < 
0.01, ∗∗∗p<0.001 (two-way ANOVA with Bonferroni’s multiple comparisons test).
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OAHCs, of which 1252 were upregulated and 970 were 
downregulated. These genes comprised of 1186 protein 
coding genes, 66 lncRNAs, 752 circular RNAs, and 83 
micro RNAs. The top 10 most significant upregulated 
and downregulated genes are presented in the heatmap 
(figure 6B). Seven genes were identified to have signif-
icant differential expression in both transcriptome 
sequencing and single-cell sequencing results, which were 
also validated at the protein level through TMT analysis. 
Among these genes is the marker gene SLC39A14 for the 
identified OAHCs, and its expression trend is completely 
consistent (figure 6C).

The functional pathway enrichment analysis of differ-
entially expressed genes encoding proteins demonstrated 
the significant association of the ‘TGF-beta signalling 
pathway’ as expected. Additionally, we observed that path-
ways associated with iron metabolism, such as ‘Glutathione 
metabolism’, ‘Mineral absorption’ and ‘Ferroptosis’ also 

displayed significant association (figure 6D). Given that 
SLC39A14 has been widely recognised as an important 
iron ion transport protein related to iron metabolism, 
we thoroughly examined all genes related to iron metab-
olism (including iron uptake, transport, storage and 
export) and found that the majority of them displayed 
significant differences (figure 6E). Consequently, we vali-
dated the changes in glutathione levels following TGFβ 
stimulation of chondrocytes. Correspondingly to erastin-
induced chondrocyte ferroptosis, we observed a decrease 
in the level of glutathione in chondrocytes (figure 6F). 
Furthermore, in order to corroborate the presence 
of abnormal iron metabolism in weight-bearing carti-
lage tissues beyond the knee joint, we employed immu-
nohistochemical sections of facet joint cartilage from 
weight-bearing and non-weight-bearing joints of patients 
with scoliosis to scrutinise the expression of FTH1, the 
sole protein that stores iron ions in chondrocytes. The 

Figure 6  Functional characteristics of TGFβ-induced osteoarthritis hypertrophic chondrocytes (OAHCs) contributes to the 
progression of osteoarthritis (OA). (A) Schematic workflow illustrat the experimental strategy outlines the sequential steps 
involved in RNA sequencing of TGFβ-induced differentiated OAHCs from primary mouse chondrocytes. (B) Heatmap showing 
the top 10 upregulated/downregulated RNAs, long non-coding RNAs, circRNAs, and mircroRNAs that are differentially 
expressed in OAHCs and chondrocytes. Colour of tile indicates z-scored expression. (C) Venn diagram display the significantly 
different genes identified through RNA sequencing between OAHCs and chondrocytes, the significantly different proteins 
identified in non-weight-bearing and weight-bearing cartilage tissues through Tandem Mass Tag, as well as the overlap and 
total number of characteristic marker genes of OAHCs identified through single-cell RNA sequencing. Genes are listed in the 
left-hand table. (D) Significant pathways enriched by differential genes, categorised by colour, with bar graphs representing 
the number of enriched proteins in each pathway. (E) Heatmap representing the differential expression of all genes related 
to iron metabolism pathway. Colour of tile indicates z-scored expression. (F) The levels of total glutathione in primary mouse 
chondrocytes stimulated with TGFβ or erastin (ferroptosis inducer) (n=4). * = p < 0.05, **** = p < 0.0001 (one-way analysis of 
variance). (G) Immunohistochemical staining on cartilage tissue sections of non-weight-bearing and weight-bearing facet joints 
from scoliosis patients to investigate the expression of FTH1, a major iron storage protein, in chondrocytes. Scale bars, 100 
µm.
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findings indicated a significant increase in FTH1 content 
in weight-bearing joints, particularly in the superficial 
layer of cartilage tissue (figure  6G). In summary, our 
analysis emphasises the utility of our whole transcriptome 
sequencing data in identifying signalling mechanisms 
underlying the presumed changes in the transcriptional 
profile of weight-bearing cartilage tissue. Iron metabo-
lism can be hypothesised as an important mechanistic 
factor mediating the production of OAHCs in weight-
bearing cartilage tissue and the progression of OA.

DISCUSSION
This study represents the first identification and valida-
tion of a novel subset of OAHCs in weight-bearing OA 
cartilage tissues, which are distinguished from normal 
HCs. The study further investigates the transcriptional 
conversion and potential mechanisms associated with 
this subset. Additionally, this is the first to report on the 
phenotypic changes and intercellular communication of 
chondrocytes in OA cartilage tissue subjected to mechan-
ical stimulation, specifically between weight-bearing and 
non-weight-bearing regions.

There are numerous risk factors for OA, such as age, 
female gender, obesity, genetic and environmental 
factors, and trauma. However, the underlying cause of 
irreversible cartilage tissue damage remains controver-
sial.69 Our clinical data results indicate that patients with 
OA with altered force lines, particularly those clearly 
categorised as genu varum or genu valgum, exhibit more 
severe arthritis than patients with normal force lines. 
This is reflected in higher MOAKS scores and carti-
lage damage that is concentrated in the weight-bearing 
region. We have also noted the relatively higher number 
of female patients with OA included in our study. We 
speculate that factors contributing to their susceptibility 
include a higher prevalence of genu varum, greater peak 
joint power in females and a higher-paced walking pattern 
compared with males.70–73 These factors collectively 
result in increased mechanical loading on female joint 
cartilage. These results also highlight the significance of 
weight bearing and the overload mechanical stimulation 
it causes when assessing the severity of OA in patients. 
Our analysis of cartilage tissue on weight-bearing and 
non-weight-bearing surfaces in patients with OA provides 
the first evidence linking proteomic differences in carti-
lage tissue to cartilage damage on the weight-bearing 
surface of the knee. The findings indicate that various 
upstream regulators and pathways, including TNF, IL1B, 
TGFB1 and ferroptosis, are significantly enriched in the 
cartilage tissue of weight-bearing surfaces in patients.

Through the analysis of single-cell sequencing data, we 
delved deeper into the cellular-level disparities between 
weight-bearing and non-weight-bearing cartilage tissue. 
As single-cell technology continues to advance, new 
sequencing data and subpopulation classifications are 
constantly emerging. In our preceding investigation,23 
we annotated chondrocyte subpopulations based on the 

enriched biological processes and pathways. However, a 
uniform and rigorous standard has yet to be established. 
To tackle this issue, we thoroughly reviewed a multitude of 
high-quality literature and identified the most meticulous 
marker genes for each subpopulation of chondrocytes. 
For subpopulations of chondrocytes without well-defined 
marker genes, additional research is needed to clarify 
their identities. Overall, our study unveiled the existence 
of six unique subsets of chondrocytes, each displaying 
conspicuous differences in their predominance under 
differing weight-bearing conditions. Moreover, we ascer-
tained that the proteomic differences observed in weight-
bearing cartilage tissue of knee OA extend to the cellular 
level of OA chondrocytes.

The destruction of cartilage is the primary outcome of 
OA, and chondrocytes that have been injured endeavour 
to mend themselves through a process that resembles 
their growth and maturation. As previous studies have 
revealed, initially, CPCs situated in the superficial layer 
become activated and proliferate to fill the area with 
FCs.74 75 However, only a small fraction of FCs have the 
ability to differentiate into SCs and migrate towards the 
deeper layers of cartilage tissue.76 As the SCs mature, 
they undergo a transformation into HCs that are typi-
cally found at the tidemark of the cartilage tissue.77 The 
ultimate fate of these HCs is to undergo gradual calcifi-
cation and deposition.78 Our pseudotime analysis aligns 
and accurately reproduces this process. Nonetheless, an 
important issue that has long vexed the field is whether 
the normal HCs and the HCs involved in cartilage repair 
after OA are the same cell type.79–82 By performing further 
analysis of the pseudotime trajectories of chondrocytes 
under various weight-bearing conditions, we have discov-
ered that the OAHCs, a type of HCs that only manifests 
in weight-bearing OA cartilage tissue, appear directly in 
the early phases of chondrocyte development and do not 
follow the normal maturation path. Combined with the 
proteomics differences that are most representative of 
weight-bearing cartilage tissue, as well as the expression 
of a greater number of genes that respond to the TGFβ 
signalling pathway, we believe that the OAHCs that appear 
in the cartilage repair process following OA are indeed a 
novel subset of cells that differ from normal HCs. Based 
on these findings, we have ascertained marker genes that 
can effectively label OAHCs: COL10A1 and SLC39A14 
are both highly expressed. This has been validated 
through both in vitro and in vivo experiments, demon-
strating successful identification of this subset of cells.

It is noteworthy that in our study, TGFB1 was predicted 
as an upstream regulator that is inhibited at the protein 
level. However, cell communication analysis of OAHCs 
revealed that the TGFβ signalling pathway is highly 
important and active. Extensive research has been 
conducted on the pathophysiology of TGFβ in OA.83 In 
healthy cartilage, TGFβ stimulates ECM protein synthesis 
as a metabolic factor and plays a protective role in 
mechanically loaded cartilage tissue in healthy joints.84 
Active TGFβ1 encoded by TGFB1 and subsequent 
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downstream signalling can prevent chondrocyte hyper-
trophy.85 86 The expression of TGFβ decreases with age, 
which indeed exposes chondrocytes to ECM degradation 
by matrix metalloproteinases.87 88 However, there is also 
evidence that high concentrations of TGFβ combined 
with altered TGFβ receptor expression lead to chondro-
cyte hypertrophy.88 89 Facing this pleiotropic cytokine, 
TGFβ, we have found that OAHCs effectively explain this 
dramatically different role. TGFβ can indeed prevent 
chondrocyte hypertrophy and differentiation in normal 
chondrocytes, but due to the sensitive response of 
OAHCs to the TGFβ signalling pathway in weight-bearing 
cartilage tissue, even minimal stimulation by active TGFβ 
induces their hypertrophic differentiation and the 
development of the OA phenotype. Specifically, when 
abnormal mechanical loading in weight-bearing cartilage 
tissue results in the release of TGFβ ligands, although it 
is an effective protective signal for normal chondrocytes 
and a large number of binding sites make it inactive,88 it 
still results in the appearance of OAHCs, which further 
mediate destructive processes in weight-bearing cartilage 
tissue. This represents a groundbreaking advancement 
in our understanding of the complex role of the TGFβ 
signalling pathway in OA.

Regarding the role of OAHCs in OA disease progres-
sion, we have observed that abnormal iron metabolism 
may be a significant contributing factor. Elevated expres-
sion of iron uptake-related genes, including the OAHCs 
marker gene SLC39A14, suggests that this group of chon-
drocytes may be susceptible to ferroptosis, as indicated 
by reduced glutathione content and increased ferritin 
levels in loaded cartilage tissue. Recent important studies 
have also highlighted the critical role of ferroptosis in OA 
pathogenesis.90 91 It is conceivable that the mechanical 
overload caused by the invasion of vascularised tissues, 
such as synovium and bone, into the avascular cartilage 
tissue may create an abnormal iron concentration envi-
ronment. This is also one of the important pathological 
driving factors of known haemophilic arthropathy.92 
Therefore, these findings suggest that abnormal iron 
metabolism may mediate OA disease progression in 
OAHCs. Further mechanistic studies are required to vali-
date the role of ferroptosis in OAHCs in the future.

In conclusion, we identified and validated the exis-
tence of a subset of OAHCs in the weight-bearing area 
of OA cartilage tissue, which are distinct from HCs in 
normal cartilage. The presence of these cells explains the 
bidirectional effect of TGFβ signalling pathway in both 
normal and diseased cartilage tissue. Therefore, targeting 
OAHCs could provide a theoretical basis for delaying and 
treating OA under abnormal weight-bearing conditions.
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