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DUNYONG TAN!", ZEQI HUANG'!", ZHE ZHAO'", XIAOQIANG CHEN', JIANQUAN LIU',
DAPING WANG'*, ZHIQIN DENG' and WENCUI LI!

'Hand and Foot Surgery Department, Shenzhen Second People's Hospital (The First Hospital Affiliated

to Shenzhen University), Shenzhen, Guangdong 518000; 2Depa.rtment of Biomedical Engineering,

Southern University of Science and Technology, Shenzhen, Guangdong 518055, P.R. China

Received April 24, 2023; Accepted October 4, 2023

DOI: 10.3892/ijmm.2023.5326

Abstract. Osteoarthritis (OA) is a chronic joint disease char-
acterized by articular cartilage degeneration, secondary bone
hyperplasia, inadequate extracellular matrix synthesis and
degeneration of articular cartilage. Mesenchymal stem cells
(MSCs) can self-renew and undergo multidirectional differ-
entiation; they can differentiate into chondrocytes. Aging
MSCs have a weakened ability to differentiate, and release
various pro-inflammatory cytokines, which may contribute to
OA progression; the other mechanism contributing to OA is
epigenetic regulation (for instance, DNA methylation, histone
modification and regulation of non-coding RNA). Owing to
the self-renewal and differentiation ability of MSCs, various
MSC-based exogenous cell therapies have been developed to
treat OA. The efficacy of MSC-based therapy is mainly attrib-
uted to cytokines, growth factors and the paracrine effect of
exosomes. Recently, extensive studies have been conducted on
MSC-derived exosomes. Exosomes from MSCs can deliver a
variety of DNA, RNA, proteins and lipids, thereby facilitating
MSC migration and cartilage repair. Therefore, MSC-derived
exosomes are considered a promising therapy for OA. The
present review summarized the association between MSC
aging and OA in terms of genetics and epigenetics, and char-
acteristics of MSC-derived exosomes, and the mechanism to
alleviate OA cartilage damage.
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1. Introduction

Osteoarthritis (OA) is a chronic joint disease characterized by
articular cartilage degeneration and secondary bone hyperplasia.
The disease affects the articular cartilage or the entire joint,
including the subchondral bone, joint capsule, synovium and
muscles around the joint (1). The cause of primary OA remains
not fully understood, and its occurrence and development is a
long-term, chronic and progressive pathological process. OA is
often considered to be the result of an interaction of multiple patho-
genic factors, including mechanical and biological factors. Among
them, age is the main risk factor, and the other factors include
trauma, obesity, genetics, inflammation and metabolism (2). The
earliest and most important pathological changes in OA occur in
cartilage. Mesenchymal stem cells (MSCs) can differentiate into
chondrocytes (3). Therefore, MSC aging may be related to the
occurrence and progression of OA. The present review aimed to
describe the association between OA and cellular aging in terms of
genetics, epigenetics, and single-cell sequencing, focusing on the
association between the aging of MSC and OA (Fig. 1).

2. Cellular senescence

The main types of aging include replication, DNA
damage-induced, oncogene-induced, oxidative stress-induced,
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chemotherapy-induced, mitochondrial dysfunction-associated,
epigenetically-induced [DNA methylase inhibitors or histone
deacetylase (HDAC) are also known to cause senescence],
and paracrine senescence (senescence-associated secre-
tory phenotype-induced senescence) produced by primary
senescent cells (4). Cellular senescence refers to the perma-
nent growth arrest in cells with the ability to proliferate
and respond to various cellular stresses. It promotes tissue
remodeling during development and after an injury, but may
also lead to decreased regenerative potential and function
of tissues and tumorigenesis of inflammatory and senescent
organisms (4). Markers of aging include genomic instability,
telomere depletion, epigenetic alterations, loss of protein
balance, malfunction of nutrient perception, mitochondrial
dysfunction, cellular senescence, stem cell failure and altered
intercellular communication (5). Numerous factors associated
with aging, such as mitochondrial dysfunction, oxidative stress
and cellular senescence, contribute to OA.

Cellular senescence is one of the hallmarks of senes-
cence, and a key feature of senescent cells is the secretion
of a range of pro-inflammatory cytokines, chemokines and
growth factors such as interleukin (IL)-6, IL-1(, known as
the senescence-associated secretory phenotype (SASP) (6).
SASP is observed in numerous senescent cell types, including
fibroblasts and MSCs (7,8). Phenotypic genes (IL-1p, IL-6,
IL-7, IL-8, MMP family) associated with senescent SASP
show increased expression in cartilage and synovial tissue in
patients with OA (9). These SASP factors may be produced
in part by OA chondrocytes (10). In animal experiments,
expression levels of the inflammatory markers matrix metal-
loproteinase 13 (MMP13) and IL-1p were reduced when
senescent cells were removed by transgenic mouse models or
drug intervention (11). Both expressions are manifestations of
OA. Therefore, OA may be associated with the senescence of
chondrocytes.

Stem cells can be roughly divided into embryonic stem cells
and adult stem cells according to the source, and MSCs belong
to adult stem cells, which are stromal cells with a self-renewal
ability and exhibit multidirectional differentiation. MSCs can
be isolated from a variety of tissues, including the umbilical
cord, endometrial polyps, menstrual blood, bone marrow and
adipose tissue (12). MSCs, with a multidirectional differentia-
tion capacity, can differentiate into all mesoderm-derived cell
types, such as fat cells, osteoblasts and chondrocytes (3). The
function of MSCs declines with age, a process known as aging.
This may be associated with a loss of tissue homeostasis main-
tenance, leading to organ failure and aging diseases (13,14)
such as OA. The clinical value of MSCs comes primarily from
their non-stem cell/progenitor cell properties. That is, MSCs
produce extracellular vesicles, including exosomes (described
below), several cytokines and growth factors involved in regu-
lating tissue metabolism and tissue repair and regeneration
after injury (15), as in OA.

3. Molecular landscape of OA

OA affects joint cartilage or the entire joint, and cartilage
damage is an important part of the development of OA. Potential
mechanisms that contribute to OA include age-related inflam-
mation, cellular senescence (including SASP), mitochondrial

dysfunction and oxidative stress, energy metabolism dysfunc-
tion (associated with decreased autophagy) and alterations
in cell signaling (16). In recent years, numerous studies have
suggested that chloride ion channels may also be one of the
mechanisms that lead to the development of OA (17). Cartilage
damage, meaning loss of the extracellular matrix (ECM) of
chondrocytes, is a key early feature of OA, characterized
by inadequate ECM synthesis and degeneration of articular
cartilage. Cartilage consists of a single cell type, the chondro-
cytes (18), which are surrounded by a large ECM. The ECM
consists of two main components, mainly collagen (types 11,
IX and XI) and proteoglycans (mainly aggrecan) (19-21), the
gene expression of which is controlled by transcription factors
SRY-related HMG-box (SOX)-5, SOX-6, and SOX-9 (22).
Aggrecan, a major proteoglycan in the articular cartilage, is
cleaved at a specific ‘aggrecanase’ site in human osteoarthritic
cartilage; this cleavage is performed by several members of a
disintegrin and metalloproteinase with thrombospondin motifs
(ADAMTYS) family of metalloproteases, with ADAMTS-5
playing a major role (23). Matrix metalloproteinases (MMPs)
are responsible for the breakdown of chondro-collagen, with
MMP-13 playing a central role (24).

OA is characterized by accumulation of senescent cells
and the wearing off of the protective cartilage. A previous
study showed an increase in the number of senescent cells
in articular cartilage, synovial membrane, and fat pad tissues
during OA progression (25). The development and progres-
sion of OA may be caused by the accumulation of senescent
cells within or near the joint (6). With age, the proliferation
and synthesis capacity of articular chondrocytes decreases,
the aging chondrocytes are unable to produce and repair the
ECM (26). Characteristic changes in senescent chondrocytes
include increased production of cytokines (for example, IL-18,
IL-1 and IL-6) and MMP, increased levels of senescence-asso-
ciated beta-galactosidase, p53, p21 and pl6 and decreased
collagen IT (COL2) synthesis and sirtuin 1 (SIRT1) (10,26).
In OA, joint cartilage degradation triggers an inflammatory
response and cytokine production in the tissues around the
joint. These inflammatory molecules stimulate further ECM
catabolism by increasing protease synthesis in chondro-
cytes (27). Senescent fibroblasts and MSCs can also produce
a range of pro-inflammatory cytokines (7,8). In addition,
studies have shown that a decrease in the level of autophagy
during aging also increases the release of pro-inflammatory
factors (28). Cartilage destruction begins when chondro-
cytes are stimulated by pro-inflammatory cytokines such as
IL-1pB, IL-6, IL-8 and tumor necrosis factor (TNF)-a (29,30).
Disruption of cartilage stromal integrity is caused by
increased catabolism/apoptosis of chondrocytes in articular
cartilage and decreased chondrocyte anabolism (31,32). IL-1p
and TNF-a are among the key pro-inflammatory cytokines
involved cartilage destruction in OA (27). Numerous studies
have shown that elevated levels of IL-1} can be observed in the
synovial fluid, synovium, subchondral bone and cartilage in
patients with OA (33). Numerous studies have confirmed that
IL-1B interferes with the synthesis of key structural proteins
such as type II collagen and aggrecan (34,35). IL-1p induced
enzymes of the MMP family, mainly interstitial collagenase
(MMP-1), streptoglobulinase-1 (MMP-3), and collagenase 3
(MMP-13). These enzymes affect the expression of cartilage
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Figure 1. Underlying mechanisms affecting osteoarthritis. Senescent chondrocytes, senescent mesenchymal stem cells, and osteoarthritis chondrocytes can
upregulate the expression of chondro-degrading enzymes by releasing pro-inflammatory cytokines (SASPs), thereby causing cartilage metabolism imbal-
ance. In addition, senescent mesenchymal stem cells and OA chondrocytes can also affect cartilage metabolism by affecting DNA methylation, histone
modification and expression of non-coding RNA. Exosomes produced by mesenchymal stem cells can alleviate OA by promoting cartilage anabolism and
inhibiting cartilage catabolism. ADAMTS, a disintegrin and metalloproteinase with thrombospondin motifs; COL2A1, collagen II Al; NFkB, nuclear factor
kappa-light-chain-enhancer of activated B cells; OA, osteoarthritis; SASP, senescence-associated secretory phenotype; MSC, mesenchymal stem cell; IL,
interleukin; miRNA, microRNA; IncRNA, long noncoding RNAs; circRNA, circular RNA.

collagen (24,36), thereby affecting the balance between carti-
lage matrix synthesis and catabolism, leading to degenerative
cartilage diseases such as OA (32). In addition, IL-1{ induces
chondrocytes to produce ADAMTS metalloproteinases (36),
which affects aggrecan expression and regulates cartilage
metabolism (37). A previous study suggested that IL-1B-induced
chloride channel opening may also be strongly associated with
the development of OA (38). The pro-inflammatory and cata-
bolic effects of IL-1f and TNF are mediated by the activation
of several signaling pathways, most importantly, the nuclear
factor kappa-light-chain-enhancer of activated B cells (NFkB)
signaling pathway (39). NFkB mediates the expression of
several inflammatory genes, such as those encoding inducible
nitric oxide synthase (iNOS), cyclooxygenase 2 (COX?2) and
chemokines, and also helps induce MMP-1, MMP-9, MMP-13
and ADAMTS4 (39,40). IL-1p significantly upregulated the
expression of MMP-13, NF«B, p65, etc., inhibiting the expres-
sion of COL2 and aggrecan (ACAN) (41). In contrast, MSCs
enhanced the expression of COL2 and aggrecan and inhibited
the expression of MMP-13 and NF«xB p65 in IL-1B-stimulated
rat chondrocytes, partially through the NFxB signaling
pathway (41) (Fig. 2).

Additionally, elevated levels of TNF-a, IL-1, and IL-6 in
synovial fluid, synovium, subchondral bone, and cartilage
in patients with OA induce the production of other cyto-
kines, MMPs, and prostaglandins, and inhibit the synthesis
of proteoglycans and COL2. Chondrocytes activated by
these pro-inflammatory cytokines in turn produce MMP-1,
MMP-3, MMP-13, and aggrecanase 1 and 2 (ADAMTS-4 and
ADAMTS-5, respectively) expression (19). This in turn causes
cartilage degradation. Senescent cells also produce SASPs
such as IL-1f, IL-6 and TNF-a, which are key pro-inflamma-
tory cytokines associated with OA (19). Therefore, they play a
key role in cartilage matrix degradation and bone resorption
in OA (42). The increase in inflammatory factors above in OA
reflects the senescence of chondrocytes (characteristic changes
in the senescence of chondrocytes). Similarly, aging MSCs
also produce SASP, which affects cartilage-specific gene
expression and inhibits cartilage catabolic gene expression,
thereby promoting cartilage breakdown and reducing cartilage
synthesis, which is related to the occurrence and development
of OA.

The transcription factor SOX9 is essential for chondrocyte
differentiation and cartilage formation (43,44). Sox9 was the
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Figure 2. Cell-produced SASP affects OA. Senescent chondrocytes, senescent mesenchymal stem cells and chondrocytes in OA all produce pro-inflammatory
cytokines called SASP. These factors affect the expression of cartilage-specific genes (COL2A1, aggrecan) and cartilage catabolic genes (MMP-13, ADAMTSS)
through certain signaling pathways (for example, NFkB, MAPK pathway), causing cartilage destruction. Cartilage destruction further causes an inflammatory
response that exacerbates ECM degradation and, eventually, leads to the worsening of osteoarthritis. ADAMTS, a disintegrin and metalloproteinase with
thrombospondin motifs; COL2A1, collagen I Al; ECM, extracellular matrix; MAPK, mitogen-activated protein kinase; MMP, matrix metalloproteinases;
NFkB, nuclear factor kappa-light-chain-enhancer of activated B cells; OA, osteoarthritis; SASP, senescence-associated secretory phenotype.

main positive regulator of chondrogenesis, and its regula-
tion affected cartilage differentiation by MSCs in a mouse
model (45,46). SOX9 controlled the expression of numerous
chondrocyte genes, including its cofactors L-SOX5a and
SOX6, as well as ECM genes, such as type II collagen and
aggrecan (47), involved in regulating cartilage formation.
Chondrogenic RNA modulator (ROCR), a long non-coding
RNA (IncRNA) necessary for successful differentiation of
MSCs into chondrocytes, appeared to aid in the expression of
SOX9. Normalizing SOX9 levels by overexpression reversed
the damaged cartilage phenotype caused by ROCR deple-
tion (47). SOX9, on the other hand, promoted microRNA
(miR)-140 expression (48,49), which in turn promotes
collagen II expression and inhibits MMP-13 and ADAMTS-5
expression (50), thereby blocking OA. However, studies have
shown no significant correlation between SOX9 expression in
bone marrow and cellular senescence. Association between
aging MSCs and SOX9 expression needs further study (51).
Nuclear factor kappa-B ligands (RANKL) are produced by
osteoblasts, stromal cells, T cells and other sources and activate
RANK on the surface of osteoclasts and osteoclast precursors.

RANK activation leads to the recruitment of the adaptor
protein TRAF 6 (TNF receptor correlated factor 6), resulting
in NF«B activation (52). This may cause an imbalance in carti-
lage metabolism. Studies have shown that RANKL mRNA
increases with age in bone marrow cells, and its expression
in OA and rheumatoid arthritis (RA) bone marrow cells is
markedly higher than normal (51). In animal trials, trans-
plantation of MSCs can reduce the expression of RANKL in
rats by downregulating the level of IL-22, thereby improving
the degree of RA bone destruction (53). The expression of
RANKL is significantly increased in senescent MSCs (54).
Therefore, senescent MSCs may affect OA by regulating
RANKL expression. Studies have found that the expression of
Runt-associated transcription factor 2 (RUNX?2) is elevated in
human OA cartilage (55). Runx2 is the most effective inducer
of osteoblast differentiation and a major transcription factor
for chondrocytes hypertrophy. Osteocalcin, Runx2 from
subchondral bone accumulates in the weight-bearing area of
the OA joint. This indicates an upregulation of osteoblast and
pre-osteoblastic activity, possibly due to an increased need for
bone formation due to excessive mechanical load and osteocyte
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death (56), thus promoting cartilage breakdown and aggra-
vating OA. Studies have shown that MSCs undergo aging and
spontaneous osteogenic differentiation after regular culture
amplification, and Runx2 is upregulated (57). Upregulated
RUNX?2 may help increase the expression of its downstream
catabolic target MMP-13 affecting cartilage catabolism (55).
miR-105 bound to and targeted RUNX2 in chondrocytes, and
the expression of miR-105 in human OA cartilage was down-
regulated, which was inversely correlated with the expression
of RUNX2, ADAMTS7 and ADAMTSI2 (58). The expression
of these genes is upregulated, causing cartilage destruction.
Insufficiency of ECM synthesis and articular cartilage degen-
eration in patients with OA, as well as downregulation of
miR-140, may be associated with a decrease in SOXO.

In summary, OA chondrocytes produce a large amount of
SASP, which eventually causes cartilage metabolism imbal-
ance through different signaling pathways, that is, cartilage
catabolism is greater than cartilage anabolism, resulting in
cartilage destruction, which in turn aggravates OA Senescent
MSCs and chondrocytes can also upregulate the expression
of cartilage catabolic genes by producing SASPs, affecting
cartilage metabolism (Fig. 1).

4. Genetics reveals the mechanism underlying the effect of
aging MSCs on OA

Over the past decade, OA genetics has changed through the
application of large-scale genome-wide association scans
(GWAS). So far, more than 100 polymorphic DNA vari-
ants have been linked to OA (59). Interpreting the results of
GWAS is biologically challenging, therefore translating gene
discoveries into effective therapies remains elusive for now.
The OA GWAS on the UK Biobank dataset is the largest to
date, surveying over 77,000 OA patients and identifying 52
new risk loci (60). For example, rs75621460 (hip and/or knee
OA, single variant in the 95% credible set) is an intergenic
variant located downstream of CCDC97 and TGF-f1 (60).
SMAD3 (known loci: rs12901372) encodes a transcriptional
regulator, plays a key role in cartilage differentiation, and
regulates TGF-P1 expression (61). TGF-B1 regulates articular
cartilage metabolism (as aforementioned). In addition, the
TGF-p1/SMAD3 pathway regulates the expression of miR-140
in OA (62), affecting OA progression. RUNX2 (known loci:
1rs2064630) encodes transcription factor necessary for osteo-
blast differentiation and chondrocytes maturation (63), and is
downregulated by TGF-f1 (64). Senescent MSCs also produce
pro-inflammatory cytokines and, therefore, may have partial
crosstalk with genetic locus variation.

In the future, with the application of large-scale GWAS,
more risk sites will be discovered, which means that more
therapeutic targets will be discovered. At that time, new treat-
ments for OA will continue to emerge.

5. Epigenetics reveals the mechanism by which the aging
MSCs affect OA

Epigenetics is defined as a heritable change in gene expres-
sion caused by external or environmental factors rather than a
change in the DNA sequence (65), mainly including DNA meth-
ylation, histone modification and non-coding RNA (detailed

below) (65). Changes in age-related epigenetic processes may
be a potential cause of delayed human diseases such as OA.
In 2017, Simon and Jeffries summarized epigenetic changes
in OA such as low methylation, low HDAC-1 level, increased
HDAC-2 level and downregulated miR-140 (66).

DNA methylation. DNA methylation is a reversible process
catalyzed by DNA methyltransferases (DNMTs) resulting in
the formation of 5-methylcytosine (5 mC), that is, methylation
on the fifth carbon of the cytosine residue at the CpG dinucleo-
tide (67). Overall, DNA methylation in OA is reduced (66).
During MSC cartilage development, considerable demethyl-
ation changes occur in the epigenetic landscape, especially at
sites characterized by enhancer modifications (68). Differential
DNA methylation of inflammatory factors is associated with
OA in human chondrocytes. For example, IL8 showed 38-fold
higher expression in patients with hip OA than in the control
group, and in vitro DNA methylation was noted to reduce basal
IL8 promoter basal activity. Upregulation of IL-8 reduces the
expression of DNMT3B in OA chondrocytes (69), causing
decreased DNA methylation. The pro-inflammatory cytokine
IL-1B may downregulate DNMT3B in mouse and human
chondrocytes via the NFxB (70). Long-term repetitive stimula-
tion of primary generational chondrocytes with inflammatory
cytokines induced demethylation of specific CpG sites in the
proximal promoter of IL-1p, resulting in an increased and
sustained IL-1B expression (71). The expression of inflamma-
tory factors is upregulated, which in turn leads to an imbalance
in joint cartilage metabolism through the NF«B pathway. The
increase in cartilage degrading enzymes in advanced OA may
be due to epigenetic changes in the methylation state of CpG
sites in the promoter regions of these enzymes (72). In OA,
numerous chondrocytes undergo phenotypic changes and
acquire gene expression banks characterized by abnormal
expression of numerous catabolic genes, including MMPs,
aggregation enzymes (ADAMTS-4 and -5), iNOS, IL-1p and
other cytokines (73,74). These pro-inflammatory cytokines
work together with abnormally expressed cartilage catabolic
genes to accelerate degradation of chondrocytes. Aging MSCs
likewise produce numerous pro-inflammatory factors (SASPs)
and may therefore affect OA by influencing DNA methylation
(Fig. 2).

Histone modification. Histones are highly conserved proteins
whose function is to stabilize, organize and concentrate
DNA within a limited range of the nucleus. They consist of
duplicate octamers containing dimers of each protein in four
core histones (H2A, H2B, H3 and H4) and encapsulate the
genomic DNA on its outer surface (66). Acetylation neutral-
izes the positive charge on the histone by oxidizing the amine
residue into an amide and reduces the histone's ability to bind
to DNA; this prevents chromatin shrinkage and allows the
gene transcription machinery to enter the underlying DNA and
transcribe. Deacetylation presents a positively charged histone
tail, promoting high-affinity binding between the DNA back-
bone and histone, resulting in chromatin condensation, thereby
blocking transcription (66).

HDACS constitute a family of enzymes responsible for
histone and non-histone deacetylation, whereas histone acet-
yltransferase catalyzes the reverse reaction, that is, acetylation.
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HDAC:S catalyze the removal of the acetyl functional groups
from lysine residues of histones and non-histones. HDAC
enzymes are divided into four classes: Class I Rpd3-like
proteins (HDACI1, HDAC?2, HDAC3 and HDACS); class II
Hdal-like proteins (HDAC4, HDACS5, HDAC6, HDACY7,
HDAC9 and HDACI10); class III Sir2-like proteins (SIRTI,
SIRT?2, SIRT3, SIRT4, SIRTS, SIRT6 and SIRRT7); and
class I'V proteins (HDACI1) (75). Studies have shown elevated
levels of HDAC1 and HDAC?2 in chondrocytes and synovial
membranes of patients with OA than in the control group; the
new carboxyl-terminal domain of HDAC1 and HDAC2 worked
in tandem with the transcriptional inhibitor snail 1 to inhibit
the expression of the collagen al(Il) gene (COL2A1) and
aggrecan (76,77). Knockdown of human chondrocyte HDAC3
led to upregulated expression of cartilage oligomeric matrix
protein (COMP), COL2A1, SOX9 and aggrecan, and down-
regulated expression of COL10 (78), whose overexpression may
contribute to OA progression. miR-193b promoted cartilage
differentiation of hMSCs by inhibiting HDAC3 expression,
thereby maintaining cartilage-specific gene expression (78).
Studies have shown that exogenous HDAC4 reduces the tran-
scription of RUNX2, MMP1, MMP3, MMP-13, X-collagen,
Indian hedgehog signal and ADAMTS-4 and -5, and increases
the transcription of COL2. Furthermore, overexpression of
HDAC4 not only reduced the expression of IL-1p, COX2

and iNOS and increased the expression of aggrecan, but also
partially blocked the effect of IL-1p on the catabolic events
in human OA chondrocytes (79); therefore, it may slow down
the progress of OA. Studies have shown that high cartilage
HDACY7 expression levels in human OA may lead to cartilage
degradation by promoting MMP-13 gene expression (80).
IL-1p upregulated IL-6 and IL-8 expression in synovial
MSCs (SMSCs) through the NFkB pathway, and HDAC10
overexpression promoted the IL-6, IL-8 and IL-13-mediated
activation of the NF«kB pathway (81). HDAC10 upregulation
contributes to the activation of IL-1p-mediated SMSC inflam-
mation (81), induces cartilage catabolic gene expression and
causes cartilage metabolism imbalance. A decrease in the
expression of HDACs can be observed in senescent MSCs (82).
These studies suggested that aging MSCs may affect cartilage
catabolism by influencing expression of HDACI, 2, 3, 7 and
10, promoting OA progression, and HDAC4 helps mitigate this
process (Fig. 3).

Sirtuins are a class of NAD-dependent HDACs associated
with OA pathology. SIRT1-SIRT7 constitute NAD-dependent
class III HDACs (83). Together with SOX9, SIRT1 has been
shown to regulate the expression of the collagen gene COL2A1
in human chondrocytes (83,84). SIRT1 expression decreased
with OA progression, and a decrease in SIRT1 in chondroblasts
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may lead to chondrocyte mast and cartilage matrix loss (85).
Knocking down SIRTI in young MSCs induces cellular
senescence and inhibits cell proliferation, while upregula-
tion of SIRT1 attenuates the biological senescence process,
quenches age-related MSCs senescence (86). SIRT1 expres-
sion decreases in aging MSCs (86), which indirectly reflects
that MSCs aging is associated with OA. Similarly, SIRT3 is
an NAD"-dependent deacetylase, the expression of which is
downregulated in senescent human MSCs (87). SIRT-3 medi-
ated age-related changes in cartilage redox regulation and
prevented early OA (88). Compared with healthy individuals,
patients with OA have significantly lower levels of SIRT6 in
articular chondrocytes (89). SIRT6 knockdown significantly
inhibits the expression of genes in the extracellular chondro-
cytes (for example, COL2A1) and anabolic growth factors (for
example, IGF-1) (90). In addition, SIRT6 knockdown makes
human bone marrow MSCs aging (91). Overexpression of
Sirt6 significantly inhibits NFxB-dependent transcriptional
activity and prevents IL-1p3-induced chondrocytes in OA (89).
Sirt6 can also attenuate chondrocytes senescence by inhibiting
IL-15/JAK3/STATS signaling (92). Thus, aging MSCs may
affect cartilage metabolism by influencing SIRT6 expres-
sion. IL-1p in OA cartilage may downregulate levels of Sirt7
expression compared with healthy cartilage, and Sirt7 defi-
ciency accelerates the catabolism of collagen II (93). Studies
have shown that SIRT7 expression decreases during hemato-
poietic stem cell (HSCs) aging (94), and SIRT7 activation can
improve the regenerative ability of senile HSCs (95). SIRT7
expression decreases during the aging of hMSCs, and SIRT7
deficiency may accelerate aging (96). Therefore, the expres-
sion of SIRT1, 3, 6 and 7 in aging MSCs is reduced, affecting
cartilage breakdown anabolism, which in turn promotes the
development of OA.

Histone methylation and acetylation are also important
epigenetic regulators during cartilage differentiation (65,97).
Similar to DNA, histones can be methylated by histone
methyltransferase and demethylated by histone demethylase,
both of which can alter gene transcription (66). Decreased
expression of HDACs is observed in senescent MSCs (82).
Decreased H3K9 methylation increased the transcription of
MMP-1 and MMP-13 in chondrocytes. Transcription of the
anabolic factors SOX9 and COL2A1, which are involved in
cartilage differentiation, were also reduced by treatment with
histone methyltransferase inhibitor chaetocin (98). Therefore,
histone methylation contributes to cartilage differentiation.
Lysine demethylase 6B (Kdmo6b), also known as Jmjd3, has
been identified as an H3K27 demethylase that catalyzes
H3K27me2/3 demethylation; knockdown of Kdm6b in
chondrocytes led to abnormal cartilage development and accel-
erated OA progression by inhibiting the anabolic metabolism
of chondrocytes (65). Kdm6b promoted chondroblast prolif-
eration and hypertrophy during intrachondral osteogenesis in
Kdm6b™ mice (99). Depletion of Kdm6A inhibited the expres-
sion of SOX9, COL2A1 and ACAN, resulting in an increase
in H3K27me3 and a decrease in H3K4me3 levels (100).
Similarly, KDM4B is a histone demethylase that mediates
transforming growth factor (TGF)-induced SOX9 activation
by removing H3K9me3 from the SOX9 promoter (101). Both
KDM4B and KDM6B promoted osteogenesis differentiation of
human MSCs (102). The pro-inflammatory cytokine TGF-p1

promotes upregulation of KDM4B and KDM6B (103). Thus,
senescent MSCs can affect articular cartilage metabolism and
OA by releasing SASPs, affecting histone methylation.

Other non-coding RNAs. The main types of non-coding RNAs
include microRNAs (miRNAs), IncRNAs, and circular RNAs
(circRNAs) (104). Non-coding RNA is divided into small
RNA (<200 nucleotides) and long RNA (>200 nucleotides).

miRNA. The most well-known subset of small RNA is
miRNAs, which are 18-25 nucleotides (105). miRNA expres-
sion is influenced by pro-inflammatory cytokines. Multiple
studies have shown that certain non-coding RNAs, especially
miR-140, are involved in the development of OA by modu-
lating key catabolic factors. miR-140 is a conserved miRNA
that is important for both chondrogenesis and osteogenesis
and is usually highly expressed in normal cartilage. miR-140
contributes to joint cartilage development and homeostasis
as well as normal intrachondral bone development (106,107).
Previous studies showed reduced miR-140 expression in
human OA cartilage (108,109). Treatment of chondrocytes
with IL-1f in vitro inhibited miR-140 expression. By
contrast, miR-140-transfected chondrocytes downregulated
IL-1B-induced ADAMTSS (polymerase degrading enzyme 5)
expression (107,109). Thus, miR-140 can affect OA by affecting
articular cartilage anabolic catabolism. Similar to miR-140,
miR-30a directly targeted ADAMTSS, whereas IL-13 inhib-
ited miR-30a expression by activating activator protein 1
(c-jun/c-fos), thereby upregulating ADAMTSS expression;
thus, the downregulation of miR-30a in OA is negatively
correlated with ADAMTSS expression (110). miR-92a-3p,
which is involved in advanced chondrogenesis of hMSCs,
was downregulated in human OA cartilage and responded
to IL-1B in vitro (111). Mao et al (111,112) studied the effects
of human MSC (hMSC)-derived exosomes overexpressing
miR-92a-3p on cartilage formation and cartilage degeneration
and found that the exosomes increased the transcription and
translation of aggrecan, COL2A1 and SOX9, and reduced
the expression levels of COL10A1, RUNX2 and MMP-13.
IL-1B mediated miR-92a-3p downregulation in human OA
cartilage, which may promote aggrecan degradation in
OA (112); this exacerbated cartilage destruction. Expression
of miR-193b-3p in degenerative cartilage was significantly
reduced; IL-1B-induced downregulation of miR-193b-3p led
to a significant increase in HDAC3, COL10A1 and MMP-13
with corresponding decreases in SOX9, COL2A1, COMP
and aggrecan expression (78). miR-105 downregulation,
through recruitment of promoter NFkB/p65 complexes, led
to an upregulation of ADAMTS by targeting RUNX2 (58).
IL-1B-induced downregulation of miR-27b led to increased
MMP-13 expression (113). These studies demonstrated that
IL-1p stimulation downregulated these miRNAs, resulting
in corresponding cartilage-specific gene downregulation and
cartilage catabolic gene upregulation, thereby influencing OA
progression (Fig. 4).

Aging MSCs cause the downregulation of the corre-
sponding miRNA by producing SASP, thus affecting cartilage
metabolism. Other miRNAs also affect OA through various
mechanisms, such as miR-145, which inhibited cartilage
differentiation of TGF-f3-induced MSCs by directly
targeting SOXO at the post-transcriptional level, resulting in



8 TAN et al: SINGLE-CELL SEQUENCING, GENETICS, EPIGENETICS

MSC_s

miR-140

miR-146a
miR-148a
miR-132-3p

TOTTITTY

S

* ADAMTs5 T

miR-30a . MMPs-13
IL-1B miR-92a-3p O bbb
— > miR-193b-3p — " ogmed
miR-27b \ COL2A1
® ' aggrecan
NF«kB, MAPK
Chondrocytes * . ¢ ¢

%4 SOX9, COL2A1, miR-140, miR-210-3p up o/ e e
B e e > @ ° o ‘S o
g miR-221, miR-485-3p, miR-539-3p down = 8. 828 %52° 8 8

Cartilage differentiation of MSCs

Figure 4. miRNA alterations affect cartilage synthesis. The inflammatory factor IL-1f affects chondrocyte anabolism and catabolism either through the NFxB
signaling pathway or by altering the expression of miRNAs. During the differentiation of MSC in cartilage, the expression of cartilage-specific genes and
positive regulatory miRNAs increased and that of the negative modulating miRNAs decreased. IL, interleukin; miRNA, microRNA; MSC, mesenchymal stem

cell; NFkB, nuclear factor kappa-light-chain-enhancer of activated B cells.

its downregulation (114). miR-146a antagonized the expres-
sion of IL-1-induced cartilage degrading enzymes MMP-13
and ADAMTSS in articular cartilage (115). Overexpression
of miR-148a increased COL2A1 expression and decreased
COL10A1, MMP-13 and ADAMTSS gene expression (116).
Inhibition of miRNA-495 relieved IL-1f-induced chon-
droblastic inflammatory response by salvaging SOX9
expression (117). miR-129-5p decreased in patients with OA
and IL-1pB-induced chondrocytes; miR-129-5p in exosomes
from human SMSC (hSMSC-Exo) inhibited IL-1B-mediated
OA by inhibiting the release of high mobility group box
protein 1 (HMGBI) (118). Overexpression of miRNA-615-3p
led to increased expression levels of inflammatory cytokines
such as IL-1, IL-6 and IL-a (119). Therefore, miRNA-615-3p
overexpression may also affect articular cartilage metabolism
through the NF-kB pathway. Human bone marrow MSCs
(hBMSCs) exhibited typical MSC differentiation potential.
During cartilage differentiation, the expression of collagen 2
and 10 (COL2 and COL10), SOX9, and RUNX?2 are upregu-
lated. Expression levels of miR-140, miR-143 and miR-181a
increased over time, whereas those of miR-27b, miR-221 and
miR-615-3p decreased (120) during cartilage differentiation in
BMSC. miR-26b expression was significantly downregulated
during the in vitro cartilage differentiation of rat MSCs, and
it played an inhibitory role in the process by inhibiting Wnt

expression (121). miR-485-5p levels were inversely correlated
with the degree of differentiation of BMSCs; miR-485-5p
reduced SOX9 levels, promoted the synthesis of cartilage
surface inflammatory factors, and blocked mouse BMSCs from
differentiating into chondrocytes (122). miR-539-3p is gradu-
ally downregulated during cartilage differentiation of human
adipose-derived MSCs (hADMSCs); its overexpression inhib-
ited cartilage differentiation of TGF-f1-induced hADMSCs by
reducing gene and protein expression of cartilage differentia-
tion markers COL2A1 and ACAN, with SOX9 being a direct
target gene for miR-539-3p. During cartilage differentiation of
hADMSCs, the expression of SOX9 is gradually upregulated
over time (123). miR-210-3p promotes cartilage differentia-
tion of rat BMSCs and promotes mRNA and protein levels of
cartilage expression genes COL2 and SOX9 (124). miR-130b
inhibitors induce chondrocyte differentiation and chondrocyte
growth of BMSCs by targeting SOX9 (125). Long intergenic
non-protein coding RNA, a regulator of reprogramming
(Linc-ROR), is downregulated in the articular cartilage tissue
of patients with OA; it promotes cartilage differentiation and
cartilage formation by BMSCs by acting as competitive endog-
enous RNAs for miR-138 and miR-145 and activating SOX9
expression (126). A previous study showed overexpression
of miR-122-5p by indolol 2,3 dioxygenase 1 in synovial fluid
in patients with OA, activating the Wntl/B-catenin pathway
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to impair cartilage differentiation and cartilage regeneration
of MSCs (127). ThesemiRNA changes induce mesenchymal
stem cell cartilage differentiation through various pathways
(Fig. 4). Senescent MSCs release pro-inflammatory cytokines
that mediate cartilage damage and apoptosis and can partially
alleviate cartilage damage by modulating miRNAs expression.

LncRNA. LncRNAs can be divided into small (200-950
nt), medium (950-4,800 nt), and large IncRNAs (~4,800
nt) (128), and are rich in MSC-derived exosomes. Numerous
IncRNAs regulate the chondrogenesis of MSCs. For example,
IncRNA ZBED3-AS1 induced chondrogenesis of MSC
of human synovial fluid origin (SFMSCs) (129). LncRNA
ROCR contributed to SOX9 expression and cartilage differ-
entiation of hMSC (47). LncRNA GRASLND (originally
named RNF144A-AS1) acted as a regulator of MSC chon-
drogenesis (130). LncRNA DANCR was involved in SFMSC
proliferation and chondrogenesis. Mechanically, DANCR
acted as a sponge RNA of miR-1275, regulating the expression
of the target gene MMP-13 (131). The expression of Inc-RNA
BLACAT! in inflammatory BMSCs increased, and the
knockdown of BLACAT1 promoted proliferation and osteo-
genesis differentiation of BMSCs targeting miR-142-5p (132).
LncRNA XIST silencing promoted cartilage differentiation
of SMSCs. In addition, XIST regulated the expression of
ADAMTS-5 by directly binding to miR-27b-3p (133).
TIMP-3 (a natural inhibitor of MMPs) expression may
be downregulated by recruiting DNMT1, DNMT3A and
DNMT?3B, thereby increasing the methylation ratio of CpG
islands in the promoter region of TIMP-3, thereby increasing
collagen degradation in OA chondrocytes (134). MSC-derived
exosomes (MSC-exo)-mediated IncRNA KLF3-AS1 inhib-
ited autophagy and apoptosis of IL-1B-treated chondrocytes
via the PI1K/Akt/mTOR signaling pathway (135). Exosome
IncRNA-KLF3-AS1 from hMSCs is significantly enriched in
MSC-exo, which improves IL-13-induced cartilage damage;
exosome Inc-KLF3-AST1 inhibited IL-1p3-induced chondrocyte
apoptosis (136). Overexpression of IncRNA CTBP1-AS2
downregulated miR-130a by increasing methylation levels of
the miR-130a gene, ultimately leading to a decrease in the rate
of chondrocyte proliferation in patients with OA (137). These
studies have shown that IncRNAs can regulate chondrogenesis
of MSCs, and some IncRNAs can regulate the expression of
cartilage-specific genes and catabolic genes through various
mechanisms. SASP produced by aging MSCs induces cartilage
damage and apoptosis, aggravating OA. Numerous IncRNAs
can delay OA progression by regulating cartilage formation
of MSCs.

circRNA. Cyclic RNAs (circRNAs) are a new class of
discovered non-coding RNAs with structural stability. For
example, Circ_ATRNLI is significantly higher in cartilage
tissues of patients with OA. Circ_ATRNLI overexpression
enhanced proliferation and differentiation of hADMSCs into
chondrogenesis, promoted the expression of COL2, ACAN and
SOX09, and inhibited the adipose differentiation of hADMSC
and the expression of adipose-related genes. miR-145-5p
is a target miRNA for circ_ATRNLI and SOX9 (138). A
miR-145-5p mimic inhibited the differentiation of cartilage
by hADMSC and the expression of cartilage-related factors.
The miR-145-5p mimic effectively reversed the regula-
tory effect of circ_ATRNLI1 on hADMSC. Circ_ATRNLI

upregulated SOX9 expression to promote cartilage differ-
entiation of hADMSCs mediated by miR-145-5p (138).
MSCs-circHIPK3-EV [extracellular vesicles (EV) from
MSCs overexpressing circHIPK3] significantly improved
IL-1B-induced chondrocyte damage (139). Similar to IncRNA
and miRNAs, circRNAs can also alleviate OA by modulating
the expression of cartilage-specific genes and catabolic genes.
Therefore, by regulating the expression of non-coding RNA,
it affects the expression of cartilage-specific genes (COL2A1
and aggrecan) and cartilage catabolic genes (MMP-13 and
ADAMTSS) in OA.

In summary, epigenetic changes such as decreased DNA
methylation, histone acetylation and methylation, and regula-
tion of non-coding RNA greatly affect the articular cartilage
metabolism in OA. Epigenetic changes that occur in senescent
cells can also affect joint cartilage metabolism. In the future,
the development of therapies targeting cellular senescence is
expected to become a specific treatment for OA.

6. Exosomes from MSCs are modified into various miRNAs
that influence OA progression

Exosomes are tiny membrane-bound vesicles released from
cells. Exosomes from different types of MSCs, including
BMSCs, SMSCs, ADMSCs and embryonic MSCs (EMSCs)
regulated cartilage regeneration and slowed OA progression,
whereas exosomes isolated from the synovial fluid stimulated
the release of inflammatory cytokines and MMPs (140).
MSC-EV promoted the expression of Col2Al, sox9
and Acan in mouse chondrocytes in OA models, while
negatively regulating the expression of Mmp-13 and Runx2.
MSC-circHIPK3-EV significantly improved IL-1f-induced
chondrocyte damage (139), and MSC-KLF3-AS1-exo
(exosomes from KLF3-AS1-overexpressed-MSCs) improved
IL-1B-induced chondrocyte damage by participating in
MSC-mediated chondrocyte proliferation induction and chon-
drocyte apoptosis inhibition via the miR-206/G protein-coupled
receptor kinase interaction protein-1 axis (141). Expression of
exosome miR-92a-3p in MSC cartilage exosomes is elevated,
whereas that in exosomes secreted by OA chondrocytes
is significantly reduced. MSC-miR-92a-3p-exo promoted
cartilage proliferation and matrix gene expression in MSCs
and OA primary human chondrocytes (PHCs), respectively.
Conversely, treatment with MSC-anti-miR-92a-3p-exo inhib-
ited cartilage differentiation and reduced cartilage stromal
synthesis by enhancing the expression of WNT5A (142).
Exosomes from hBMSCs overexpressed miR-92a-3p and
directly targeted the WNTS5A gene to increase the expres-
sion of chondrocyte markers (for example, COL2 and SOX9)
and reduce catabolic markers (for example, MMP-13 and
RUNX?2), thereby increasing the proliferation of chondro-
cytes and protecting chondrocytes from apoptosis (142).
hBMSC-derived exosome-metastatic miR-361-5p mitigated
chondrocyte damage and inhibited the NFkB signaling
pathway by targeting DDX?20. Inhibition of NF«B signaling
reversed the effect of overexpressed DDX20 on IL-1f3-induced
chondrocyte damage. In addition, the exosome miR-361-5p
reduced OA damage in vivo (143). Similarly, BMSC-derived
exosomes and microvesicles/microparticles re-induced the
expression of chondrocyte markers (COL2 and ACAN) while
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Table I. Exosomes derived from MSCs and their biological actions on OA.

Exosome
source Target RNAs Gene expression Effects (Refs.)
MSCs circular-HIPK3 Upregulation: COL2A1, SOX9, aggrecan Induces chondrocyte proliferation  (139)
LncRNA KLF3-AF1 Downregulation: MMP-13, RUNX2 Inhibits apoptosis in chondrocytes ~ (141)
miR-92a-3p (142)
BMSCs  miR-92a-3p Upregulation: COL2A1, SOX9, aggrecan Relieves ECM degradation in (142)
chondrocytes
miR-361-5p Downregulation: MMP-1, ADAMTSS, iNOS (143)
miR-125a-5p Inhibits apoptosis in chondrocytes  (145)
miR-136a-5p (146)
ADMSCs - Upregulation: COL2A1, SOX9, aggrecan
Downregulation: MMP-1, MMP-3, MMP-13  Induces chondrocyte proliferation  (147)
SMSCs miR-155-5p Upregulation: COL2A1, SOX9, aggrecan Induces chondrocyte proliferation  (148)
miR-26a-5p Downregulation: MMP-13, NF-kB, iNOS Inhibits apoptosis in chondrocytes  (149)
miR-130b-3p Enhances ECM secretion (150)
miR-129-5p (118)
miR-320c (151)
EMSCs - Upregulation: COL2A1 Mitigates OA progression (153)
Downregulation: ADAMTSS
hUSCs miR-140-5p - Enhances cartilage regeneration (154)

MSCs, mesenchymal stem cells; BMSCs, bone marrow MSCs; ADMSCs, adipose-derived MSCs; SMSCs, synovial MSCs; EMSCs, embry-
onic MSCs; hUSCs, human urine-derived stem cells; miR, microRNA; OA, osteoarthritis; ECM, extracellular matrix; iNOS, inducible nitric
oxide synthase; ADAMTS, a disintegrin and metalloproteinase with thrombospondin motifs.

inhibiting catabolism (MMP-13 and ADAMTSS) and inflam-
matory (iNOS) markers (144). Thus, inhibiting IL-1B-induced
chondrocytes destruction. BMSC-derived exosomes are rich
in miR-125a-5p, which is endowed with features that accel-
erate chondrocyte migration; this is accompanied by a higher
expression of COL2, ACAN and SOX9 and lower expres-
sion of MMP-13 in vitro, and also relieve ECM degradation
of chondrocytes (145). In clinical samples of traumatic OA
cartilage tissue, ELF3 expression increased and miR-136-5p
expression decreased. BM-MSC-exo showed high levels
of miR-136-5p, which was internalized by chondrocytes.
miR-136-5p promoted the migration of chondrocytes, wherein
the expression of COL2, ACAN and SOXO9 increased and that
of MMP-13 decreased, verifying that miR-136-5p targeted
ELF3 and downregulated its expression (146). Human
ADMSC-EV not only promoted the proliferation and migra-
tion of human OA chondrocytes, but also maintained the
chondrocyte matrix in the presence of IL-1f by increasing
COL2 synthesis and reducing the expression of MMP-1,
MMP-3, MMP-13 and ADAMTS-5 (147). Exosomes derived
from SMSCs overexpressing miR-155-5p promoted the prolif-
eration and migration of OA chondrocytes, inhibited apoptosis
and enhanced ECM secretion, thus effectively blocking OA
in mouse models (148). In addition, the SMSC-EV carried
miR-26a-5p into chondrocytes, upregulated miR-26a-5p,
and inhibited phosphatase and tension homologs, thereby
inhibiting apoptosis and inflammation and improving carti-
lage damage in OA (149). SMSC-EV mitigated chondrocyte
damage during OA by miR-130b-3p-mediated inhibition of the

LRP12/AKT/B-catenin axes (150). miR-129-5p in hSMSC-Exo
alleviated IL-1p-mediated OA by inhibiting the release of
HMGBI, while downregulating the expression of iNOS,
COX2, MMP-13, and NFxB (118). The SMSC-derived
exosome miR-320c enhanced chondrogenesis by targeting
ADAMI19, highlighting the potential new mechanism of
SMSC in the treatment of OA (151). Co-culture of ADMSCs
and SMSCs with chondrocytes reduced MMP-13 expression,
while increasing the expression of COL2A1, ACAN and SOX9,
and thus, reversed the IL-1f effect on promoting reactive
oxygen species content and inflammatory factor levels (152).
EMSC-exo also had a beneficial therapeutic effect on OA by
increasing the expression of COL2 in the cartilage matrix
and reducing the expression of ADAMTSS (153). Exosome
overexpression of miR-140-5p from human urine-derived stem
cells enhanced cartilage regeneration and subchondral bone
remodeling (154). Exosomes from miR-95-5p-overexpressing
primary chondrocytes (AC-miR-95-5p) enhanced chondrogen-
icity and prevented the development of OA by directly targeting
HDAC?2/8 (155). The role of exosomes in OA discussed in this
review is shown in (Table I).

The aforementioned studies have shown that MSCs-derived
exosomes improve OA by regulating cartilage development and
cartilage injury repair through mechanisms such as altering
miRNA, IncRNA and circRNA expression (Fig. 5). This has
become a research hotspot in recent years. There is growing
evidence that exosomes can effectively reduce inflammation,
promote cartilage regeneration and reduce pain in OA patients.
In the future, the potential of exosomes in the treatment of
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OA should be used to a full extent towards the development of
novel specific exosome therapies.

7. Single-cell sequencing reveals the mechanism by which
the aging MSCs affect OA

Single-cell RNA sequencing (scRNA seq) assesses individual
cells, identifies new cell populations, reveals regulatory rela-
tionships between genes and tracks the trajectory of different
cell lineages in development and even disease (156). This
contributes to a comprehensive understanding of the patho-
physiology of the disease and facilitates the development of
effective treatment options. In terms of cartilage development,
scRNA seq helps identify self-renewing and pluripotent human
bone stem cells that produce bone, cartilage and stromal
progenitor cells (157). Previous studies identified four chondro-
cytes subclusters including proliferative chondrocytes (ProCs),
pre-hypertrophic chondrocytes (preHTCs), HTCs and fibro-
chondrocytes (FCs). HDAC4 expressed in preHTCs regulates
chondrocytes hypertrophy and endochondral bone formation
by interacting with the transcription factor Runx2, which is
necessary for chondrocytes hypertrophy, and inhibiting its
activity (158). Overexpression of HDAC4 in ProCs in vivo
inhibits chondrocytes hypertrophy and differentiation (158).

HDAC:S expression decreased in aging MSCs (82). Therefore,
aging MSCs may promote chondrocytes to hypertrophy and
aggravate OA. HTCs attract blood vessels and osteocytes to
invade and then undergo apoptosis and calcium deposition,
ultimately triggering the progression of OA in humans (159).
FCs are mainly present in the late stages of OA and have a
high proportion of genes and angiogenesis ability associated
with adverse OA outcomes, indicating that FCs promote OA
progression (159). Previously, a study using scRNA seq on OA
cartilage identified three new subsets of cartilage in cartilage,
effector chondrocytes (ECs), regulatory chondrocytes (RegCs)
and homeostatic chondrocytes (HomCs), and highlighted
some changes associated with OA progression (159). ECs are
associated with the tricarboxylic acid cycle and amino acid
metabolism, suggesting that they provide cellular energy (159).
Another study showed that ECs mainly exert immune func-
tion, causing tissue inflammation, and possibly promoting
the development of OA (160). HomCs exhibit high expression
of genes related to cell cycle regulation, metabolic processes
and development in response to external stimuli (159,161).
RegCs are involved in numerous signaling pathways and
may play a key role in regulating OA progression (159).
In addition, Ji et al (159) identified two hypertrophic chon-
drocytes subclusters: HTC-A is highly expressed in genes
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associated with cartilage development and connective tissue
development; HTC-B is highly expressed in genes associated
with ECM tissue, ossification and mineralization. In 2021,
Sebastian et al (162) identified nine chondroblast subtypes
(UcmaMe", Cytl1"eh Chillhieh, Mef2¢Meh, Krtl6"e", Tnfaip6™e",
S100a4"e" Neat1"e" and divC chondrocyte clusters) in the
knee cartilage of healthy mice by analyzing cells from each
cluster separately. MMP-3, Inhba, Sfn, 1111, Ptgs2, Dusp2
and MMP-13 are upregulated among various chondrocytes
subtypes, while Cytll, I117b, Fgfr2, Ptchl, Dbp and Rad are
downregulated. The Ucma™e" and Krt16"€" clusters have unique
ECM signatures with increased expression of several key ECM
proteins, including COL2A1, COL9A1-a3 and ACAN (162).
Previous studies have found elevated expression of Mmp3,
Mmpl3, Ptgs2, 1111 and Inhba in OA (163,164). The results
of Sebastian et al (162) confirmed that joint chondrocytes are
the main source of this elevated expression in injured joints.
SPP1 was found to be highly expressed in OA cartilage, and
Qu et al (165) identified unique chondrocytes characterized
by high SPP1 expression. Gao et al (166) performed scRNA
seq on human articular chondrocytes treated with IL-1§ and
it found that one of the initial cell clusters can be transformed
into a pro-inflammatory subpopulation through a pathway
called an inflammatory response, which may be a central
target for mitigating OA progression. Yoshimoto et al (167)
demonstrated by analyzing scRNA seq datasets that cellular
senescence signals in chondrocytes are associated with OA
pathogenesis. The emergence of sScRNA seq has broadened our
understanding of chondrocytes subsets. sScCRNA seq can also
play an important role in exploring the association between
MSC aging and OA pathogenesis. In the future, improved
identification of the functional roles of subpopulations and the
description of relevant molecular mechanisms are needed in
order to improve understanding of the pathogenesis of OA,
identify new therapeutic targets and develop specific therapies.

8. Highlights

i) The present review mainly explored the relationship between
mesenchymal stem cell senescence and genetic and epigenetic
changes in the progression of OA from the perspective of
pro-inflammatory cytokines. OA progression is associated
with genetic and epigenetic changes that occur during mesen-
chymal stem cell aging.

ii) Non-coding RNA influences OA progression by modulating
cartilage synthesis/catabolism.

iii) The exosomes secreted by various mesenchymal stem
cell sources regulate miRNA expression to affect metabolism
in joint cartilage. Exosome treatment for OA is a promising
future direction.

9. Summary

OA is a disease associated with age and cartilage destruc-
tion. Pro-inflammatory cytokines play a pivotal role in the
development of OA. Cytokines activate white blood cells,
which produce more cytokines. Therefore, even a small
pro-inflammatory stimulus may produce a more systemic

chronic inflammatory response. Spontaneous differentia-
tion and aging of MSCs occur during expansion, and little is
currently known about the molecular mechanisms involved.
Aging MSCs release pro-inflammatory cytokines that cause
an inflammatory storm and aggravate the progression of
OA. More studies are needed to determine the molecular
mechanisms of MSCs aging to identify new specific targets
and promote development of specific OA therapies. With the
application of large-scale GWAS, the role of OA genetics in
OA is gradually emerging. The proportion of known OA risk
loci in heritability is just >20%, and there are still a large
number of loci to be discovered. Interpreting the results of
GWAS is biologically challenging, therefore translating
genetic discoveries into effective treatments remains elusive
for now. In the future, as more GWAS sites are reported, the
gap between discovery and utility will narrow. Epigenetics is
a key player in the formation and maintenance of joints. OA is
associated with alterations in numerous epigenetic markers in
the affected tissues, such as DNA methylation, histones and
non-coding RNA. Exosome therapy for OA has shown exciting
promise over the past few years, with MSC-derived exosomes
becoming potential cell-free therapies for OA because of their
anti-inflammatory properties as well as unique advantages
and characteristics. The therapeutic effect of MSC-derived
exosomes is similar to that of MSCs. Numerous studies have
demonstrated that MSC-derived exosomes mediate cartilage
tissue repair, promote cartilage differentiation of MSCs,
and attenuate the development of OA; this suggests that
MSC-derived exosomes have exciting therapeutic potential for
OA. However, the specific signaling molecules that regulate
MSC-derived exosomes in OA are still not well understood.
Clarifying the underlying molecular mechanisms of
MSC-derived exosomes in OA pathogenesis will help identify
potential therapeutic targets for OA. Despite the great poten-
tial of exosomes in the treatment of OA, obtaining consistent
and abundant high-quality exosomes remains a technical
challenge. Obtaining high-quality exosomes maximizes their
effectiveness and ensures their safe application. Single-cell
sequencing has shone in recent years in identifying chondro-
cytes subsets; however, the understanding of the molecular
mechanisms of orthopedic disease development and homeo-
stasis by single-cell sequencing is still in infancy. In the future,
attention should be paid to identify subsets or disease-specific
subsets, key signaling pathways and conduct in-depth research
on the functions of subpopulations and their interactions to
improve understanding of OA. Meanwhile, scRNA-seq could
be combined with other traditional and emerging technolo-
gies to complement each other to achieve more detailed and
accurate cell classification and expand our understanding of
orthopedic diseases.
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