
Vol.:(0123456789)1 3

https://doi.org/10.1007/s12015-018-9801-5

Long Noncoding RNAs: New Players in the Osteogenic Differentiation 
of Bone Marrow- and Adipose-Derived Mesenchymal Stem Cells

Qiaolin Yang1 · Lingfei Jia2,3 · Xiaobei Li1 · Runzhi Guo1 · Yiping Huang1 · Yunfei Zheng1 · Weiran Li1 

 
© Springer Science+Business Media, LLC, part of Springer Nature 2018

Abstract
Mesenchymal stem cells (MSCs) are an important population of multipotent stem cells that differentiate into multiple line-
ages and display great potential in bone regeneration and repair. Although the role of protein-coding genes in the osteogenic 
differentiation of MSCs has been extensively studied, the functions of noncoding RNAs in the osteogenic differentiation 
of MSCs are unclear. The recent application of next-generation sequencing to MSC transcriptomes has revealed that long 
noncoding RNAs (lncRNAs) are associated with the osteogenic differentiation of MSCs. LncRNAs are a class of non-coding 
transcripts of more than 200 nucleotides in length. Noncoding RNAs are thought to play a key role in osteoblast differen-
tiation through various regulatory mechanisms including chromatin modification, transcription factor binding, competent 
endogenous mechanism, and other post-transcriptional mechanisms. Here, we review the roles of lncRNAs in the osteogenic 
differentiation of bone marrow- and adipose-derived stem cells and provide a theoretical foundation for future research.
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Introduction

According to genome analyses, 50–70% of genomic DNA 
is transcribed, but < 2% encodes proteins [1]. Accumulat-
ing evidence presented in recent years has revealed that 
noncoding RNAs (ncRNAs) constitute a major portion of 
transcripts and play an essential role in biological processes 
[2]. As a family of RNAs with no protein coding potential, 
ncRNAs can be divided into two major groups: housekeeper 
and regulatory ncRNAs [3]. In general, regulatory ncRNAs 
are further categorised into several groups: small noncoding 

RNAs of less than 200 nucleotides, long noncoding RNAs 
(lncRNAs) of greater than 200 nucleotides, and circular 
RNAs with a closed continuous loop [1, 4]. Although lncR-
NAs were previously considered “transcriptional noise”, 
they are now emerging as important regulators of biological 
processes due to recent developments in genomic technol-
ogy [5]. Accumulating evidence has indicated that lncRNAs 
are involved in regulating the growth and differentiation of 
various types of cells [6, 7].

lncRNAs are classified into five groups, according to their 
position relative to protein-coding genes: sense, antisense, 
bidirectional, intronic, and intergenic lncRNAs [8]. The 
majority of lncRNA classes share similar characteristics with 
mRNAs including 5′ capping, splicing, and polyadenylation 
[1, 4]. In contrast to mRNAs, they generally do not possess 
protein-coding open reading frames and exhibit relatively 
lower levels of expression [9]. However, lncRNAs exhibit 
a higher degree of conservation of promoters and exons, 
which suggests that they have essential functions in biologi-
cal processes [10]. Furthermore, lncRNAs are expressed in 
a tissue-, cell-, and developmental stage-specific manner [1, 
9]. Researchers have confirmed the vital roles of lncRNAs in 
epigenetic, transcriptional, and post-transcriptional gene reg-
ulation such as X-chromosome inactivation, histone modifi-
cation, imprinting, transcriptional interference, and nuclear 
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and cytoplasmic trafficking [11–15]. Moreover, lncRNAs 
are closely linked with human diseases ranging from heart 
disease to cancer [2, 16].

Bone marrow and adipose tissue are two of the most 
frequently applied mesenchymal stem cell (MSC) sources 
in research because of their high proliferative capac-
ity and potential regenerative properties [17, 18]. In 
this review, we highlight the role of lncRNAs in osteo-
genic differentiation of bone marrow-derived stem cells 
(BMSCs) and adipose-derived stem cells (ADSCs), and 
describe their modulatory mechanisms, which may be 
important for the therapeutic application of MSCs in bone 
regeneration and repair.

Regulation of Osteogenic Differentiation 
in MSCs

MSCs are an important group of multipotent cells that 
can differentiate into a broad range of cell types includ-
ing adipocytes, osteoblasts, chondrocytes, tendon cells, 
enocytes, and myocytes [19]. Originally identified in the 
bone marrow, MSCs have been obtained from numer-
ous types of mesenchymal tissue such as the bone mar-
row, fat, umbilical cord, placenta, lung, liver, and skin 
[20]. In particular, bone marrow and adipose tissue are 
attractive sources for the isolation of MSCs, which dif-
ferentiate into osteoblasts in vitro under certain condi-
tions, offering new therapeutic options for bone defects 
and metabolic diseases [21, 22]. Thus, it is important to 
investigate the signalling that regulates the osteogenic 
differentiation of MSCs. The process by which MSCs 
undergo osteogenic differentiation is not completely 
understood. Multiple signalling pathways are involved 
including the transforming growth factor (TGF)-β/bone 
morphogenetic protein (BMP), Wnt, Hedgehog, Notch, 
and fibroblast growth factor signalling pathways [23, 
24]. Runt-related transcription factor 2 (Runx2) is a tar-
get of β-catenin/T cell factor 1 in the canonical Wnt 
signalling pathway in the control of osteoblast differen-
tiation and skeletal development [25]. BMP binds heter-
odimeric receptors to phosphorylate and activate Smad 
proteins, which then activate osteogenesis-related genes 
either directly or via Runx2 [26]. TAZ promotes MSC 
differentiation into osteoblasts via direct interaction 
with Runx2 [27]. In addition, biological, chemical, and 
physical factors influence the differentiation of MSCs 
[28]. These events ultimately end in a series of elaborate 
transcriptional cascades dominated by two important 
transcription factors: peroxisome proliferator-activated 
receptor γ in adipogenesis and Runx2 in osteogenesis 
[28]. Although these processes are mainly controlled by 
these crucial transcription factors, a growing number 

of studies have reported that ncRNAs function as sig-
nificant regulators of osteogenic differentiation. For 
instance, microRNA (miR)-216a ameliorates the dexa-
methasone-mediated inhibition of osteoblast differentia-
tion in vitro and enhances bone formation in vivo via the 
c-Cbl-mediated phosphatidylinositol 3 kinase (PI3K)/
Akt pathway [29]. MiR-20a promotes the osteoblast dif-
ferentiation of human mesenchymal stem cells (hMSCs) 
by targeting negative regulators of BMP signalling [30]. 
Overexpression of miR-22 enhances osteoblast differ-
entiation and suppresses adipogenic differentiation of 
human adipose-derived stem cells (hADSCs) by repress-
ing histone deacetylase (HDAC) 6 [31], whereas miR-
30e represses osteoblast differentiation by directly mod-
ulating the canonical Wnt/LDL receptor related protein 
6 /β-catenin/TCF signalling pathway [32]. Moreover, 
miR-133 and miR-135 suppress the osteoblast differen-
tiation of C2C12 cells by targeting the Runx2 and Smad5 
genes, respectively [33]. Recently, lncRNAs have been 
shown to be differentially expressed in undifferentiated 
and osteogenically differentiated MSCs, and play vital 
regulatory roles in the differentiation process [34].

lncRNAs Are Involved in the Osteogenic 
Differentiation of BMSCs and ADSCs

The growing number of studies on the roles of lncRNAs 
in regulating the osteogenic differentiation of BMSCs and 
ADSCs has attracted widespread attention [35, 36]. Zou 
et al. in 2013 identified 116 aberrantly expressed lncR-
NAs during BMP2-stimulated osteogenesis of C3H10T1/2 
MSCs compared to the untreated control. Meanwhile, 24 
cooperatively expressed lncRNA and mRNA pairs were 
identified, which indicates that lncRNAs may function by 
regulating nearby protein-coding genes [37]. Subsequent 
studies have established the expression profiles of lncRNAs 
during osteogenic differentiation of human bone marrow-
derived stem cells (hBMSCs) using lncRNA microarrays. 
In total, 1206 differentially expressed lncRNAs were iden-
tified during osteogenesis [36]. In a recent study by Song 
et al. using high-throughput RNA sequencing (RNA-Seq), 
574 differentially expressed lncRNAs associated with the 
osteogenic differentiation of MSCs were identified [38]. In 
addition, increasing attention has been paid to the osteo-
genic differentiation of MSCs in the inflammatory micro-
environment. More than 2000 lncRNAs were differentially 
expressed in SpA-treated hBMSCs, among which 641 were 
downregulated and 1392 were upregulated [39] (Table 1).
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Key lncRNAs Regulating the Osteogenic 
Differentiation of BMSCs and ADSCs

H19

H19 is a maternally expressed and paternally imprinted 
2.7 kb gene located on human chromosome 11 [40]. Because 
the exons of H19 have been highly conserved during evolu-
tion, the role of H19 in cell growth and differentiation has 
been extensively studied. In recent years, striking findings 
have revealed its role in the osteogenic differentiation of 
MSCs. Using lncRNA microarray technology, 1206 dif-
ferentially expressed lncRNAs were identified, with 687 
upregulated and 519 downregulated more than two-fold dur-
ing osteogenic differentiation of MSCs. Two significantly 
changed lncRNAs (H19 and uc022axw.1) were selected for 
further analysis. The expression of H19 and uc022axw.1 
increased from day 7 and was maintained at a high level 
from days 14 to 28, which indicates crucial functions in the 
early stages of osteogenic differentiation [36]. Subsequently, 
our group found that lncRNA H19 was significantly upregu-
lated following the induction of osteoblast differentiation. 
Overexpression of H19 significantly stimulated osteoblast 
differentiation in vivo and in vitro, whereas H19 knockdown 
suppressed these effects [41]. Another study confirmed that 
H19 significantly accelerated osteoblast differentiation 
in vivo and in vitro [42].

Myocardial Infarction‑Associated Transcript

First identified as a lncRNA in 2000, myocardial infarction-
associated transcript (MIAT) is predominantly expressed 
in the heart and foetal brain tissue [43]. It has been impli-
cated in a variety of diseases including myocardial infarc-
tion, microvascular dysfunction, and schizophrenia [44–46]. 
MIAT knockdown promotes the osteoblast differentiation 
of hADSCs both in vitro and in vivo and rescues the inhibi-
tion of osteogenic differentiation of hADSCs in the tumour 
necrosis factor α-induced inflammatory microenvironment 
[47]. MIAT was previously shown to act as a miR-150-5p 
sponge that regulates the expression of related genes upon 
exposure to inflammatory conditions [48]. However, it is 

unknown if MIAT interacts with miRNAs mechanistically 
during osteogenic differentiation.

Anti‑differentiation Noncoding RNA

Anti-differentiation noncoding RNA (ANCR) is a newly 
identified lncRNA located on human chromosome 4. The 
expression of ANCR was lower in several terminally dif-
ferentiated cell types (keratinocytes, osteoblasts, and adipo-
cytes) than in stem cells, which indicates its possible role in 
regulating differentiation [49]. ANCR is required to main-
tain cells in the undifferentiated state within the epidermis 
[49]. However, its function in osteogenic differentiation has 
not been confirmed. Recently, the significantly decreased 
expression of ANCR was detected during differentiation of 
the human foetal osteoblast cell line (hFOB1.19). Knock-
down of endogenous ANCR resulted in osteoblast differen-
tiation, whereas its overexpression inhibited differentiation 
[50]. The inhibitory effects of ANCR on osteogenic differen-
tiation were also observed in periodontal ligament stem cells 
and other dental tissue-derived stem cells [51, 52].

Hox Transcript Antisense Intergenic RNA

Hox transcript antisense intergenic RNA (HOTAIR) is 
encoded by the HOXC locus on chromosome 12q, and 
represses the expression of the more distal HOXD locus and 
genes on other chromosomes [13]. HOTAIR is involved in 
a variety of cancers such as breast, cancer, and liver cancer, 
among others [53–55]. Research on HOTAIR has mainly 
focused on cancer, but Xing et al. first detected HOTAIR 
in cartilage. The authors found that HOTAIR is overex-
pressed in osteoarthritis (OA) tissue compared to normal 
tissue, which indicates its potential function in the patho-
genesis of OA. Furthermore, higher expression of HOTAIR 
was observed in samples of non-traumatic osteonecrosis 
of the femoral head compared to OA samples [56]. Down-
regulation of HOTAIR resulted in elevated mRNA expres-
sion of osteogenic differentiation markers, including Runx2 
and collagen type 1 alpha 1 (COL1A1), as well as alkaline 
phosphatase (ALP) activity. Meanwhile, upregulation of 
HOTAIR produced the opposite results [57].

Table 1   Recent studies of lncRNA expression profiles in MSCs

Methods Cells Results Reference

Microarray C3H10T1/2 MSCs 116 differentially expressed lncRNAs Zuo et al. 2013 [37]
Microarray hBMSCs 1206 differentially expressed lncRNAs Wang et al. 2015 [36]
High-throughput 

RNA-Seq
immortalized mesenchymal 

stem cells (iMSC#3)
2597 mRNAs and 574 lncRNAs were differentially expressed Song et al. 2015 [38]

Microarray SpA-treated hBMSCs 2033 lncRNAs were differentially expressed in an inflammatory 
microenvironment triggered by SpA

Cui et al. 2016 [39]
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Maternally Expressed Gene 3

The maternally expressed gene 3 (MEG3) encodes a lncRNA 
that is expressed in many normal tissues. Downregulation 
of MEG3 expression has been demonstrated in various 
types of humans and tumour cell lines, which indicates that 
MEG3 may function as a tumour suppressor gene [58, 59]. 
Recently, Zhuang et al. observed a lower expression level of 
MEG3 in MSCs derived from patients with multiple mye-
loma (MM-MSCs) relative to that of normal donors (ND-
MSCs) during osteogenic differentiation. The authors found 
that the overexpression of MEG3 could promote osteogenic 
differentiation of MM-MSCs and that MEG3 knockdown 
inhibits osteogenic differentiation of ND-MSCs. This sug-
gested the possible regulatory role of MEG3 in osteogenic 
differentiation of MSCs, which is discussed in a later sec-
tion [60]. Our previous study further confirmed the positive 
regulatory role of MEG3 in the osteogenic differentiation 
of hADSCs. We found that knockdown of MEG3 enhanced 
adipogenic differentiation of hADSCs, whereas it inhibited 
osteogenic differentiation [61]. However, in another study of 
postmenopausal osteoporosis (PMOP), MEG3 was signifi-
cantly increased in BMSCs derived from mouse pathologic 
models and patients with PMOP. This study also showed 
that the overexpression of MEG3 caused a decrease, and 
the silencing of MEG3 caused an increase, in mineralised 
nodule formation, ALP activity, and Runx2, osteocalcin, and 
osteopontin protein levels [62]. These contradictory results 
might be partially attributed to the different characteristics 
and distinct post-transcriptional regulation in various tissue-
specific MSCs.

Other lncRNAs Regulating Osteogenic 
Differentiation of BMSCs and ADSCs

Hypoxia‑Inducible Factor 1α‑antisense 1

The lncRNA hypoxia-inducible factor 1α-antisense 1 
(HIF1α-AS1) plays a vital role in the pathogenesis of car-
diovascular disease [32, 63]. Suppression of HIF1α-AS1 
inhibits apoptosis and promotes the proliferation of vascular 
smooth muscle cells in vitro [64]. Furthermore, overexpres-
sion of HIF1α-AS1 upregulates the expression of homeobox 
D10 (HOXD10), ultimately resulting in the osteogenic dif-
ferentiation of BMSCs [65].

HOXA Cluster Antisense RNA 3

HOXA cluster antisense RNA 3 (HOXA-AS3) is located on 
the antisense strand of the HOXA gene cluster on chromo-
some 7. A large number of HOX genes act as transcriptional 
regulators to affect cell proliferation and differentiation [66]. 

HOXA-AS3 affects both adipogenic and osteogenic lineages, 
and knockdown of HOXA-AS3 in MSCs increases osteo-
genesis and the expression of osteogenic markers, including 
Runx2, SP7, and COL1A1 [67].

MIR31HG

Located on chromosome 9, MIR31 host gene (MIR31HG) 
plays an important role in cell growth and invasion in can-
cer [68, 69]. It is the host gene of miR-31, which maps to 
the first intron of MIR31HG. We previously showed that 
MIR31HG positively regulates the osteogenic differentiation 
of hADSCs and rescues the inflammation-induced inhibition 
of osteogenesis and bone formation [70].

AK141205/AK028326

AK141205 and AK028326 were identified as direct tar-
gets of key pluripotency transcription factors, Nanog and 
Oct4 [71]. Expression of AK141205 and CXC chemokine 
ligand-13 (CXCL13) is upregulated in osteogenic growth 
peptide (OGP)-triggered osteogenic differentiation of MSCs. 
Moreover, AK141205 promotes the osteogenic differentia-
tion of MSCs mediated by increased expression of CXCL13 
[72]. High glucose inhibits the osteogenic differentiation 
of MSCs by inhibiting CXCL13 expression through the 
lncRNA AK028326 [73].

TCONS_00046478/TCONS_00027225/
TCONS_00007697

In a recent study, Song et al. identified 574 differentially 
expressed lncRNAs associated with the osteogenic differ-
entiation of MSCs using high-throughput RNA-Seq data. 
Among them, three novel lncRNAs (TCONS_00046478, 
TCONS_00027225, and TCONS_00007697) were precur-
sors of miR-689, miR-544, and miR-640 and regulated the 
expression of co-expressed genes (COL4A4, COL21A1, and 
WNT2) [38]. Their roles in osteogenic differentiation remain 
to be determined (Table 2).

lncRNA Regulation of Osteogenic 
Differentiation of BMSCs and ADSCs

In addition to the identification of lncRNAs differentially 
expressed during osteogenesis, several studies have revealed 
the mechanisms by which lncRNAs regulate osteogenic dif-
ferentiation of BMSCs and ADSCs. Unlike miRNAs that are 
found primarily in the cytoplasm and typically repress gene 
expression through partial or complete complementary bind-
ing with the 3′UTRs of mRNA transcripts [74], lncRNAs, 
which are localised both in the nucleus and on chromatin, 
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function through a diverse set of interactions with numerous 
components of the gene regulatory machinery [75]. In the 
next section, we will illuminate the regulatory functions of 
lncRNAs in osteoblast differentiation of BMSCs and ADSCs 
including chromatin modification, transcription factor bind-
ing, and miRNA regulation.

Regulation of Transcription by Chromatin 
Modification

lncRNAs modulate epigenetic changes by recruiting chro-
matin remodelling complexes to specific genomic loci and 
inducing DNA methylation and histone modifications [76, 
77]. Some well-known epigenetic molecules have been 
shown to interact with lncRNAs. Enhancer of zeste homol-
ogy 2 (EZH2) is a component of the polycomb repressive 
complex 2 (PRC2). The histone methyltransferase EZH2 tri-
methylates lysine 27 of histone 3 (H3K27me3) in target gene 
promoters to silence gene expression. EZH2 has been impli-
cated in the lineage commitment of MSCs and epigeneti-
cally regulates the switch to osteogenesis and adipogenesis 
[78]. Some lncRNAs have recently been shown to regulate 
gene expression via interactions with EZH2, which indicates 
that these lncRNAs may potentially regulate osteogenesis 
[79]. The newly identified lncRNA ANCR is downregulated 
during stem cell differentiation [52]. According to Zhu and 
Xu, downregulation of ANCR promoted osteogenic differ-
entiation by targeting EZH2 and regulating Runx2 expres-
sion (Fig. 1a), which suggests that ANCR is an important 
lncRNA involved in osteoblast differentiation [50]. The 
lncRNA HOXA-AS3 interacts with EZH2 to repress expres-
sion of the transcription factor Runx2 (Fig. 1a). Silencing 
of HOXA-AS3 in MSCs enhances osteogenesis and inhib-
its adipogenesis [67], which indicates that HOXA-AS3 
may act as an epigenetic switch that determines the lineage 

specification of MSCs, in addition to its important role in the 
switch to osteogenesis and adipogenesis. Histone acetylation 
participates in a number of cellular processes including gene 
transcription, DNA replication, and chromatin condensation. 
The lncRNA HIF1α-AS1 increases HOXD10 expression by 
promoting histone acetylation, which enhances osteogenic 
differentiation of BMSCs. In addition, a regulatory net-
work is established in response to the inhibition of TGF-β 
when sirtuin 1 expression is decreased in BMSCs [65], fol-
lowed by upregulation of HIF1α-AS1, which then increases 
HOXD10 expression and promotes the osteogenesis of 
BMSCs (Fig. 1c). The lncRNA AK141205 was identified 
as a direct target of Nanog, a transcription factor important 
for pluripotency [80]. AK141205 in upregulated in OGP-
triggered osteogenic differentiation of MSCs [72]. Mecha-
nistically, AK141205 positively regulates the expression of 
CXCL13 by acetylating the promoter of histone H4, pro-
moting osteoblast differentiation (Fig. 1b). A considerable 
proportion of lncRNAs expressed in a particular cell type 
are physically and functionally associated with chroma-
tin-modifying proteins, such as PRC2 [81]. Based on the 
abovementioned research, it has been suggested that many 
lncRNAs collaborate with chromatin-modifying proteins to 
repress gene expression at specific loci, but further research 
is needed to confirm this hypothesis.

Regulation by Binding to Transcription Factors

lncRNAs regulate gene transcription in several ways. For 
instance, lncRNAs bind transcription factor RNAs to modu-
late transcription factor activity and regulate transcription. 
MEG3 has been extensively studied as a tumour suppressor, 
which has an important regulatory role in various types of 
human tumours [59, 82]. Recently, its biological role and 
the mechanism by which it regulates the osteogenesis of 

Table 2   Key long noncoding 
RNAs involved in the 
osteogenic differentiation of 
MSCs

LncRNA Function Mechanism Reference

ANCR Inhibition Chromatin remodeling Zhu et al. 2013
Jia et al. 2016 [50, 52]

HoxA-AS3 Promotion Chromatin remodeling Zhu et al. 2016 [67]
HIF1α-AS1 Promotion Chromatin remodeling Xu et al. 2015 [65]
AK141205 Promotion Chromatin remodeling Li et al. 2015 [72]
MEG3 Promotion Regulation by binding transcription factors Zhuang et al. 2015 [60]
MIR31HG Inhibition Regulation by binding transcription factors Jin et al. 2017 [70]
H19 Promotion miRNA-related regulation Huang et al. 2015

Liang et al. 2016 [41, 42]
HOTAIR Inhibition miRNA-related regulation Wei et al. 2017 [57]
MEG3 Inhibition miRNA-related regulation Wang et al. 2017

Li et al. 2017 [61, 62]
TCONS_00046478
TCONS_00027225

promotion miRNA-related regulation Song et al. 2015 [38]

MITA Promotion miRNA-related regulation Jin et al. 2017 [47]
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MSCs have been revealed. Overexpression of MEG3 pro-
moted the osteogenic differentiation of MSCs from patients 
with MM by targeting BMP4 transcription [60]. MEG3, 
which is located near the BMP4 gene, is thought to dis-
sociate the transcription factor SRY-box 2 (SOX2) from the 
BMP4 promoter to increase expression of the BMP4 gene 
(Fig. 2a). Another lncRNA, MIR31HG, mediates osteo-
genic differentiation by binding to transcription factors upon 

exposure to an inflammatory microenvironment. MIR31HG 
knockdown enhances osteogenic differentiation and res-
cues the inflammation-induced inhibition of osteogenesis 
in hADSCs via a nuclear factor (NF)-κB regulatory feed-
back circuit [70]. NF-κB upregulates MIR31HG expression 
via the direct binding of p65 to the MIR31HG promoter. 
MIR31HG in turn directly binds to IκBα, contributing to 
IκBα phosphorylation and NF-κB activation and ultimately 

Fig. 1   lncRNAs regulate osteogenic differentiation by chromatin 
modification. a Downregulation of ANCR/ HOXA-AS3 promotes 
osteogenic differentiation by targeting EZH2 and regulating Runx2 
expression. b AK141205 positively regulates CXCL13 expression by 
acetylating histone H4 in the promoter region and promoting osteo-

blast differentiation. c Inhibition of TGF-β leads to decreased SIRT1 
expression in BMSCs, followed by upregulation of HIF1α-AS1, 
which then increases HOXD10 expression by promoting histone acet-
ylation and promoting the osteogenesis of BMSCs
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inhibiting osteogenic differentiation (Fig. 2b). In recent 
years, an increasing amount of attention has been paid to 
lncRNA–protein interactions. In particular, lncRNAs form 
lncRNA–protein complexes with transcription factors and 
modulate their activity. The diverse transcriptional regula-
tory mechanisms important in the osteogenic differentiation 
of MSCs remain to be explored.

Mirna‑Related lncRNAs

A widespread network of crosstalk between coding and non-
coding RNAs that regulate one another via competition for 
miRNA binding sites has been identified. Based on this 
network, the competing endogenous RNA hypothesis has 
been proposed [83]. Certain lncRNAs base pair with small 
RNAs and effectively deplete miRNAs by acting as sponges 
or decoys [84, 85]. In addition, some lncRNAs act as pre-
cursors for miRNAs to regulate gene expression [86]. The 
maternally expressed and paternally imprinted lncRNA H19 
(2.7 kb) is a primary miRNA precursor of miR-675. We pre-
viously showed that H19/miR-675/TGF-β1/Smad3/HDAC 

signalling pathway plays a significant role in the osteogenic 
differentiation of human MSCs [41]. The expression of H19 
and miR-675 was significantly increased during the osteo-
genic differentiation of hMSCs, which indicates that H19 
promotes osteogenic differentiation at least partially through 
miR-675. Moreover, miR-675 downregulated expression of 
TGF-β1 and subsequently suppressed phosphorylation of 
Smad3. Meanwhile, miR-675 negatively regulated HDAC 
4/5, inhibiting the recruitment of HDAC(s) to the Runx2-
bound DNA sequence and subsequently enhancing osteo-
genic differentiation (Fig. 3a). Consistent with this, Liang 
et al. revealed that H19 acts as a miRNA sponge to inhibit 
the endogenous functions of miR-141 and miR-22 [42], both 
of which downregulate β-catenin expression. As a result, 
H19 enhances osteogenesis through direct activation of the 
Wnt/β-catenin pathway (Fig. 3b). In addition, a novel regula-
tory feedback loop between H19 and its encoded miRNA has 
been proposed in which miR-675-5p directly targets H19 and 
inhibits osteoblast differentiation. These two studies have 
improved our understanding of the key role of H19 in pro-
moting osteogenesis, whereas analysis of the expression of 

Fig. 2   lncRNAs regulate osteo-
genic differentiation by binding 
to transcription factors. a MEG3 
dissociates the transcription 
factor SOX2 from the BMP4 
promoter to increase expression 
of BMP4 and promote osteo-
genic differentiation of MSCs. 
b MIR31HG directly binds 
to IκBα, contributing to IκBα 
phosphorylation and NF-κB 
activation and ultimately inhib-
iting osteogenic differentiation. 
In turn, NF-κB directly binds 
p65 at the MIR31HG promoter 
and upregulates MIR31HG 
expression
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miRNA-675 yielded contrasting results. The second study 
identified uncoordinated expression patterns of miRNA-675 
and H19. The authors concluded that the excision of miR-
675 from exon 1 of H19 is dynamically regulated by the 
RNA binding protein HuR, although little is known about 

the expression patterns of RNA binding proteins during oste-
ogenesis [42]. Therefore, the functions of H19 have been 
divided into two major categories: a reservoir for miR-675 
that suppresses its target genes, and a regulator of miRNAs 
or proteins through binding. A recent study showed that the 

Fig. 3   Schematic illustration of miRNA-related mechanisms. a MiR-
675 downregulates TGF-β1 expression and subsequently suppresses 
Smad3 phosphorylation. Meanwhile, miR-675 inhibits the recruit-
ment of HDAC(s) to the Runx2-bound DNA sequence and subse-
quently promotes osteogenic differentiation. b H19 downregulates 
β-catenin expression and inhibits osteogenic differentiation by act-
ing as a miRNA sponge of miR-141 and miR-22. MiR-675 directly 
targets H19 and inhibits osteoblast differentiation. c MEG3 overex-

pression downregulates SLC39A1 expression by directly binding to 
miR-133a-3p and elevating its expression, resulting in inhibition of 
osteogenic differentiation. d Downregulation of HOTAIR leads to 
reduced methylation of the miR-17-5p promoter and increased miR-
17-5p expression. Subsequently, the expression of SMAD7, a target 
gene of miR-17-5p, was decreased and osteogenic differentiation was 
ultimately promoted
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expression of miR-133a-3p was positively correlated with 
MEG3 expression in PMOP-derived BMSCs [62]. After fur-
ther investigation, the researchers found that overexpression 
of MEG3 downregulated SLC39A1 expression by directly 
binding to miR-133a-3p and elevating its expression, lead-
ing to inhibition of osteogenic differentiation of BMSCs and 
inducing PMOP (Fig. 3c). Moreover, our group found that 
the expression of miR-140-5p was inversely correlated with 
MEG3 expression and elucidated that MEG3 may partici-
pate in the osteogenic differentiation of hADSCs at least par-
tially via miR-140-5p [61]. HOTAIR, the first trans-acting 
lncRNA discovered, has been extensively studied in a range 
of human diseases [87]. Recently, it was confirmed to play a 
novel role in osteogenic differentiation and proliferation by 
modulating the expression of miR-17-5p and its target gene 
SMAD7 in non-traumatic osteonecrosis of the femoral head 
[57]. Downregulation of HOTAIR led to decreased methyla-
tion of the miR-17-5p promoter and increased expression 
of miR-17-5p. Subsequently, the expression of SMAD7, a 
target gene of miR-17-5p, decreased and osteogenic differ-
entiation was ultimately promoted (Fig. 3d). Interestingly, 
HOTAIR binds to the histone H3K27 methylase PRC2, 
guiding PRC2 to specific regions of the HOXD locus to 
negatively regulate gene expression [13]. This mechanism 
suggests that HOTAIR may regulate the osteogenic differen-
tiation of MSCs through another epigenetic pathway in addi-
tion to interacting with miRNAs. Some lncRNAs regulate 
post-transcriptional processes by binding to miRNAs. Dur-
ing the past few years, miRNAs have been extensively stud-
ied, and remarkable progress has been made in determining 
their role in osteoblast differentiation and bone formation. 
With their complexity in structure and diversity in function, 
lncRNAs have been postulated to play a leading role and 
have a greater influence on the regulation of osteoblast dif-
ferentiation of MSCs than miRNAs.

In fact, compared to the diverse functions of lncRNAs 
that have already been reported, the researches on the mech-
anisms by which lncRNAs regulate MSC osteogenic dif-
ferentiation may seem less sufficient. Many more aspects of 
lncRNAs remain to be explored in the future.

Future Prospects

lncRNAs are emerging as new stars in cellular processes and 
display great potential in bone tissue engineering. On one 
hand, they function as biomarkers for the detection of early 
states of bone disease. On the other hand, they are candi-
date drug targets for intervention and regeneration in bone 
disorders. Furthermore, lncRNAs are abundantly expressed 
in exosomes [88, 89], which are spherical membrane vesi-
cles secreted from multi-vesicular endosomes by a variety 
of cell types [90]. Exosomes function as transport vesicles 

for functional lncRNAs, which has offered new insights into 
the regulatory mechanisms of cell development, the immune 
system, and tumour metastasis [89, 91]. With large amounts 
of lncRNAs, exosomes will be applied as a mediator to fur-
ther investigate the molecular mechanisms of osteogenic 
differentiation in MSCs. Nevertheless, many important 
questions remain. Not all lncRNAs downregulated during 
osteogenic differentiation necessarily function in the sophis-
ticated regulatory network. Therefore, the identification of 
potentially functional lncRNAs will be a challenging task. In 
addition, more work still needs to be done to characterise the 
specific roles of lncRNAs and the concrete mechanisms by 
which they modulate the osteogenic differentiation of MSCs.

Conclusions

During the past few years, a variety of lncRNAs have been 
shown to be involved in the osteogenic differentiation of 
MSCs in a wide repertoire of cellular contexts. In this 
review, we summarised the lncRNAs that are reportedly 
involved in the osteogenic differentiation of BMSCs and 
ADSCs. In addition, we discussed their molecular regula-
tory mechanisms in chromatin modification, transcription 
factor binding, and interactions with miRNAs, providing a 
theoretical and experimental basis for clinical applications 
in bone tissue engineering. With the development of high 
throughput and next-generation sequencing technologies, the 
roles of lncRNAs as regulators of biological processes have 
attracted increasing attention. However, additional research 
will be necessary to better illuminate the structures and spe-
cific mechanisms by which lncRNAs regulate both normal 
and pathological conditions. We expect that the use of these 
and other future techniques will enable researchers to finally 
uncover the fascinating aspects of lncRNAs and make fur-
ther progress in conquering human disease.
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