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analysis of human chondrocytes
reveals cell-cell communication
alterations mediated by
interactive signaling pathways in
osteoarthritis
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Objective: Osteoarthritis (OA) is a common joint disorder characterized by
degenerative articular cartilage, subchondral bone remodeling, and
inflammation. Increasing evidence suggests that the substantial crosstalk
between cartilage and synovium is closely related to Osteoarthritis
development, but the events that cause this degeneration remain unknown.
This study aimed to explore the alterations in intercellular communication
involved in the pathogenesis of Osteoarthritis using bioinformatics analysis.

Methods: Single-cell transcriptome sequencing (scRNA-seq) profiles derived
from articular cartilage tissue of patients with Osteoarthritis were downloaded
from a public database. Chondrocyte heterogeneity was assessed using
computational analysis, and cell type identification and clustering analysis were
performed using the “FindClusters” function in the Seurat package. Intercellular
communication networks, including major signaling inputs and outputs for cells,
were predicted, and analyzed using CellChat.

Results: Seven molecularly defined chondrocytes clusters (homeostatic
chondrocytes, hypertrophic chondrocyte (HTC), pre-HTC, regulatory
chondrocytes, fibro-chondrocytes (FC), pre-FC, and reparative chondrocyte)
with different compositions were identified in the damaged cartilage.
Compared to those in the intact cartilage, the overall cell-cell communication
frequency and communication strength were remarkably increased in the
damaged cartilage. The cellular communication among chondrocyte subtypes
mediated by signaling pathways, such as PTN, VISFATIN, SPP1, and TGF-p, was
selectively altered in Osteoarthritis. Moreover, we verified that SPP1 pathway
enrichment scores increased, but VISFATIN pathway enrichment scores
decreased based on the bulk rna-seq datasets in Osteoarthritis.

Abbreviations: ALKS5, activin receptor-like kinase 5; FC, fibro-chondrocytes; GEO, Gene Expression
Omnibus; HomC, homeostatic chondrocyte; HTC, Hypertrophic chondrocyte; OA, osteoarthritis; pre-
HTC, pre-hypertrophic chondrocytes; RepC, reparative chondrocytes; scRNA-seq, single-cell
transcriptome sequencing; RegC, regulatory chondrocytes; pre-FC, pre-fibro chondrocytes.
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Conclusion: Our results revealed alterations in cell-cell communication among
OA-related chondrocyte subtypes that were mediated by specific signaling
pathways, which might be a crucial underlying mechanism associated with
Osteoarthritis progression.

KEYWORDS

osteoarthritis, cell-cell communication, single-cell transcriptomic sequencing, signaling

pathway, chondrocytes

1 Introduction

Worldwide, (OA) is
degenerative joint disorder among the aging population. It

osteoarthritis the most common
frequently results in physical pain and can eventually lead to
long-term disability. According to the data from the Global
Burden of Disease Study, the prevalence of OA has increased
from an estimated 247 million in 1990 to more than 527 million
in 2019, with a particularly high prevalence in individuals aged
above 60 years (Long et al., 2022). OA is a heterogeneous disease
characterized by progressive degeneration of articular cartilage
combined with subchondral bone remodeling and synovial
membrane inflammation (Ruan et al, 2013). Aging, obesity,
trauma, and mechanical loading are the main etiologic factors of
OA (Chen et al, 2017). Current interventions include anti-
inflammatory drugs and painkillers to relieve the symptoms, but
these do not restore degraded cartilage organs or reverse disease
progression (Rannou et al., 2016). Surgical joint replacement is a
well-established therapy for patients with end-stage severe
symptomatic OA. Despite the considerable progress in OA
research, the molecular mechanisms underlying its initiation and
development remain unclear.

Single-cell RNA sequencing (scRNA-seq) technology has
significantly improved the detection of cell heterogeneity during
disease progression and has been widely used to study cell-cell
interactions. Using the scRNA-seq analysis of chondrocytes, Ji et al.
identified several molecularly defined chondrocyte populations in
human OA cartilage, and three novel phenotypes (fibro-
chondrocytes (FC), pre-hypertrophic chondrocytes (pre-HTC),
and proliferative chondrocytes) with distinct functions correlated
with worse clinical outcomes in OA (Ji et al., 2019). Combining the
analysis results of bulk and scRNA-seq data from OA chondrocytes,
Li et al. identified a series of key genes and unraveled their
expression patterns in OA progression. The potential interaction
between IncRNA-CYTOR and NRPI might be a crucial regulatory
that links arthritic
vascularization (Li et al., 2021). Synovial joint inflammation is a

mechanism knee pain and cartilage
distinct feature of OA, and it is associated with pain severity. Based
on scRNA-seq and bioinformatics analysis, a study reported that
synovial tissue from pain sites exhibited a differential transcriptomic
phenotype and distinct synovial fibroblast subsets at the differential
stages of OA, which contributed to fibrosis, inflammation, and
neuronal growth (Nanus et al, 2021). These findings highlight
the importance of scRNA-seq technology in the elucidation of
the molecular mechanisms and cellular functions associated with
OA. However, the effects of these chondrocyte subtype-mediated
cell-cell interactions on joint function and cartilage degeneration in

OA remain unclear.
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In this study, we further explored the online published scRNA-
seq profiles of OA knee joints to gain a deeper understanding of
intercellular communication during disease progression. We
systematically evaluated the heterogeneity of chondrocytes and
identified cell population changes in OA. In addition, we defined
the alteration in cell-cell communication patterns mediated by
specific signaling pathways between intact and damaged
cartilages. This study elucidated the contribution of cell-specific
signaling pathways to disease progression and cartilage degradation,

providing novel insights into the pathophysiology of OA.

2 Methods
2.1 Transcript quantification and filtering

GSE152805
downloaded from the

Single-cell  transcriptome
2021) was

Expression Omnibus (GEO, https://www.ncbi.nlm.nih.gov/geo/)

sequencing profile
(Sebastian et al,, Gene
database. Samples were derived from three patients with OA and
the profiles were tested on a GPL20301 Illumina HiSeq
4000 platform (Homo sapiens). Six single-cell chondrocyte
samples were selected, including three laterally intact tibial
articular cartilage (GSM 4626766, GSM4626767, and
GSM4626768) and three tibial articular cartilage (GSM4626769,
GSM4626770, and GSM4626771) samples. Meanwhile, bulk
sequencing profile GSE55235 (Woetzel et al, 2014) was
downloaded from GEO database. Samples were derived from ten
patients with OA and ten normal patients (ND), and the profiles
were tested on a GPL96 Affymetrix Human Genome U133A Array
(Homo sapiens).

Seurat (Satija et al., 2015) (version 4.0.5, https://www.r-projec t.
org/, version 4.1) in R software was used for chondrocyte scRNA-seq
data processing, and a Seurat object containing all single-cell
genomic data of the six samples was created. A high proportion
of mitochondrial gene expression is indicative hallmark of cell stress;
hence, cells with greater than 10% unique molecular identifiers were
removed (Sheng et al., 2020). Cells with less than 200 gene features
or greater than 6000 gene counts were removed to exclude low-
quality cells, empty droplets, and doublets. Cells with greater than
60000 gene enrichment counts were filtered. Finally, 25, 245 cells
were obtained for further analysis.

After data qualification, principal component analysis (Kim
et al., 2018a) was performed using the most variably expressed
genes from the aligned data. The Harmony (version 0.1.0)
(Korsunsky et al, 2019) package was used for batch effect
The “FindNeighbors” and
“FindClusters” were used to assign cells to the optimal clusters.

removal. Seurat functions of
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FIGURE 1
Flow chart of the study.

The cell-type clusters were visualized with t-distributed stochastic
neighbor embedding, which decreased the selected principal
component information to a two-dimensional data space. The
flow chart for this study is shown in Figure 1.

2.2 Cell type annotation

The identified chondrocyte marker genes were used to manually
annotate each cell cluster. The details of cell type annotation have
been described in previous studies (Ji et al., 2019; Sebastian et al.,
2021). Homeostatic chondrocytes (HomC) modulating cellular
homeostasis were labeled with the highly expressed genes
(MMP3, FOSB, and JUN). Hypertrophic chondrocyte (HTC) was
characterized by COL10A1, IBSP, and JUN. The signature genes of
pre-HTC were COLIOAI, IBSP, COL2Al1, and TGF-f1. The
hallmark genes of regulatory chondrocytes (RegC) include
CHI3L1 and CHI3L2. The reparative chondrocytes (RepCs) were
annotated with COL2A1, CILP, COL3A1, and COMP. FC were
characterized by COLIAI, COLIA2, S100A4, PRG4, and
TMSB4X. The hallmark genes of pre-fibro chondrocytes (pre-FC)
include IL11, COL2A1, CILP, and OGN. The “FindAllMarkers”
function was used to identify differential genes among the cell
types, and the Wilcoxon rank sum test was performed for data
correction.

2.3 Trajectory inference

The R package Monocle (version 2.22) (Qiu et al., 2017) was
used to infer the trajectories of all the chondrocyte subtypes. The
learning algorithm “DDRTree” implements reverse graph
embedding to determine multiple decisions in an entirely
unsupervised manner (Mukherjee et al., 2020). Unsupervised
cell clustering and differential expression analyses were
performed by Seurat et al. (Lu et al.,, 2020). The data were first
normalized and filtered based on the minimum gene and cell-
observed frequency cutoff values, and the count data were then

Frontiers in Cell and Developmental Biology

10.3389/fcell.2023.1099287

estimated for size and dispersion. Differential gene expression
analysis was performed to identify cluster genes with sex-biased
expression. The most critical genes in all the clusters were
selected as an input for the reverse graph embedding
algorithm, and they were used to define the cell progression
trajectory. The “DDRTree” was used to generate a principal tree
on a single cell population, which described the global gene
expression changes in cell progression and identified the
branching points for determining the cell state differences.

2.4 Cell—cell communication analysis

The CellChat 1.0.0 package (Jin et al., 2021) in R was used to
infer and quantify cellular communication involving OA by
integrating single-cell expression profiles with prior knowledge of
signaling ligands, receptors, and their cofactors. Ligand-receptor
pairs were identified by evaluating the crosstalk probability of the
The
communication network was established by integrating the

ligand-receptor ~and  perturbation  tests. cell-cell

number of significant ligand-receptor pairs and the
corresponding degree values. Changes in specific signaling
pathways underlying cartilage injuries were determined by
comparing the information flow of each signaling pathway
between the intact cartilage and damaged cartilage tissue. The
Euclidean distance was computed between any pair of shared

signaling pathways.

2.5 Statistical analysis

All statistical analyses and data calculations were performed
using the R software (Version 4.1.2). Statistical significance between
two group variables was estimated using the Student’s t-test. For data
that were not normally distributed, the Wilcoxon rank test was used
for analysis. The similarity of any two pairs of signal pathways was
calculated by Euclidean distance. p-values<0.05 indicated a
statistically signifcant diference.

3 Results

3.1 Cell heterogeneity and trajectory
reconstruction of chondrocytes

T- SNE dimensionality reduction was used for visualization,
and 25245 cells (10,927 medial damaged cells and 14,318 lateral
undamaged cells) were successfully classified into 15 independent
clusters (Figure 2A). The t-SNE plot of cell-type distribution in
damaged and intact along with the table were showed in
Supplementary Figure S2. Based on the identified marker
genes, 15 chondrocyte clusters were annotated into seven
subtypes: HTC (3458, 13.70%), HomC (7659, 30.34%), pre-
HTC (3719, 14.73%), RepC (3342, 13.24%), RegC (2444,
9.68%), FC (4184, 16.57%), and pre-FC (439, 1.74%), and the
corresponding marker gene expression of the seven cell types was
IBSP, JUN, TGEF-BI, COL2A1, CHI3LI, COLIA2, and ILII,
respectively (Figures 2B-TI).
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FIGURE 2

Single-cell RNA-sequencing data analysis showing the heterogeneity of chondrocytes. (A) T-distributed stochastic neighbor embedding (t-SNE)
plots of identified chondrocyte clusters. (B—I) The seven subtypes of chondrocytes are colored based on the expression of well-known marker genes on
the t-SNE map. The color changed from blue to red, indicating a change in gene expression from low to high.

3.2 Pseudo-temporal analysis

Pseudo-temporal analysis was performed for the seven
chondrocyte subtypes to construct the trajectory map. HomC
and HTC were distributed at the beginning of the trajectory. Pre-
HTC, RegC, RepC, and pre-FC existed along the trajectory, whereas
FC was mainly distributed at the end (Figure 3).

3.3 Global alterations in intercellular
signaling networks in OA

To predict OA-related pathological changes in cellular
communication, we compared cellular signaling flux patterns
between the intact and damaged cartilage samples. The global
alteration in cellular communication between each chondrocyte
subtype was quantified and visualized using CellChat. The results
showed that the cell-cell interaction number and interaction
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strength increased in the damaged cartilage compared to those in
the intact cartilage (Figures 4A,B). In contrast, the overall number of
interactions between HTC and the other cell subtypes (such as
HomC, pre-FC, FC, pre-HTC, and RegC) remarkably decreased in
OA compared to that in the control group. Moreover, the signals
sent by RepC to HomC were reduced in the damaged cartilage
(Figures 4C,D).

3.4 Alterations in individual signaling
pathways in the intact and damaged
cartilage groups

To detect global alterations in certain signaling pathways in OA,
we calculated the information flow in each signaling pathway, which
was reported as the potential communication probability of cell
subgroups in the communication network (Jin et al, 2021).
Compared to those in the intact cartilage, several pathways, such
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Component 1

Pseudo-temporal trajectory revealing the chondrocyte progression. (A) Pseudo-time progression diagram with color from dark to light indicating
the pseudo-time order. (B) Pseudo-temporal map of chondrocytes colored according to cell subtype. The horizontal and vertical axes represent two
principal components. Each dot indicates a single cell, and the digitin the circle represents the predicted nodes of the different cell states in the trajectory.
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HomC
HTC

Inferences of cell-cell communication by CellChat revealing the global signaling changes between the intact and damaged cartilage samples. (A—B)

Circular plots of the cellular interaction number (A) and interaction strength (B) between each chondrocyte subtype. The blue line indicates a decreased
communication number in the damaged cartilage compared to that in the intact cartilage, while the red line indicates an increased communication
number in the damaged cartilage. (C—D) Heat maps of the cellular interaction number (C) and interaction strength (D) between chondrocyte
subtypes. The vertical axis represents the signal sender and the horizontal axis represents the signal receiver. The blue column indicates decreased
communication in the damaged cartilage compared to that in the intact cartilage, while red indicates increased communication. The upper and right

columns show the relative values of the interaction number and strength, respectively.

as PTH, CHEMERIN, IGF, SEMA3, WNT, ncWNT,
DESMOSOME, PDGF, IL6, CD46, HSPG, NOTCH, GRN, and
RANKL, were turned on in the damaged cartilage (Figure 5A).
The activities of most pathways, such as MHC-I, FN1, FGF,

COLLAGEN, LAMININ, GAS, TENASCIN, MIF, SPP1, PROS,

Frontiers in Cell and Developmental Biology

BSP, MPZ, and TGF-p, increased in the damaged cartilage,
whereas those of the other pathways, such as PTN, VISFATIN,
CD99, and PTPRM, decreased. There were no significant differences
in the activities of THBS and ANGPTL pathways between the two
groups (Figure 5B).
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FIGURE 5

Relative information flow

Information flow

Pathway distance

Cellular communication changes mediated by signaling pathways in osteoarthritis between the intact and damaged cartilage groups. (A) Bar chart
showing the difference in the relative ratio of information flow in the interaction network between the intact and damaged cartilage samples. (B)
Information flow numbers between the intact and damaged cartilage samples. The top signaling pathways, marked with red color at the top, are enriched
in the intact cartilage samples, while green color-labeled signaling pathways are enriched in the damaged cartilage samples. The middle pathways
marked in black are equally enriched in the two groups. (C) Degree of signaling pathway differences between intact and damaged cartilage samples by
pairwise Euclidean distance. The Wilcoxon test was used to determine whether a significant difference between the two groups. p-values<0.05 indicated
a statistically signifcant diference.

The changes in the overlapping signaling pathways were also
measured by computing the Euclidean distances. VISFATIN, SPP1,
TGF-P, and PTN signaling pathways had values larger than those of
the other pathways, indicating that they might be crucial factors in
cartilage injury (Figure 5C).

3.5 Signaling flow patterns in each
chondrocyte subtype

To identify the signaling flow pattern in each chondrocyte
subtype, the changes in outgoing and incoming signaling patterns
in the and damaged cartilages were compared.
COLLAGEN and FN1 signaling were mainly introduced into
HomC in the intact cartilage and fluxed into FC in the damaged

intact

cartilage. The activities of THBS signaling pathways to pre-HTC
and FC were increased in the damaged cartilage. CD99 was
mainly afferent to HTC in the intact cartilage and afferent to
the FC subtype in the damaged cartilage (Figures 6A,B).
Moreover, the COLLAGEN signaling pathway outgoing from
pre-HTC and FC was upregulated in the damaged cartilage. The
efferent pattern of THBS signaling from the pre-HTC and FC
decreased. The outgoing signaling pattern of CD99 decreased in
HTC, and the outgoing pattern was enhanced in the FC subtype
(Figures 6C,D).
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3.6 Alterations in specific signaling pathways
between the intact and damaged cartilages

According to the previous steps, we found 19 overlapping
signaling pathways between the two groups: VISFATIN, SPP1,
TGF-B, PTN, MIF, MHC-I, LAMININ, BSP, PROS, MPZ, CD99,
ANGPTL, FN1, FGF, COLLAGEN, PTPRM, TENASCIN, THBS,
and GAS. Compared to those in the intact cartilage, intercellular
signaling networks were notably altered on a global scale in the
damaged cartilages.

Under normal conditions, RegC and HomC acted as
VISFATIN signaling centers by communicating with the other
chondrocyte subtypes, whereas this signal was remarkably
reduced in the injured cartilage (Figure 7A). Moreover, the
SPP1 signal level was enhanced in the damaged cartilage with
HTC and pre-FC as signal communication centers (Figure 7B).
Furthermore, the TGF-p signal mainly originated from RepC,
HTC, HomC, and pre-FC in the intact cartilage. Notably, the
overall abundance of TGF-f signals was significantly increased in
OA and the degree of involvement of RegC, pre-HTC, and FC was
enhanced (Figure 7C).

HomC was the main source of PTN signals in the intact
cartilage, and the signal flux was reduced in the damaged
cartilage (Figure 7D). Another group of MIF signals was
visibly enhanced in the damaged cartilage, and in particular,

frontiersin.org


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1099287

Kang et al.

10.3389/fcell.2023.1099287

A Incoming signaling patterns —Intact

QZJIIII!QU

COLLAGEN
N1

';
1

TENASCIN
VISFATIN

PD:
DESMOSOME
ncWNT
WNT
SEMA3
IGF
CHEMERIN
PTH

0—————————— e cccccccogg

HomC
HTC
RepC
RegC
preHTC
FC
preFC

2

4

6

C Outgoing signaling patterns - Intact

tanll.nns

COLLAGEN
FN1

1
|
|
|
|
|
|
PDGF |
DESMOSOME |
ncWNT |
WNT |
SEMA3 :
|
|

o

IGF
CHEMERIN
PTH

HomC
HTC
RepC
RegC
preHTC

FIGURE 6

B Incoming signaling patterns - Damaged

Yo nuils

Relative strength
.

0.1

preHTC
FC

D Outgoing signaling patterns —Damaged
8
6
4
gjl al. il
—

Relative strength

|

0
10
20
30

HomC
HTC
RepC
RegC
preHTC

Heatmaps of the incoming (A-B) and outgoing (C-D) signaling pattern in each cell subtype mediated by individual signaling axes between the intact
and damaged cartilage samples. Cell types are distributing on the horizontal axis and signaling pathway on the vertical axis. The upper and right columns

are the relative strength of the vertical and horizontal axes, respectively.

each chondrocyte subtype increased cellular communication
with RegC (Figure 7E). Moreover, the MHC-I signal level in
the damaged cartilage was significantly increased, and the
involvement of each «cell subtype was also enhanced
(Figure  7F). The circle plots for the remaining
13 overlapping signaling pathways (LAMININ, BSP, PROS,
MPZ, CD99, ANGPTL, EN1, FGF, COLLAGEN, PTPRM,
TENASCIN, THBS, and GAS) were displayed in the
Supplementary data  (Supplementary Figure S1 and

Suplementary Figure S2).
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3.7 Validation was performed in the bulk rna-
seq datasets

We performed GSVA enrichment analysis on OA samples and
ND samples in datasets GSE55235 based on pathway information in
intercellular communication, and nine signaling pathways
(VISFATIN, SPP1, TGFb, PTN, MIF, PROS, ANGPTL, FGF,
GAS) were enriched (Figure 8A). The box plots showed that the
VISFATIN pathway (Figure 8B)
significantly lower (p < 0.05), where as the SPP1 pathway

enrichment scores were
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Cellular communications among the chondrocyte subtypes are significantly altered in the damaged cartilage compared to those in the intact
cartilage samples. The circle plots show the obvious changes in cell communication mediated by VISFATIN (A), SPP1 (B), TGF-p (C), PTN (D), MIF (E), and
MHC-I (F) signaling pathways. Colored dots represent different cells subtype. The thickness of the lines represents the strength of cell connection, thicker

the line the stronger the interaction.

(Figure 8C) enrichment scores were significantly higher (p < 0.05),
in the OA samples compared with those in ND samples. There were
no significant differences in TGFb (Figure 8D), PTN (Figure 8E) and
MIF (Figure 8F) pathways in the OA samples compared with those
in ND samples.

4 Discussion

Progressive cartilage degeneration is a key hallmark of
osteoarthritis pathogenesis, and molecular changes in articular
chondrocytes have been implicated as predisposing factors for
cartilage loss (Chou et al, 2020; Sebastian et al., 2021). These
findings provide new insights into cellular and transcriptional
alterations, providing a theoretical foundation for the
development of new therapies. First, we characterized cellular
heterogeneity in the scRNA-seq datasets of human osteoarthritic
cartilage tissue. Using CellChat technology, we found that
intercellular communication frequency and strength were globally
enhanced in the damaged cartilage compared to those in the intact
tissue. A series of signals were altered in OA, and based on the
Euclidean distance evaluation, four signaling pathways (VISFATIN,
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SPP1, TGF-B, and PTN) showed the most significant changes.
Additionally, the VISFATIN pathway enrichment scores were
significantly lower, where as the SPP1 pathway enrichment scores
were significantly higher, in the OA samples compared with those in
ND samples in the bulk rna-seq datasets.

Among these altered signaling pathways, VISFATIN exhibits
proinflammatory and pro-degradative effects on cartilage, and
serum VISFATIN levels are increased in patients with knee OA
(Laiguillon et al., 2014; Liao et al., 2016). VISFATIN increased the
generation of inflammatory cytokines (such as IL-6, TNF-a, and
MMPs) in human OA cartilage chondrocytes, and intra-articular
injection of VISFATIN induced cartilage destruction in a mouse
model (Yang et al., 2015; Philp et al., 2021). Moreover, VISFATIN
can influence intracellular mechanics and dynamic catabolism in
primary chondrocytes through p38 signaling-mediated GSK3p
inactivation (Chang et al, 2021). However, we found that
VISFATIN signaling in damaged cartilage was lower than that in
intact tissue. The reduction in VISFATIN signals in chondrocytes
might imply that patients had different OA stages; hence, further
investigation is required.

Moreover, we found that the SPP1/OPN signal was remarkably
enhanced under OA conditions, and the HTC and pre-FC seemed
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group

Validation of the pathways in the bulk rna-seq datasets. (A) Heatmap of the GSVA enrichment scores of the signaling pathways. Box plots of the
enrichment scores of the VISFATIN (B), SPP1(C), TGFb (D), PTN (E), MIF (F) signaling pathways. The t-test was used to compare the diferences between

two groups. p-values<0.05 indicated a statistically signifcant diference.

to be the major signal transduction players. SPP1 or osteopontin
(OPN) is a non-collagen, highly phosphorylated, and glycosylated
protein secreted by various cells, such as lymphocytes,
chondrocytes, and synoviocytes. It is extensively expressed in
the extracellular matrix of mineralized tissues, inflammatory
sites, and bone and cartilage tissues. OPN was identified in
severe, moderate, minor, and normal tissues (Li et al., 2016).
And, there was statistical differences in the intercomparisons of
OPN expression levels. In articular cartilage, the expressions of
OPN was associated with different OA stages (Li et al., 2016). The
levels of OPN in the serum and joint synovial fluid were notably
increased in patients with OA, and increased OPN level was
associated with disease severity (Gao et al, 2010; Min et al,
2021). OPN has a effect cartilage
destruction by promoting synovial angiogenesis and inducing
chondrocyte apoptosis (Yumoto et al., 2002). Based on these
results, upregulated OPN expression in subchondral bone could
promote bone turnover and remodeling to accelerate the
progression of OA, and the blockage of PI3K/AKT signaling
could inhibit OPN-mediated cartilage degeneration (Lin et al,
2022). However, another study reported that OPN might have a
protective effect on human OA and could inhibit OA progression

significant on joint

by activating intracellular PI3K signaling, thereby suppressing
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chondrocyte apoptosis and reducing cartilage matrix
component loss (Liu et al.,, 2020). Furthermore, OPN deficiency
accelerates the severity of OA lesions, which is associated with
enhanced chondrocyte senescence and apoptosis, and upregulated
OA-related molecules (including proinflammatory cytokines of
TNF-a, IL-1P, and several matrix-degrading enzymes) (Tian et al.,
2020). These findings suggest that OPN plays a dual role in the
progression of OA. Thus, one hypothesis is that elevated OPN
expression may serve as an adaptive response to protect cells from
the catabolic and inflammatory environment, and further
progression of the degenerative process could lead to the failure
of this defensive response (Sun et al., 2020). In contrast, PI3K/
AKT/mTOR, a major downstream signal of OPN, has a complex
role in OA (Liang et al., 2018). It is essential for the maintenance of
joint function and is commonly activated during OA initiation and
progression (Sun et al., 2020). It has been reported that activated
PI3K signaling displayed an anti-arthritic role by promoting
chondrocyte proliferation and reducing apoptosis (Huang et al.,
2011; Yao et al,, 2019). In contrast, the inhibition of PI3K signaling
attenuates OA-related joint damage by enhancing autophagy and
suppressing inflammatory responses (Li et al., 2016; Lin et al,
2018). Further studies should investigate whether OPN plays a
positive or negative role in OA.
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The level of another intercellular signal PTN decreased in
OA-related HomC. PTN is a heparin-binding growth factor, with
potent mitogenic and angiogenic activity, and a crucial regulator
of cancer metastasis, bone development, and bone repair (Liedert
et al., 2014). Previous studies have reported that PTN levels are
increased in the serum, chondrocytes, and subchondral bone of
patients with OA, indicating that PTN might be a crucial factor
during disease progression (Kaspiris et al., 2013; Fadda et al,
2018). PTN also promotes endothelial cell proliferation and
migration and induces angiogenesis by interacting with two
main receptors, PTPRZ and aVP3 (Fukada et al., 2006; Wang,
2020). Angiogenesis may indirectly accelerate OA by increasing
inflammatory cell infiltration (MacDonald et al., 2018); hence,
PTN can aggravate OA development by promoting angiogenesis.
PTN expression is also elevated after bone damage, and in cases
of fracture healing, the upregulated PTN expression is
responsible for the recovery of the injured area through the
promotion of local angiogenesis (Peterson et al., 2004; Wang,
2020). PTN-induced human
mesenchymal stromal cells differentiate into a hypertrophic
chondrogenesis, which reinforces bone
et 2014). Indeed, PTN
expression in chondrocytes is increased in early OA stages,

Moreover, bone marrow

state  during
regeneration (Bouderlique al.,
whereas it is lower in later stages (Pufe et al., 2003), and they
reported that PTN might be involved in cartilage repair in earlier
OA stages. Importantly, the expression of PTN in the early stages
induced chondrocyte proliferation and clustering, leading to
increased collagen synthesis and bone formation, whereas
cartilage degeneration considerably exceeded the cartilage
repair effect at later stages (Pufe et al., 2007). Taken together,
we suggest that the reduction of PTN levels in HomC might be
linked to attenuated bone repair roles in OA progression.

that TGF-B the

chondrocytes was notably increased, and the frequency of

Moreover, we found signaling in
signal flux in the damaged cartilage was enhanced among
RegC, pre-HTC, and FC. TGF-p is a pleiotropic cytokine, and
its signaling is a crucial regulator of most biological processes in
mammals. HTCs contribute to the development of OA (Thielen
et al., 2022). Compressive loading-induced TGF-p signaling is a
default mode and self-regulatory system that prevents articular
chondrocyte hypertrophic  differentiation and
der 2017).

binding of active TGF-B and chondrocyte receptor activin

cartilage
destruction (van Kraan, Mechanistically, the
receptor-like kinase 5 (ALK5) stimulates the expression of
TGF-f1 and ALKS, ALK1
downregulated (Finnson et al., 2008). ALK5 signaling blocks
hypertrophy through SMAD2/3
whereas ALKI stimulates chondrocyte hypertrophy through
SMAD1/5/8 (Ferguson et al., 2000; Li et al., 2006; Dexheimer
etal,2016). Age-related alterations in the ALK5, ALK ratio, and

loss of loading-induced TGF- signaling could facilitate cartilage

latent while levels are

chondrocyte signaling,

degeneration and increase the susceptibility of cartilage to OA
development (Blaney Davidson et al, 2009; Tominaga and
Suzuki, 2019). Moreover, a relatively high concentration of
TGF-p in the joints leads to osteophyte formation and
synovial fibrosis. Systemic TGF-P inhibition could result in
hence,

progressive effects;

inhibition was considered as an alternative therapy for OA.

inflammatory joint-specific
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For example, TissueGene-C, a cellular therapeutic method for
OA, in which retrovirally transduced allogeneic chondrocytes are
used to overexpress TGF-P1, displayed the capability to induce
cartilage repair in an animal model; however, improvements in
structural outcomes were limited in phase III clinical trials (Kim
et 2018b).
transfected with a plasmid encoding TGF-P1 significantly

al., Nanoengineered mesenchymal stem cells
facilitated cartilage repair, indicating a potential strategy to
the associated with OA

treatment (Cai However, using the bulk

limitations
2022).
sequencing approach, we could not confirm a significant

overcome current

et al.,
difference between OA and non-OA patients. The reason for
this result may be due to the small sample size.

This study has some limitations. For example, due to space
limitation, only some of the highly relevant signaling pathways
were selected for analysis. Other pathways that have significant
alterations in OA will be taken into account in future studies
(Supplementary Figure S1, S2). Furthermore, owing to the
difficulties in obtaining non-OA samples and because the
intact cartilage from OA might display an inflammatory
status, we could not directly evaluate the differences in cell
patterns between the diseased and healthy states. In addition,
further experimental verifications are necessary to elucidate the
biological functions of these predicted altered signaling pathways
in damaged cartilage. Moreover, we would need to perform more
careful examinations of altered signaling pathways in damaged
cartilage by combining in vitro and in vivo techniques (such as
quantitative real-time PCR, western blot, immunofluorescence
and immunohistochemistry assays).

In summary, the results of this study highlight the effect of
signaling pathways changes in damaged and intact cartilage in
OA. Many pathways have been explored, and we verified that
SPP1 pathway enrichment scores increased, but VISFATIN
pathway enrichment scores decreased based on the bulk rna-
seq datasets in OA. Moreover, the inhibitors of some of these
pathways are already in clinical trials (Robbins et al., 2021). The
elucidation of OA-related cellular communication might
provide a guide for the development of therapeutic strategies
for existing diseases. Further studies are needed to obtain
reliable conclusions and identify the exact mechanism of
cell-cell communications in chondrocyte populations in
cartilage degradation in OA.
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