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1 | INTRODUCTION

Abstract

Intervertebral disc degeneration (IDD) is the major cause of low back pain which in-
curs a significant public-health and economic burden. The aetiology of IDD is com-
plex, with developmental, genetic, biomechanical and biochemical factors
contributing to the disease development. Deregulated phenotypes of nucleus pulpo-
sus cells, including aberrant differentiation, apoptosis, proliferation and extracellular
matrix deposition, are involved in the initiation and progression of IDD. Non-coding
RNAs, including long non-coding RNAs (IncRNAs), have recently been identified as
important regulators of gene expression. Research into their roles in IDD has been
very active over the past 5 years. Our review summarizes current research regarding
the roles of deregulated IncRNAs (eg, RP11-296A18.3, TUG1, HCG18) in modulating
nucleus pulposus cell functions in IDD. These exciting findings suggest that specific
modulation of IncRNAs or their downstream signalling pathways might be an attrac-

tive approach for developing novel therapeutics for IDD.

major but poorly understood contributing factor.>” The pathogen-
esis of IDD can be attributed to a myriad of risk factors, including

Low back pain is a common but debilitating disorder, creating a huge
public-health and economic burden. Enormous efforts have been
put forth to investigate the pathogenesis and optimise the clinical
management of low back pain.k* The aetiology of low back pain is

manifold, among which intervertebral disc degeneration (IDD) is a
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lifestyles (eg, smoking, alcohol consumption, occupation), genetic
predisposition, and ageing.8? However, the precise cellular and
molecular mechanisms linking these factors to IDD development
still remain unclear. In this respect, a growing body of evidence has
suggested that nucleus pulposus (NP) cells are crucial for preserving
the integrity of intervertebral discs (IVD) via their roles in producing
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extracellular matrix (ECM) components, such as aggrecan and type
Il collagen, and secretion of cytokines.’**> Importantly, deregulation
of NP cell functions, including aberrant cell proliferation, apoptosis
and ECM synthesis/degradation have all been implicated in the de-
velopment of IDD.316-20

Long non-coding RNAs (IncRNAs) are a group of non-coding
RNAs which are longer than 200 nucleotides in length. Due to
their long length, INcRNAs possess unique ability to adopt a vari-
ety of complex secondary and tertiary structures, allowing them
to perform specific functions, such as catalysis, metabolite sens-
ing and precise protein recognition.??* The predicted secondary
structure of Xist, which is the best-characterised IncRNA to date,
is shown in Figure 1 as an example of structural complexity of In-
cRNAs. LncRNAs have no or little capacity for protein coding, but

could modulate gene expression at epigenetic (eg, DNA methylation,
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histone modification), transcriptional (eg, recruitment of transcrip-
tional factors) and post-transcriptional (eg, sponging of microRNAs,
regulation of mRNA stability) levels.?> An increasing number of
studies have demonstrated IncRNA deregulation in different kinds
of morbidities, including neoplastic, inflammatory, infectious and
orthopaedic diseases.>°=*° As a key control of gene expression, In-
cRNAs play pivotal roles in regulating cellular phenotypes, including
differentiation, apoptosis, proliferation, metabolism, migration and
invasion.2?:3¢-39 Recently, some studies suggested that IncRNAs are
critical players in the development of IDD. In this review article, we
summarise the current knowledge regarding the deregulation of In-
cRNAs in IDD in relation to their effects on NP cell proliferation,
apoptosis and ECM synthesis/degradation. The potential clinical util-
ities of IncRNAs as therapeutic targets for the management of IDD

are also discussed.
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FIGURE 1 Predicted secondary structure of Xist, the best-characterised IncRNA to date (adapted from Wikimedia Commons)
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2 | LncRNA EXPRESSION PROFILING IN
INTERVERTEBRAL DISC DEGENERATION

Genome-wide IncRNA profiling by microarray or RNA sequenc-
ing followed by validation of candidate IncRNAs with reverse
transcription-quantitative PCR (RT-gPCR) is a common approach
to identify and confirm differential IncRNA expression in a specific
disease state.*°"*2 The samples analysed often include clinical speci-
mens and cultured cells. 344

Wan and colleagues®® used the IncRNA-mRNA microarray to
profile differentially expressed IncRNAs and mRNAs in NP cells
isolated from degenerative and non-degenerative IVD samples. A
total of 116 IncRNAs (67 upregulated and 49 downregulated) and
260 mRNAs were found to be significantly differentially expressed
with fold-change larger than ten. KEGG (Kyoto Encyclopedia of
Genes and Genomes) pathway and IncRNA-mRNA co-expression
network analyses showed that the 10 most significantly deregu-
lated IncRNAs were involved in several known degenerative al-
terations, such as chondrocyte differentiation, collagen fibril
organisation and proteoglycan metabolism. In particular, by RT-
gPCR validation, the authors found that Fas-associated protein
factor-1, which potentiates the Fas-induced apoptosis, and its
nearby enhancer-like IncRNA RP11-296A18.3 were both upreg-
ulated in the degenerative IVDs, implicating the involvement of
RP11-296A18.3 in aberrant NP cell apoptosis. The same team*®
subsequently conducted an integrative analysis on datasets from
MmRNA, miRNA, circular RNA and IncRNA microarrays and further
depicted the comprehensive landscape of RNAs in human IDD by
illustrating the interactions among members from different RNA
classes during the disease development. Chen and colleagues®’
also re-analysed the datasets from these two studies. A total of
135 upregulated and 170 downregulated IncRNAs together with
2133 upregulated and 1098 downregulated mRNAs were identi-
fied, among which seven IncRNAs (LINC00917, CTC-523E23.5,
CTD-2246P4.1, RP11-363G2.4, RP4-639J15.1, RP11-38F22.1
and AC005082.12) were predicted to play key functional roles
by IncRNA-mRNA co-expression network analysis, in particular
regulation of cell migration by interactions of CTD-2246P4.1 and
LINC00917 with SPHK1.

Unbiased genome-wide transcriptome

analysis

by high-
throughput sequencing has depicted the RNA landscapes of
different human tissues at unprecedented resolutions. Zhao and col-
Ieagues48 performed transcriptome sequencing on an lllumina plat-
form to identify deregulated IncRNAs in central NP tissues isolated
from IDD patients as compared with those from control patients.
A total of 1854 IncRNAs were found to be differentially expressed
with fold-change more than two, in which 1530 IncRNAs were pre-
dicted to target 6386 genes through cis-regulatory effects. KEGG
pathway analysis for these target genes revealed that IncRNAs were
involved in regulation of focal adhesion, lysosome function and
mitogen-activated protein kinase (MAPK) signalling. Bioinformatic
analysis of interactions among IncRNAs, microRNAs, and mRNAs
suggested that the upregulated IncRNA PART1 might mediate the
pathogenic effect via sponging miR-34a and miR-148a to derepress
their corresponding target genes E2F3, VEGFA and ACVR1 in IDD.
The abovementioned studies have unequivocally demonstrated
that IncRNA expression is significantly deregulated in degenera-
tive IVD tissues and NP cells and strongly suggested that IncRNAs
might be functionally involved in IDD pathogenesis (Table 1).
Nevertheless, it is noteworthy that different studies have given rise
to different results. For instance, the top 10 upregulated and down-
regulated IncRNAs identified in the RNA sequencing study by Zhao
and colleagues48 showed no overlap with the top deregulated In-
cRNAs (P < .05; fold-change > 10) identified in the microarray study
by Wan and colleagues.*> Whether the discrepancy arose as a result
of the use of different clinical tissues or profiling platforms, however,

is unclear.

3 | FUNCTIONAL ROLES OF LNCRNAS IN
INTERVERTEBRAL DISC DEGENERATION

3.1 | RP11-296A18.3

Aberrant proliferation of NP cells is implicated in IDD pathogen-
esis.’” Wang and colleagues® determined the functional role of
RP11-296A18.3, an aberrantly upregulated IncRNA, in the develop-
ment of IDD. The authors demonstrated that knockdown of RP11-
296A18.3 suppressed the human NP cell proliferation and reduced

TABLE 1 Longnon-coding RNA expression profiles in intervertebral disc degeneration

No. Method Sample Filtering criteria Upregulated Downregulated Reference
1 Microarray (GSE56081) Degenerate P < .05; Fold-change > 10 67 IncRNAs 49 IncRNAs 45
RT-PCR disc tissues
2 Integrative analysis of Degenerate P <.05; Fold-change > 2 2234 IncRNAs 847 IncRNAs 46
mRNA, miRNA, circular disc tissues
RNA and IncRNA
(GSE56081) microarrays
3 Bioinformatics re-analysis Degenerate P <.05; Fold-change > 1.5 135 IncRNAs 170 IncRNAs 47
of dataset GSE56081 disc tissues
4 RNA sequencing Degenerate Fold-change > 2 916 IncRNAs 938 IncRNAs 48

disc tissues
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the expression of collagen | and matrix metalloproteinase (MMP)-13.
Target prediction, RT-qPCR and luciferase assays further revealed
that RP11-296A18.3 acted as a competing endogenous RNA for
miR-138 and thereby derepressing its target HIF1A. In addition, the
interrelationship among RP11-296A18.3, miR-138 and HIF1A was
confirmed in human IDD tissues by immunochemistry and RT-qPCR.
These data indicated that RP11-296A18.3 promoted human NP cell
proliferation and modulated ECM deposition via regulating the miR-
138-HIF1A axis. These results also suggested that this IncRNA might
be a therapeutic target in IDD.

3.2 | TUG1

Over-activation of Wnt/B-catenin signalling is casually linked to IDD
development through multiple mechanisms, including induction of
cellular senescence and abnormal ECM deposition/degradation.50
The taurine upregulated gene 1 (TUG1) is a newly identified IncRNA
frequently upregulated in human malignancies30 and mechanisti-
cally linked to Wnt/B-catenin activation.’® Chen and colleagues®?
investigated the expression of INcRNA TUG1 in degenerative NP tis-
sues and its functional role of in IDD in relation to Wnt/B-catenin
signalling. The authors first collected 30 NP samples from patients
with lumbar disc herniation and 18 NP tissues from control subjects
with lumbar spine trauma. TUG1 expression was found to be signifi-
cantly upregulated in lumbar disc herniation NP samples and posi-
tively associated with Wnt1 and f-catenin expression. In NP cells,
enforced expression of TUG1 increased the expression of Wnt1 and
B-catenin and enhanced tumour necrosis factor (TNF)-a-induced
cell senescence and apoptosis. Concordantly, TUG1 increased the
expression of pro-apoptotic Bax and caspase-3 but reduced the
expression of anti-apoptotic Bcl-2. In addition, overexpression of
TUG1 upregulated ECM-degrading genes (ie, MMP3 and ADAMTS5)
but downregulated ECM-coding genes (ie, aggrecan and COL2A1).
The pro-senescence, pro-apoptotic and ECM-modulating effects of
TUG1 overexpression were blocked by the Wnt/p-catenin inhibi-
tor XAV-939. Knockdown of TUG1 produced the opposite effects.
These data suggested that aberrant upregulation of TUG1 in NP cells
resulted in senescence, apoptosis and suppression of ECM synthesis
through the Wnt/B-catenin pathway. Targeting TUG1 might thus be
a potential therapeutic strategy for the treatment of IDD.

3.3 | HCG18

Xi and colleagues®® demonstrated that the expression of the INcRNA
HCG18 (HLA complex group 18) transcribed from chromosome 6
was significantly upregulated in NP tissues isolated from patients
with herniated or bulging discs and was positively associated with
the grade of disc degeneration. Mechanistically, HCG18 was found
to function as an endogenous sponge for miR-146a-5p to inhibit
cell proliferation, promote cell apoptosis, and enhance release of
chemoattractants for macrophages in NP cells. Conversely, knock-
out of miR-146a-5p expression produced the opposite effects.
Mechanistically, TRAF6, an upstream positive regulator of nuclear

factor (NF)-kB signalling and a direct target gene of miR-146a-5p,
and phosphorylation of NF-xB p65 at Serine 536 were found to be
upregulated upon HCG18 overexpression. The positive correlation
between HCG18 and TRAF6 expression was also confirmed in clini-
cal NP tissues. To this end, knockdown of TRAFé6 by small hairpin
RNA reversed HCG18-induced NP proliferative arrest and apopto-
sis. These results suggested that aberrant overexpression of HCG18
might promote IDD development through inducing human NP cell
death via derepressing the TRAF6-NFkB pathway that is normally
inhibited by miR-146a-5p.

34 | MALAT1

MALAT1 (metastasis associated lung adenocarcinoma transcript 1)
also known as NEAT2 is a IncRNA with physiological functions in
different cellular processes, including alternative splicing, nuclear
organisation and epigenetic modulation of gene expression.’* Zhang
and colleagues55 first demonstrated that the expression level of
MALAT1 was significantly reduced in NP cells isolated from IDD pa-
tients as compared with control. Functionally, restored expression
of MALAT1 promoted caspase 3 activity (an apoptotic marker) and
reduced the secretion of interleukins (IL)-1 and -6. These findings
suggested that reduced MALAT1 expression might participate in
IDD development via inducing NP cell apoptosis and secretion of

pro-inflammatory cytokines.

3.5 | SNHG1

Small nucleolar RNA host gene 1 (SNHG1) is a host to eight small nu-
cleolar RNAs. The overexpression of SNHG1 has been demonstrated
in hepatocellular carcinoma, lung cancer, oesophageal cancer and
colorectal cancer and was associated with poorer prognosis or more
aggressive phenotypes. The mechanisms involved in the oncogenic
action of SHNG1 include sponging of microRNAs (eg, miR-101-3p,
and miR-195, miR-338) and activation of Wnt/p-catenin signalling.>¢>’
Recently, Tan and colleagues®® investigated the role of SNHG1 in the
progression of IDD. They first demonstrated that SNHG1 expression
was significantly upregulated in IDD tissues as compared with control
samples. Higher expression of SNHG1 was also positively correlated
with the grade of disc degeneration. Functionally, enforced expression
of SNHG1 induced the NP cell proliferation and promoted the cyclin
D1 and PCNA expression. Mechanistically, SNHG1 repressed miR-326
to promote NP cell proliferation. The negative correlation between
SNHG1 and miR-326 was also demonstrated in clinical IDD samples.
These results suggested that the IncRNA SNHG1 played a crucal role
in IDD development through inducing aberrant NP cell proliferation.

3.6 | H19

H19 is an imprinted oncofoetal IncRNAs with high expression levels
during embryogenesis but is nearly undetectable in most adult tis-
sues.”? Wang and coIIeagues“"O demonstrated that the expression
of H19 was upregulated in clinical IDD specimens and in cultured
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TABLE 2 Functional characterisation of the IncRNAs in IDD

Galls P X 50f8
e lemion eI

LncRNAs Expression Functional role Related genes Reference
RP11-296A18.3 Up Proliferation matrix metalloproteinase miR-138 HIF1A 19
TUG1 Up Senescence apoptosis ECM-degrading Whnt p-catenin 52
HCG18 Up Proliferation apoptosis miR-146a-5p TRAF6 53
MALAT1 Down Apoptosis inflammatory cytokines 55
SNHG1 Up Proliferation miR-326 58
H19 Up Senescence ECM-degrading miR-22 LEF1 60
NEAT1 Up ECM-degrading ERK/MAPK 62
linc-ADAMTS5 Down Aggrecan degradation ADAMTS5S 64

NP cells undergoing oxidative stress-induced cellular senescence.
Functionally, enforced expression of H19 increased oxidative stress-
induced degeneration through inducing NP cell senescence, enhancing
MMP and ADAMTS-5 protein expression as well as inhibiting the NP
cell proliferation via activating Wnt/p-catenin signalling. To this end,
H19 directly sponged miR-22 via interacting with the 3’-untranslated
region to alleviate its inhibition on LEF1, which is a transcription factor

required for B-catenin-driven transcription of Wnt target genes.

3.7 | NEAT1

NEAT1 (nuclear paraspeckle assembly transcript 1) is a novel

IncRNA localised specifically to nuclear paraspeckles and its

l " HCG18
t MALAT1 l

miR-146a-5p

Wnt/B-catenin
signaling

PN

t RP11-296A18.3

overexpression has been documented in many human malignan-

2 assessed the functional role and the

cies.®! Ruan and colleagues®
associated mechanism of NEAT1 in IDD development. The authors
first demonstrated that that the expression levels of NEAT1, p21
and p53 were all upregulated in the degenerative NP tissues as
compared with the control NP samples. In this regard, enforced ex-
pression of NEAT1 upregulated the ECM-degrading ADAMTS5 and
MMP13 expression and suppressed aggrecan and collagen Il ex-
pression through the MAPK/extracellular signal-regulated kinase
(ERK) signalling. These findings suggested that the IncRNA NEAT1
might contribute to IDD development by tipping the balance be-
tween ECM deposition and degradation by NP cells in an MAPK/

ERK-dependent manner.

‘ linc-ADAMTS5

RREB1

' SNHG1

LA { 1
l - P miRl-326
— T

t

NP cell
proliferation

FIGURE 2 Deregulation of intracellular signalling and functions of nucleus pulposus cells by IncRNAs in intervertebral disc degeneration
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3.8 | linc-:ADAMTS5

Inflammation has been linked to increased aggrecan degradation in
IDD.6% Wang and colleagues64 investigated the functional role of
linc-ADAMTS5, which is a IncRNA transcribed in opposite direction
to the ADAMTSS5 (a gene encoding an aggrecan-degrading enzyme),
in IDD. The authors found that the expression of linc-ADAMTS5 was
progressively downregulated with advancing grades of degeneration
in human IDD. Bioinformatic analysis, RNA immunoprecipitation, in
vitro binding assay and functional studies showed that linccADAMTS5
physically interacted with the splicing factor proline/glutamine-rich
(SFPQ) to facilitate the recruitment of RREB1 (a transcription factor)
to the binding site within ADAMTS5 promoter to promote chroma-
tin remodelling and thus epigenetic silencing. Concordantly, linc-
ADAMTS5 and RREB1 expression were negatively correlated with
ADAMTSS5 expression in clinical NP samples. These data suggested
that progressive downregulation of linc-ADAMTS5 could promote
aggrecan degradation in IDD development via derepressing the ex-
pression of ADAMTSS5 (Table 2).

4 | CONCLUSION

Intervertebral disc degeneration is a common pathogenic process
underlying low back pain. However, its molecular and cellular patho-
genesis remains largely unknown. Emerging evidence supported that
IncRNAs play critical roles in orthopaedic diseases. In particular, an
increasing number of studies have hinted at the functional roles of
IncRNAs in IDD and have shed new light on their clinical use as po-
tential therapeutic targets. Through IncRNA profiling and RT-PCR,
several key deregulated IncRNAs in both NP cells and tissues have
been identified. However, functional studies of these IncRNAs still
remain limited. LncRNAs might be involved in IDD initiation and
progression through modulating NP cell proliferation, apoptosis and
ECM deposition (Figure 2). Deregulated IncRNAs might also alter
cytokines release (eg, IL-1, IL-6) or modulate response to cytokines
(eg, TNF-a-induced cell senescence and apoptosis) in NP cells and
thereby contributing to inflammation. Treatment for IDD might thus
be achieved through targeting deregulated IncRNAs, for example,
using IncRNA-specific small interfering RNA delivered by nanopar-
ticles or lipid-encapsulation as well as small-molecule inhibitors that
perturb that interaction of particular IncRNA with its RNA or protein
partners. Apart from treatment, early detection and prognostication
of IDD remain clinically challenging. It is noteworthy that certain cir-
culating or tissue IncRNAs have been proposed as novel diagnostic
and prognostic markers in human cancers. Nevertheless, systematic
identification and validation of IncRNAs as biomarkers in IDD are
still lacking. More translational works are thus needed to maximise
the clinical potentials of IncRNAs in IDD.

Over the recent years, a rapid expansion of technologies has
greatly accelerated the discovery and functional characterisation
of disease-associated IncRNAs. These technological advance-

ments with respect to IncRNA profiling interactome analysis

(comprehensively reviewed by Jathar et al®®) have promoted the
identification and mechanistic study of IncRNAs in other diseases.
It is anticipated these methods could be applied to the study of
IDD-associated IncRNAs and shed new light on the molecular
pathogenesis of IDD.
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