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Genetic biomarkers in osteoarthritis: a quick overview
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Abstract

Osteoarthritis (OA) is a chronic musculoskeletal disease with a polygenic and heterogeneous nature. In addition, when clini-

cal manifestations appear, the evolution of the disease is usually already irreversible. Therefore, the efforts on OA research are
focused mainly on the discovery of therapeutic targets and reliable biomarkers that permit the early identification of different
OA-related parameters such as diagnosis, prognosis, or phenotype identification. To date, potential candidate protein biomarkers
have been associated with different aspects of the disease; however, there is currently no gold standard. In this sense, genomic data
could act as complementary biomarkers of diagnosis and prognosis or even help to identify therapeutic targets of the disease. In

this review, we will describe the most recent advances in genetic biomarkers in OA over the past three years.
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Genetic biomarkers in osteoarthritis (OA) could serve as poten-
tial indicators for various disease parameters, including diag-
nosis or prognosis, and even act as surrogate endpoints in
clinical trials for disease-modifying drugs. Thanks to recent
technological advances, it has been possible to analyze data
from single-cell RNA sequencing (RNA-Seq), non-coding
RNAs, genome-wide DNA methylation, or genome-wide asso-
ciation studies (GWASs). These advances, combined with online
databases and high-throughput platforms, permitted investiga-
tors to gather an unprecedented amount of genomic data in OA
research.

Single-cell RNA sequencing

Although many challenges remain, substantial progress has
been made in recent years in obtaining high-quality single-cell
data sequencing, resulting in the discovery of unexpected
new biology and leading to new insights into development
and disease'. In the field of OA, the first human cartilage
single-cell RNA-Seq was performed by Quanbo Ji et al.’, who
analyzed the transcriptome of 1464 isolated chondrocytes from
10 patients undergoing knee arthroplasty surgery. The authors
identified seven molecularly defined populations of chondro-
cytes, three of which consisted of novel phenotypes with distinct
functions, termed homeostatic chondrocytes, regulatory chondro-
cytes, and effector chondrocytes. Differential expression analy-
ses between these phenotypes revealed newly identified OA
susceptibility regions. Subsequent gene expression assays at
both the tissue and cellular levels concluded that COL6A3 and
ACTGI genes might participate in the progression of OA®’.
Another recent study aimed to elucidate the molecular cross-talk
between cartilage and synovium by using single-cell RNA-Seq
in matched cartilage and synovium from patients with OA and
concluded that most of the key OA-related cytokines were
produced by synoviocytes but that only a smaller proportion
was produced by chondrocytes; interestingly, none of these
cytokines was exclusively expressed by chondrocytes®. In addi-
tion, these authors revealed the presence of a distinct subset of
HLA-DRA* synoviocytes, characterized by the high expression
of classic OA-related pro-inflammatory cytokines, including
ILIB, ILIA, IL6, TNF, CCL2, and CCL3". The authors pro-
pose to target these cell populations as an opportunity for early
therapeutic interventions in OA.

microRNAs

microRNAs (miRNAs) are small non-coding RNAs of 18 to 28
nucleotides and function as major players of post-transcriptional
regulation of protein expression by binding specific comple-
mentary sequences in the 3'-untranslated region of messenger
RNAs (mRNAs) to negatively regulate gene expression’. Their
involvement in normal and pathological processes has been
demonstrated. Studies performed during the previous decade
in OA included the identification of candidate miRNAs for
miRNA-based OA therapy as well as their usefulness as
biomarkers of disease®®. More recently, Coutinho de Almeida
et al. performed an integration approach by genome-wide
RNA-Seq of paired mRNA and miRNAs on macroscopically
preserved and lesioned OA cartilage from the same patient

to build an OA-specific miRNA interactome. The authors
found 142 miRNAs and 2387 mRNAs differentially expressed
between lesioned and preserved OA cartilage as well as a regu-
latory network of 62 miRNAs targeting up to 238 mRNAs.
Among their findings, the miR-99a-3p miRNA, not previ-
ously associated with OA, stands out. This miRNA targets the
highest number of genes, including FZD1 or GDF6’.

Interesting results have also been revealed by analyzing the
miR-34a-5p. This miRNA, whose expression is increased in
articular cartilage, plasma, and synovial fluid of patients with late
knee OA (Kellgren—-Lawrence [KL] grade III and IV) compared
with early radiographic knee OA (KL grade 0 and I) and even
in obese patients with late knee OA compared with non-obese
patients with late knee OA, promotes the expression of key
catabolic markers and reduces that of extracellular matrix
markers in human OA chondrocytes'’. Later, the role of this
miRNA in OA pathophysiology was supported by the fact that
miR-34a-KO mice subjected to destabilization of the medial
meniscus (DMM) surgery exhibited protection from -cartilage
degeneration'’. The authors conclude that the joint destructive
effects of this miRNA could be attenuated by using antisense
oligonucleotide (ASO) technology.

Another recent study, based on in-depth sequencing of plasma
circulating miRNAs, also proposed miRNAs as biomark-
ers of early symptomatic radiographic knee OA''. The authors
identified a set of 97 miRNAs with a significant differential
expression in at least 85% of samples in the early OA group
(n = 41 subjects with KL grade 0 or I), compared with the
median expression in the late OA group (n = 50 subjects
with KL grade III or IV), of which seven (hsa-miR-335-3p,
hsa-miR-199a-5p, hsa-miR-671-3p, hsa-miR-1260b, has-miR-
191-3p, hsa-miR-335-5p, and hsa-miR-543) remained sig-
nificant when the threshold was increased to at least 95% of
samples. In addition, the authors identified four novel miRNAs.
Their computational approaches revealed 27 common gene
targets, including several matrix metalloproteinases, aggreca-
nases, and collagens, contributing to cartilage catabolism and
anabolism''. The use of next-generation sequencing tech-
niques applied to the analysis of circulating miRNAs was also
used to assess their association with prevalent and incident
knee OA in women. In this sense, Jean-Charles Rousseau
et al. revealed that circulating miR-146a-5p and miR-186-5p
are significantly associated with prevalent and incident knee
OA, respectively, in women'”.

Several miRNAs are involved in the modulation of autophagy.
Autophagy is a necessary process to maintain cellular homeos-
tasis in articular cartilage, reduce chondrocyte apoptosis, and
inhibit inflammation; defective autophagy plays an important
role in the development of OA'. Other studies demonstrated
the role of several miRNAs in the modulation of autophagy
in OA'*'. Specifically, circulating miRNA let-7¢ levels have
been reported to be decreased in patients with knee OA and were
associated with an increased risk of arthroplasty due to severe
OA°®. More recently, Feng er al. examined the expression
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of circulating miR-let-7e in 10 patients with knee OA and
10 subjects with trauma without knee OA, followed by the expres-
sion of this miRNA in cartilage and serum of a knee OA rat
model. In addition, they examined the expression of apoptotic
and autophagy-related proteins in cartilage. They demonstrated
that, compared with controls, miR-let-7e levels were signifi-
cantly decreased in peripheral serum of patients with knee OA,
as well as in serum and cartilage of rats with knee OA, together
with an increased expression of proteins involved in the apop-
totic pathway and decreased expression of autophagy-related
proteins. Interestingly, the authors conclude that these effects
may be reversed by restoring the expression of miR-let-7e'”.

Long non-coding RNAs

Long non-coding RNAs (IncRNAs) are a group of non-coding
RNAs of more than 200 nucleotides in length'®. IncRNAs are able
to modulate mRNA stability, translation, and post-translational
modification in the cytoplasm'’. Recent studies have pointed
to a regulatory role related to the maintenance and progression
of inflammatory diseases. In the case of OA, IncRNAs regu-
late chondrocyte proliferation, apoptosis, chondrocyte-related
synovitis, and chondrocyte-associated extracellular matrix
degradation, suggesting that these molecules are essential reg-
ulators of cartilage degeneration during OA. Actually, they
are considered potential diagnostic biomarkers and attractive
therapeutic targets of the disease®*".

The first study to characterize IncRNAs genome-wide in OA
cartilage was performed by Ajekigbe er al.”?, who performed
an RNA-Seq assay in samples from hip cartilage of ten patients
with OA and six control subjects who had a neck-of-femur frac-
ture. One hundred ninety-eight IncRNAs were found to be
significantly differentially expressed between OA and healthy
hip cartilage. The authors subsequently compared the obtained
IncRNAs with those from a knee dataset, concluding that 1834
IncRNAs were expressed in both hip and knee cartilages. Of
the 198 and 93 differentially expressed hip and knee IncRNAs
(respectively), only 20, including both NEAT1 and MEGS3,
were common to the two cartilages®. Interestingly, IncRNA
MEG3 has been described to not only be involved in osteo-
genic differentiation and bone diseases” but also contribute
to cell proliferation and inhibit apoptosis and extracellular
matrix degradation via the miR-361-5p/FOXOI axis in OA
chondrocytes®. These findings led investigators to consider
this IncRNA as an attractive therapeutic target in OA.

IncRNA MFI2-AS1 could be considered another therapeu-
tic target in OA. The expression of this IncRNA is increased in
OA tissues and in lipopolysaccharide-treated C28/12 cells;
however, knockdown of MFI2-AS1 suppresses apoptosis,
inflammatory response, and extracellular matrix degradation by
increasing miR-130a-3p®.

Other small non-coding RNAs

Research into the role of other types of non-coding RNAs in
OA is starting to take off. This is the case of circular RNAs
(circRNAs) mainly, but also both small nucleolar RNAs (snoRNAs)
and transferent RNA-derived fragments (tRFs) stand out.

CircRNAs are a class of non-coding RNAs that circularize as
a covalently closed loop structure without a S5'-cap structure
and 3'-poly A tail. They are able to regulate gene expression by
sponging RNA-binding proteins and miRNAs. Recent stud-
ies describe a series of functions of circRNAs in OA, includ-
ing the modulation of metabolic homeostasis in cartilage matrix
as well as their participation in inflammation, chondrocyte
apoptosis, proliferation, and autophagy’*?’. Examples of some
recently discovered circRNAs as biomarkers in OA include the
hsa_circ_0032132, which is significantly increased in the blood
levels of patients with OA compared with healthy controls®,
and the hsa_circ_0101873, hsa_circ_0104595, and hsa_
circ_0101251, whose levels are significantly increased in the
synovial fluid of patients with OA and even show a positive
correlation with radiographic severity and WOMAC (Western
Ontario and McMaster Universities Arthritis Index) score”.
Similarly, hsa_circ_101178 has been proposed as a biomarker
for early diagnosis of OA since the serum levels of this circRNA
are significantly higher in patients with OA and, in addition,
these levels show a significant positive correlation with the
severity of the disease in terms of KL grade and WOMAC pain
score’®. The number of studies involving circRNAs in OA has
increased dramatically in recent years, but an in-depth descrip-
tion of both the biological roles and the mechanisms of action
of these small non-coding RNAs is beyond the scope of this
review.

SnoRNAs are non-coding RNAs located in the nucleolus and
are involved in ribosomal RNA (rRNA) modifications and there-
fore are key elements for the production of efficient RNAs.
Most snoRNAs are necessary for biological processes such as
mRNA splicing, genome stability, or protein translation, and
they are responsible for the modification of other non-coding
RNAs. In OA, the first microarray study using articular carti-
lage from young, old, and OA knees identified panels of snoR-
NAs differentially expressed, including SNORD96A as heavily
reduced with age and SNORD26 as significantly overexpressed
in OA®. The authors demonstrated that the alteration of
different snoRNAs affected chondrogenic and hypertrophic gene
expression and these snoRNAs could serve as therapeutic targets
in OA*.

tRFs are key small non-coding RNAs that regulate gene expres-
sion on multiple levels, including translation, transcription,
apoptosis, cell proliferation, and ribosome biogenesis. Aber-
rant expression of these non-coding RNAs was detected in
different human diseases, including cancer and neurodegen-
erative disorders®. In OA, the knowledge of tRFs is still scarce;
however, their study opens a new area of their potential use as
therapeutic targets and biomarkers in OA. Even though Zach-
arjasz et al. published a summary of differentially expressed
tRFs in OA, only one study to date aimed to determine the
function of the most upregulated tRF in OA, tRNA-Cys-GCA
in interleukin 1 beta (IL-1f)-stimulated chondrocytes. The
authors found that this tRF regulates the Janus kinase 3 (JAK3)
expression in chondrocytes, therefore regulating the expression
of different cytokines, including 7L-6%.
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DNA methylation

Among epigenetic modifications, DNA methylation is the best
characterized and consists of the addition of a methyl group to
DNA at specific CpG sites and generally correlates with gene
silencing. This epigenetic modification in OA has been the focus
of different studies in recent years. In fact, it has been described
that a large number of genetic risk variants associated with
OA correlate with DNA methylation changes that take place
in cartilage™. The first methylation studies consisted of the
analysis of specific CpG sites in the promoter regions of genes
involved in the development of OA, such as metalloproteinases®.
However, in recent years, the use of genome-wide arrays emerged
and specific methylation profiles have been described in knee
and hip cartilage’®?. These studies identified specific clus-
ters of OA patients with altered methylation patterns in genes
involved in the inflammatory response. A more recent study,
performed in peripheral blood mononuclear cells, developed
methylation models to predict radiographic progression®.
Despite the relatively small sample size, their models including
methylation data were significantly more predictive of radio-
graphic progression than those models including only patient
characteristics, and a set of associated genes and pathways, some
of them previously associated with OA development, has been
proposed to be associated with rapid OA progression.

Of special interest is the analysis of methylation dynamics in
enhancers. Enhancers are regulatory DNA sequences that, when
bound by transcription factors, stimulate (enhance) the transcrip-
tion of an associated gene or genes. Therefore, these sequences
have pivotal roles in the regulation of gene expression. An inter-
esting study by Xiaozong Lin et al*® explored the methylation
dynamics in enhancers by using a public dataset from a study
by Rushton er al’’, performed on 108 cartilage samples from
patients with knee OA and hip OA and also hip cartilages from
healthy donors. After analyzing the data, Xiaozong Lin et al.
observed that enhancers suffer major methylation changes in
comparison to other genetic regions. The authors also identified
a huge percentage of differentially methylated CpG in enhanc-
ers between male and female patients with hip OA, most of
them significantly hypomethylated in females, as well as organ
source—dependent differences in enhancer methylation between
hip and knee OA. In summary, the authors conclude that their
enhancer methylation atlas can be used as a biomarker of
OA subtypes®.

Another interesting bioinformatics approach combined three
different public datasets: two expression profiles and one
methylation data. The authors identified 133 abnormally meth-
ylated and differentially expressed genes, of which 85 were
hypomethylated and correlated with high-expression genes and 48
were hypermethylated and correlated with low-expression genes.
Subsequent combination of protein—protein interaction (PPI)
network construction and co-expression analysis revealed that
hypomethylated and high-expression genes COL3Al, LUM,
and MMP2 are hub genes for end-stage OA, and the authors
propose THBS?2 as a novel biomarker for end-stage OA too™.

Methylation quantitative trait loci (mQTLs) are genetic variants
that correlate with methylation levels at a CpG site. Up to 25%
of OA risk loci are considered mQTLs*. Rice et al. combined
genotyping, DNA methylation, and RNA-Seq data from the
cartilage of patients who had undergone arthroplasty with in
silico analyses to investigate 42 OA risk loci. In 10 of these
42 risk loci, 24 CpGs in which methylation correlated with
genotype were identified. The in silico analyses of these 10
mQTLs revealed collagen beta (1-O) galactosyltransferase 2
(COLGALT2), collagen 11 type A 2 (COLI1IA2), and WW
domain-containing E3 ubiquitin protein ligase 2 (WWP2) as
emerging key target genes'. Interestingly, mitochondrial DNA
(mtDNA) variations seem to act as mQTLs too. Cortés-Pereira
et al. demonstrated a differential association of mtDNA hap-
logroups H and J with the methylation status of articular
cartilage. The differential expression of nuclear genes affects
important processes involved in OA, such as apoptosis and
dysregulated metabolism and development”. mtDNA hap-
logroups H and J have antagonistic effects in the evolution
of OA*, and their impact on the pathogenesis of OA could
be mediated by the retrograde control that mitochondria exert
over the nucleus through a series of signaling mechanisms
that alter DNA methylation pattern*’. Therefore, since the
epigenetic modifications that take place in OA differ between
haplogroups, these mtDNA variants could be considered
complementary genetic biomarkers of the disease.

Genome-wide association studies

In recent years, GWASs became important genetic tools that
permitted investigators to understand the polygenic nature
of OA. To date, up to 124 single-nucleotide polymorphisms
(SNPs) encompassing 95 independent loci have been associated
with OA*. The effect size of risk loci for OA, as for many
common polygenic diseases but not for Mendelian diseases,
is quite small and therefore the “liability threshold” model
can be applied to OA. This model considers that the higher
the number of risk variants an individual harbors beyond a
threshold number, the higher the susceptibility to develop the
disease*. Another interesting aspect is the fact that, as in many
other common diseases, most of the GWAS signals have been
reported in non-coding regions of the genome®*.

The complex post-GWAS analyses led to the identification of
target genes of OA-associated SNPs as well as genes that have
a therapeutic approved or in clinical trials. Among the tar-
get genes, COLGALT2, RUNX2, PLEC, MGP, ALDHIA2,
TGFB1, GDF5, RWDD2B, CDCS5L, and SMAD?3 stand out. Inter-
estingly, the coded proteins of these genes are involved in bio-
logical functions related to OA, such as cytoskeletal protein
(PLEC), extracellular signaling (GDF5 and TGFBI), transcription
factor essential for osteoblastic differentiation and skeletogen-
esis (RUNX2), intracellular enzyme (ALDHIA2), or extracel-
lular calcium regulator (MGP)*. Of these, TGFBI and GDF5,
together with FGFI8, CTSK, IL11, DPEPI, DIABLO, CRHRI,
MAPT, and TNFSF15, have a therapeutic approved or in clinical
trials®.
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Mitochondrial genetics

Mitochondria are cellular organelles whose main function is
the production of ATP through the oxidative phosphorylation
system; however, they have been implicated in other cellular
processes such as calcium homeostasis, apoptosis signaling,
redox balance, or inflammation. Impaired mitochondria leads to
a series of events—such as increased apoptosis, inflammatory,
and catabolic response as well as a decrease of chondrocyte
anabolic and growth response—that contribute to the devel-
opment of OA®. In addition, mitochondria contain their own
genetic material, mtDNA, with specific stable genetic polymor-
phisms inherited through the maternal line as a consequence of
the adaptations that permitted humans to adapt to different
climates®®. These genetic polymorphisms are called haplo-
groups and have been associated with the risk of different
human diseases, including OA*7*%,

In recent years, mtDNA haplogroups have been consolidated
as biomarkers of prevalence, incidence, and progression of
OA in Caucasian and non-Caucasian populations. Results of
different works demonstrated that subjects carrying the mtDNA
haplogroup J show a lower risk of OA susceptibility” as well
as a lower risk of knee OA incidence when compared with the
haplogroup H™. In addition, patients with the mtDNA cluster
TJ show a lower risk of knee OA progression when compared
with patients in the mtDNA cluster HV®!. Mechanisms that could
explain these findings include a lower rate of apoptosis in addi-
tion to lower levels of reactive oxygen species (ROS) and higher

survival under oxidative stress conditions in cells harbor-
ing these haplogroups®. Similar results were obtained in
non-Caucasian populations. Specifically, haplogroup G pre-
disposes to an increased risk of OA in southern China
populations because of lower glycolysis activity”. In addition,
haplogroup B is associated with an increased incidence of
knee OA in Koreans™.

Different studies in animal models of conplastic mice support
the above-mentioned findings. Conplastic mice consist of mice
with the same nuclear genome but different mtDNA variants.
On the one hand, these studies showed that mtDNA haplo-
type profoundly influenced ROS generation and mitochondrial
proteostasis as well as insulin signaling, obesity, telomere
shortening, and mitochondrial dysfunction®. In the field of OA,
the use of these animals demonstrated the functional impact of
non-pathological variants of mtDNA on OA process using a
surgically induced OA model. The latter study demonstrated that
specific conplastic mice BL/6Y® developed less severe OA, as
indicated by a reduced Osteoarthritis Research Society Interna-
tional (OARSI) histopathology score and synovitis, accompanied
by higher autophagy and lower apoptosis™.

Conclusions and future directions

Some of the most relevant genetic biomarkers in OA are shown
in Table 1. On the one hand, the amount of genomic data avail-
able so far permitted investigators to identify a series of biological
processes that, to a greater or lesser extent, could explain the

Table 1. Relevant genetic biomarkers in osteoarthritis.

Genomic approach Genomic region
COLBA3, ACTG1
miR-99-3p

miR-34a-5p

Single-cell RNA sequencing

microRNAs

hsa-miR-335-3p, hsa-miR-199a-5p, hsa-miR-

671-3p, hsa-miR-1260b,
hsa-miR-191-3p, hsa-miR-335-5p

miR-146a-5p
miR-186-5p

miR-let-7e

INcRNA NEAT1
INcRNA MEG3

INcRNA MFI2-AST
hsa_circ_0032132
hsa_circ_0101873
hsa_circ_0104595
hsa_circ_0101251
hsa_circ_101178
SNORD96A
SNORD26

Long non-coding RNAs

Circular RNAs

Small nucleolar RNAs

Outcome References
Progression biomarkers 3
Diagnostic biomarker 9

Late knee OA biomarker in obese patients 10

Early symptomatic knee OA biomarkers 11

Prevalent and incident knee OA in women 12

Severity biomarker, defective autophagy 6,17

Diagnostic biomarkers/Therapeutic targets 22,24

Diagnostic biomarkers/ Therapeutic targets 25

Diagnostic biomarker 28
Diagnostic/Severity biomarkers 29
Early symptomatic knee OA biomarker 30
Aging biomarker 31

Diagnostic biomarker/Therapeutic target
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Genomic approach Genomic region

Transferent RNA-derived tRNA-Cys-GCA

fragments
DNA methylation COL3A1, LUM, MMP2, THBS2
COLGALT2, COL11A2, WWP2

Genome-wide association
study

DIABLO, CRHR1, MAPT, TNFSF15
Mitochondrial genetics Haplogroup J
mtDNA cluster JT

Haplogroup G
Haplogroup B

COLGALT2, RUNX2, PLEC, MGP, ALDH1A2,
TGB1, GDF5, RWDD2B, CDC5L, SMAD3

TGB1, GDF5, FGF18, CTSK, IL11, DPEP1,

Outcome References
Diagnostic biomarker/Therapeutic target €S
End-stage OA biomarkers 40
End-stage OA biomarkers 41

Target genes associated with the 34
development of OA

Therapeutic approved or in clinical trials 45
Prevalence and incidence knee OA 49,50
biomarker in Caucasian populations

Knee OA progression biomarker in 51

Caucasian populations
Prevalence knee OA biomarker in Chinese 52

Incidence knee OA biomarker in Koreans 58

ACTG1, actin gamma 1; ALDH1A2, aldehyde dehydrogenase 1 family member A2; CDC5L, cell division cycle 5 like; COL3AT, collagen type Ill alpha 1
chain; COL6A3, collagen type VI alpha 3 chain; COLGALT2, collagen beta(1-O)galactosyltransferase 2; COL11A2, collagen type Xl alpha 2 chain; CRHR1,
corticotropin releasing hormone receptor 1; CTSK, cathepsin K; DIABLO, diablo IAP-binding mitochondrial protein; DPEP1, dipeptidase 1; FGF18, fibroblast
growth factor 18; GDF5, growth differentiation factor 5; hsa-miR, human microRNA; /L11, interleukin 11; IncRNA, long non-coding RNA; LUM, lumican; MAPT,
microtubule associated protein tau; MEG3, maternally expressed 3; MGP, matrix Gla protein; MMP2, matrix metallopeptidase 2; mtDNA, mitochondrial DNA;
NEAT1, nuclear paraspeckle assembly transcript 1; OA, osteoarthritis; PLEC, plectin; RUNX2, RUNX family transcription factor 2; RWDD2B, RWD domain-
containing 2B; SMAD3, SMAD family member 3; TGB1, transforming growth factor beta 1; THBS2, thrombospondin 2; TNFSF15, transforming growth factor
superfamily member 15; WWP2, WW domain-containing E3 ubiquitin protein ligase 2

impact of genetic variants derived from GWASs on the devel-
opment of the disease as well as related proteins involved in
target therapeutic pathways. Among these processes, articu-
lar joint maintenance, homeostasis, and formation stand out*.
However, given the polygenic nature of OA and the fact that the
proportion of heritability for the currently known risk loci is
just 22.5%", the remaining unknown loci are still large. On
the other hand, the development of high-quality single-cell
sequencing led to the identification of novel phenotypes
of chondrocytes and synoviocytes, which could serve as
targets for early therapeutic interventions in OA. In addition,
among the huge number of non-coding RNAs involved in the
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