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Aims

Osteoarthritis (OA) is a common degenerative joint disease. The osteocyte transcriptome
is highly relevant to osteocyte biology. This study aimed to explore the osteocyte transcrip-
tome in subchondral bone affected by OA.

Methods

Gene expression profiles of OA subchondral bone were used to identify disease-relevant
genes and signalling pathways. RNA-sequencing data of a bone loading model were used
to identify the loading-responsive gene set. Weighted gene co-expression network analysis
(WGCNA) was employed to develop the osteocyte mechanics-responsive gene signature.

Results

A group of 77 persistent genes that are highly relevant to extracellular matrix (ECM) biol-
ogy and bone remodelling signalling were identified in OA subchondral lesions. A loading
responsive gene set, including 446 principal genes, was highly enriched in OA medial tibial
plateaus compared to lateral tibial plateaus. Of this gene set, a total of 223 genes were iden-
tified as the main contributors that were strongly associated with osteocyte functions and
signalling pathways, such as ECM modelling, axon guidance, Hippo, Wnt, and transforming
growth factor beta (TGF-B) signalling pathways. We limited the loading-responsive genes
obtained via the osteocyte transcriptome signature to identify a subgroup of genes that are
highly relevant to osteocytes, as the mechanics-responsive osteocyte signature in OA. Based
on WGCNA, we found that this signature was highly co-expressed and identified three clus-
ters, including early, late, and persistently responsive genes.

Conclusion
In this study, we identified the mechanics-responsive osteocyte signature in OA-lesioned
subchondral bone.
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Article focus compared to the lateral tibial plateaus,

This study explored the osteocyte tran-
scriptome in OA subchondral bone and
identified mechanics-responsive genes
that contribute to subchondral bone
remodelling.

Key messages

A group of 77 persistent genes were iden-
tified as being relevant to extracellular
matrix (ECM) biology and bone remodel-
ling signalling in OA subchondral lesions.
The loading responsive gene set was
enriched in the OA medial tibial plateaus

associated with osteocyte functions and
signalling pathways.

Three clusters, highly co-expressed in
the mechanics-responsive osteocyte
signature, were identified as early, late,
and persistently responsive genes. The
early responsive genes WNTS5A and
SEMA3D may be promising targets for
early OA.

Strengths and limitations

elucidated mechanisms
osteocyte  biology in

This  study
underlying
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subchondral bone remodelling and identified a
mechanics-responsive osteocyte signature that may
shed light on the blockage of mechanotransduction
and help to modify early OA.

These findings advance the understanding of the
mechanisms underlying gene-based regulation of
subchondral bone mechanics and the signalling asso-
ciated with it. However, the precise role of osteocytes
remains elusive because the analysis was based on the
gene expression profiles of bulk subchondral bone
tissue rather than the isolated osteocytes.

This study focused exclusively on the connections
between OA, subchondral bone, and the osteo-
cyte transcriptome. The loss/gain of function assays
would help to speculate on the cause-effect relation-
ships between them. Data analysis based on multiple
species may affect the reliability of this study.

Introduction
Osteoarthritis (OA) is characterized by progressive carti-
lage degradation, osteophyte formation, synovial inflam-
matory response, angiogenesis, nerve innervation, and
subchondral bone sclerosis. Loading is considered a
critical risk factor for OA.> Mechanical loading exerts anti-
catabolic and anabolic effects on cartilage and results
in abnormal subchondral bone remodelling.%” Thus,
reducing loading and/or blocking mechanotransduction
in responsive joint tissues may help to modify OA.
Lesioned subchondral bone is an important indi-
vidual feature of OA pathology. Stiffened and less pliable
subchondral bone could transmit increased loads to over-
lying cartilage, leading to secondary cartilage damage
and degeneration.® Enhanced subchondral bone remod-
elling could be a vital mechanism of cartilage degrada-
tion because it happens in early OA preceding cartilage
deterioration.” Subchondral bone remodelling is charac-
terized by bone resorption, sclerosis, and microarchitec-
ture alterations.® The heterogeneous outcomes of bone
remodelling may be attributed to variance in spatial
mechanics. Although disruption of osteoclast (Oc) and
osteoblast (Ob) functions in subchondral bone lesions
is highlighted, the role of osteocytes has been disre-
garded. Mechanical loading is a critical factor in OA, and
osteocytes, which are mechano-sensitive and regulate
Oc and Ob functions,'*™ are speculated to be involved
in OA. Sclerostin, a key Wnt signalling inhibitor secreted
by mature osteocytes, is responsive to mechanical stim-
ulation in OA subchondral bone.'>'¢ Substantiating this,
osteocytes showing notable morphological and pheno-
typic changes, such as rounded cell bodies with reduced
dendrites and dysregulated expression of osteocyte
markers, have been identified in OA samples."” Although
osteocyte-intrinsic transforming growth factor beta
(TGF-B) signalling in perilacunar/canalicular remodelling
(PLR) has been reported in OA development, the role of
osteocytes in OA subchondral bone remains elusive.’®
The osteocyte transcriptome has been defined as a group
of genes highly relevant to osteocyte biology."

This study investigated the osteocyte transcriptome
via published gene expression profiles of OA subchon-
dral bone lesions, to answer the following questions: 1)
does the osteocyte transcriptome change in OA; 2) is the
osteocyte transcriptome associated with OA subtypes;
and 3) is there a group of mechanics-responsive genes
in the osteocyte transcriptome that notably contribute to
subchondral bone remodelling in OA?

Methods

Data processing and differential expression analysis. Gene
expression profiles of GEO dataset GSE51588 were ob-
tained from the National Centre for Biotechnology
Information (NCBI) Gene Expression Omnibus (GEO).%*
The microarray dataset is based on the Agilent-026652
Whole Human Genome Microarray 4 x 44K v2 (Agilent,
USA) and contains human OA (n = 20) and non-OA (n
= 5) knee lateral and medial tibial plateaus (LT and MT,
respectively). Differential expression analysis was per-
formed using the R package limma (v3.11; R Foundation
for Statistical Computing, Austria).?’ Differentially ex-
pressed genes (DEGs) were identified using the criteria of
false discovery rate (FDR) < 0.05.

Functional annotations of DEGs and gene set. Gene
Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) of gene functional annotations were
performed using the R package ClusterProfiler (v3.14.3;
R Foundation for Statistical Computing).?? Based on hy-
pergeometric distribution, enrichGO and enrichKEGG
functions were employed to perform enrichment tests
for GO terms and KEGG pathways. Gene set enrichment
analysis (GSEA) was employed to determine whether a
priori defined set of genes showed statistically significant
differences between the groups or samples using GSEA
software v4.1.0 (Broad Institute, USA).?*> The estimated
enrichment scores of specific gene sets of individual sam-
ples were estimated using the single-sample GSEA (ssG-
SEA) algorithm.?

Definition of bone loading-responsive gene set. The gene
expression profiles of loading (n = 4) and non-loading
(n = 4) bones were obtained from dataset GSE133212,*
which is based on the lllumina NextSeq 500 platform
(INumina, USA). The RNA-sequencing reads were aligned
to the mm10 mouse genome (STAR v2.4.2a, Alexander
Dobin, USA). Gene counts were derived from the number
of uniquely aligned unambiguous reads (featureCount,
v1.4.6, Wei Shi Lab, USA) and annotated using GENCODE
(Release M27). All gene-level transcript counts were
then normalized for library size and the DEGs (FDR <
0.05) were identified by comparing loading versus non-
loading samples using the R package DESeq2 (v1.32.0; R
Foundation for Statistical Computing),?® which was de-
fined as the bone loading-responsive gene set.
Identification of mechanics-responsive osteocyte sig-
nature. The osteocyte transcriptome signature is de-
fined as a group of genes (1,033 genes for humans and
1,239 genes for mice) that distinguish osteocytes from
other cells.” The candidate genes were identified by
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overlapping the DEGs in the comparison of MT versus LT,
osteocyte transcriptome, and bone loading-responsive
gene set. To identify co-expressed candidate genes,
the osteocyte transcriptome signature was analyzed by
weighted gene co-expression network analysis (WGCNA)
using the R package WGCNA (v1.69; R Foundation for
Statistical Computing)? as previously described.?
Independent dataset validation. The independent GEO
dataset GSE30322 was employed to validate the signifi-
cant genes. GSE30322 contains 30 gene expression pro-
files of subchondral bone tissue from experimental rat OA
(n =15) and sham animals (n = 15).%

Statistical analysis. Comparisons between two groups
were performed using unpaired two-tailed t-test and
one-way analysis of variance (ANOVA) for comparison
among more than two groups. Correlations were esti-
mated by Pearson correlation coefficient. Pathway anal-
ysis p-values were adjusted by Benjamini & Hochberg
method. All data are displayed as mean (SD) and analyz-
ed using GraphPad Prism software version 7.0 (GraphPad,
USA). Statistical significance was set at p < 0.05.

Results

Persistent genes and signalling pathways in OA subchon-
dral bone. We summarized the clinical features of all
individuals involved in this study (Supplementary
Figure a). OA phenotypes assessed by the Osteoarthritis
Research Society International scoring assessment sys-
tem (OARSI)* and subchondral bone parameters were
only staistically significant in the comparisons of OA MT
versus healthy MT and OA MT versus paired OA LT, sug-
gesting that the MT region was more sensitive to OA. As
mechanical stress is primarily transferred via MT,*' these
characteristics indicated an important clue regarding the
mechanics involved in OA-lesioned subchondral bone.
Despite morphological parameters not being changed in
OA LT samples, a distinct difference existed between OA
LT and healthy LT in the human dataset GSE51588, sug-
gesting that transcriptome shifts preceded morphologi-
cal changes of subchondral bone (Supplementary Figure
b). Moreover, two separated clusters were identified be-
tween OA MT and paired LT but not between healthy MT
and healthy LT (Supplementary Figure b). Thus, we sur-
mised that OA LT and OA MT samples represented the
early and late OA stages, respectively, and that differenc-
es between the transcriptome of these two groups may
be attributed to mechanical loading. To identify persis-
tent genes in OA, we identified the DEGs between OA/
healthy and OA MT/paired LT and overlapped these three
DEG groups (Figures 1a and 1b). On comparing OA LT
versus healthy LT, we identified 6,101 DEGs using FDR
< 0.05. Similarly, 5,962 and 8,379 DEGs were identified
in OA MT versus healthy MT and OA MT versus OA LT,
respectively (Supplementary Figure c). Limited to DEGs
with a robust fold-change value (log,FC < -1 or > 1), 77
common DEGs, including 52 upregulated and 25 down-
regulated genes, were identified as persistent genes via
overlapping (Figure 1b). We employed the robust rank

aggregation (RRA) method?? to identify the commonly
prioritized gene list in these three comparisons. The top
25 upregulated and top ten downregulated genes are
summarized (Figure 1c). Among the common genes, 19,
including Aspn, Col16al, Col2al, Col3al, Col5a2, Dkk3,
Entpd3, Fap, Kazaldl, Nid2, Ogn, Ptgfr, Ptprz1, Rhbdi2,
Sema3d, Smoc2, Smpd3, Lin7a, and $100a8, were val-
idated via an independent rat OA subchondral bone
dataset (GSE30322) (Figure 1d, Supplementary Figure
d, Supplementary Table i). The roles of these persistent
genes in OA were determined via GO and KEGG analyses
(Figure 1e). These were highly relevant to the extracellu-
lar matrix (ECM), including matrix composition, resorp-
tion, and signal transduction. ‘Axon guidance’, a pathway
which is evidently relevant to osteocyte biology, was also
highlighted."
Bone loading-responsive gene set is highly relevant to
OA. To define the bone loading-responsive gene set, a
dataset containing the gene expression profiles of four
loading and four paired non-loading tibiae was recruit-
ed. Comparison between loading and non-loading
groups helped to identify 2,632 genes as the transcrip-
tome responsive to mechanics, among which 446 genes
harboured robust fold changes (log,FC < -1 or > 1)
(Supplementary Figure ea). These genes were highly rel-
evant to ECM organization, focal adherence, migration,
Hippo, PI3K-Akt, and Hedgehog signalling pathways
(Supplementary Figure eb), suggesting a potential as-
sociation between these and OA. GSEA results indicated
that this gene set was significantly associated with over-
loading or assumed late disease stage (Figure 2a). In addi-
tion, these 446 genes were more sensitive in distinguish-
ing between OA and healthy samples (Figure 2b). The
score estimated by the loading responsive gene set (446
genes) was elevated in OA MT compared to paired OA LT,
but it did not change in healthy MT compared to paired
LT (Figure 2b), suggesting that the enhanced response of
these genes may depend on mechanics as well as other
disease-related conditions, such as inflammation.
Among these genes, the leading-edge subset was
the main contributor to the difference between OA MT
and paired LT (Figure 2a). It is not surprising to find that
this subset was mainly relevant to ECM and some bone
modelling pathways, such as Wnt, TGF-B, Ob differen-
tiation, and ossification (Figure 2c). We plotted the top
50 significant leading genes and the genes involved
in ECM structural constitutions, axon guidance, and
TGF and Wnt signalling pathways (Figure 2d). The
expression of all these genes was increased in OA MT
compared to paired LT. A total of 48 genes, including
the top ten significant genes, COL3AT, COLI8AI,
CTHRCT, COL6A3, POSTN, VCAN, COL6AT, LUM, COL5A2,
and ASPN, were associated with ECM structural constit-
uents (Figure 2d). Overall 18 critical genes relevant
to Wnt and TGF signalling pathways, such as TGFB3,
BMP7, TGFB2, WNT5A, WNTT1, WNTT10B, and SOST, were
identified. Among these, BMP7, WNT5A, and CAMK2B
were also associated with axon guidance (Figure 2d).
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Fig. 1

Persistent genes and signalling pathways in osteoarthritis (OA) subchondral bone. a) The volcano plots of top 30 upregulated or downregulated differentially
expressed genes (DEGs) in the comparisons of OA lateral tibial plateau (LT) versus healthy LT, OA medial tibial plateau (MT) versus healthy MT, and OA MT
versus OA LT, respectively. b) The common genes of three comparisons, including 52 common upregulated and 25 downregulated genes. The 77 genes
were defined as the persistent OA-relevant genes independent of regions. c) The heatmap plot of the persistent genes (the top 25 upregulated and top

ten downregulated genes). Rank score was estimated by robust rank aggregation (RRA) method. Smaller rank score indicates greater significance in the
comparison. d) Independent dataset validation of the top ten persistent genes based on the estimated rank score. OA versus sham; *p < 0.05; ** p < 0.01;

all p-values estimated by unpaired two-tailed t-test. e) Gene Ontology (GO) terms and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways of

the persistent genes. GeneRatio indicates the gene number ration in each GO term or KEGG pathway. The colour and size of each dot represents a p-value
adjusted by Benjamini & Hochberg method and gene number assigned to the corresponding GO term and KEGG pathway, respectively.

DCN was identified as an ECM constituent involved in
the Wnt signalling pathway (Figure 2d). As these genes
were relevant to OA subchondral bone remodelling,
they were partially validated using an independent
rat OA subchondral bone dataset (Figure 2e). After
homologous mapping, we found that 60 genes were

expressed in the rat validation dataset, among which 31
genes were validated and consistent with human data
(Supplementary Table ii). For axon guidance, only one
gene, EPHA4, was validated; for Wnt and TGF signal-
ling, FZD1, TGFB2, TGFB3, DCN, and ACVR1 were vali-
dated; the remained 25 genes were ECM constituents,
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Fig. 2

Bone loading-responsive gene set is highly relevant to osteoarthritis (OA). a) Gene Set Enrichment Analysis (GSEA) of loading responsive gene set in the
osteoarthritis (OA) medial tibial plateau (MT) and the paired lateral tibial plateau (LT) samples. NES, normalized enrichment score; FDR, false discovery rate,
p-values estimated by one-way analysis of variance (ANOVA) and adjusted by Benjamini-Hochberg method. Leading-edge subset was considered as the

main contributing genes to the difference between the OA MT and the paired OA LT samples. b) Estimated score calculated by single-sample GSEA (ssGSEA)
algorithm in the OA MT and the paired LT samples. ns, not significant; *p < 0.05; **p < 0.01; all p-values estimated by one-way analysis of variance (ANOVA).
c) Gene Ontology (GO) terms and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways of the persistent genes. GeneRatio indicates the gene
number ration in each GO term or KEGG pathway. The colour and size of each dot represents a p-value adjusted by Benjamini & Hochberg method and gene
number assigned to the corresponding GO term and KEGG pathway, respectively. d) The top 50 genes in leading-edge subset (i) and the essential genes
relevant to extracellular matrix (ECM) structural constituent (i), Wnt and transforming growth factor (TGF) signalling pathways (iii), and axon guidance (iv).
e) Independent dataset validation of some essential genes relevant to bone remodelling. OA versus sham; *p < 0.05; **p < 0.01; all p-values estimated by
unpaired two-tailed t-test.
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including COL3A1, COL5A2, COL6AT, COL18A1, CTHRCI,
POSTN, and LUM (Figure 2f and Supplementary Table
ii).

Osteocyte transcriptome signature reveals three clusters
of mechanics-responsive genes. The osteocyte transcrip-
tome signature was enriched in the OA samples com-
pared to healthy samples (Figure 3a). The estimated en-
richment scores of OA MT or LT were higher compared
to those of healthy samples, while no change was ob-
served between healthy MT and LT (Figure 3a). Cluster
analysis indicated that the osteocyte signature efficiently
distinguished between the two classes of OA samples
(Figure 3b). This result was similar to the estimated score
of the bone loading-responsive gene set (Figure 2b), sug-
gesting a potential overlap between the osteocyte sig-
nature and the loading-responsive gene set. Indeed, we
found 282 common genes by overlapping the DEGs of
OA MT with paired LT, the loading-responsive gene set,
and the osteocyte signature, including 277 upregulated
and five downregulated genes (Figure 3c). The common
genes of these three gene sets indicated an intrinsic rela-
tionship among the mechanics, osteocyte involvement,
and subchondral bone lesion. The WGCNA method iden-
tified six gene modules that were groups of co-expressed
and functionally relevant genes (Figure 3d). Module 5
was significantly related to disease (OA), region (MT),
and the estimated scores of these two gene sets, indicat-
ing that these genes played a critical role in this mod-
ule. Over 85% of the 282 common genes were assigned
to this module (Supplementary Figure f). Thus, 241 co-
expressed common genes were identified as osteocyte
mechanics-responsive genes.

A gene which is significantly correlated with OA,
or a related region, indicates that the revealed gene
contributes to OA/healthy or MT/LT more significantly
than others. As the MT region is more sensitive to OA,
a gene showing good correlation with this region may
display a good correlation with OA. To identify genes
significantly associated with both OA and the region, we
plotted these genes according to correlation between
gene-disease and gene-region. However, the correla-
tion between disease and region was still poor (r =
-0.41, Pearson correlation coefficient), even though two
outliers (CP and PLEKHA6) were removed from the anal-
ysis (Supplementary Figure g). This suggested that some
genes regulated either the disease or the region. RRA
algorithm was used to calculate a score that integrated
gene-disease and gene-region correlations, with r = 0.5
as cut-off, thereby separating the genes into three clus-
ters (Supplementary Figure h). Cluster 1, which included
the genes showing a good correlation with region (r >
0.5) and a poor correlation with disease (r < 0.5), was
considered to be the main contributor to the difference
between the MT and LT regions (Figure 3e). This cluster
remained unchanged in OA LT but significantly increased
in OA MT (Figure 3f). Therefore, we defined this cluster
as late-responsive genes, of which POSTN, TUBB3, GPX7,
and PYCRT were the top four, according to the integrated

score of correlations. Although OA-relevant morphology
phenotypes were absent in OA LT, cluster 2 genes were
increased in OA LT compared to healthy LT and are thus
defined as early responsive genes. Compared to cluster
2, cluster 3 was characterized by a more robust change
between OA MT and paired LT and is defined as a group
of persistently responsive genes. The top four genes in
cluster 2 and cluster 3 included SLIT3, DPYSL3, PTPRD,
and UNC5B and COL3A1, COL6AT, LUM, and GLT8D2,
respectively (Figure 3f). Although WNT5A and SEMA3D in
cluster 2 did not have a good rank score, they were iden-
tified as persistent.

Discussion

Osteocytes, which are terminally differentiated Obs
embedded in the bone matrix, function as mechanosen-
sors and maintain bone homeostasis and integrity.**3* This
is also applicable to subchondral bone and OA. Due to the
native connection between OA and mechanics, osteocyte
functions are disrupted during OA development. The role
of osteocytes is important because alteration of subchon-
dral bone during early OA may precede cartilage degener-
ation.* However, the role of osteocytes in OA subchondral
bone remains elusive. Investigating the role of osteocytes in
OA is challenging due to difficulties in isolating osteocytes
from subchondral bone caused by native embedding in the
matrix and the limited number of cells available. Although
immunohistochemistry and immunofluorescence may
help to analyze altered gene expression, these are not
convincing in some cases. More recently, success has been
achieved using mouse conditional knockout models. Mazur
et al*® reported that osteocytic matrix metalloproteinase 13
(MMP13) deficiency exerts a protective effect on early OA,
via its effects on PLR. Bailey et al*’ verified that subchondral
bone remodelling in response to injury requires osteo-
cytic TGF-B signalling. Thus, our pioneering efforts, which
obtained evidence by applying accepted concepts related to
bone research and OA investigations, may reveal osteocyte-
related mechanisms. Although some genes and signal-
ling pathways active in OA subchondral bone have been
revealed via microarray platforms, it is challenging to apply
methods such as RNA sequencing to gain an understanding
of the osteocyte transcriptome.?? We reviewed the data of
Chou et al*® and applied the osteocyte transcriptome signa-
ture defined by Youlten et al™ to identify key signalling path-
ways and genes relevant to osteocyte function. We found
that the osteocyte transcriptome signature was associated
with OA, among which the persistent and mechanics-
responsive genes indicated an intrinsic relationship among
the mechanics, osteocyte involvement, and subchondral
bone lesion. This group of mechanics-responsive genes in
the osteocyte transcriptome may contribute to subchondral
bone remodelling.

Evidently, cartilage ECM is actively remodelled by chon-
drocytes during OA progression.?® However, shifts in the
composition, arrangement, and mechanics of the ECM of
OA subchondral bone are not clearly demonstrated, even
though these were evidenced by micromorphological

VOL. 11, NO. 6, JUNE 2022



368 J. ZHOU, Z. HE, J. CUI, X. LIAO, H. CAO, Y. SHIBATA, T. MIYAZAKI, |. ZHANG

a Osteocyte Gene Signature Enrichment b Principal Component Analysis d Module-trait relatlonshlps

-1
2 NES=3.04 (Ocy gene signature) -0.36 (
3 FDR<0.001 os0 (0.01)
c Y 0.52 0.42 L
g (1e-04) (0.003) | |[*®
<
L 025 ) [se} 0.78 -0.46 0.48
S < e Y = [(3e-11) (8e-04) (4e-04) Ly
Ocy Enrichment Score 3 PY S > © oy 3 0.79 0.77 = 053
15 o S 0w () e o (6e-12) (7e-11) (6e-05)
= [ ] ) ([ ] Y
o ~ o w | 062 06 08 095 ||l g5
5 3 ®ee °* ©® ® = |(2¢-06) (4e-08) (3e-15) (1e-25) '
3 o o © © | 066 0.54 036 L
g ® oaiT . = |[(2e-07) (5e-05) (0.01) | ] _,
E 3 S @
& e ® oa-mT 'G.)@(b% Qg/@o & o
(o) N7 Q7
-02 0.0 0.2 OCJ N
0,
PC1 (43.5%) f SLIT3 COL3A1
1 **FC=1.70 6-
& |*rcziar v, 8 L FC=4.03
8 8 4
£o -
c MT vs LT (Up) Loading Response (Up) MT vs LT (Dn)  Loading Response (Dn) s S,
5 H
s Q0
405 372 £,
3644 638 3346 655 £ g z
z 3 z 4l
AL &
277 5 Setee s
145 267 185 13
5 5 ®
344 830 H ] 2
Ocy Gene Signature Ocy Gene Signature g §=
:
Cluster 1 Cluster 2 Cluster 3 : I 3 S e
” POgIN s WNT5A g @\* o T \a\*\@* For
963 ; o © s o &
PYCR1 COL6A3 ..‘ e PTPRD LUM
GPX/8Q @ PPIC » .. CpLaat ~Score H i o= KL
070 FKBP7 ® @ 8 os0)  SL2 3 2 " rcaise B 3
cok14 @ & e -100 £ == £ 2.
GJA1SE M1 0.4 HWA7 ® -075 3 3 4 H Lﬂ)?
eyt RX2) I .Q .PT D PrGIRL ) : : :
P4HAZ P4 i OLF% ° csar @ -050 3 g4 3
CTHRC ' EMIP 0575 @ 02 2 <. 2
c .‘ GALNZS | ® s X2 | o ‘& 5 £ §
8 o |5 SEMA3D g 8 : i ool
> (@ ® > . NC5B| D parBec -log10(Score) NN
() Qo3 CDH71.E 3 L9} N
o4 x ° 4 ﬁLT8D2 &P & & Qp'” &
e » . @®CLBDPYSLY| o.0|® 15 ¥ ¥
0s0 °° o¢ $ o \AMDC? PYCR1 UNC5B GLT8D2
o o “ F’?m 1.0 2 *x 3
° co 2 : H K FC=190 5 .
° e A8 XD2ATHBS3 g 34 "otz vy 4 —
« ° .’ 02 COLSA’I\A‘; NR GPX! bt g 05 g & T & [ Fo=1.35
ol ‘ 0525 ARMH4 ° o 0 H —
0.55 - . &9 TANC1 0.0 H £ £ A
e . o [ DCa(T ° 5, 5
.o 5 3 3
. : . ‘ ° b % g.z g E
oo Y o SLITH|  osof® * *+ ® : Tl e s e
-0.2 00 02 04 05 06 07 08 0.50 055 0.60 065 @“‘i&‘é S 4
Disease Disease Disease A

Fig. 3

Osteocyte transcriptome signature reveals three clusters of mechanics-responsive genes. a) Gene Set Enrichment Analysis (GSEA) and single-sample GSEA
(ssGSEA) estimated score of loading responsive gene set. NES, normalized enrichment score; FDR, false discovery rate, p-values estimated by one-way analysis
of variance (ANOVA) and adjusted by Benjamini-Hochberg method. ns, not significant; **p < 0.01. b) Principal component analysis (PCA) of the osteoarthritis
(OA) medial tibial plateau (MT) and the paired lateral tibial plateau (LT) samples based on the osteocyte gene signature (Ocy). c) The overlapping of the
differentially expressed genes (DEGs) (OA MT versus the paired LT), bone loading responsive genes, and Ocy. d) Heatmap of the correlation between

module eigengenes and disease, region, and the estimated scores of Ocy and loading responsive gene set (LR). The value in each square reflects the Pearson
correlation coefficient and the p-value in parentheses. e) The three clusters of mechanics-responsive genes. Cluster 1, the late-responsive genes; cluster 2, the
early-responsive genes; cluster 3, the persistently responsive genes. The top 1 to 25 genes are labelled with red colour; the top 26 to 50 genes are labelled
with orange colour. Estimated score was calculated by robust rank aggregation (RRA) algorithm to integrate the gene-disease and gene-region correlations. f)
The expression of the top four genes in each cluster in the healthy and OA MT or LT samples. ns, not significant; *p < 0.05; **p < 0.01; all p-values estimated
by one-way ANOVA. Blue, cluster 1; red, cluster 2; green, cluster 3. FC, fold-change value.
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changes in subchondral bone.*? The tissue-specific compo-
sition of the osteochondral junctions of OA patients has
been verified using Raman spectroscopic analysis.*® Links
between biochemical shifts of ECM and cell biology, partic-
ularly osteocyte function, are rarely found. We identified
OA-relevant persistent genes, suggesting dramatic ECM
composition remodelling in OA subchondral bone. Colla-
gens (COLTA2, COL2A1, COL3A1, COL5A2, COL16AT) and
other ECM components, such as Asporin (ASPN) and osteo-
nidogen (NID2), were persistently increased in OA, while
$100 calcium binding protein A8 (S§100A8) was decreased.
S100A8 initiated early OA cartilage degradation by upreg-
ulating MMPs and aggrecanases in a mouse pre-clinical
model, but its reduced expression in late OA suggested
that ST00A8 may not play a role in late OA.*' STO0A8 was
decreased even in OA LTs, which showed no significant
morphological progression compared with that of healthy
controls. Subchondral bone is expected to respond earlier
than cartilage,® suggesting that subchondral bone ST00A8
expression may act as a biomarker of early OA stage.
However, the role of STO0OAS8 in osteocytes remains unclear
except for its high expression in osteocytes.*'*2

The finding that a majority of the mechanical stress-
responsive genes regulate ECM structural constituents
indicates the link between mechanical loading and ECM
remodelling. The role of some mechanical stress-responsive
ECM constituents, such as periostin (POSTN), has been well
demonstrated. Previous studies have shown that POSTN,
mainly expressed in the periosteum and osteocytes, is
increased in OA cartilage, synovial fluid, and subchondral
bone.?#34 As a critical mechanical stress-responsive factor of
secretomes, an increase in periostin upon mechanical stimu-
lation was followed by decreased sclerostin, suggesting that
POSTN may be involved in subchondral bone remodelling
via sclerostin-Wnt signalling.** We found that POSTN was a
late-responsive gene, the expression of which was signifi-
cantly increased only in the load-bearing MT region. Intra-
articular silencing of POSTN via nanoparticle-based small
interfering RNA (siRNA) treatment ameliorated subchondral
bone sclerosis and heterotopic ossification,*® indicating the
possibility of POSTN-targeted therapy of OA. Duan et al*
demonstrated that siRNA ameliorated the effect of OA in the
MT region in mice at 18 weeks, indicating that POSTN may
be a target of overloading mechanisms in late OA. It would
have been helpful to know if silencing POSTN earlier in OA,
such as one month after surgery, is also effective.

Since effective treatment for advanced OA is limited
(except for knee arthroplasty), preventing OA initiation
or progression at an early stage is vital. Animal studies
have shown that subchondral bone is responsive during
early OA, characterized by bone loss and microstructure
changes that occur earlier than cartilage degradation.?#48
Thus, early responsive genes in subchondral bone, such as
SLIT3, DPYSL3, PTPRD, UNC5B, WNT5A, and SEMA3D, may
be promising targets. WNT5A was identified as a persistent
gene that is also early responsive to mechanical stress. Our
data suggest the involvement of non-canonical Wnt signal-
ling in the mechanisms underlying mechanical loading

(Figure 2d). Ob-lineage cell-derived Wnt5a is crucial for
bone formation, resorption, and bone turnover.*° The
link between OA and Wnt5a was indicated by Wnt5a being
increased in OA Obs compared to normal Obs. Inhibition
of Wnt5a partially attenuated abnormal mineralization and
alkaline phosphatase (ALP) activity of OA Obs.>' Semaphorin
3D, encoded by SEMA3D, is a member of the semaphorin
family of axon guidance factors involved in nervous system
development.®? Evidently, semaphorins, such as SEMA3A,
may be a potential target in OA, although the detailed roles
of this family remain to be elucidated.

In conclusion, this study identified a highly co-expressing
mechanics-responsive osteocyte signature in OA-lesioned
subchondral bone, from which three clusters, including
early, late, and persistently responsive genes, were further
identified. WNT5A and SEMA3D may be potential early
targets in OA subchondral bone remodelling.

Supplementary material
E Figures showing clinical features, principal com-

ponent analysis, differentially expressed genes,
validation, bone loading-responsive gene set,
Venn plot, and correlations of the genes and disease or
region. Also included are tables showing validation of
persistent genes and critical bone loading-responsive

genes by an independent rat osteoarthritis subchondral
bone dataset GSE30322.
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