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Long non-coding RNA expression profiling of sub-
chondral bone reveals AC005165.1 modifying FRZB
expression during osteoarthritis
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Abstract

Objective. To gain insight in the expression profile of long non-coding RNAs (lncRNAs) in OA subchondral bone.

Methods. RNA sequencing data of macroscopically preserved and lesioned OA subchondral bone of patients that

underwent joint replacement surgery due to OA (N¼ 22 pairs; 5 hips, 17 knees, Research osteoArthrits Articular

Tissue (RAAK study) was run through an in-house pipeline to detect expression of lncRNAs. Differential expression

analysis between preserved and lesioned bone was performed. Spearman correlations were calculated between dif-

ferentially expressed lncRNAs and differentially expressed mRNAs identified previously in the same samples.

Primary osteogenic cells were transfected with locked nucleic acid (LNA) GapmeRs targeting AC005165.1 lncRNA,

to functionally investigate its potential mRNA targets.

Results. In total, 2816 lncRNAs were well-expressed in subchondral bone and we identified 233 lncRNAs exclu-

sively expressed in knee and 307 lncRNAs exclusively in hip. Differential expression analysis, using all samples

(N¼22 pairs; 5 hips, 17 knees), resulted in 21 differentially expressed lncRNAs [false discovery rate (FDR) < 0.05,

fold change (FC) range 1.19–7.39], including long intergenic non-protein coding RNA (LINC) 1411 (LINC01411,

FC¼7.39, FDR¼ 2.20� 10�8), AC005165.1 (FC¼ 0.44, FDR¼2.37�10�6) and empty spiracles homeobox 2 oppos-

ite strand RNA (EMX2OS, FC¼0.41, FDR¼ 7.64� 10�3). Among the differentially expressed lncRNAs, five were

also differentially expressed in articular cartilage, including AC005165.1, showing similar direction of effect.

Downregulation of AC005165.1 in primary osteogenic cells resulted in consistent downregulation of highly corre-

lated frizzled related protein (FRZB).

Conclusion. The current study identified a novel lncRNA, AC005165.1, being dysregulated in OA articular cartilage

and subchondral bone. Downregulation of AC005165.1 caused a decreased expression of OA risk gene FRZB, an

important member of the wnt pathway, suggesting that AC005165.1 could be an attractive potential therapeutic tar-

get with effects in articular cartilage and subchondral bone.
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Rheumatology key messages

. Epigenetic differences between hip and knee OA subchondral bone were identified based on long non-coding
RNAs (lncRNAs).

. Twenty-one lncRNAs were identified as being differentially expressed between preserved and lesioned OA
subchondral bone.

. OA-related deregulation of FRZB might be caused by deregulation of lncRNA AC005165.1
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Introduction

OA is a highly prevalent degenerative joint disease,

characterized by articular cartilage degradation and sub-

chondral bone remodelling [1–3]. Since OA is now con-

sidered a disease of the whole joint, recently focus has

shifted towards characterization of gene expression pro-

files in OA synovium and subchondral bone [4, 5]. In this

respect, we reported on mRNA expression profiling of

OA subchondral bone of knee and hip joints [6]. We

observed clustering of the samples based on joint site,

suggesting distinct subchondral bone OA pathophysio-

logical processes. This indicates that future therapeutic

strategies particularly targeting bone should consider

such differences between joint sites.

Different epigenetic mechanisms are described in

OA, each of them modifying gene expression upon en-

vironmental cues such as mechanical stress or dis-

ease, without changing the genetic code. Among

these, DNA methylation, histone modifications and

miRNA expression are the most frequently studied in

OA articular cartilage [1, 7–11]. In contrast, the role of

long non-coding RNAs (lncRNAs) with OA pathophysi-

ology is less explored as they show poor conservation

between species [9]. lncRNAs are typically defined as

RNAs >200 nucleotides in length, with little or no cod-

ing potential, and they are known to be involved in

various transcriptional and (post-)translational proc-

esses, such as chromatin remodelling, mRNA/protein

stabilization, production of short interfering RNAs and

recruitment of scaffolding proteins, or they might act

as pseudogenes [12, 13]. Moreover, the expression of

lncRNAs can be highly tissue- and disease-specific

[14, 15]. Due to the fact that OA is a disease of the

whole joint, it is of added value to identify disease-spe-

cific lncRNAs that are expressed in various tissues

involved in the OA pathophysiology, since these

lncRNAs might serve as a potential druggable target

with effects in several disease-relevant tissues.

Upon applying an in-house developed pipeline to reli-

ably detect lncRNAs from RNA sequencing, we recently

reported on the characterization of lncRNAs in OA cartil-

age. Notably, we identified prolyl 3-hydroxylase 2 anti-

sense (P3H2-AS1) as being differentially expressed

between macroscopically preserved and lesioned OA

cartilage, and this was shown to regulate prolyl

3-hydroxylase 2 (P3H2) in cis [16]. Ajekigbe et al. [17]

also reported on the expression levels of lncRNAs in OA

cartilage, identifying among others LINC01411 and

AC003090.1 as being differentially expressed between

intact and damage OA cartilage from knees.

Furthermore, Sun et al. [14] summarized the findings on

the identification of lncRNAs involved in osteogenesis,

such as maternally expressed 3 (MEG3), metastasis

associated lung adenocarcinoma transcript 1 (MALAT1)

and differentiation antagonizing non-protein coding RNA

(DANCR). To our knowledge, however, there are no

studies yet focussing on the characterization of lncRNA

expression profiles with ongoing OA in subchondral

bone.

In the current study, we set out to characterize the

lncRNA expression profile in subchondral bone using

RNA sequencing data of patients that underwent joint re-

placement surgery due to OA (RAAK study). First, joint-

specific lncRNAs expressed in OA subchondral bone

were identified. Differential expression analysis comparing

macroscopically preserved and lesioned OA bone (N¼22

paired samples) was then performed to identify robust

differentially expressed lncRNAs. To investigate the role

of the differentially expressed lncRNAs identified herein

with OA pathophysiology, we correlated the expression

levels of these lncRNAs with the expression levels of our

previously identified differentially expressed mRNAs in

subchondral bone of the same patients [6]. Finally, we

functionally investigated the effect of a specific lncRNA

on mRNA expression levels in primary osteogenic cells.

Methods

Sample description

The current study includes 41 participants of the RAAK

study [2], who underwent a joint replacement surgery

due to OA (supplementary Table S1, available at

Rheumatology online). Macroscopically preserved and

lesioned subchondral bone were collected from the

joints of 37 of the 41 participants, for either RNA-

sequencing (RNA-seq) (N¼22) or replication by means

of reverse transcriptase-quantitative PCR (RT-qPCR)

(N¼15) (supplementary Table S1A and B, available at

Rheumatology online). Osteogenic cells were collected

from 4 of the 41 participants (supplementary Table S1C,

available at Rheumatology online). The classification of

macroscopically preserved and lesioned OA subchon-

dral bone was based on its preserved and lesioned clas-

sified overlying cartilage as described previously [2]. The

results reported here were compared with our recently

reported results on the expression of lncRNAs in OA ar-

ticular cartilage [16], in which 98 samples were used (65

knees, 33 hips). Of these OA articular cartilage samples,

10 paired samples did overlap with the OA subchondral

bone samples, i.e. of these 10 patients we had pre-

served and lesioned OA articular cartilage and OA sub-

chondral bone. Written informed consent was obtained

from all participants of the RAAK study and ethical ap-

proval for the RAAK study was given by the medical

ethics committee of the Leiden University Medical

Center (P08.239/P19.013).

RNA sequencing

Sequencing was performed on preserved and lesioned

OA subchondral on the Illumina HiSeq4000 (San

Francisco, California, USA). Detailed information on the

RNA isolation, alignment, mapping and filtering on

lncRNAs is available in the Supplementary Methods

(available at Rheumatology online). To identify outliers,

principal component analysis and hierarchical clustering

on the samples was applied. Three extreme outliers

were identified (supplementary Fig. S1, available at
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Rheumatology online) and upon performing sensitivity

analysis, these outliers were removed from the dataset.

Finally, non-paired samples were removed from the

dataset resulting in 22 paired samples (N¼ 17 paired

knee samples, N¼5 paired hip samples) for further ana-

lysis, of which 10 paired samples were overlapping with

the cartilage samples of our previous study [16].

lncRNA expression

To identify the lncRNAs that are expressed in subchon-

dral bone, we filtered the lncRNAs identified by our in-

house pipeline on a minimal average read count of four

and a minimal count of two in at least 80% of the sam-

ples, indicated as robustly expressed. Cluster analysis

was based on Euclidean distance and a heatmap was

created using the lncRNAs that were expressed in the

total dataset, the knee dataset and the hip dataset.

Differential expression analysis

Prior to the differential expression analysis, the lncRNAs

were filtered on a minimum average read counts of 4 to

allow variation. Differential expression analysis was per-

formed between preserved and lesioned OA subchon-

dral bone. The results were validated and replicated by

means of RT-qPCR. Additional information is available in

the Supplementary Methods (available at Rheumatology

online).

Correlation analysis

Correlation between the expression levels of previously

identified differentially expressed mRNAs in subchondral

bone [6] and the expression levels of the here identified

differentially expressed lncRNAs in subchondral bone

was calculated using a Spearman correlation. Additional

information is available in the Supplementary Methods

(available at Rheumatology online).

Functional validation of AC005165.1

Primary osteogenic cells were isolated from the OA joints

(supplementary Table S1C, available at Rheumatology on-

line), resulting in isolation of a mixture of bone cells,

which was characterized by measuring osteogenic and

chondrogenic markers (supplementary Fig. S2, available

at Rheumatology online). Subsequently, osteogenic cells

were transfected with antisense locked nucleic acid (LNA)

GapmeRs (Qiagen, Hilden, Germany) targeting

AC005165.1 or GapmeRs negative control. RT-qPCR was

performed to measure gene expression levels. Additional

information is available in the Supplementary Methods,

available at Rheumatology online.

Data availability

The RNA-seq data are deposited at the European

Genome-Phenome Archive (accession number:

EGAS00001004476).

A complete overview of the approach applied to iden-

tify lncRNAs being expressed in subchondral bone is

shown in Fig. 1A. An overview of the approach applied

on identification of differential expressed lncRNAs with

OA pathophysiology is shown in Fig. 1B.

Results

Expression of lncRNAs in OA subchondral bone

Initially, we explored the expression profile of lncRNAs

in OA subchondral bone (Fig. 1A). We applied our in-

house pipeline [16] on an RNA sequencing dataset of 22

paired samples (5 hips, 17 knees; supplementary Table

S1A, available at Rheumatology online) of macroscopic-

ally lesioned and preserved OA subchondral bone.

Henceforth, we filtered on a minimal average read count

of 4 and a minimal count of 2 in at least 80% of the

samples, and we identified 2816 lncRNAs robustly

expressed in OA subchondral bone.

Since we observed major differences in mRNA expres-

sion levels between knee and hip OA subchondral bone

in our previous study [6], we also explored lncRNA ex-

pression patterns in knee and hip subchondral bone sep-

arately, while including both preserved and lesioned

samples. As shown in Fig. 2, we identified 2057 overlap-

ping lncRNAs commonly expressed in the hip, knee and

total datasets (mean counts between 4.02 and 3.40�105;

supplementary Table S2, available at Rheumatology on-

line). Moreover, we identified 233 exclusive knee lncRNAs

(mean counts between 4.0 and 23; supplementary Table

S3, available at Rheumatology online) and 307 exclusive

hip lncRNAs (mean counts between 4.0 and 892; supple-

mentary Table S4, available at Rheumatology online).

To investigate differences in expression levels of com-

monly expressed lncRNAs in knee and hip subchondral

bone samples (N¼ 2057 lncRNAs; Fig. 2), we performed

cluster analysis based on these commonly expressed

lncRNAs using the Euclidian distance (Fig. 3). We

observed, similar to the mRNA profile of subchondral

bone, clustering of lncRNA expression profiles based on

joint site. To investigate which lncRNAs are most contri-

buting to this clustering, we performed differential ex-

pression analysis between the two clusters, with the hip

cluster set as a reference. More specifically, we found

1069 lncRNAs being significantly differentially expressed

between the two clusters (supplementary Table S5,

available at Rheumatology online). The lncRNAs showing

the highest fold difference (FD), i.e. lncRNAs highly

expressed in knee samples, were AC068724.4

(FD¼ 158.87), AL034397.3 (FD¼ 157.82) and LINC02009

(FD¼ 89.21), while the lncRNAs with the lowest FD, i.e.

highly expressed in hip samples, were AC105046.1

(FD¼ 0.15), transforming growth factor beta 2 overlap-

ping transcript 1 (TGFB2-OT1, FD¼ 0.21) and

LINC02328 (FD¼ 0.21).

Differential expression analysis of lncRNAs in OA
subchondral bone

Next, we explored lncRNAs that change expression levels

with OA pathophysiology, using a slightly different selection
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FIG. 1 Schematic overview of applied strategy

(A) Identification of expressed lncRNAs. (B) identification of lncRNAs differentially expressed between macroscopically

preserved and lesioned OA subchondral bone. DE: differentially expressed; lncRNA: long non-coding RNA.

FIG. 2 Venn diagram

Venn diagram of lncRNAs being expressed in the total, knee, and hip dataset of preserved and lesioned OA subchon-

dral bone. lncRNA: long non-coding RNA.
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criteria to allow more variation (Fig. 1B). To identify robust

lncRNAs that are associated with the OA pathophysiologic-

al process in subchondral bone, we filtered lncRNAs on a

minimal average read count of 4 and we performed differ-

ential expression analyses between preserved and lesioned

OA subchondral bone samples (knees and hips together).

We identified 21 lncRNAs being false discovery rate (FDR)

significantly differentially expressed between preserved and

lesioned OA subchondral bone (Fig. 4; supplementary

Table S6, available at Rheumatology online). Among these,

LINC01411 [fold change (FC)¼7.39, FDR¼ 2.20�10�8]

showed the highest and most significant upregulation,

while AC005165.1 (FC¼0.44, FDR¼ 2.37� 10�6) showed

the most significant downregulation and EMX2OS

(FC¼ 0.41, FDR¼7.64� 10�3) the largest downregulation

in lesioned compared with preserved OA subchondral

bone. Differential expression analysis stratifying for joint

site resulted in the identification of 15 lncRNAs being FDR

significantly differentially expressed between preserved and

lesioned knee samples (N¼ 17 paired samples; supple-

mentary Fig. S3A, available at Rheumatology online), of

which cancer susceptibility 15 (CASC15, FC¼1.48,

FDR¼ 2.67�10�2) and AL135926.1 (FC¼1.70,

FDR¼ 9.92�10�5) appeared to be exclusive knee

lncRNAs, i.e. not significantly differentially expressed in the

total nor the hip dataset (supplementary Table S7, available

at Rheumatology online). We did not find any significantly

differentially expressed lncRNAs between preserved and

lesioned hip samples (N¼6 paired samples; supplemen-

tary Fig. S3B, available at Rheumatology online). To valid-

ate and replicate the results of the differential expression

analysis by means of RT-qPCR, we included N¼ 9 paired

samples for technical validation, i.e. samples overlapping

with the RNA-seq dataset, and N¼15 paired samples for

biological validation, i.e. additional preserved and lesioned

OA subchondral bone samples (supplementary Table S1B,

available at Rheumatology online). A selection of seven

lncRNAs was measured in these samples: LINC01411,

growth arrest specific 5 (GAS5), EMX2OS, PVT,

LINC01060, sciatic injury induced lincRNA upregulator of

SOX11 (SILC1) and AC005165.1. These lncRNAs showed

similar directions of effect in the technical validation and

the biological replication samples as compared with the

direction of effect measured in the RNA-seq data, except

for EMX2OS (supplementary Table S8, available at

Rheumatology online).

FIG. 3 Heatmap of sample distance

Heatmap is based on lncRNA expression levels of lncRNAs (N¼ 2057) expressed in all three datasets (i.e. total, hip

and knee dataset of preserved and lesioned OA subchondral bone). lncRNA: long non-coding RNA.
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Correlation of mRNA and lncRNA in OA subchondral
bone

To identify possible mRNA targets of the differentially

expressed lncRNAs, i.e. lncRNAs regulating mRNAs with

OA pathophysiology in subchondral bones, we filtered

our recently reported differentially expressed mRNAs in

subchondral bone [6] for protein-coding mRNAs

(N¼1417 protein-coding differentially expressed

mRNAs) and correlated them with expression levels of

the differentially expressed lncRNAs (N¼ 21 lncRNAs) of

the same patients (N¼22 paired samples). Upon priori-

tizing on high absolute correlations (�0.8 > q>0.8) and

significance (FDR<0.05), we found 875 significant corre-

lations between 16 lncRNAs and 378 mRNAs (supple-

mentary Table S9, available at Rheumatology online).

lncRNA small nucleolar RNA host gene 3 (SNHG3)

showed the most interactions to mRNAs, with 174 sig-

nificant correlations. In addition, the highest negative

correlation was seen between SNHG3 and PTPRM (q¼ –

0.92), encoding Protein Tyrosine Phosphatase Receptor

Type M, whereas the highest positive correlation was

seen between AC144548.1 and ILF2 (q¼ 0.92), encoding

Interleukin Enhancer-binding Factor 2. Other notable

interactions were those between AC005165.1 and FRZB

(q¼ 0.85), encoding Frizzled Related Protein, and be-

tween SILC1 and POSTN (q¼ 0.81), encoding Periostin,

which are both well-known OA genes.

To explore whether the differentially expressed

lncRNAs are involved in certain processes or pathways,

we performed gene enrichment analysis on their corre-

lating mRNAs (supplementary Table S10, available at

Rheumatology online). Genes correlated to 9 out of 16

lncRNAs showed significant enrichment. The genes cor-

related to AC006511.5 were enriched for Extracellular

exosome [Gene Ontology (GO): 0070062,

FDR¼ 3.67� 10�4] and Myelin sheath (GO: 0043209,

FDR¼ 3.67� 10�4). Genes correlated to SILC1 were sig-

nificantly enriched for the GO terms proteinaceous

extracellular matrix (GO: 0005578, FDR¼ 1.07� 10�4)

and endoplasmic reticulum lumen (GO: 0005788,

FDR¼ 4.62� 10�2), while for example genes correlated

to AC116533.1, AC245033.4 and GAS5 were all signifi-

cantly enriched for transcriptional and translational proc-

esses such as translational initiation (GO: 0006413),

poly(A) RNA binding (GO: 0044822) and viral transcrip-

tion (GO: 0019083).

Functional investigation of AC005165.1

AC005165.1 was identified as the most significantly

downregulated lncRNA (supplementary Table S6, avail-

able at Rheumatology online) and, among others, it

showed high correlation with well-known OA gene FRZB

(q¼0.85; supplementary Table S9, available at

Rheumatology online). Therefore, we selected

AC005165.1 to functionally investigate its possible

mRNA targets in vitro. As shown in Fig. 5, upon downre-

gulation of AC005165.1 (FC¼ 0.55, P¼ 0.51) by trans-

fecting primary osteogenic cells (collected from N¼4

FIG. 4 Volcano plot

Volcano plot of differentially expressed lncRNAs in OA subchondral bone. The dots in the figure represent lncRNAs

expressed in bone. Blue dots represent lncRNAs that are significantly differentially expressed, red dots represent

lncRNAs that are significantly differentially expressed and have an absolute fold change of �2 and green dots repre-

sent the lncRNAs with an absolute fold change of �2 that are not significantly differentially expressed. FDR: false dis-

covery rate; lncRNA: long non-coding RNA.
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knees) with an LNA GapmeRs targeting AC005165.1, we

observed consistent downregulation of FRZB

(FC¼0.54), which was in line with the observed positive

correlation (q¼ 0.85). However, the downregulation of

FRZB did not reach statistical significance (P¼0.08).

Other mRNAs highly correlating with AC0051651.1, such

as cysteine rich transmembrane BMP regulator 1

(CRIM1, q¼0.82) and laeverin (LVRN, q¼ –0.84),

showed more donor-dependent variation upon downre-

gulation of AC005165.1.

Comparison of lncRNAs between subchondral bone
and articular cartilage

Since subchondral bone and the articular cartilage are

interacting tissues, we used our previously published

results on lncRNAs in OA articular cartilage [16] to com-

pare the identified differentially expressed lncRNAs be-

tween preserved and lesioned OA articular cartilage and

preserved and lesioned subchondral bone. First, we

selected the overlapping samples for which we had

RNA-seq data of subchondral bone and articular cartil-

age (N¼ 10 paired samples; supplementary Table S1C,

available at Rheumatology online). As shown in supple-

mentary Fig. S4A (available at Rheumatology online), we

found 1763 exclusive subchondral bone lncRNAs, 590

exclusive cartilage lncRNAs and 1090 lncRNAs that

were expressed in both tissues (supplementary Table

S11, available at Rheumatology online). Upon comparing

the here identified differentially expressed lncRNAs in

subchondral bone with our previously identified differen-

tially expressed in articular cartilage [16], we found five

lncRNAs to be differentially expressed in both tissues:

AC005165.1, SILC1, LINC01411, AL590560.2 and

AC079781.5 (supplementary Fig. S4B and Table S12,

available at Rheumatology online). These five overlap-

ping lncRNAs showed all similar directions of effect be-

tween preserved and lesioned samples in articular

cartilage and subchondral bone.

Discussion

We set out to study lncRNAs in subchondral bone as

function of joint site and OA pathophysiology. In doing

so, we identified 2057 lncRNAs commonly expressed in

subchondral bone of hip and knee joints, 233 exclusive

knee lncRNAs and 307 exclusive hip lncRNAs.

Moreover, we observed additionally clustering on joint

site based on level of lncRNA expression (Fig. 3) among

the commonly expressed lncRNA, signifying the differ-

ence between hip and knee OA subchondral bone

pathophysiology. Differential expression analysis further

identified 21 lncRNAs being differentially expressed be-

tween preserved and lesioned OA subchondral bone.

Among the 21 differentially expressed lncRNAs we

found AC005165.1, which was highly correlated to well-

known OA gene FRZB (q¼ 0.86). Upon functional inves-

tigation of AC005165.1 in vitro by downregulating

AC005165.1 using LNA GapmeRs, we observed a con-

current downregulation of FRZB. As lncRNAs tend to be

highly tissue specific, lncRNAs, such as AC005165.1,

could be attractive therapeutic OA targets with tissue

specific effects.

Among the 21 differentially expressed lncRNAs, we

identified LINC01411 (FC¼ 6.19, FDR¼2.20� 10�8)

as the most significantly and highest upregulated

lncRNA, AC005165.1 (FC¼0.44, FDR¼2.37� 10�6)

as the most significantly downregulated lncRNA and

EMX2OS as the most downregulated lncRNA

(FC¼ 0.41, FDR¼7.64� 10�3). The function of

LINC0411 remains unknown, however in a recent

study it was found to be differentially expressed be-

tween healthy and OA articular cartilage and between

healthy and OA synovium, indicating its role in OA

across multiple tissues [19]. According to biotype

classification of Ensembl v97 [18], AC005165.1 was

classified as a novel transcript and its function is still

unknown. AC005165.1 is genomically located at

chromosome 7, with no coding genes lying within a

FIG. 5 Expression levels of AC005165.1, FRZB, CRIM1 and LVRN

Expression levels of AC005165.1, FRZB, CRIM1 and LVRN upon either transfecting primary osteogenic cells with

LNA GapmeRs targeting AC005165.1 (indicated with AC005165.1) or transfecting primary osteogenic cells with a

negative control (cells were collected from N¼ 4 knee joints).
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200-kb window. EMX2OS is an antisense RNA to

EMX2, encoding Empty Spiracles Homeobox 2, which

is a transcription factor crucial for the CNS. Multiple

differentially methylated sites between preserved and

lesioned OA articular cartilage have been reported in

both EMX2OS and its antisense gene EMX2 [20].

However, we did not find EMX2 among the differen-

tially expressed genes in our cartilage dataset [1] nor

among the differentially expressed genes in bone [6].

Notably, we were not able to either validate or repli-

cate the differential expression of EMX2OS by means

of RT-qPCR, which might be due to its low expression

levels and its consistency across individuals. Other

notable differentially expressed lncRNAs were GAS5

(FC¼ 1.21, FDR¼1.66� 10�2) and PVT1 (FC¼1.52,

FDR¼2.07� 10�2), as they both have been previously

associated with OA pathophysiology [14, 17, 21].

To explore the potential targets and interactions of the

21 differentially expressed lncRNAs identified here, we

calculated Spearman correlations between these

lncRNAs and the previously identified differentially

expressed mRNAs in the same OA subchondral bone

samples and gene enrichment analysis was performed

(supplementary Tables S9 and S10, available at

Rheumatology online). AC005165.1 was highly corre-

lated with nine mRNAs, including FRZB, CRIM1 and

LVRN. FRZB is a known OA gene and absence of FRZB

in mice was previously shown to result in increased

bone stiffness and increased cartilage degeneration [22].

CRIM1 is involved the TGF-b pathways by its binding to

BMP-4 and BMP-7 [23], and LVRN is a metalloprotease

that was previously linked to RA [24]. Despite the fact

that LINC0411 showed a higher FC than AC005165.1,

we selected AC005165.1 for functional investigation to

determine the functional relation between AC005165.1

and the correlated mRNAs. Upon downregulation of

AC005165.1 in primary osteogenic cells, we observed

consistent downregulation of FRZB, while CRIM1 and

LVRN expression levels did not change consistently.

This suggests that AC005165.1 directly or indirectly tar-

gets FRZB gene expression, while CRIM1 and LVRN are

functioning upstream of AC005165.1.

Similar to our mRNA expression profiling in OA sub-

chondral bone [6], we here identified 233 exclusive

knee, and 307 exclusive hip lncRNAs (supplementary

Tables S3 and S4, available at Rheumatology online),

indicating that lncRNA are not only tissue specific [14,

15], but also joint site specific. Additionally we showed

(supplementary Fig. S3, available at Rheumatology on-

line) that such differences are also captured by quantita-

tive differences in expression levels. Consecutively, we

showed knee joint specific differentially expressed

lncRNAs between preserved and lesioned OA subchon-

dral bone, such as CASC15 and AL135926.1 (supple-

mentary Table S7, available at Rheumatology online).

CASC15, which has not previously been associated to

OA, is associated to cancer and involved in cell prolifer-

ation and migration [25]. AL135926.1 was classified as

novel transcript by Ensembl v97 [18] and its exact

function is still unknown. However, AL135926.1 is

genomically located sense to protein-coding gene DPT,

encoding dermatopontin, which was previously shown

to inhibit BMP-2 activity in mice [26]. We did not find

any FDR significantly differentially expressed lncRNAs

when stratifying for hip samples, which is likely due to

the low sample size. Together, the here detected tissue

and joint site specificity of lncRNA’s qualifies them as

eligible personalized therapeutic targets.

Although lncRNAs are known for their tissue specifi-

city, we found a relatively large overlap of lncRNAs

expressed in both articular cartilage and subchondral

bone (N¼ 1090 lncRNAs), which might be due to their

common origin. Among the overlapping differentially

expressed between preserved and lesioned OA articular

cartilage and subchondral bone, we found AC005165.1,

making this lncRNA an attractive potential druggable tar-

get with effects in both tissues. The relative low number

of differentially expressed lncRNAs identified in bone

(N¼21) compared with those found in cartilage

(N¼191) might be explained by the fact that cartilage is

a single cell type tissue while subchondral bone multi-

cellular and therefore more heterogeneous [27].

Moreover, the analysis on the subchondral bone

included a lower sample size (N¼23 paired samples

bone, N¼ 32 paired samples cartilage) and stricter

threshold for including or excluding lncRNAs from the

analysis.

The RNA-seq dataset that we used in this study was

primarily obtained for mRNA expression profiling.

Nonetheless, by applying our in-house pipeline we were

able to characterize robust lncRNA expression in the

same samples. It should be noted, however, that the

lncRNA that entered the analyses had relatively high ex-

pression levels, while lncRNAs generally tend to be

expressed at low levels [28]. To this end, we used two

different selection criteria. In our initial, descriptive anal-

yses on the lncRNA being expressed in our (knee and

hip) subchondral bone samples we used more stringent

selection criteria than in our pairwise differential expres-

sion analysis. This because per definition differential

pairwise expression analysis is less sensitive for con-

founding factors. However, in future research the identi-

fication of lncRNAs associated with OA pathophysiology

might be improved by increasing the sequencing depth.

In conclusion, the current study identified differences

between hip and knee OA subchondral bone based on

robust lncRNA expression levels. Moreover, AC005165.1

was identified as an attractive potential therapeutic tar-

get, as it was here shown to be differentially expressed

between preserved and lesioned OA subchondral bone

and previously it was shown to be differentially

expressed between preserved and lesioned OA articular

cartilage. Furthermore, AC005165.1 was here shown to

regulate well-known OA gene FRZB in vitro. Finally,

AC005165.1 was not significantly differentially expressed

between the hip and knee clusters, which could make

AC005165.1 a suitable druggable target in OA articular

cartilage and OA subchondral bone of both hips and
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knees. More research is still needed to further elucidate

the role and mode of action of AC005165.1 in the OA

pathophysiology. Together, this study shows that

lncRNAs could bring new opportunities regarding joint

tissue specific therapeutic strategies.
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