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1 | INTRODUCTION

Abstract

Objectives: In recent years, long non-coding RNAs (IncRNAs) have been found to
play a role in the occurrence, progression and prognosis of chronic musculoskeletal
disorders.

Design and methods: Literature exploring on PubMed was conducted using the
combination of keywords 'LncRNA' and each of the following: 'osteoarthritis', 'rheu-
matoid arthritis', 'osteoporosis', 'osteogenesis', 'osteoclastogenesis', 'gout arthritis’,
'Kashin-Beck disease', 'ankylosing spondylitis', 'cervical spondylotic myelopathy’,
'intervertebral disc degeneration', 'human muscle disease' and 'muscle hypertrophy
and atrophy'. For each disorder, we focused on the publications in the last five years
(5/1/2016-2021/5/1, except for Kashin-Beck disease). Finally, we excluded publica-
tions that had been reported in reviews of various musculoskeletal disorders during
the last three years. Here, we summarized the progress of research on the role of
IncRNA in multiple pathological processes during musculoskeletal disorders.
Results: LncRNAs play a crucial role in regulating downstream gene expression and
maintaining function and homeostasis of cells, especially in chondrocytes, synovial
cells, osteoblasts, osteoclasts and skeletal muscle cells.

Conclusions: Understanding the mechanisms of IncRNAs in musculoskeletal disor-

ders may provide promising strategies for clinical practice.

according to the threshold of 200 nucleotides (NTS): small and long
non-coding RNAs (IncRNAs).>¢ LncRNAs regulate the activities of

Musculoskeletal disorders are a group of conditions that affect the
motor system, including bones, muscles, tendons, ligaments and
joints.1 People with multiple disorders are particularly vulnerable,
especially in the context of an ageing population. Musculoskeletal
disorders include a variety of conditions such as osteoarthritis (OA),
rheumatoid arthritis (RA), osteopenia, osteoporosis, fractures, sar-
copenia, etc.?

Non-protein-coding RNA makes up 98% of the whole human
genome.>* These functional RNAs can be divided into two groups

both nearby and distant genes by multiple mechanisms. It could act
as a scaffold for transcription factors and other molecules involved
in transcription initiation.” Moreover, it could serve as protein and
microRNA decoys to interfere with cell division by regulating a series
of key genes.? For those mainly located in the cytoplasm, it could di-
rectly target mRNA and induce translation.? Currently, an increased
number of IncRNAs are found to be involved in the regulation of
development and homeostasis of skeletal muscle system.’®'* It is

notable that IncRNAs take key roles in musculoskeletal disorders.
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In this review, we summarized the functions and mechanisms

of IncRNAs involved in the occurrence and progression of muscu-
loskeletal disorders. Meanwhile, the potential of IncRNAs as prom-
ising targets for musculoskeletal disorders was also highlighted. An
in-depth study of the pathological process, molecular regulatory
mechanisms, cytokines and therapeutic targets of musculoskeletal
disorders would greatly benefit patients before they progress to the
end stage of the disease. We hope that this review will provide in-
sight into the potential of IncRNAs as biomarkers and therapeutic

targets for musculoskeletal disorders.

2 | LNCRNAS AND OSTEOARTHRITIS
2.1 | Introduction of OA

OA, one of the most common musculoskeletal disorders, has
been rising since the mid-20th century. It usually begins with age-
related degeneration of the articular cartilage surface, and its main
pathological feature is cartilage destruction. At the joint level,
pathogenic factors include joint injury, joint dislocation, abnormal
joint loading and other factors.*? It is well known that extracel-

lular matrix (ECM) destruction, >

15,16

inflammatory response and

cell proliferation,17 cell death (including apoptosis
)18,19 0

synovitis,

and autophagy and angiogenesis2 are closely related to the
pathological process of OA.

As early as in 2014, Xing et al reported the differentially ex-
pressed IncRNAs (73 up and 48 down) in OA cartilage compared
with normal cartilage through microarray analysis.?! Mounting stud-
ies have shifted from merely concentrating on the fate of articular
cartilage to evaluating how the intra-articular microenvironment in-
fluences the occurrence and progression of OA. Detailed patholog-
ical process of OA is described in Figure 1. LncRNAs related to OA

22.23 will not be introduced

that have appeared in other literatures
in detail in this review. Together with the IncRNAs presented in this
review, they are summarized in Table 1. This review mainly focuses

on recent studies of IncRNAs.

2.2 | Role of IncRNAs in ECM degradation in OA

Articular cartilage is a type of connective tissue made up of chondro-
cytes. But, interestingly, chondrocytes make up only 1% of normal
cartilage volume. The auto-synthetic ECM blocks the chondrocytes.
Nonetheless, they provide mechanical support for the cartilage and
lubrication of the joint. It is also responsible for the composition
and integrity of the matrix.?* In OA chondrocytes, matrix metallo-
proteinases (MMPs) (including MMP-1 and MMP-13), metallopro-
teinase with a thrombospondin type 1 motif (ADAMTS) (including
ADAMTS 1,4,5) and various types of disintegrin have been found to
significantly increase the expression of matrix degrading proteins.25
In addition, fibroblast-like synoviocytes (FLSs) has been reported to
overexpress several enzymes (such as MMP-13) that degrade ECM.%¢

Due to the unique composition of cartilage, ECM degradation is
the most popular mechanism of OA associated with IncRNA. Recent
studies have shown that IncRNA XIST (long non-coding RNA X-
inactive-specific transcript) can be regarded as a star IncRNA. XIST
was revealed to be upregulated in OA specimens and articular chon-
drocytes derived from OA tissue and IL-1p-treated articular chon-
drocytes (ACs). Downregulation of XIST suppresses the degradation
of the ECM by binding a competing endogenous RNA (ceRNA) of
miR-1277-5p.2” LncRNA XIST is mainly localized in the nucleus and
could bind to the promoter of tissue inhibitor of metalloproteinase-3
(TIMP-3). Silencing of XIST reduced the methylation level of TIMP-3
promoter and increased TIMP-3 expression, thereby inhibited colla-
gen degradation in OA chondrocytes. It can rapidly recruit and main-
tain DNA methyltransferase DNMT1, induce the number of new
methyltransferases DNMT3A and DNMT3B and down-regulate the
expression of TIMP-3. XIST could block the further collection and
binding of the promoter region of TIMP-3 and improve the methyla-
tion rate of its CpG island.?®

LINC00671 induces ubiquitination of GSK-3p, an important reg-
ulator of MMP-mediated joint destruction, and enhances p-catenin
expression through Smurf2. Mechanically, its inhibition may en-
hance endochondral ossification and mitochondrial oxidative stress,
increase cell death and p-catenin expression and ultimately lead to

Cell death and proliferation
NEAT1, LOXL1-AS1, ANRIL, LINC00511, MSC-Exos KLF-AS1 t

\ CiRS-7, MEGS |

Cartilage —;
Chondrocytes —H

Ligament ——— e o S Cell death
Synovium g y ot
7 Inflammation
/ MALAT1, IGHCy11 OIP5-AS1, SNHG7{

MEG3|
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Cell proliferation
GACAT, NEAT11H19, AP001505.9 }
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FIGURE 1 In OA, the function of
IncRNA was proved by experiment. ECM
degradation, inflammatory response,
synovitis, angiogenesis, cell death and
proliferation are known to promote the
development of OA. Red arrows indicate
upregulation, and green arrows represent
downregulation
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ECM remodelling.29 Defects of the TGF-p signalling pathway may

o
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EXS 25 ECM degradation through miR-302D-3p/ TGFbR2 axis.*°
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455 0.8
~ E 2t N8
+ EoEo 2
- O o g k& S
— > a9 . . e
£ 5 N Y g 2.3 | Role of IncRNAs in Inflammation and synovitis
KU as525 8 .
2 £ 55386 % in OA
= £ a c o
= C T
g 2 £ 95«
[S 5 © k& < = g—
g S 2 % 5 5 = 9 Inflammatory manifestations of OA are usually confined to ad-
c c g z T <
w ° ° ~ &35 Z’ 3 S jacent areas of pathologically damaged cartilage and bone. 332
8 T T L §8e=Q ezt
8 £ S | I % é 5 & Chondrocytes treated with IL-1p are commonly used to simulate OA
= = .= B T 50
> IR E,C’D § é %b - 9):’ 8 chondrocytes, demonstrated suppressed proliferation, increased
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29 g o Q <zt tumour necrosis factor-a (TNF-a), two major cytokines involved in
< ® 5 5=
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LOC101928134 can reduce knee synovitis, inflammation and knee
cartilage injury in OA rats by regulating the expression of IFNA1 and
restraining the JAK/STAT (Janus kinase/signal transducers and acti-

vators of transcription) signalling pathway.*!

2.4 | Role of IncRNAs in cell death and proliferation
in OA

Unregulated apoptosis, autophagy and cell necrosis constitute the
injuries of chondrocyte.“z'43 The ratio, HIF-1a/HIF-2a, is the main
regulator of chondrocyte survival and death, and it alters the bal-
ance of apoptosis or autophagy. Moreover, death of chondrocytes
showed a periodic pattern under the influence of Fas, SNPs, pro-
inflammatory cytokines and mechanical constraints, involving mito-
chondrial dysfunction, ROS production, p38 activation and Bcl-2/
Bax ratio.** Several autophagy and mitophagy-related proteins
(such as LC3B, SQSTM1 and PINK1) have been found to be highly
expressed in human OA cartilage and monosodium iodoacetate
(MIA)-induced rodent models of OA.*> Among the mechanisms of
chondrocyte injury, apoptosis and autophagy are the main research
focuses to study the pathogenesis of OA and identify potential ther-
apeutic targets, because these processes are mainly regulated by the
cell itself.

Although chondrocytes proliferation is associated with nat-
ural regeneration, it may also lead to pathological processes.*¢
Chondrocytes proliferate actively, causing some of them to grow
and others to undergo hypertrophic changes to become hypertro-
phic chondrocytes.*” On the molecular level, chondrocyte hypertro-
phy differentiation may also be characterized via high expression of
collagen type X, MMP13 and Runt-associated transcription factor 2
(Runx2). Hyaline cartilage markers are decreased in the hypertro-
phic cells. It contains collagen type I, aggrecan and SOX9.*® Some
evidences indicate that OA-derived FLSs (OA-FLSs) play an import-
ant role in the proliferation, migration and apoptosis of chondro-
cytes.**° Nuclear expression of p16 is highly expressed in synovial
tissues of OA, suggesting senescence of synovial fibroblasts. Ageing
synovial fibroblasts induced by H,0, or TNF-a express CDKN1A and
CDGN2A as well as other pro-inflammatory SASP-related factors.>!

Certain IncRNAs play a vital role in both cell death and prolifer-
ation. Generally, IncRNA regulates cell behaviours by targeting cyc-
lins related to the cell cycle, cyclin-dependent kinase (CDK) and/or
its inhibitors.® Downregulation of LOXL1-AS1 significantly inhibited
the proliferation of OA chondrocytes, but promoted apoptosis.®? In
the process of OA, ciRS-7/miR-7 axis may play a regulatory role in
mediating chondrocyte apoptosis, proliferation and inflammatory
response.’® In the rat chondrocytes induced by IL-18, MEG3 gene
knockdown can promote proliferation and inhibit apoptosis, while
miR-16 gene knockdown can inhibit proliferation and promote
apoptosis.>*

A recent study revealed that macrophage synovial cells, once
activated by the inflammatory microenvironment in OA, secrete

pro-inflammatory cytokines, degrading enzymes and adhesion

Proliferation

molecules that accelerate chondrocyte apoptosis and cartilage deg-
radation. XIST acts as a ceRNA against OPN (osteopontin), making it
bind to miR-376C-5p, thus counteracting the OPN inhibition medi-
ated by miR-376C-5p. OPN has been reported to regulate expression
of various factors associating with the pathogenesis of OA, including
MMP13, hypoxia-inducible factor-2a (HIF-2a), ADAMTS4, TIMPs,
IL-6 and 8, and even caveolin-1. Co-culture with M1 macrophages
overexpressing OPN can significantly inhibit chondrocyte migration
and significantly increase chondrocyte apoptosis. OPN overexpres-
sion enhances the cytotoxicity of M1 macrophages to chondrocytes
by regulating chondrocyte apoptosis and ECM degradation.>>>¢
Another report showed that overexpression of DNMT3A inhibited
apoptosis and ECM degradation, but reduced miR-149-5p-induced
cell viability promotion. This explains why XIST knockout can inhibit
the development of OA through the miR-149-5p/DNMT3A axis.”’
The inhibition of SGTB expression by miR-142-5p could be relieved
by IncRNA XIST. Therefore, the inhibition of miR-142-5p or the en-
hancement of SGTB can reverse the effects of XIST deletion on the
growth and apoptosis of chondrocytes.58

Exosomes are described as a kind of extracellular vesicles se-
creted by MSC in a resting state or under certain types of stress
(such as hypoxia, radiation or oxidative damage), which can act as
a messenger between MSC and differentiated cells, thereby induc-
ing physiological changes. It has previously been reported that exo-
somes secreted from human MSCs promote cartilage regeneration.
Exosomes IncRNA KLF3-AS1 promote cartilage repair model of OA
rats.>” In another study by the same group, it is involved in apop-
tosis inhibition and proliferation induction of chondrocyte via the
miR-206/GIT1(G-protein-coupled receptor kinase interacting pro-
tein 1) axis.®° Similarly, FLS-derived exosomes also play a role in the
pathological process of OA. The enhancement of cell proliferation
and migration during exosome-mediated cartilage repair is related
to the regulation of miR-106b-5p/TIMP2 axis mediated by exosomal
INcRNA H19.4!

A large number of osteoarthritis synoviocytes (OAS) could se-
crete cytokines to destroy the structure of bone and cartilage.
GACATS3 affects OAS proliferation through the interleukin 6/signal
transduction and transcriptional activator -3 (IL-6/STAT3) signalling
pathway.%? In addition, the expression of ANRIL is decreased and cell
proliferation is reduced in OAS. The cell cycle is suspended in GO/G1
phase and cell apoptosis is improved in OAS. And the proliferation
and apoptosis of OAS were regulated by ANRIL through the miR-
122-5p/DUSP4 axis.®® Another study aimed to uncover knockdown
of LINCO0511 that facilitates proliferation and represses the apop-
tosis and ECM synthesis of chondrocytes. Mechanically, LINCO0511
functions as a sponge for miR-150-5p and interacts with the 3'-UTR
region of transcription factor (SP1). In turn, transcription factor SP1
binds with the promoter region of LINCO0511 and thus upregulates
LINCO0511 expression.®* Overexpression of NEAT1 inhibited p-
AKT1 and Bcl-2 expression and upregulated ILs (6 and 8) and MMPs
(3, 9 and 13). However, this effect of overexpression of NEAT1 could
be reversed by miR-543 simulants. NEAT1 can inhibit cell prolifera-
tion and promote apoptosis via miR-543/PLA2G4A axis.®> NEAT1
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and OPN competed for the binding of miR-181c. Subsequently,
the inhibitory effect of miR-181c on synovial cell proliferation and
related factors inhibited by NEAT1 knockdown could be partially
reversed.>®

In a novel study, researchers characterized the IncRNA ex-
pression profiles in human hyaline chondrocyte dedifferentiation,
thereby identifying new potential mechanisms of chondrocyte de-
differentiation. It was found that APO01505.9 overexpression inhib-
ited the dedifferentiation of chondrocytes. This discovery paves the
way for further investigation into the mechanisms of dedifferentia-

tion and OA treatment.®¢

2.5 | Role of IncRNAs in angiogenesis in OA

The first step in ossification is vascular invasion, usually in non-
vascular cartilage. The vascular system provides channels for dif-
ferent types of cells to participate in the recruitment of cartilage
absorption and bone deposition.®” VEGF is involved in vascular in-
vasion of growth plate cartilage, hypertrophic cartilage remodelling
and ossification of growth plate cartilage.?° In the process of the de-
velopment of OA, the level of MEGS3 is negatively correlated with the
level of VEGF, suggesting that MEG3 may regulate angiogenesis.®®
Currently, the importance of angiogenesis in the aetiology of OA has
been demonstrated. It has been revealed that inhibition of angio-
genesis may be a potential therapeutic target for OA by reducing

OA-related pain and inflammation.®%7°

3 | LNCRNAS AND RHEUMATOID
ARTHRITIS (RA)

RA is a chronic systemic autoimmune disease of unknown aetiology.
The typical clinical features of RA are symmetric peripheral arthri-
tis and progressive erosion of the affected joints. If left untreated,
the disease presents as persistent synovitis and erosion of articular
cartilage and surrounding bone.”? It is worth noting that RA-FLSs
are critical to synovial aggression and joint destruction. And it may
play a vital role in the occurrence and development of the disease.”?
Through studies of human specimens, IncRNAs might be involved in
the molecular pathophysiology of RA.”® In another RA study, analy-
sis of exosomal IncRNAs identified several differentially expressed
IncRNAs, including MALAT1, HOTAIR, MEG9, SNHG1, SNHG4,
HOTAIR, TUG1 and NEAT1.”* Some IncRNAs have been identified
by recognizing inflammatory pathways in RA, such as p38 MAPK,
TLR and NF-kB signalling pathways.””

H19 activates JNK/p38 MAPK and NF-xB pathways by promot-
ing TAK1 phosphorylation. And H19 knockdown obviously lowered
the levels of IL-8, IL-1p and IL-6, which was consistent with the above
outcomes.”® The anti-inflammatory ability of HOTTIP silencing is
via the demethylation of the SFRP1 promoter in RA synovial fibro-
blasts (RASFs). By changing HOTTIP/Dnmt3b/SFRP1 expression in

RASFs, the regulatory mechanism was explored. It was noted that

Proliferation
HOTTIP SFRP1 can be induced by promoter methylation, Dnmt3b
recruitment and activation of the Wnt-signalling pathway.”” The role
of MEG3 in RA may be related to the regulation of miR-141 and Akt/
mTOR signalling pathways by increasing the proliferation rate.”®

Li et al uncovered that MALAT1 binds to the CTNNB1 promoter
and modulates DNA methylation to inhibit p-catenin and Wnt-
signalling pathway. MALAT1 from exosomes has also been shown to
regulate RASF proliferation and inflammatory response by increas-
ing the secretion of TNFa, IL-6 and IL-10.”° Researchers have stud-
ied the mechanism of NEAT1 in RA development and found it acted
by modulating the miR-23a/MDM2 (murine double minute 2)/SIRT6
axis through PBMC-exos (peripheral blood monouclear cell-derived
exosomes). During the pathogenesis of RA, SIRT6 is degraded by
ubiquitination of MDM2. LncRNA NEAT1 promotes FLS prolifer-
ation and inflammatory response by regulating the MDM2/SIRTé
axis through PBMC-derived exos. Furthermore, in vivo experiments
have shown that downregulation of IncRNA NEAT1 or upregulation
of miR-23a via PBMC-derived outer membrane transportation can
alleviate the deterioration of RA in mice.®°

In addition to the pro-proliferative and anti-apoptotic roles of
exosomal NEAT1, the upregulation of NEAT1 promotes migration,
invasion and inflammatory cytokine secretion in RA-FLSs.®! By re-
ducing FLS synovitis in RA, silencing of NEAT1 can promote miR-129
and miR-204 to repress the ERK/MAPK signalling pathway. At the
same time, it can also target miR-204-5p through the NF-xB path-
way to attenuate TNFa-induced FLS proliferation and production
of inflammatory cytokines, while promoting apoptosis.®8% In RA-
FLS, SNHG1 helps maintain cell proliferation, migration and inva-
sion functions. Furthermore, the modulation mechanism depends
on the interaction between the SNHG1 and polypyridine binding
protein 1 (PTBPl).84 ZFAS1 is involved in the progression of RA by
competitively binding miR-296-5p and regulating the expression of
MMP-15.8% Linc-PINT inhibits TNF-a-induced cell proliferation and
invasion. This may be caused by downregulation of miR-155-5p,
modifying the expression of SOCS1, IL-1p and MMPs, as well as the
inactivation of ERK signalling pathway.86

Based on existing literatures, several non-coding RNAs have
been shown to be dysregulated in different samples from RA pa-
tients, but the dysregulated RNAs in serum are the most suitable
biomarkers for use. The IncRNAs discussed in this section are sum-
marized in Table 2, and the IncRNAs that appear in these reviews®” %7
are excluded, such as PISCAR,”® LERFS’? and NTT.”?

4 | LNCRNAS AND OSTEOPOROSIS

Osteoporosis results from the disruption of the balance between
osteoblast-mediated bone formation and osteoclast-mediated bone
resorption. Osteoporosis is a chronic systemic bone disorder char-
acterized by loss of bone mass, microstructural destruction and in-
creased fragility. One investigation found that more than one third of
women over 50 years of age have osteoporosis, while only one fifth

of men have osteoporosis,”? indicating that women are at higher risk
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of osteoporosis than men. Before the age of 30, the process of bone

loss begins. And it continues until death as a by-product of ageing.
Release of inflammatory factors such as TNF and IL-6 by senescence
cells, as well as changes in the composition of bone marrow cells
(osteoclast precursors, monocytes and granulocytosis), contributes

to osteoporosis in the elderly.”®

4.1 | Therole of LncRNAs in osteogenesis

Through competing endogenous RNA networks, we have identi-
fied functional IncRNAs in osteoblastic differentiation.’* Long
non-coding RNAs may serve as regulators of bone marrow stem
cells (BMSCs) in osteoporosis.”” The differentiation from MSCs
to osteoblasts is a precise process regulated by multiple signal-
ling pathways.”®?® Many studies have shown that the expres-
sion profile of IncRNA changes dynamically during osteogenic
differentiation.

BMSCs are the main source of osteoblasts, which are widely
used in bone remodelling and bone regeneration. Osteogenic dif-
ferentiation of BMSCs is synergically promoted by H19 and FoxC2
through the Wnt-f-catenin pathway.”’ Researchers confirmed that
supplementing aged BMSCs with Inc-PMIF knockdown mediated by
small interfering RNA (siRNA) can promote bone formation in aged
mice. Mechanistically, LNC-PMIF can bind human antigen R (HuR) to
block the interaction of HuR-p-actin mRNA, thereby inhibiting the
expression of p-actin and inhibiting the migration of OPCs (osteo-
progenitor cells) in the elderly.?°° LncRNA NKILA plays an important
positive regulatory role in the process of osteogenesis of MSCs, and
its knockdown significantly inhibited the osteogenesis of menstrual
blood-derived mesenchymal stem cells (MENSCs) and umbilical cord
mesenchymal stem cells (UCMSCs).1°! HOTAIR is an essential regu-
lator of BMP9-induced osteogenesis of MSCs in the murine family,
acting by targeting cell cycle and proliferation.’°? Through FBX025/
H2BK120ub H3K4me3/OSX axis, ODIR1 plays a negative regulatory
role in the osteogenic differentiation of hUC-MSCs.1® Intravenous
administration of siHOXC-AS3 has been shown to be effective in
preventing bone loss through its anticatabolic activity and bone for-
mation in a mouse model. This result suggests that IncHOXC-AS3
promotes bone formation of BMSCs by enhancing HOXC10 ex-
pression.’®* Another study presented a new mutual effect be-
tween STAT3 and LINC02349. Furthermore, LINC02349 acts as a
spongy RNA for miR-33b-5p and miR-25-3p, regulating Smad5 and
Wnt10b. Thus, the osteogenic differentiation of hUC-MSCs can be
regulated.’®®> LncRNA ENSTO0000563492 promotes the osteogenic
differentiation of BMSCs by upregulating the expression of CDH11.
During this process, the expression of VEGF improves the coupling
process of osteogenesis and angiogenesis.106 Studies have revealed
that MIR22HG expression is significantly reduced in BMSCs of
osteoporotic mice and upregulated in hBMSCs during osteogenic
differentiation.’”” In addition, a considerable quantity of litera-

tures have described MSCs have the abilities not only in osteogenic

differentiation, but also in adipogenic, myogenic and chondrogenic
differentiation.

The basic pathogenesis of postmenopausal osteoporosis (PMOP)
is excessive bone resorption and insufficient bone formation due to
oestrogen deficiency.°® Here, we summarized the following related
studies on PMOP and IncRNAs. In the model of PMOP, BMSCs show
a loss of viability and pluripotency. Downregulation of LNC_000052
promoted proliferation, migration and osteogenesis of BMSCs and
inhibited apoptosis via miR-96-5p/PIK3R1 axis.'®? Studies have
shown that iron accumulation (IA) is closely related to PMOP.
Consistent with the performance of inhibiting XIST, in the IA model,
miR-758-3p mimic reduced caspase 3 activation, osteoblast apopto-
sis and osteoporosis symptoms.110 Mediated by miR-532-3p/SIRT1
signalling, LncRNA H19 in BMSCs regulates oestrogen-regulated os-
teogenic differentiation.!*! Previous studies have shown that under
the condition of ER stress, the significantly reduced expression of
TIMP1 is correlated with the increased apoptosis of osteoblasts.**?
Another study has shown that endoplasmic reticulum stress and
miR-138 expression can both activate the osteoblastic apoptosis
pathway. Oestrogen deficiency can induce apoptosis of osteoblasts
in postmenopausal women and lead to osteoporosis by regulating
HOTAIR/miR-138/TIMP1 signalling axis.}*® Understanding the epi-
genetic modifications of these IncRNAs and their regulatory roles
will bring us closer to the potential gene modification therapy of
PMOP for disease.

A study identified LncRNAs play an important role in NELL-1-
induced osteogenesis of human adipose-derived stem cells (hASCs)
through crosstalk of Hedgehog and Wnt pathways. It was found that
323 IncRNAs were expressed differentially during osteogenesis and

during NELL-1-induced osteogenesis.114

4.2 | The role of LncRNAs in osteoclastogenesis

Osteoclasts are multinucleated cells that originate from monocyte/
macrophage precursor cells and are responsible for bone resorp-
tion.!'® The regulatory roles of IncRNAs in osteoclasts have been
less studied than those in osteoblasts. The first study that systemati-
cally analysed the expression profile of IncRNAs at different stages
of osteoclastogenesis was conducted by Dou et al in 2016.11

Data from previous studies confirmed a new signalling cas-
cade in disuse osteoporosis (DOP): mechanical unloading causes
the upregulation of DNMT1 and methylation of the H19 promoter,
and ultimately leads to downregulation of H19 and inhibition of
ERK signalling.!’” Overexpression of PGC18-OT1 (peroxisome
proliferator-activated receptor y coactivator-18-OT1) in progenitor
cells stimulates osteogenic differentiation. However, silencing of
PGC1B-OT1 inhibits mice osteogenic differentiation. PGC14-OT1
enhances the effect of KDM6B by antagonizing miR-148a-3p and
reversely regulates osteogenic differentiation.!*® Researchers have
exploited the exosomal location of IncRNA-MALAT1 in endothelial

progenitor cells (EPCs) to promote the osteoclastic differentiation
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of bone marrow-derived macrophages (BMMs). Mice treated with

BMMs plus EPC-derived exosomes showed increased neovascular-
ization at the fracture site and enhanced fracture healing compared
to mice treated with BMMs alone.'? Similar to osteoblast, osteo-
clast activity was enhanced by BMSCS-derived exosome. MALAT1
from BMSCs-derived exosomes may be used as a miR-34c sponge
to upregulate the expression of SATB2, contributing to the en-
hancement of osteogenic activity and the alleviation of osteoporo-
sis symptoms in mouse models.*?° Studies in vivo and in vitro have
shown that the expression of NEAT1 is closely related to the for-
mation of osteoclasts. Mechanically, NEAT1 competitively binds to
miR-7 and blocks its regulatory function of protein tyrosine kinase 2
(PTK2). Intergenic SNP rs12789028 acts as an allele-specific long-
range enhancer of NEAT1 through chromatin interaction.*?* In order
to prevent the degradation of its target gene Smurf2, IncRNA CCAT1
could competitively bind to miR-34a-5p. Inhibitory CCAT1 improved
the pathological state of osteoporotic rats in vivo and restricted the
osteocyte apoptosis of bone tissue in vivo.!??

Table 3 summarizes the IncRNAs introduced in this section.
And it is excluded repeated parts of previous reports,*?31?% such as
DANCR,**® ORLNC1'?” and XIST.'?® Researchers have systemati-

cally summarized these IncRNAs.

5 | LNCRNAS AND GOUT ARTHRITIS (GA)

GA, the most common form of inflammatory arthritis, is caused by
deposits of monosodium urate monohydrate (MSU) crystals in and
around the joints. Elevated serum uric acid levels are considered to
be an important risk factor for GA.}?? It is well established that MSU

t,%%% and we

causes inflammation in the pathological process of gou
are accustomed to refer to it as the key regulator of bone erosion in
gout. Previous studies have identified several risk genes (SLC2A9,
ABCG2 and URAT1) that are associated with elevated serum uric acid
concentrations, thereby increasing the risk of developing GA 131133
Significant changes in INncRNA H19 and ANRIL levels have been re-
ported in patients with hyperuricemia and chronic kidney disease
at high concentrations of uric acid. Liu et al found that H19 played
a promoting role in renal tubular epithelial cell damage induced by
CaOX nephrocalcinosis and kidney CaOX crystal deposition induced
by glyoxylic acid. As a ceRNA, H19 acts through sponge-mediated
targeting of miR-216b and through the HMGB1/TLR4/NF-kB path-
way. It was found that ANRIL promoted NLRP3 inflammasome acti-
vation through the miR-122-5p/BRCC3 axis in uric acid nephropathy
(UAN). 134135 | gouty arthritis monocytes, knockdown of HOTAIR
significantly increased the expression of miR-20b in the THP-1 cell
line stimulated by MSU and decreased the secretion of IL-1p, NLRP3
and TNF-«.2® LncRNA-Jak3-knockdown eliminated the formation of
mature osteoclasts induced by MSU. Level of Jak3 in the monocytes
of patients with gout is elevated. The activation of Nfatcl mediated
by LncRNA-Jak3 upregulates the expression of cathepsin K (Ctsk).
LncRNA-Jak3 knockdown abolished the formation of mature osteo-
clasts induced by MSU.*%7

6 | LNCRNAS AND KASHIN-BECK DISEASE
(KBD)

KBD is an endemic, teratogenic osteochondropathy. Pathological
features include degeneration and necrosis of articular cartilage
and growth plates.®814° The aetiology of KBD is linked to environ-

mental factors, #1142

and hereditary factors are also thought to be
involved.’*31*> Recent transcriptional analysis of mRNAs, miRNAs
and IncRNAs, combined with proteomic data from patients with
KBD and Keshan disease, has revealed novel cellular pathways that
may be related to selenium-related regulation of transcription.'#¢

A rat model of KBD was established by using T-2 toxin. The se-
lenium level of serum, IL-1p and TNF-« levels, and MIAT and phos-
phorylated p65 (p-p65) expression levels were all increased in each
intervention group. After isolating primary epiphyseal chondrocytes,
the researchers found that selenium treatment reversed T-2 toxin-
induced chondrocyte damage. In general, overexpression of MIAT
or T-2 toxin treatment can lead to inflammatory response, apoptosis
and death. The activation of NF-xB/p65 pathway and the increased
expression of MIAT could be maintained by transfection of MIAT
siRNA and selenium treatment.”

Wu et al**® identified up/down-regulated IncRNAs and mRNAs
in KBD chondrocytes through microarray analysis. Correlation anal-
ysis of 343 IncRNAs and 292 mRNAs revealed the formation of 509
co-expression network (CNC network) of coding and non-coding
genes. It was predicted that there were 11 target genes with cis-
regulated IncRNAs. Differentially expressed mRNAs in KBD played
an essential role in ECM related biological events. At the same time,
34 mRNAs and 55 co-expressed IncRNAs constituted a network
affecting ECM. In the network, LAMA 4 and FBLN1 were the core
genes with the highest significance. These findings indicate that In-

cRNAs may be involved in ECM destruction in KBD.

7 | LNCRNAS AND SPINAL DISEASES
7.1 | LncRNAs and Ankylosing spondylitis (AS)

AS is a systemic chronic disease with progressive development, char-
acterized by chronic inflammatory responses in the sacroiliac joints
and spine, and it belongs to RA. Several studies have shown that
IncRNAs could be used as an independent diagnostic biomarker for
AS, such as IncRNA AK001085, LINCO0311, TUG1 and NKILA 149152
LncRNA MEG3 is a potential regulator in AS. It has anti-inflammatory
effects, partly by targeting miR-146a. Overexpression of miR-146a
reversed the inhibitory effect of abnormally expressed MEG3 on in-
flammatory factors.'>® Another study revealed that MEG3 promotes
SOST expression to restrain the progression of AS by sponging let-
7i.1%% H19 is overexpressed in AS patients and mediates the inflam-
matory process by acting as a ceRNA on the miR22-5P-VDR-IL-17A/
IL-23 axis.'>® By down-regulating the expression of LOC645166
in T cells of AS patients, and by inhibiting the recruitment of IKK
complex to the Ké63-linked polyubiquitin chain and upregulating the
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FIGURE 2 How does normal IVD CEP
become degenerative IVD. LncRNAs and
four factors affecting the transition from
normal to degenerated IVD. IVD consists
of three distinct regions: NP, AF and CEPs.
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activation of NF-kB, AS patients showed higher sensitivity to the

stimulation of pro-inflammatory cytokines or TLR ligand.**¢

7.2 | LncRNAs and cervical spondylotic myelopathy
(CSM)

CSM is a neurodegenerative disease. The main aetiology is progres-
sive compression and degeneration of the spinal cord.*®” The expres-
sion profiles of INcRNAs and mRNAs in rat CSM model were analysed
by microarray. 17 IncRNAs (13 up and 4 down) and 18 mRNAs (13 up
and 5 down) were found to be differentially expressed. According
to the analysis of these results, the biological processes involved in
the upregulation of RNA in CSM included cellular response to in-
terferon, inflammatory response and innate immune response. By
associating the differentially expressed mRNAs with IncRNAs, the
researchers revealed that the disease may be involved in apoptosis,
TNF and nod-like receptor signalling pathways.*>®

7.3 | LncRNAs and Intervertebral disc degeneration
(IDD)

Unlike articular cartilage, the intervertebral disc (IVD) is a well-
wrapped and vascularless tissue that has three components: the
nucleus pulposus (NP), annulus fibrosus (AF) and cartilaginous end
plate (CEP). Nucleus pulposus is located in the centre of each disc
and is highly hydrated and gelatinous, surrounded by the lateral an-
nulus fibrosus.*>**° [VD is the largest avascular structure in the
body and the nerve endings only reach the inner ring.**! Due to
these structural characteristics, IVD is prone to degeneration.!6?
At present, the aetiology of IDD is determined by genetic and en-
vironmental factors. Heredity is a major risk factor for IDD, as it is
estimated that over 70% of cases are caused by genetics.“’S'164 IDD
is known to be driven by programmed cell death,'® deficiency in

anabolic factors, release of inflammatory cytokines'¢¢*¢”

8

and degra-
dation of intervertebral disc matrix.*
Recently, Wan et al and Chen et al examined the expression

of IncRNAs in human degenerative and normal NP samples using

INcRNA-mRNA microarray. They found 116 IncRNAs (67 up and
49 down) are differentially expressed, with absolute fold changes
greater than ten.'*”¥° LncRNA TRPC7-AS1 directly targeted miR-
4769-5p while miR-4769-5p directly targeted Hepsin (HPN) 3'UTR.
Overexpression of miR-4769-5p inhibited HPN expression, sup-
pressed NPC senescence, promoted NPC viability and ECM syn-
thesis.”* SNHG6 can upregulate the expression of Bax, Caspase-3
and p21 and reduce the expression of Bcl-2 by targeting miR-101-3p,
finally inhibiting cell proliferation and inducing cell apoptosis.}”?
Through the miR-93/MMP2 pathway, PART1 may regulate ECM de-
generation, cell proliferation and apoptosis of NP cells.)”® Studies
have shown that MP1DT can activate the mitochondrial apopto-
sis pathway of NPCs by down-regulating Bcl-2 and upregulating
caspase-3. The combined use of Inc-MT1DP and miR-365 can dam-
age mitochondrial membrane, reduce mitochondrial function and
ROS clearance ability, increase cell apoptosis and lead to lumbar disc
herniation (LDH).Y”* ANPODRT partially protects human NPC from
oxidative stress and apoptosis by inducing KEAP1-Nrf2 dissociation,
leading to the accumulation of Nrf2 protein and nuclear transloca-
tion, as well as the expression of Nrf2 target proteins (including HO1
and NQO1) in human NPCs.'7*

Here, we focus on the roles and functions of the newly discov-
ered IncRNAs in IDD (Figure 2). LncRNAs that appear in these pub-

160,176

lished reviews are not included in this section.

8 | LNCRNAS AND MUSCLE DISEASES

Alterations in myogenesis and regeneration can lead to many muscle
disorders (including muscle hypertrophy, muscular dystrophy and
sarcopenia). Abnormal expression of INcRNAs is related to a variety
of muscle diseases. Rescuing its normal expression in skeletal muscle

can reduce the phenotype of the disease.

8.1 | LncRNAs in human muscle disease

Among all types of muscular dystrophy, one of the most common

and severe disorders is Duchenne muscular dystrophy (DMD). DMD,
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TABLE 4 Summary of the roles of IncRNAs in muscle hypertrophy and atrophy

Reference

Cellular process

Study models

Targets

Expression

LncRNAs

186

CPMs and chicken breast muscle tissue Myoblast differentiation (2949, -) (1369, +)

miR-206 and miR-1; c-Myc

Linc-2949/linc-1369
Linc-MYH

187

Myoblast proliferation (+)

Mice skeletal muscle tissue and MuSCs

INO80 chromatin remodeler complex/

WDR5/YY1

Up

[Proliferation

o
©
—

Muscle atrophy (-)

Trans: miR-29b/SOX6; Cis: Mbnl1 Mice muscle tissue and C2C12 Mice myoblasts
cell line

Down

INcMAAT

190

Myoblast proliferation (+) and differentiation (-)

C2C12 cell line and aged mice muscle tissue

miR-532-3p, PTEN/PI3K/AKT, IGFBP2

SMURF2/NMD; TGF-p/SMAD

Up

Lnc-ORA
SMUL

191

Myoblast proliferation (+), differentiation (-)

and skeletal muscle atrophy (+)

CPMs and chicken muscle tissue

Up

192

Myoblast differentiation and regeneration of

skeletal muscle (+)

Mice skeletal muscle tissue; C2C12 and

HEK293T cell lines

miR-22-3p/HDAC4

Up

miR22HG
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Abbreviations: CPMs, chicken primary myoblasts; IGFBP2, insulin-like growth factor 2 mRNA-binding protein 2; IncMAAT, IncRNA muscle-atrophy-associated transcript; Lnc-ORA, obesity-related
IncRNA; Mbnl1, muscleblind-like 1; MuSCs, Muscle stem cells; MYH, fast myosin heavy chain; SMUL, nonsense-mediated mRNA decay; SOX6, SRY-box 6; WDR5, WD-40 repeat protein 5.

which involves multiple IncRNAs, is caused by a dysfunctional dys-
trophin protein. Some IncRNAs inhibit the expression of dystrophin
mRNA subtypes by interacting with the dystrophin promoter.t’7178
In a recent study, LncRNA H19 was shown to bind with dystrophin.
And H19 inhibited E3-ligase-dependent polyubiquitination and sub-
sequent protein degradation at Lys 3584 (referred to as Ub-DMD).
DMD and BMD (Becker MD) are considered to be X-linked reces-
sive. Intra-frame deletion of BMD and non-silent mutation of DMD
(C3340Y) lead to deficiency in the ability of the protein to interact
with H19, resulting in elevated Ub-DMD levels and degradation of
dystrophic proteins. The discovery of H19 IncRNA as a dystrophin
stabilizer may prove to be the missing link in the successful devel-
opment of salvage therapies for DMD.}%8 | ncRNA44s2 could be
involved in muscle differentiation process. Study in human primary
myoblasts from BMDA45-55 patients revealed a possible involve-
ment of IncRNA sequences localized in intron 44 and 55 in myo-
genesis. Finally, it could be a potential biomarker for monitoring the
development of DMD/BMD disease.'®?

Idiopathic inflammatory myopathy (IIM) includes myasthenia and
myositis. In IBM and JO-1 myositis patients, 16 IncRNAs including
IncMyoD, MALAT1 and H19 were differentially expressed.*®?

8.2 | IncRNAs in muscle hypertrophy and atrophy

LncRNAs in muscle atrophy and hypertrophy are also the focus of
our attention. Studies have shown that the main causes of muscle
hypertrophy are increased intracellular RNA and protein synthesis
and decreased protein degradation. The equilibrium between protein
synthesis and degradation is regulated by a number of regulators and
pathways, including the mTOR, IGF and AMPK pathways, myostatin
and myogenetic regulators.“ Skeletal muscle hypertrophy is posi-
tively regulated by the BMP7 signalling pathway through activation
of Smad1/5.18% Moreover, muscle hypertrophy requires activation
of satellite cells.’®*18> |n myogenic differentiation, c-Myc plays an
important regulatory role. In addition to regulating protein-coding
genes, it also regulates the expression of non-coding RNA to modu-
late myoblast differentiation via directly regulating the transcription
of many MyomiRs. Luo et al suggested that linc-2949 and linc-1369
act as MyomiR sponges and regulate myoblast differentiation and
proliferation.'®¢ The evolutionarily conserved IncRNA linc-MYH
modulates the composition of the INO80 chromatin remodelling
complex in muscle stem cells (MuSCs) and prevents interaction with
WDRS5 and transcription factor YY1. Linc-MYH is expressed in pro-
liferating myoblasts but not in resting MuSCs. So researchers infer
that the degree of myoblastic proliferation has a decisive effect on
the size of the quiescent MuSC.*8”

Muscular atrophy is the most common muscle disorder in hu-
mans and is accompanied by myophagism and muscle weakness.'88
Li et al found that in various types of muscle atrophy models, IncRNA
muscle atrophy-related transcripts (IncMAAT) play different roles
and regulate different genes through trans and cis regulation mod-
ules (trans:miR-29b/SOX6 axis; cis:neighbouring gene Mbnl1).*¢
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Lnc-ORA inhibited skeletal muscle myogenesis via regulating act-
ing miR-532-3p/PTEN/PI3K/AKT axis. In addition, LNC-ORA in-
teracted with IGF2BP2 (insulin-like growth factor 2 mRNA-binding
protein 2) to influence the stability of myogenetic genes.?® SMUL
regulates myogenesis and muscle atrophy via TGF-/Smad pathway.
The mechanism is SMUL's inhibition of Smurf2 production through
NMD (nonsense-mediated mRNA decay).’”* Finally, miR22HG in-
duces the maturation of miR-22-3p, which inhibits its target HDAC4
(histone deacetylase 4), thereby increasing downstream MEF2C
(myocyte enhancing factor 2C), and ultimately promoting myoblast
differentiation.'??

In conclusion, the current research focuses on muscle devel-
opment after birth and growth, muscle hypertrophy and atrophy.
LncRNAs related to muscle hypertrophy and atrophy are summa-
rized in Table 4. We excluded the IncRNAs that appeared in these
published reviews. 7173194 |n the near future, studies on muscle
and IncRNAs will be oriented towards embryonic muscle genera-
tion and development, muscle fibre transformation, muscle func-
tion and movement, muscle ageing and metabolism, and muscle

tumours.

9 | CONCLUSIONS AND FUTURE
PERSPECTIVES

In this review, we summarized the functions and regulatory mech-
anisms of IncRNAs involved in the occurrence and progression of
musculoskeletal disorders. LncRNAs have been found to participate
in the regulation of chronic musculoskeletal disorders under various
pathological conditions. Current studies mainly point to the interac-
tion axis between IncRNA and miRNA and downstream molecules.
More studies are urgently needed to investigate the underlying
mechanism, such as the binding sites and ways of targeting down-
stream molecules, and whether there are multiple binding sites.

Furthermore, as described in this paper, some regenerative ther-
apies involving stem cells are also associated with IncRNAs, such as
mesenchymal stem cells (MSCs), which have been used in OA and
IDD° therapy to assist tissue regeneration and exosome secretion.
This is also one of the research hotspots. And the role of IncRNAs
in the regulation of intracellular or endochondral ossification and
muscular dystrophy remains to be further studied. Finally, the inter-
actions between circRNAs, IncRNAs, miRNAs and target genes also
have considerable research potential.

Another area of active study is the post-transcriptional mod-
ifications of IncRNAs. Post-transcriptional modifications of RNA
have been described in many sequencing-based transcriptome
studies. Three major modifications include pseudouridine (¥), N6-
methyladenosine (méA) and 5-methylcytosine (m5C).**4%7 Although
the chemical modification of IncRNAs in other fields (eg, oncology)
has suggested that its presence is important for the function of In-
cRNAs. But to date, no transcriptome changes have been reported
to be associated with musculoskeletal diesease. Obviously, chemical

modifications of RNAs are new areas of studying IncRNA functions.

Proliferation

Translational research on IncRNAs and musculoskeletal diseases

will continue to flourish, in part due to our improving understanding
of the functions of IncRNAs and the increasingly available practical
methods to identify the functional domains of IncRNAs. Our under-
standing of the roles of IncRNAs in musculoskeletal disorders will
lead to the development of new strategies to improve their clinical

management.
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