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Abstract

Osteoarthritis (OA) is the most common form of arthritis in the adult population and is a leading cause of disability. OA-related genetic loci may play
an importantrole in clinical diagnosis and disease progression. With the rapid development of diverse technologies and omics methods, many OA-
related public data sets have been accumulated. Here, we retrieved a diverse set of omics experimental results from 159 publications, including
genome-wide association study, differentially expressed genes and differential methylation regions, and 2405 classified OA-related gene markers.
Meanwhile, based on recent single-cell RNA-seq data from different joints, 5459 cell-type gene markers of joints were collected. The information
has been integrated into an online database named OA omics and molecular biomarkers (OAOB). The database (http://ibi.zju.edu.cn/oaobdby/)
provides a web server for OA marker genes, omics features and so on. To our knowledge, this is the first database of molecular biomarkers

for OA.

Key Points

e 2405 OA-related marker genes were classified based on
GWAS, DEG and DMR analysis from 159 publications
involving multi-omics data sets.

e 5459 cell-type gene markers of joints were collected based
on recent single-cell RNA-seq data from different joints.

e A comprehensive online database named OAOB
(http://ibi.zju.edu.cn/oaobdb/) including 6765 OA-related
and/or cell-type marker genes was established.

Introduction

Osteoarthritis (OA) is the most common form of arthritis
and a leading cause of disability in adult populations (1).
Although it is characterized by fluctuating pain and a reduc-
tion in physical function (2, 3), this heterogeneous joint
disease often presents as cartilage degeneration, remodeling
of the subchondral bone and localized inflammation (4).
Studies related to genetics, genomics and epigenetics have
uncovered many novel OA-related risk loci in the past
decades, and the main cause of its genetic susceptibility may
be changes in the regulation of gene expression (5). Emerging
evidence suggests that OA genetic risk loci play an essential

role in the onset or progression of the disease, are related to
clinical symptoms and can be used as promising biomarkers.
OA-related biomarkers can fulfill different purposes corre-
sponding to the proposed BIPEDS (burden of disease, inves-
tigational, prognostic, efficacy of intervention, diagnostic
and/or safety biomarkers) classification (6).

With the rapid development of cutting-edge high-
throughput sequencing technologies (e.g. next-generation
sequencing and single-cell sequencing) and omics methods
(e.g. genomics, transcriptomics and methylomics), a wealth
of data have been generated from different joint tissues or
cell subtypes correlated with OA disease and are publicly
available (7). Additionally, many effector genes have been
identified based on the analyses of genome-wide association
studies (GWASs), differentially expressed genes (DEGs), dif-
ferential methylation regions (DMRs) and single-cell RNA
sequencing (scRNA-seq). Considering that the huge number
of OA-related markers are scattered in the different published
literature, there is an urgent need to organize and categorize
them, so they can be conveniently and practically used by the
OA community.

Despite the importance of categorizing OA-biomarkers,
no systematic work has been done on the topic, although a
couple of reviews have summarized OA-related biochemical
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markers (8, 9) with an emphasis on the radiographic
or imaginary projects, for example, the Osteoarthritis
Initiative (https://www.niams.nih.gov/grants-funding/funded-
research/osteoarthritis-initiative).

Overview of different marker genes related to
OA

This study retrieved 159 OA-related publications from the
Web of Science (Supplemental Table S1) and mined genes
associated with OA disease in the literature (Table 1). In
total, 2405 genes related to the disease were collected from
different joints. These genes are supported by different exper-
imental evidence, with 167 identified based on GWAS (SNVs
being associated with 637 genes), 899 DEGs based on
bulk RNA-seq data (157 with additional experimental val-
idation) and 1212 supported by DMR analysis (53 being
further validated). Moreover, considering the specialty of
scRNA-seq data sets, we classified 5459 marker genes identi-
fied in specific cell populations in different tissues as ‘cell-type
marker’ genes. Of these two groups of marker genes, OA
and cell-type related, 1099 are overlapping. These collected
genetic biomarkers could be used as predictors in detect-
ing the progression and development of OA. Furthermore,
high-confidence effector genes could highlight potential drug
intervention targets. They are valuable and better predictive
diagnostic biomarkers in measuring early and subtle changes
in OA progression compared to the traditional radiographic
measures.

Genome-wide meta-analysis based on
large-scale multicohort

GWAS has been performed in large-scale OA patient cohorts
across various phenotypes. In the early 2010s, based on the
comparison between 3177 OA cases and 4894 controls, the
1000 Genomes Project discovered a set of variants associated
with OA on chromosome 13 and reported a new OA-related
gene, MCF2L (26). Susceptible loci on chromosomes 3 and
7 and the HLA class II/III region of chromosome 6 for knee
OA were identified and confirmed from multiple cohorts
(27-30).The arcOGEN project studied 7410 selected patients
and 11 009 unrelated controls from the UK and identified five
genome-wide significant loci on chromosomes 3, 6, 9 and
12, with signals found in different regions close to or within
the genes (10). Later, many studies followed and leveraged
this UK Biobank and Arthritis Research Osteoarthritis Genet-
ics resources to discover numerous novel risk loci. Some of
these loci might cause non-coding, missense variants and are
potential new therapeutic targets, such as TFGB1, FGF18,

Table 1. Summary of different types of marker genes related to OA

Number of marker

Evidence sources? genes Key references
GWAS 167 10-13

DNA methylation 1212 14-17

Bulk RNA-seq/ncRNA-seq  899/154 18-21
Single-cell RNA-seq 5459 22-25

Total 6,765

2Details show the following different sections.
bThis showed the number of unique genes collected in this study.
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CTSK and IL11 with a supportive evaluation of efficacy in OA
(11,12, 31). With the tremendous and diversified patient pop-
ulation of up to hundreds of thousands of participants from
almost every human species (32), a considerable number of
risk variants, risk loci and correlative genes were deciphered
in the knee, hip, hand, finger, thumb and spine. Also, they were
classified in more detail, such as sex-specific and stage-specific
(early age-at-onset or late). These results proved OA being
a complex, polygenic disease of the whole synovial joints
(13, 33, 34).

We analyzed, in detail, the 167 collected markers supported
by GWAS evidence and found that they were unevenly dis-
tributed on 22 chromosomes, with 1-16 on each chromosome
(Figure 1A). In addition, 101 of the 167 markers have other
effector or correlative genes, whereas the others influence phe-
notypes by their variations. Of the total 202 SNP variations
on these 167 genes, most variants are annotated on the intron
and intergenic regions (Figure 1B). Gene Ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes (KEGG) enrich-
ment analysis of the 637 effector genes showed that they are
closely related to OA, such as in cartilage development or
chondrocyte differentiation (Figure 1C, D).

DNA methylation study in human OA cartilage
and blood

DNA methylation profile reflects the tissue identity marked by
the epigenetic landscape of cells where the overall methylome
differences in the tissue level are commonly reflected in DMRs,
whereas cytosine-phosphate—guanine dinucleotides (CpGs)
do not harbor this property (35). Recently, genome-wide DNA
methylation studies have been performed comprehensively in
human articular cartilage. For instance, it has been conducted
to reveal epigenetic differences in articular cartilage between
Kashin—Beck disease (KBD) and OA (36). Furthermore, it
explores epigenomic changes in osteoarthritic subchondral
bone and its overlying cartilage (14) and helps understand
unique methylomes between normal and OA articular carti-
lage (16). Also, it distinguishes epigenetic patterns of similar
tissues in different body parts (37). Knee and hip cartilage
are epigenetically distinct tissues, and their DNA methylation
differences have functional properties in regulating the expres-
sion of putative joint-specific genes, implicating the approach
for future cartilage regeneration (38).

While cartilage and bone for OA are local, blood is sys-
temic. In 2016, blood cells were used to analyze epigenetic
premature aging in OA pathogenesis with two DNA methyla-
tion age measures (39). The following 5 years have witnessed
the growing importance of blood as an effective, easy-to-
acquire systemic component in OA research. In 2019, a pilot
study investigating the epigenetic pattern in peripheral blood
mononuclear cells was conducted to show that quantifica-
tion of DNA methylation could be adopted as diagnostic
or prognostic biomarkers (15). In addition, in the whole
blood, HLA-B*27-dependent, independent DNA methyla-
tion changes (40), leukocyte LINE-1 hypomethylation and
oxidative stress in knee OA were detected (41). In 2021, the
distinct DNA methylation patterns of rheumatoid arthritis in
peripheral blood T-cells were uncovered (42).

Studies exploring the genomic distribution of CpG sites
in groups between OA and normal reveal that the genomic
regions, such as gene bodies, exons and regions around
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Figure 1. Features of 167 molecular markers supported by GWAS. (A) Number of markers on each chromosome. (B) SNP variants annotated on different
genomic regions. (C) GO enrichment of the effector genes. (D) KEGG enrichment of the effector genes.

Table 2. Summary of markers from DMR analysis with experimental
validation

Markers from DMR

analysis Methylated region References
SOD2; ADAMTS4; MMP- Promoter 44-50

13; COL2A1; H3K9;

SOX-5; SOX-6; SOX-9
ELF3 Promoter; TSS200 48 and 51
FOXD2; RARA; SOX11 1st exon; 3’-UTR 51
ZHX2; GDF5 5’-UTR 16 and 52
MAFF; ZBTB16; ZNF395;  Body 16,17, 53 and 54

PLEC; ASTN2; CHST11;
COGS5; DIO2, DIO3;
DIO3; DOTI1L; FILIP1;
FTO; GDFS; GLTSD1;
KLHDCS; MCF2L;
NCOA3; SUPT3H; TP63

transcription start sites (TSSs), may harbor differential methy-
lation sites (43). Also, of the 1212 markers collected from
OA-related DNA methylation studies, most genes were differ-
entially methylated in the gene body (76 %) and untranslated
(UTR) regions (11%), with 34 of them being experimentally
verified (Table 2).

Non-coding RNAs mediated expression in OA
progression

Countless studies on the differential expression analysis of
target genes relevant to OA provided convincing biomarkers
validated in experiments. Starting from the 2010s, expression

patterns and novel genes have been intensively studied
through transcriptome analysis of major tissues, such as
meniscus (55), subchondral bone (56), synovium and fibrob-
last (18, 57, 58), or in the blood system (59). Genome-wide
expression profiles integrated with regulated networks and
biological processes would offer comprehensive interpreta-
tion and new evaluation of the detected OA candidate genes
from multiple aspects. For example, in developing OA, DEG
analysis and enrichment results showed that cell cycle-related
genes, such as CDK1 and MAD2L1, were downregulated and
highlighted in protein—protein interactions (60). Additionally,
the novel subnetwork of dysregulated transcription factors
identified in bulk RNA-seq data sets of normal and OA knee
cartilage tissues was found to be new mediators of abnormal
gene expression, representing promising therapeutic targets
(19).

Apart from markers collected from bulk RNA-seq
data sets, accumulating evidence demonstrated that non-
coding RNAs, such as microRNA (miRNA), circular RNA
(circRNA), small nucleolar RNA (snoRNA) and long non-
coding RNA (IncRNA), could also play an important role
in the disease progression by mediating the expression of
their target genes (61). For example, the Cyclin D1 gene,
CCND1, the target gene of the Wnt pathway validated to
have a high expression level in Polynesian and European OA
patient groups (62), was modulated by IncRNA FOXD2-AS1
with miR-206 acting as a sponge in chondrocyte prolifer-
ation regulation (63). Also, the microRNA-93-5p/CCND1
axis might be activated by SNHG16, and a snoRNA host
gene 16 promotes the development of OA by regulating
chondrocyte viability (20). A well-known transcription fac-
tor in the MMP family named MMP13, reported as a



Table 3. Summary of markers regulated by ncRNAs with experimental
validation

Interactive non-coding RNAs

Markers (validated experimentally) References
CCND1 IncRNA FOXD2-AS1, miR-206, 20, 62 and 63
miR-93-5p
MMP13 miR-27a, miR-27b, miR-127- 21 and 64-69
Sp, miR-200c¢c-3p, miR-675,
circ_TMBIMBS, circ_0136474,
IncRNA-CIR
ADAMTSS  IncRNA-HOTAIR 70
COL2A1 miR-455-3p 71
CTNNB1 miR-1826 65 and 72
MMP1 miR-675 66 and 72
CXCL12 miR-31 73
FOXC1 miR-138-5p 74
SMAD3 miR-203a 75

validated differential expressed gene in OA cartilage in mul-
tiple data sets (64), was involved in interaction with many
non-coding RNAs. In the synovial fluid of patients with
knee OA, plasma miR-200c-3p and MMP13 mRNA levels
were negatively correlated (65). Also, both arms of miR-
675 could affect the expression of MMP13 in the articular
chondrocytes (66). Circ_TMBIM6/miR-27a/MMP13 could
promote OA-induced chondrocyte extracellular matrix degra-
dation (67). MMP13 and Circ_0136474 could suppress cell
proliferation by competitive binding to miR-127-5p (68).
With IncRNA-CIR as a sponge for mir-27b, MMP13 expres-
sion downregulates miR-27b expression and is associated
with IL-1B-induced activation of signal transduction path-
ways (21, 69).

By reviewing the literature published recently, we found
154 coding genes regulated by 176 non-coding genes, includ-
ing 160 miRNAs, 11 IncRNAs and 5 circRNAs. While most of
them were predicted using bioinformatic tools, a few (Table 3)
have been experimentally validated.

Molecular markers for OA and joints at
single-cell resolution

scRNA-seq data analysis allows separating and detecting
biomarkers in admixtures of human OA tissues. At single-
cell resolution and the whole-transcriptome scale, studies have
identified transition pathways, discriminative markers and
transcription factors related to specific cell subsets during
differentiation in the last 2 or 3 years (22).

Chondrocytes are key cells of cartilage degeneration occur-
ring in diseases, such as OA and KBD, but the heterogeneity of
articular cartilage cell types is still unknown (76). Recently, a
breakthrough single-cell RNA-seq study revealed the progres-
sion of human OA by defining seven chondrocyte populations,
including proliferative chondrocyte, prehypertrophic chon-
drocytes, hypertrophic chondrocytes (HTCs), fibrocartilage
chondrocytes (FCs) and three novel populations with dis-
tinct functions (77). In another single-cell expression profiling
research, HTC, homeostatic chondrocyte and FC were char-
acterized in 480 chondrocyte samples (23). Furthermore, the
study compared the transcriptional program and all major
cell populations in patient groups between KBD and OA.
First, 10 clusters were labeled by cell type according to the
expression of previously described markers; second, one novel
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population with the expression of a new set of markers was
identified; finally, the regulatory chondrocyte population was
markedly expanded in OA, whereas the homeostatic and
mitochondrial chondrocyte populations were in KBD instead
(78).

Synovial fibroblasts (SFs) play an important role in OA
occurrence and are direct effectors responding to tissue dam-
age and matrix remodeling in synovitis (79). Using the
scRNA-seq technique, key genes and pathways on SFs have
been revealed (80). Furthermore, the contribution of synovial
tissue cell subsets related to joint pain in early and late-stage
knee OA has also been identified, exhibiting seven distinct sub-
sets of SFs with differences in their predominance between
disease stage and presence of pain. Also, fibroblasts from
early to end-stage OA painful synovial sites were found to be
associated with differently highly expressive gene sets (81).

Meniscus was especially emphasized on therapeutic con-
sequences and in close relation to developing OA, such as
the structural and functional relationship between menis-
cal tears/extrusion and cartilage loss. Notably, the effect of
meniscectomy or meniscal repair was complex (82). The tran-
scriptional dynamics of macrophages from meniscal tissue
were analyzed using the scRNA-seq technology in 2020 (83).
Results showed characteristic changes in special macrophages
in patients with knee OA and healthy individuals by com-
paring their gene expression profiles. SCRNA-seq was also
used to identify cell subsets, their gene signatures in healthy
human and degenerated meniscus cells, their differentiation
relationships and diversity within specific cell types (84).

Osteoblasts are multifunctional bone cells essential for
bone formation, angiogenesis regulation and maintenance of
hematopoiesis (85). At the single-cell level, the categorization
of primary osteoblast subtypes in vivo in humans has been
achieved by performing a systematic cellular taxonomy dis-
section of freshly isolated human osteoblasts with OA. This
helps acquire their gene expression patterns and cell lineage
reconstructions (24).

Bone marrow-derived mesenchymal stem cells (BM-MSCs)
are multipotent stromal cells that maintain skeletal tissues and
differentiate into various mesodermal lineages. scRNA-seq
was applied to investigate the transcriptional diversity of BM-
MSCs in vivo, showing that they could be codified into distinct
subpopulations corresponding to the osteogenic, chondro-
genic, adipogenic differentiation trajectories and terminal-
stage quiescent cells (86).

Based on the scRNA-seq data sets from different publi-
cations, tens of thousands of cell-type marker genes were
identified from 10 tissues of 5 joint sites and classified into
48 cell types. We collected 5459 different markers in total
(Table 4). Among these cell subtype biomarkers, a part of them
(1099) was reported to be OA disease-related markers with
variable supporting evidence. For example, 24 of them were
confirmed in the GWAS study, 115 in DMR analysis and 181
in bulk RNA-seq or scRNA-seq data. This proves the accu-
racy and credibility of these cell-type marker genes classified
using scRNA-seq.

Development of OAOB database, a database
of OA omics and molecular biomarkers

Based on the overall review of our collected marker genes,
including 2405 OA disease-related (Table 5), we concluded
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Table 4. Summary of 5459 cell-type marker genes for different joint sites collected in this study

Site Tissue Cell types Marker genes Key references
Knee Chondrocytes 11 1460 76,81 and 84
Synoviocytes 8 3502
HLA-DRA+ synoviocytes S 1656
Meniscus 10 47
Meniscus (-synovium) 3 30
Synovial 1 809
Hip Osteoblast 4 2589 24
Femoral shafts BM 3 1340 86
Human induced-pluripotent stem cells Chondroprogenitor cells 3 12 87
Total 5,4592

21,099 genes were collected as OA disease-related markers to Table 5.

Table 5. Summary of 2405 OA molecular biomarkers (disease-related) in the current release (Release #1) of OAOB database

Genetic analysis

Expression based®

DNA methylation Number of drug
OA site or items® GWASP Bulk RNA  Non-coding RNA®  Single-cell RNA  based targets® Total
All 41 41
Knee 39 822 (128)4 141 (46) 188 1136 (37) 22 2216
Hip 72 134 (16)  9(9) 8 1000 (32) 18 1265
KneeHip 41 1 41
Hand 10 1 10
Finger N 15 1 20
Thumb 4 1 4
T™] 1(1) 1
Sex-specific 1 1
Early-onset all 1 1
Blood 86 (20) 26 112
Total 167 899 (157) 154 (65) 251 1212 (53) 30 24058

3(Classification of sites or items and drug target genes based on genome-wide association study by Boer ez al. (13); TM]J: temporomandibular joint; aex-specific:
variations specifically in female patients; early-onset all: variations related to early-onset arthritis.

bNumber of genes listed here represents genes that have SNVs in gene body or regulatory regions, and these SN'Vs impact on 637 genes.

“Based on differential expressed gene analysis of bulk RNA, non-coding RNA and single-cell RNAs.

dNumbers in parentheses represents genes that were experimentally validated.

¢Numbers in this column represent genes were regulated by non-coding RNAs (IncRNA, circRNA or miRNA) based on ncRNA-seq data.

that these genetic markers have origins from thorough patient
cohorts like male and female or the old and child. Further-
more, these genetic markers were from different sites for
disease progression, from knee to finger, specifically represent-
ing different disease stages. Notably, evidence from different
sequencing technologies and experimental methods supported
these genetic markers, and nearly a hundred of the genes
were supported by evidence from more than two experimental
methods. Therefore, these marker genes collected in our study
were representative, thoughtful and convincing. The above
marker genes are predictive of OA progression and valuable
diagnosis biomarkers with superior ability to measure early
and subtle changes in OA progression compared to traditional
radiographic measures. Additionally, 30 OA marker genes can
be targeted by available drugs listed in the DrugBank database
(13), which provides another useful clinical approach to
treat OA.

To comprehensively understand, display and preserve the
molecular marker genes related to OA disease progression
or corresponding cell types, we developed a user-friendly
database named OA omics and molecular biomarkers
(OAOB, http://ibi.zju.edu.cn/oaobdb/) (Figure 2A, Supple-
mentary File), which collected a total of 6765 marker genes,
including 2405 OA disease-related and 5459 cell-type marker
genes, and provided a web server to store their omics features

and other characteristics (Figure 2B). The database provides a
user-friendly interface for clinical and research purposes, such
as search marker genes by using key word (e.g. tissue, disease
and gene name) or sequences. A genome browser was pro-
vided to show the genomic location of all marker genes, their
nearby genes by a zooming window, and all related evidence
(Figure 2C). Users can easily browse for marker genes from
different experimental sources (e.g. markers from scRNA-
seq analysis, Figure 2D) and different levels of experimental
validation.

We believe that the significant genetic differences of disease
severity affected by joint site and sex would help translate the
genetic associations into the development of drugs targeting
the disease. We wish that the data collected in the database
may serve as a solid foundation for future functional and
clinical research of OA.

Future perspectives

Integration with a clinical approach to improve
treatment

A striking remarkable point is that 30 OA-related marker
genes can be targeted by available drugs listed in the Drug-
Bank database (https://go.drugbank.com/), providing attrac-
tive insights for connecting the pathogenetic mechanism to
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Figure 2. Display of the homepage and function modules of OAOB database. (A) Web homepage of the OAOB database, showing four main functional
modules: Statistics, Search, Basic Local Alignment Search Tool (BLAST) and Jbrowse. (B) Using the marker gene cartilage oligomeric matrix protein
(COMP) as an example to show all different kinds of information provided. (C) Jorowse modules of OAOB database. (D) An example showing the marker

gene COMP that was supported by scRNA-seq analysis.

the clinical approach treating the disease. With the continu-
ous expansion of information on drugs and targeted sites, in
the future, we will update the database by integrating the new
information.

Emphasis on the genetic markers from the blood
system

In the blood samples of OA patients, quantities of marker
genes with clinical significance and experimentally validated
were identified by examining the DNA methylation level or
the different expression levels relative to normal (Table 5). The
results suggest that blood-derived markers may be useful for
their predictivity and diagnosis of OA progression, offering
advantages over traditional biochemical biomarkers in clini-
cal screening and diagnosis and improving the early care of
patients with OA.

Future application of single-cell RNA-seq
technology in OA

The highlighted ability of single-cell RNA-seq technology to
cluster and group cell populations according to high variable
marker gene expression proves to be the key contribution in
deciphering cell differentiation and estimating disease devel-
opment. Additionally, the highly expressive marker genes are
good candidates for the identification of the close relation-
ships between cell types and clinical outcomes. Therefore, the
scRNA-seq analysis could bring new possibilities in develop-
ing diagnostic and therapeutic strategies for OA.

Supplementary data

Supplementary data are available at Database Online.

Funding
National Natural Science Foundation of China (82102646).

Conflict of interest

None declared.

Contributors

L.E, ]J.L., X.Y. and Q.C. substantially contributed to the con-
ception or design of the work or the acquisition, analysis or
interpretation of data for the work. X.Y., X.X. and Y.D. col-
lected the data, and L.X. and Q.C. developed the database.
L.E, Q.C. and M.P.T. contributed to drafting the manuscript.

References

1. Neogi,T. (2013) The epidemiology and impact of pain in
osteoarthritis. Osteoarthr. Cartil., 21, 1145-1153.

2. Felson,D.T. (2006) Clinical practice. Osteoarthritis of the knee. N.
Engl. J. Med., 354, 841-848.

3. Driban,].B., Sitler, M.R., Barbe,M.F. et al. (2010) Is osteoarthritis
a heterogeneous disease that can be stratified into subsets? Clin
Rheumatol., 29,123-131.

4. Lories,R.J. and Luyten,EP. (2011) The bone-cartilage unit in
osteoarthritis. Nat. Rev. Rbheumatol., 7,43-49.


https://academic.oup.com/database/article-lookup/doi/10.1093/database/baac052#supplementary-data

Database, Vol. 00, Article ID baac052

S.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Rice,S.]., Beier,E, Young,D.A. et al. (2020) Interplay between
genetics and epigenetics in osteoarthritis. Nat. Rev. Rheumatol.,
16, 268-281.

. Kraus,V.B., Burnett,B., Coindreau,]. et al. (2011) Application of

biomarkers in the development of drugs intended for the treatment
of osteoarthritis. Osteoarthr. Cartil., 19, 515-542.

. Ratneswaran,A. and Kapoor,M. (2021) Osteoarthritis year in

review: genetics, genomics, epigenetics. Osteoarthr. Cartil., 29,
151-160.

. van Spil,W.E. and Szilagyi,I.A. (2020) Osteoarthritis year in review

2019: biomarkers (biochemical markers). Osteoarthr. Cartil., 28,
296-315.

. Henrotin,Y. (2022) Osteoarthritis in year 2021: biochemical mark-

ers. Osteoarthr. Cartil., 30, 237-248.

arcOGEN Consortium, arcOGEN Collaborators Zeggini,E. et al.
(2012) Identification of new susceptibility loci for osteoarthritis
(arcOGEN): a genome-wide association study. Lancet (London,
England), 380, 815-823.

Tachmazidou,l., Hatzikotoulas,K., Southam,L. et al. (2019) Iden-
tification of new therapeutic targets for osteoarthritis through
genome-wide analyses of UK Biobank data. Nat. Genet., 51,
230-236.

Zengini,E., Hatzikotoulas,K., Tachmazidou,l. ez al. (2018)
Genome-wide analyses using UK Biobank data provide insights
into the genetic architecture of osteoarthritis. Nat. Genet., 50,
549-5S58.

Boer,C.G., Hatzikotoulas,K., Southam,L. et al. (2021) Deciphering
osteoarthritis genetics across 826,690 individuals from 9 popula-
tions. Cell, 184, 6003-6005.

Jeffries, M.A., Donica,M., Baker,L.W. et al. (2016) Genome-wide
DNA methylation study identifies significant epigenomic changes
in osteoarthritic subchondral bone and similarity to overlying
cartilage. Arthritis Rbeumatol., 68, 1403-1414.

Dunn, C,M., Nevitt,M.C., Lynch,].A. et al. (2019) A pilot study of
peripheral blood DNA methylation models as predictors of knee
osteoarthritis radiographic progression: data from the osteoarthri-
tis initiative (OAI). Sci. Rep., 9, 16880.

Alvarez-Garcia,O., Fisch,K.M., Wineinger,N.E. et al. (2016)
Increased DNA methylation and reduced expression of transcrip-
tion factors in human osteoarthritis cartilage. Arthritis Rheuma-
tol., 68, 1876-1886.

Rushton,M.D., Reynard,L.N., Young,D.A. et al. (2015) Methyla-
tion quantitative trait locus analysis of osteoarthritis links epige-
netics with genetic risk. Hum. Mol. Genet., 24, 7432-7444.

Del Rey,M.]., Usategui,A., Izquierdo,E. et al. (2012) Transcrip-
tome analysis reveals specific changes in osteoarthritis synovial
fibroblasts. Ann. Rheum. Dis., 71, 275-280.

Fisch,K.M., Gamini,R., Alvarez-Garcia,O. et al. (2018) Identifi-
cation of transcription factors responsible for dysregulated net-
works in human osteoarthritis cartilage by global gene expression
analysis. Osteoarthr. Cartil., 26,1531-1538.

Cheng,W., Hao,C.Y., Zhao,S. et al. (2019) SNHG16 promotes
the progression of osteoarthritis through activating microRNA-93-
Sp/CCND1 axis. Eur. Rev. Med. Pharmacol. Sci., 23, 9222-9229.
Akhtar,N., Rasheed,Z., Ramamurthy,S. et al. (2010) MicroRNA-
27b regulates the expression of matrix metalloproteinase 13
in human osteoarthritis chondrocytes. Arthritis Rheum., 62,
1361-1371.

Li,C., Luo,]., Xu,X. et al. (2020) Single cell sequencing revealed
the underlying pathogenesis of the development of osteoarthritis.
Gene, 757, 144939.

Zhang,X., Huang,N., Huang,R. et al. (2020) Single-cell rna seq
analysis identifies the biomarkers and differentiation of chondro-
cyte in human osteoarthritis. Am. J. Transl. Res., 12, 7326.
Gong,Y., Yang,]., Li,X. et al. (2021) A systematic dissection of
human primary osteoblasts in vivo at single-cell resolution. Aging
(Albany NY), 13, 20629.

Gao,C., Pu,H., Zhou,Q. et al. (2021) Two reactive behaviors
of chondrocytes in an IL-1B-induced inflammatory environment

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

revealed by the single-cell RNA sequencing. Aging (Albany. NY).,
13, 11646.

Day-Williams,A.G., Southam,L., Panoutsopoulou,K. et al. (2011)
A variant in MCF2L is associated with osteoarthritis. Am. J. Hum.
Genet., 89, 446-450.

Kerkhof,H.J.M., Lories,R.J., Meulenbelt,l. ez al. (2010) A genome-
wide association study identifies an osteoarthritis susceptibility
locus on chromosome 7q22. Arthritis Rheum., 62,499-510.
Evangelou,E., Valdes,A.M., Kerkhof,H.].M. et al. (2011) Meta-
analysis of genome-wide association studies confirms a suscepti-
bility locus for knee osteoarthritis on chromosome 7q22. Ann.
Rheum. Dis., 70, 349-355.

Miyamoto, Y., Shi,D., Nakajima,M. et al. (2008) Common variants
in DVWA on chromosome 3p24.3 are associated with susceptibil-
ity to knee osteoarthritis. Nat. Genet., 40, 994-998.
Nakajima,M., Takahashi,A., Kou,L. et al. (2010) New sequence
variants in HLA class II/III region associated with susceptibility
to knee osteoarthritis identified by genome-wide association study.
PLoS One, 5,e9723.

Styrkarsdottir,U., Lund,S.H., Thorleifsson,G. et al. (2018) Meta-
analysis of icelandic and UK data sets identifies missense variants
in SMO, IL11, COL11A1 and 13 more new loci associated with
osteoarthritis. Nat. Genet., 50, 1681-1687.

Liw,Y., Yau,M.S., Yerges-Armstrong,L.M. et al. (2017) Genetic
determinants of radiographic knee osteoarthritis in African Amer-
icans. J. Rheumatol., 44, 1652-1658.

Styrkarsdottir,U., Helgason,H., Sigurdsson,A. et al. (2017) Whole-
genome sequencing identifies rare genotypes in COMP and
CHADL associated with high risk of hip osteoarthritis. Nat.
Genet., 49, 801-805.

den Hollander,W., Boer,C.G., Hart,D.]. et al. (2017) Genome-
wide association and functional studies identify a role for matrix
Gla protein in osteoarthritis of the hand. Ann. Rbeum. Dis., 76,
2046-2053.

Slieker,R.C., Bos,S.D., Goeman,].]. et al. (2013) Identification and
systematic annotation of tissue-specific differentially methylated
regions using the illumina 450k array. Epigenetics Chromatin,
6, 26.

Fan,Y., Gao,D., Zhang,Y. et al. (2021) Genome-wide differentially
methylated region analysis to reveal epigenetic differences of artic-
ular cartilage in Kashin-Beck disease and osteoarthritis. Front. Cell
Dev. Biol., 9, 636291.

Aref-Eshghi,E., Zhang,Y., Liu,M. et al. (2015) Genome-wide DNA
methylation study of hip and knee cartilage reveals embryonic
organ and skeletal system morphogenesis as major pathways
involved in osteoarthritis. BMC Musculoskelet. Disord., 16, 287.
den Hollander,W., Ramos,Y.EM., Bos,S.D. et al. (2014) Knee and
hip articular cartilage have distinct epigenomic landscapes: impli-
cations for future cartilage regeneration approaches. Ann. Rheum.
Dis., 73, 2208-2212.

Vidal-Bralo,L., Lopez-Golan,Y., Mera-Varela,A. et al. (2016) Spe-
cific premature epigenetic aging of cartilage in osteoarthritis. Aging
(Albany. NY)., 8,2222.

Coit,P., Kaushik,P., Caplan,L. ef al. (2019) Genome-wide DNA
methylation analysis in ankylosing spondylitis identifies HLA-
B*27 dependent and independent DNA methylation changes in
whole blood. J. Autoimmun., 102, 126-132.
Teerawattanapong,N., Udomsinprasert,W., Ngarmukos,S. et al.
(2019) Blood leukocyte LINE-1 hypomethylation and oxidative
stress in knee osteoarthritis. Heliyon., 5, e01774.

Ai,R., Boyle,D.L., Wang,W. ef al. (2021) Distinct DNA methyla-
tion patterns of rheumatoid arthritis peripheral blood and synovial
tissue T cells. ACR Open Rheumatol., 3,127-132.

Young,D.A., Bui,C. and Barter, M.]. (2012) Understanding CpG
methylation in the context of osteoarthritis. Epigenomics, 4,
593-595.

Scott,].L., Gabrielides,C., Davidson,R.K. ez al. (2010) Superoxide
dismutase downregulation in osteoarthritis progression and end-
stage disease. Ann. Rheum. Dis., 69,1502-1510.



4S.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

Sé.

57.

58.

59.

60.

61.

62.

63.

Cheung,K.S.C., Hashimoto,K., Yamada,N. ez al. (2009) Expres-
sion of ADAMTS-4 by chondrocytes in the surface zone of
human osteoarthritic cartilage is regulated by epigenetic DNA
de-methylation. Rbheumatol. Int., 29, 525-534.

Takahashi,A., de Andrés,M.C., Hashimoto,K. et al. (2017) DNA
methylation of the RUNX2 P1 promoter mediates MMP13 tran-
scription in chondrocytes. Sci. Rep., 7, 7771.

Iliopoulos,D., Malizos,K.N. and Tsezou,A. (2007) Epigenetic regu-
lation of leptin affects MMP-13 expression in osteoarthritic chon-
drocytes: possible molecular target for osteoarthritis therapeutic
intervention. Ann. Rheum. Dis., 66, 1616-1621.

Otero,M., Peng,H., Hachem,K.E. et al. (2017) ELF3 modulates
type II collagen gene (COL2A1) transcription in chondrocytes by
inhibiting SOX9-CBP/p300-driven histone acetyltransferase activ-
ity. Connect. Tissue Res., 58, 15-26.

El Mansouri,E., Nebbaki,-S.-S., Kapoor,M. et al. (2014) Lysine-
specific demethylase 1-mediated demethylation of histone H3
lysine 9 contributes to interleukin 18-induced microsomal
prostaglandin E synthase 1 expression in human osteoarthritic
chondrocytes. Arthritis Res. Ther., 16, R113.

Lee,].-S. and Im,G.-L. (2011) SOX trio decrease in the articular car-
tilage with the advancement of osteoarthritis. Connect. Tissue Res.,
52, 496-502.

Yi,P., Xu,X., Yao,]. et al. (2021) Analysis of mRNA expression and
DNA methylation datasets according to the genomic distribution
of CpG sites in osteoarthritis. Front. Genet., 12, 618803.
Reynard,L.N., Bui,C., Syddall,C.M. ez al. (2014) CpG methylation
regulates allelic expression of GDF5 by modulating binding of SP1
and SP3 repressor proteins to the osteoarthritis susceptibility SNP
rs143383. Hum. Genet., 133, 1059-1073.

Rice,S.]., Tselepi,M., Sorial,A.K. et al. (2019) Prioritization of
PLEC and GRINA as osteoarthritis risk genes through the iden-
tification and characterization of novel methylation quantitative
trait loci. Arthritis Rheumatol., 71, 1285-1296.

Sorial,A.K., Hofer,.M.]., Tselepi,M. et al. (2020) Multi-tissue
epigenetic analysis of the osteoarthritis susceptibility locus
mapping to the plectin gene PLEC. Osteoarthr. Cartil., 28,
1448-1458.

Sun,Y., Mauerhan,D.R., Honeycutt,P.R. et al. (2010) Analysis
of meniscal degeneration and meniscal gene expression. BMC
Musculoskelet. Disord., 11, 19.

Chou,C.H., Wu,C.C., Song,I.W. et al. (2013) Genome-wide expres-
sion profiles of subchondral bone in osteoarthritis. Arthritis Res.
Ther., 15, 1-12.

Lambert,C., Dubuc,]., Montell,E. et al. (2014) Gene expression
pattern of cells from inflamed and normal areas of osteoarthritis
synovial membrane. Arthritis Rheumatol., 66, 960-968.
Chen,Y.-J., Chang,W.-A., Wu,L.-Y. et al. (2019) Identification of
novel genes in osteoarthritic fibroblast-like synoviocytes using
next-generation sequencing and bioinformatics approaches. Int. J.
Med. Sci., 16,1057-1071.

Ramos,Y.EM., Bos,S.D., Lakenberg,N. et al. (2014) Genes
expressed in blood link osteoarthritis with apoptotic pathways.
Ann. Rheum. Dis., 73, 1844-1853.

Yang,]. and Wang,N. (2015) Genome-wide expression and
methylation profiles reveal candidate genes and biological pro-
cesses underlying synovial inflammatory tissue of patients with
osteoarthritis. Int. |. Rheum. Dis., 18, 783-790.

Abbasifard,M., Kamiab,Z., Bagheri-Hosseinabadi,Z. et al. (2020)
The role and function of long non-coding RNAs in osteoarthritis.
Exp. Mol. Pathol., 114, 104407.

Naot,D., Bentley,]., Macpherson,C. et al. (2021) Molecular char-
acterisation of osteoblasts from bone obtained from people of
Polynesian and European ancestry undergoing joint replacement
surgery. Sci. Rep., 11, 2428.

Cao,L., Wang,Y., Wang,Q. et al. (2018) LncRNA FOXD2-AS1
regulates chondrocyte proliferation in osteoarthritis by acting as

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Database, Vol. 00, Article ID baac052

a sponge of miR-206 to modulate CCND1 expression. Biomed.
Pharmacotber., 106, 1220-1226.

Li,X., Liao,Z., Deng,Z. et al. (2021) Combining bulk and single-
cell RNA-sequencing data to reveal gene expression pattern
of chondrocytes in the osteoarthritic knee. Bioengineered, 12,
997-1007.

Lai,Z. and Cao,Y. (2019) Plasma miR-200c-3p, miR-100-5p,
and miR-1826 serve as potential diagnostic biomarkers for knee
osteoarthritis. Medicine (Baltimore)., 98, e18110.

Seidl,C.I. and Murphy,C.L. (2019) Dual and opposing reg-
ulation of MMP1 and MMP13 by both arms of miR-675
in human articular chondrocytes. Cell. Physiol. Biochem., 53,
172-185S.

Bai,Z.M., Kang, M.M., Zhou,X.E e al. (2020) CircTMBIM6
promotes osteoarthritis-induced chondrocyte extracellular matrix
degradation via miR-27a/MMP13 axis. Eur. Rev. Med. Pharmacol.
Sci., 24, 7927-7936.

Li,Z., Yuan,B., Pei,Z. et al. (2019) Circ_0136474 and MMP-13
suppressed cell proliferation by competitive binding to miR-127-5p
in osteoarthritis. J. Cell. Mol. Med., 23, 6554-6564.

LiY.-E, Li,S.--H., Liw,Y. et al. (2017) Long noncoding RNA
CIR promotes chondrocyte extracellular matrix degradation in
osteoarthritis by acting as a sponge for Mir-27b. Cell. Physiol.
Biochem., 43, 602-610.

Dou,P., Wu,R., Zhu,W. et al. (2017) Long non-coding RNA
HOTAIR promotes expression of ADAMTS-5 in human
osteoarthritic articular chondrocytes. Pharmazie., 72, 113-117.
Cheng,E., Hu,H., Sun,K. ez al. (2020) miR-455-3p enhances chon-
drocytes apoptosis and inflammation by targeting COL2A1 in the
in vitro osteoarthritis model. Biosci. Biotechnol. Biochem., 84,
695-702.

Dehne,T., Karlsson,C., Ringe,]. et al. (2009) Chondrogenic dif-
terentiation potential of osteoarthritic chondrocytes and their
possible use in matrix-associated autologous chondrocyte trans-
plantation. Arthritis Res. Ther., 11, 1-14.

Dai,Y., Liu,S., Xie,X. et al. (2019) MicroRNA-31 promotes chon-
drocyte proliferation by targeting C-X-C motif chemokine ligand
12. Mol. Med. Rep., 19,2231-2237.

Kopanska,M., Szala,D., Czech,]. et al. (2017) MiRNA expression
in the cartilage of patients with osteoarthritis. J. Orthop. Surg. Res.,
12, 51.

An,Y., Wan,G., Tao,]. et al. (2020) Down-regulation of microRNA-
203a suppresses IL-1B-induced inflammation and cartilage degra-
dation in human chondrocytes through Smad3 signaling. Biosci.
Rep., 40, BSR20192723.

Liu,H.-M., Wang,Y.-F.,, Wu,].-M. et al. (2020) A comparative study
of clinical effect of total knee arthroplasty in the treatment of pri-
mary osteoarthritis and osteoarthritis of Kashin-Beck disease. Int.
Orthop., 44, 1719-1726.

Ji,Q., Zheng,Y., Zhang,G. et al. (2019) Single-cell RNA-seq anal-
ysis reveals the progression of human osteoarthritis. Ann. Rheum.
Dis., 78, 100-110.

Wang,X., Ning,Y., Zhang,P. et al. (2021) Comparison of the major
cell populations among osteoarthritis, Kashin-Beck disease and
healthy chondrocytes by single-cell RNA-seq analysis. Cell Death
Dis., 12, 1-15.

Cornelis,FM.E,, Luyten,EP. and Lories,R.J. (2011) Functional
effects of susceptibility genes in osteoarthritis. Discov. Med., 12,
129-139.

Wu,Z., Shou,L., Wang,]. et al. (2020) Identification of the key
gene and pathways associated with osteoarthritis via single-cell
RNA sequencing on synovial fibroblasts. Medicine (Baltimore), 99,
e21707.

Nanus,D.E., Badoume,A., Wijesinghe,S.N. ez al. (2021) Synovial
tissue from sites of joint pain in knee osteoarthritis patients
exhibits a differential phenotype with distinct fibroblast subsets.
EBioMedicine, 72,103618.



Database, Vol. 00, Article ID baac052

82.

83.

84.

Goebel,L., Reinhard,]. and Madry,H. (2017) Die Meniskuslasion -
ein praarthrotischer Zustand des Kniegelenks. Orthopade, 46,
822-830.

Zhou,J., Zhao,Z., He,C. et al. (2020) Single-cell transcrip-
tome analysis profile of meniscal tissue macrophages in human
osteoarthritis. J. Immunol. Res., 2020, 8127281.

Sun,H., Wen,X., Li,H. et al. (2020) Single-cell RNA-seq
analysis identifies meniscus progenitors and reveals the pro-
gression of meniscus degeneration. Amn. Rheum. Dis., 79,
408-417.

8S.

86.

87.

Neve,A., Corrado,A. and Cantatore,EP. (2011) Osteoblast physi-
ology in normal and pathological conditions. Cell Tissue Res., 343,
289-302.

Wang,Z., Li,X., Yang,]. et al. (2021) Single-cell RNA sequencing
deconvolutes the in vivo heterogeneity of human bone marrow-
derived mesenchymal stem cells. Int. . Biol. Sci., 17, 4192-4206.
Dicks,A., Wu,C.-L., Steward,N. et al. (2020) Prospective isolation
of chondroprogenitors from human iPSCs based on cell surface
markers identified using a CRISPR-Cas9-generated reporter. Stem
Cell Res. Ther., 11, 66.



	Multi-omics molecular biomarkers and database of osteoarthritis
	 Introduction
	 Overview of different marker genes related to OA
	 Genome-wide meta-analysis based on large-scale multicohort
	 DNA methylation study in human OA cartilage and blood
	 Non-coding RNAs mediated expression in OA progression
	 Molecular markers for OA and joints at single-cell resolution
	 Development of OAOB database, a database of OA omics and molecular biomarkers
	 Future perspectives
	 Integration with a clinical approach to improve treatment
	 Emphasis on the genetic markers from the blood system
	 Future application of single-cell RNA-seq technology in OA

	Supplementary data
	Funding
	Conflict of interest
	 Contributors
	References




