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1 | INTRODUCTION

Abstract

Mesenchymal stem cells (MSCs) have potential ability to differentiate into osteo-
cytes in response to in vitro specific induction. However, the molecular basis un-
derlying this biological process remains largely unclear. In this study, we identify
IncRNA HOTAIRM1 as a critical regulator to promote osteogenesis of MSCs. Loss
of HOTAIRM1 significantly inhibits the calcium deposition and alkaline phosphatase
activity of MSCs. Mechanistically, we find that HOTAIRM1 positively modulates the
activity of JNK and c-Jun, both of which are widely accepted as crucial regulators of
osteogenic differentiation. More importantly, c-Jun is found to be functionally in-
volved in the regulation of RUNX2 expression, a master transcription factor of os-
teogenesis. In detail, c-Jun can help recruit the acetyltransferase p300 to RUNX2
promoter, facilitating acetylation of histone 3 at K27 site, therefore epigenetically
activating RUNX2 gene transcription. In summary, this study highlights the func-
tional importance of HOTAIRM1 in regulation of osteogenesis, and we characterize

HOTAIRM1 as a promising molecular target for bone tissue repair and regeneration.
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specific induction.8® Thus, MSC is a good candidate for the clinical
treatment of multiple bone tissue-regulated defects.

As is well known, osteoblasts and osteoclasts, the two main cell
types of bone, cooperatively regulate the dynamic bone renewal
and regeneration.l’3 However, in some terrible conditions such as
osteolytic bone tumour surgery and osteonecrosis, the bone regen-
eration progress will be disabled or go beyond its self-repair ability.
Therefore, the bone tissue engineering, particularly the stem cell-
based therapy, has become a good choice in clinical therapeutics of
these dysregulated bone tissue defects.*” Mesenchymal stem cells
(MSCs), derived from a number of tissues such as adipose and bone
marrow, have been found to have potential ability to differentiate
into multilineage cells, like osteocytes and adipocytes, upon in vitro

MAPK/JNK signalling is found to be functionally involved in the
regulation of osteogenic differentiation of MSCs. 1415 Suppression of
the JNK signalling significantly reduces the calcium deposition and
alkaline phosphatase activity, as well as expressions the representa-
tive osteogenic marker genes by an in vitro study. On the other hand,
the inactivated JNK signalling can also inhibit the bone formation
by using an athymic nude mice model system.'® Therefore, study
on the regulation of JNK signalling activity is quite important for
MSC-based bone tissue engineering. Moreover, increasing evidence
revealed that the osteogenesis of MSCs can be regulated by vari-
ous osteogenic regulators, especially the runt-related transcription
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factor 2 (RUNX2) which is one of the most critical master transcrip-
tion factors during osteogenic progress. RUNX2 attenuation could
repress osteogenic differentiation and some other osteogenic regu-
lators implicated in osteogenic progression.”’20

Long non-coding RNAs (IncRNAs), which are a subset of non-cod-
ing transcripts with more than 200 nucleotides in length, have been
reported to have regulatory roles in numerous cellular disorders,
such as inflammation, immunity and various cancers.?1? However,
the roles of IncRNAs in osteogenic regulation are poorly defined.
In this study, we first identified IncRNA HOTAIRM1 as a crucial
regulator of osteogenic differentiation. Knockdown of HOTAIRM1
markedly represses the calcium deposition and alkaline phosphatase
activity, suggesting the critical function of HOTAIRM1 in osteogene-
sis. Moreover, we explored the underlying molecular mechanism and
found that HOTAIRM1 mediates the osteogenic regulator RUNX2
expression through a c-Jun/p300 coordinated acetylation manner,
providing a better understanding of the positive regulatory role of
HOTAIRM1 in osteogenic differentiation at molecular level.

2 | MATERIAL AND METHODS

2.1 | Isolation and culture of MenSCs and UCMSC

The menstrual bloods were collected from the healthy female do-
nors. Equal volume PBS was added to the samples and then sub-
jected to standard Ficoll procedures. Subsequently, the detailed steps
for MenSCs isolation and culture were conducted as previously de-
scribed.? For UCMSC isolation and culture, the umbilical cord ves-
sels were first subjected to disinfection in 75% ethanol for 1 minute
and then were cut into cubes. Subsequently, the supernatant was dis-
carded and the precipitates were rinsed with DMEM. In the following,
the detailed protocol for UCMSC isolation and culture was conducted

as previously reported.26

2.2 | Alizarin Red S staining and ALP
activity detection

For Alizarin Red staining, MenSCs were first fixed in 70% ethanol
and then subjected to 1% Alizarin Red solution staining for 1 minute.
The detailed procedures were performed as previously described.?®
For the detection of ALP activity, cells were first fixed with 70%
ethanol for 30 minutes and then incubated with the BCIP/NBT lig-
uid substrate at 37°C for 30 minutes. The detailed procedures were

performed as previously described.?

2.3 | Antibodies and reagents

Anti-Histone 3 (#17168-1-AP) antibody was purchased from Proteintech
Group Inc, anti-p300 (#ab10485) antibody was from Abcam, and
anti-JNK (#9252) and anti-phospho-JNK (#4668), anti-c-Jun (#9165),
anti-phospho-c-Jun (#3270), anti-RUNX2 (#12556) and H3K27ac
(#8173) antibodies were obtained from Cell Signaling Technology. The
osteogenic differentiation medium (#SCM121), chemical reagent Bay

Highlights

o HOTAIRM1 functions as a critical activator to regulate
osteogenic differentiation.

e HOTAIRM1 positively regulates the activity of JNK/
AP-1 signalling pathway.

e HOTAIRM1 elevates expression of the osteogenic regu-
lator RUNX2 through a c-Jun/p300-mediated acetyla-
tion mechanism.

11-7082 (#B5556), Alizarin Red S (#A5533) and BCIP/NBT liquid sub-
strate system (#B1911) were all purchased from Sigma.

2.4 | Plasmid constructions and lentiviral infection

The shRNA against human HOTAIRM1 was cloned into a modified
pLV-H1-Puro lentiviral vector. The corresponding sequence for
shHOTAIRM1 was 5-AATGAAAGATGAACTG GCGAG-3'. C-Jun
and p300 siRNAs (Thermo Scientific) were transfected by using
RNAIMAX transfection reagent (Thermo Scientific). The human
HOTAIRM1 was amplified by using reverse transcription PCR and
then inserted into a modified pLV-EFla lentiviral vector as previ-
ously reported.?® For lentivirus infection, the detailed experimental
procedure was carried out as previously described.?®

2.5 | Quantitative RT-PCR

Total RNAs were extracted from MenSCs or UCMSC using TRIzol
reagent, according to manufacturers' instructions. Reverse tran-
scription was performed with 1 pg total RNA. Real-time quan-
titative PCR was conducted using an EvaGreen gPCR Master
Mix purchased from Applied Biological Materials Inc The relative
changes in gene expression were assayed by the 2722% method.
The primer sequences used in RT-qPCR analysis are as follows:
for RUNX2 was F. 5'-GGACGAGGCAAGAGTTTCAC-3', R. 5'-
GAGGCGGTC AGAGAACAAAC-3'; for SP7 was F. 5'-CACAGC
TCTTCTGACTGTCTG-3', R. 5'-CTGGTG AAATGCCTGCATGGAT-3';
for SPP1wasF. 5'-AGCCAATGATGAGAGCAATG-3',R.5'-TCCTTACTT
TTGGGGTCTAC-3'; for GAPDH was 5'-F. CATGAGAAGTATGACA
ACAGCCT-3', R. 5'-AGTCC TTCCACGATACCAAAGT-3'; for HOTAI
RM1 was 5'-F. CCCACCGTTCAATGAAAG-3', R. 5'-GTTTCAAA
CACCCA CATTTC-3'.

2.6 | High-throughput mRNA sequencing

The mRNA-Seq experiment was conducted by Annoroad (Beijing,
China). Briefly, total RNAs were extracted using TRIzol reagent and
then subjected to library construction according to standard Illumina
protocols. The libraries were sequenced with lllumina HigSeq x Ten se-
qguence platform using the paired-end RNA-seq approach. For subse-

guent data analysis, the detailed method was performed as previously
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FIGURE 1 HOTAIRM1 expression
was induced after osteogenic medium

induction. A, B, RT-qPCR assays were L3
performed to examine dynamic changes of 5 251
HOTAIRM1 expression in MenSCs (A) and ® 50
UCMSC (B) upon osteogenic induction for g_
1, 2 and 4 wk, respectively. C, Expressions 3 151
of the representative osteogenic marker §
genes SP7 and SPP1 in MenSCs with f 12k
osteogenic medium treatment for 1, 2 -‘E 0.5
and 4 wk, respectively, were assayed by E

RT-qPCR analysis. All results are from 0.0-
biological triplicates, and data shown are
the mean £ SD. n=3.*P < .05, **P < .01,
***Pp <.001 vs 0 wk

(9]

Relative RNA expression

SP7

reported.?* The raw data have been deposited in the Sequence Read
Archive (SRA) database with an accession number SRP192509.

2.7 | Chromatin immunoprecipitation (ChIP)

Briefly, 10’ MenSCs were cross-linked with 1% formaldehyde and
then quenched with 125 mmol/L glycine solution. The cells were
lysed and the DNAs were sonicated into fragments from 100 to 500
bp with a sonicator. Subsequently, the sonicated lysates were cleared
andincubated withindicated antibodies forimmunoprecipitation. The
immunoprecipitates were reversed, and the DNA was eluted with an
elution buffer for subsequent quantification. The primer sequence
of ChIP assays for RUNX2 is F. 5'-ACCATGGTGGAGATCATCG-3', R.
5'-GGCAGGGTCTTGTTGCAG-3'.

2.8 | Statistical analysis

Student's t test was used to compare two groups. For a comparison
of 23 groups, one-way ANOVA followed by Tukey post hoc test was
used. P-value <.05 was considered statistically significant. All data
are obtained from at least three independent experiments and pre-
sented as mean * SD.

3 | RESULTS
3.1 | HOTAIRML1 expression is markedly induced
upon osteogenic induction

As is previously reported, LncRNA HOTAIRM1 can function in di-
verse physical and pathological processes. However, the regulatory
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role of HOTAIRML1 in osteogenesis has not yet been discovered. To
study the functional involvement of HOTAIRM1 in this biological
process, we purchased a commercial medium which is widely used
for osteogenic induction, and then used it to treat two types of mes-
enchymal stem cells to observe the dynamic changes in HOTAIRM1
expression. Notably, expressions of HOTAIRM1 in both menstrual
blood-derived mesenchymal stem cells (MenSCs) and umbilical cord
mesenchymal stem cells (UCMSC) were significantly increased after
osteogenic medium treatment (Figure 1A,B), indicating the poten-
tial regulatory function of HOTAIRM1 during osteogenic differen-
tiation. Meanwhile, we examined expressions of the representative
osteogenic marker genes, such as Sp7 transcription factor (SP7) and
secreted phosphoprotein 1 (SPP1). As a consequence, expressions
of SP7 and SPP1 were dramatically augmented when subjected to

osteogenic induction (Figure 1C).

3.2 | HOTAIRM1 promotes osteogenesis of
mesenchymal stem cells

To define the regulatory function of HOTAIRM1 in osteogenesis
of mesenchymal stem cells, we first performed shRNA-mediated
HOTAIRM1 knockdown in MenSCs and then conducted Alizarin Red
S staining to observe the effect of HOTAIRM1 on calcium deposition.
Consequently, we found that attenuation of HOTAIRM1 markedly
reduced calcium deposition of the MenSCs (Figure 2A). Meanwhile,
we determined expressions of the representative osteogenic mark-
ers in control and HOTAIRM1-depleted MenSCs, respectively. RT-
gPCR analysis revealed that HOTAIRM1 depletion markedly reduced
expressions of the osteogenesis-associated markers, like SP7 and
SPP1 (Figure 2B). To confirm the regulatory role of HOTAIRM1 in
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FIGURE 2 HOTAIRM1 positively regulates the osteogenic differentiation of mesenchymal stem cells. A, The effect of HOTAIRM1 on
calcium deposition of MenSCs, with or without osteogenic induction for 3 wk, was determined by Alizarin Red S staining analysis. B, RT-
gPCR assay was conducted in MenSCs in the presence or absence of osteogenic induction for 2 wk with or without HOTAIRM1 knockdown,
to measure the effect of HOTAIRM1 on expressions of the osteogenic markers SP7 and SPP1. C, Aberrant HOTAIRM1 overexpression in
MenSCs was performed to test the effect of HOTAIRM1 on calcium deposition. D, Aberrant HOTAIRM1 overexpression in UCMSC was
performed to examine the effect of HOTAIRM1 on alkaline phosphatase activity. E, Expressions of the osteogenic markers SP7 and SPP1 in
UCMSC, with or without HOTAIRM1 overexpression, were detected by RT-qPCR analysis. All results are from biological triplicates, and data
shown are the mean + SD. n = 3. *P < .05, **P < .01, ***P < .001 vs shGFP or vec; *P < .01, ##P < .001 vs shGFP + OS-induction

osteogenesis, we next constructed a lentiviral vector of HOTAIRM1
and then performed HOTAIRM1 ectopic overexpression in MenSCs
and UCMSC, respectively. As a consequence, both calcium deposi-
tion and ALP activity were dramatically enhanced after enforced
HOTAIRM1 overexpression (Figure 2C,D). Consistently, expressions of
osteogenic marker genes SP7 and SPP1 were obviously augmented by
the highly expressed HOTAIRM1 (Figure 2E). Collectively, these ob-
servations suggest that HOTAIRM1 plays a critical positive role in the
regulation of osteogenesis.

3.3 | HOTAIRM1 regulates the activity of JINK/AP-1
signalling pathway

The above results have shown the crucial role of HOTAIRM1 in os-
teogenic differentiation. Therefore, we next sought to define the
underlying molecular basis by which HOTAIRM1 positively regulates
osteogenesis. First, we silenced HOTAIRM1 in MenSCs and then
employed high-throughput mRNA sequencing analysis, to define
HOTAIRM1 downstream-mediated genes and signalling pathways.

Of note, 1085 and 1295 genes were found to be significantly up-
and down-regulated, respectively, after HOTAIRM1 depletion
(Figure 3A). More interestingly, KEGG pathway analysis revealed
that HOTAIRM1 is crucially associated with MAPK/JNK pathway
which is widely accepted as a critical signalling for osteogenic differ-
entiation (Figure 3B). To validate the influence of HOTAIRM1 on the
activity of MAPK/JNK signalling, we detected the phosphorylation
status of JNK, as well as its downstream regulator c-Jun which is the
major regulator of AP-1 transcription factor family, with or without
HOTAIRM1 knockdown. Western blot analysis revealed that the
phosphorylation levels of JNK at T183 and Y185 sites, as well as c-
Jun at S73 site, were remarkably restrained when HOTAIRM1 was
silenced (Figure 3C). Moreover, we conducted HOTAIRM1 enforced
overexpression to further confirm the effect of HOTAIRM1 on the
activity of JNK signalling. As expected, highly expressed HOTAIRM1
dramatically augmented JNK/AP-1 activity (Figure 3D). Overall,
these findings suggest that HOTAIRM1 positively regulates osteo-
genic differentiation of MSCs, at least in part, through JNK/c-Jun
signalling pathway.



FUET AL.

WILEY-"%

A shHOTAIRM1

C
: @l shGFP

p-JNK E 2 - 3 ShHOTAIRM1

£ 10

o *

g 0.5 4

(]

©
B-Actin EI 00 . .

p-JNK/JNK p-c-Jun/c-Jun

Total cell lysate

NOD-like receptor signaling pathway

Cytosolic DNA-sensing pathway

Pathways in cancer

Herpes simplex infection

MAPK signalling pathwayl

Jak-STAT signalling pathway

0 5 10 15
-log (P-value)
N
\@@
¥
D X
\\QP Q\'bg
25 - Ml vec
p-JNK El 2 [ Flag-HOTAIRM1
2 204 kx
= 154
': 1.0 4
% 0.5
[/

p-JNK/JNK p-c-Jun/c-Jun

Total cell lysate

FIGURE 3 HOTAIRM1 regulates the activity of JNK/c-Jun pathway. A, Heat map of mRNA-Seq data in MenSCs showing the differentially
expressed genes after HOTAIRM1 knockdown. B, High-throughput mRNA sequencing was performed in control and HOTAIRM1-depleted
MenSCs, respectively, followed by KEGG pathway analysis to determine HOTAIRM1 downstream-regulated signalling pathways. C, The
effect of HOTAIRM1 on JNK and c-Jun phosphorylation status was examined in MenSCs with or without HOTAIRM1 knockdown by
Western blot assays and then quantified by ImageJ software. D, Lentivirus-mediated HOTAIRM1 overexpression was conducted in UCMSC,
followed by Western blot analysis to show the effect of HOTAIRM1 on the phosphorylation status of JNK and c-Jun and then quantified by
Image) software. All results are from biological triplicates, and data shown are the mean + SD. n = 3. *P < .05, **P < .01 vs shGFP or vec

3.4 | HOTAIRM1 positively regulates RUNX2
expression in a c-Jun-mediated acetylation manner

To investigate the detailed molecular mechanism by which
HOTAIRM1

whether HOTAIRM1 modulates expression of the master transcrip-

regulates osteogenic differentiation, we examined

tion factor RUNX2, one of the most crucial osteogenic regulators.
Both RT-gPCR and Western blot assays demonstrated that at-
tenuation of HOTAIRM1 significantly repressed RUNX2 expression
(Figure 4A,B). Next, we sought to illustrate how does HOTAIRM1
regulate expression of RUNX2. As is previously reported, RUNX2
can be regulated by the transcription factor c-Jun on one hand.?” On
the other hand, RUNX2 expression can be epigenetically activated
by histone 3 acetylation at K27 site (H3K27ac).?® Combined with the
above data that HOTAIRM1 mediated the activity of JNK/c-jun sig-
nalling, we have been suggested that HOTAIRM1 regulates RUNX2
expression through a c-Jun-mediated acetylation manner. To prove

this hypothesis, we first employed chromatin immunoprecipitation

(ChIP) assay to observe dynamic changes in c-Jun occupancies at
promoter region of RUNX2 after osteogenic induction. As a con-
sequence, anti-c-Jun ChlIP result showed that distribution of c-Jun
at RUNX2 promoter is markedly enriched when exposed to osteo-
genic medium treatment (Figure 4C). Meanwhile, we assayed the
H3K27ac-modified acetyltransferase p300 binding affinity with
RUNX2 promoter. Intriguingly, p300 binding ability is also increased
after osteogenic induction (Figure 4D). Next, we ask whether p300
recruitment to RUNX2 promoter depends on the transcription fac-
tor c-Jun. To test this notion, we performed anti-p300 ChIP assays,
with or without c-Jun knockdown, to determine the effect of c-Jun
on p300 chromatin recruitment. Consequently, p300 distribution at
RUNX2 promoter was remarkably suppressed after c-Jun inhibition
(Figure 4E). Furthermore, the c-Jun-mediated H3K27 acetylation
status at RUNX2 promoter was parallelly validated by anti-H3K27ac
ChlIP assays after c-Jun and p300 depletion, respectively (Figure 4F).
In summary, these results suggest that HOTAIRM1 regulates RUNX2

expression in a c-Jun-mediated acetylation manner.
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FIGURE 4 HOTAIRM1 regulates RUNX2 expression in a c-Jun-mediated H3K27 acetylation mechanism. A, Western blot analysis

showing protein expression levels of RUNX2 in MenSCs, with or without HOTAIRM1 depletion, followed by ImageJ software quantification.
B, RNA expressions of RUNX2 in MenSCs, with or without HOTAIRM1 knockdown, were determined by RT-gPCR assay. C, The binding
affinity of c-Jun with RUNX2 promoter region after osteogenic induction for 1 and 2 wk, respectively, was examined using anti-c-Jun ChIP
assays. D, The distributions of p300 at RUNX2 promoter regions in MenSCs with osteogenic medium treatment for 1 and 2 wk, respectively,
were tested by ChIP assays, with an antibody against p300. E, The effect of c-Jun on p300 recruitment to RUNX2 promoter in MenSCs with
or without osteogenic medium treatment for 1 wk was measured using anti-p300 ChlIP assays after c-Jun knockdown. F, ChIP assay analysis
showing the effect of c-Jun and p300 on acetylation status of H3 at K27 site in the presence or absence of osteogenic medium treatment for
1 wk. c-Jun and p300 were specially silenced in MenSCs, respectively, using a lentiviral vector-based shRNA. All results are from biological
triplicates, and data shown are the mean + SD. n = 3. *P < .05, **P < .01 vs O wk or shGFP or Ctrl; *P < .05, #P < .01 vs osteogenic medium-

treated shGFP or Ctrl

4 | DISCUSSION

HOTAIRM1 is a previously documented IncRNA, functionally
involved in multiple cancers. However, the regulatory role of
HOTAIRM1 in cell lineage commitment is almost unknown until
now. In the current study, we first identify HOTAIRM1 as a critical
activator of osteogenic differentiation of menstrual blood-derived
mesenchymal stem cells (MenSCs) and umbilical cord mesenchymal
stem cells (UCMSC). shRNA-mediated HOTAIRM1 knockdown in
both of the two cell lines markedly repressed the calcium deposition
and the activity of alkaline phosphatase, suggesting a critical inhibi-

tory role in osteogenesis. Consistently, enforced overexpression of

HOTAIRM1 significantly augmented osteogenic capacity of these
mesenchymal stem cells. Overall, these results provide solid evi-
dence for the potential regulatory role of HOTAIRM1 during osteo-
genic differentiation.

JNK/AP-1 is widely accepted as a crucial signalling in the reg-
ulation of osteogenesis. As is reported, JNK/MAPK could act as
a molecular switch to balance the osteoblast and adipocyte lin-
eage differentiation,?? and JNK activation is able to enhance the

osteogenic differentiation,°-32

suggesting the functional impor-
tance of JNK/MAPK signalling pathway in osteogenesis. Here, we
observed a significant co-relation of HOTAIRM1 with JNK/AP-1

signalling using mRNA sequencing approach. More importantly,
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FIGURE 5 Schematic representation of the molecular basis

by which HOTAIRM1 regulates osteogenic differentiation. Upon
osteogenic induction, expression of HOTAIRM1 is induced and then
activates the phosphorylation status of MAPK/JNK. Subsequently,
the activated JNK signalling phosphorylates the transcription factor
c-Jun and help recruit c-Jun to RUNX2 promoter region, therefore
co-activating p300-mediated acetylation of histone 3 at K27 site,
epigenetically stimulating RUNX2 gene transcription

attenuation of HOTAIRM1 significantly restrains the activity of
JNK and its downstream regulator c-Jun. These observations sug-
gest that HOTAIRM1 positively regulates osteogenic differentia-
tion, at least in part, through JNK/AP-1 signalling. Meanwhile, we
identify HOTAIRM1 as a crucial regulator to mediate the activity
of JNK/AP-1 signalling.

As a major regulator of AP-1 transcription factor family, c-Jun
is previously found to be involved in regulating the expression of
RUNX2,%” a critical master transcription factor of osteogenesis.
However, the detailed molecular basis is still unclear. In this study,
we discovered that c-Jun can serve as a partner of p300, helping
recruit p300 to RUNX2 promoter region, therefore co-activating
p300-mediated acetylation of histone 3 at K27 site and subsequent
RUNX2 gene transcription, finally inducing osteogenic differentia-
tion (Figure 5). More importantly, Loss of HOTAIRM1 can markedly
inhibit the expression of RUNX2. Collectively, these findings offer
us a new insight into understanding the important biological func-
tion of HOTAIRM1 in osteogenic regulation, and we conclude that
HOTAIRM1 may become a promising molecular target for bone tis-
sue repair and regeneration engineering in the near future.

ACKNOWLEDGEMENTS

This work was supported by grants from the National Natural
Science Foundation of China (81800532) and Hunan Natural Science
Foundation (2017JJ3510).

CONFLICT OF INTEREST

The authors declare that there is no conflict of interest.

WILEY-"%

AUTHOR CONTRIBUTIONS

Xiaoyu Fu conceived and designed the project. Lei Fu and Shifang
Peng performed most of the experiments. Yi Ouyang contributed to
data analysis. Wanfeng Wu and Shifang Peng performed statistical
analysis. Lei Fu wrote the draft of the manuscript. Xiaoyu Fu and
Deming Tan revised the manuscript for important intellectual con-

tent. All authors contributed to discussions.

ETHICAL APPROVAL

All the MenSCs and UCMSC were obtained with the informed con-
sent of the donors. All experiments in this manuscript meet the
‘Declaration of Helsinki’ and were approved by Ethics Committee of

the Central South University.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are available from
the corresponding author upon reasonable request.

ORCID
Xiaoyu Fu https://orcid.org/0000-0003-4467-2418
REFERENCES

1. Bone LL. Direct contact between mature osteoblasts and osteo-
clasts. Nat Rev Rheumatol. 2018;14(4):183-183.

2. Shao J, Zhang Y, Yang T, Qi J, Zhang L, Deng L. HIF-1alpha dis-
turbs osteoblasts and osteoclasts coupling in bone remodeling
by up-regulating OPG expression. In Vitro Cell Dev Biol Anim.
2015;51:808-814.

3. Zhang T, Han W, Zhao K, et al. Psoralen accelerates bone fracture
healing by activating both osteoclasts and osteoblasts. FASEB J.
2019;33:5399-5410.

4. Bruder SP, Fink DJ, Caplan Al. Mesenchymal stem cells in bone de-
velopment, bone repair, and skeletal regeneration therapy. J Cell
Biochem. 1994;56:283-294.

5. Sponer P, Kucera T, Diaz-Garcia D, Filip S. The role of mesenchy-
mal stem cells in bone repair and regeneration. Eur J Orthop Surg
Traumatol. 2014;24:257-262.

6. Nauth A, Schemitsch EH. Stem cells for the repair and regeneration
of bone. Indian J Orthop. 2012;46:19-21.

7. YamadaY, Nakamura S, Ito K, et al. A feasibility of useful cell-based
therapy by bone regeneration with deciduous tooth stem cells,
dental pulp stem cells, or bone-marrow-derived mesenchymal stem
cells for clinical study using tissue engineering technology. Tissue
Eng Part A. 2010;16:1891-1900.

8. ArpornmaeklongP,PripatnanontP,ChookiatsiriC, Tangtrakulwanich
B. Effects of titanium surface microtopography and simvastatin
on growth and osteogenic differentiation of human mesenchymal
stem cells in estrogen-deprived cell culture. Int J Oral Maxillofac
Implants. 2017;32:€35-e46.

9. Lee TJ, Jang J, Kang S, et al. Mesenchymal stem cell-conditioned
medium enhances osteogenic and chondrogenic differentiation
of human embryonic stem cells and human induced pluripotent
stem cells by mesodermal lineage induction. Tissue Eng Part A.
2014;20:1306-1313.


https://orcid.org/0000-0003-4467-2418
https://orcid.org/0000-0003-4467-2418

2.
524 | WLy

10.

11.
12.

13.
14.
15.
16.

17.

18.
19.
20.
21.
22.

23.

FU ET AL.

Sahoo AK, Das JK, Nayak S. Isolation, culture, characterization,
and osteogenic differentiation of canine endometrial mesenchymal
stem cell. Veterinary World. 2017;10:1533-1541.

Ishimura D, Yamamoto N, Tajima K, et al. Differentiation of adi-
pose-derived stromal vascular fraction culture cells into chondro-
cytes using the method of cell sorting with a mesenchymal stem cell
marker. Tohoku J Exp Med. 2008;216:149-156.

Laschke MW, Schank TE, Scheuer C, et al. In vitro osteogenic differ-
entiation of adipose-derived mesenchymal stem cell spheroids im-
pairs their in vivo vascularization capacity inside implanted porous
polyurethane scaffolds. Acta Biomater. 2014;10:4226-4235.
Moshtagh PR, Emami SH, Sharifi AM. Differentiation of human ad-
ipose-derived mesenchymal stem cell into insulin-producing cells:
an in vitro study. J Physiol Biochem. 2013;69:451-458.

Tsuji-Naito K, Jack RW. Concentrated bovine milk whey active pro-
teins facilitate osteogenesis through activation of the JNK-ATF4
pathway. Biosci Biotechnol Biochem. 2012;76:1150-1154.

Zha X, Xu Z, Liu Y, et al. Amentoflavone enhances osteogenesis of
human mesenchymal stem cells through JNK and p38 MAPK path-
ways. J Nat Med. 2016;70:634-644.

Wang P, Wang Y, Tang W, et al. Bone morphogenetic protein-9 en-
hances osteogenic differentiation of human periodontal ligament
stem cells via the JNK pathway. PLoS ONE. 2017;12:e0169123.
Bruderer M, Richards RG, Alini M, Stoddart MJ. Role and regulation
of RUNX2 in osteogenesis. Eur Cells Mater. 2014;28:269-286.

Fan QM, Yue B, Bian ZY, et al. The CREB-Smadé-Runx2 axis con-
tributes to the impaired osteogenesis potential of bone marrow
stromal cells in fibrous dysplasia of bone. J Pathol. 2012;228:45-55.
Feng G, Zhang J, Feng X, et al. Runx2 modified dental pulp stem
cells (DPSCs) enhance new bone formation during rapid distraction
osteogenesis (DO). Differentiation. 2016;92:195-203.

Jeong HM, Choi YH, Jeong HG, Jeong TC, Lee KY. Bromopropane
compounds inhibit osteogenesis by ERK-dependent Runx2 inhibi-
tion in C2C12 cells. Arch Pharm Res. 2014,37:276-283.

Huang D, Chen J, Yang L, et al. NKILA IncRNA promotes tumor im-
mune evasion by sensitizing T cells to activation-induced cell death.
Nat Immunol. 2018;19:1112-1125.

Wu W, Chen F, Cui X, et al. LncRNA NKILA suppresses TGF-beta-
induced epithelial-mesenchymal transition by blocking NF-kappaB
signaling in breast cancer. Int J Cancer. 2018;143:2213-2224.

Zhu X, Du J, Yu J, et al. LncRNA NKILA regulates endothelium in-
flammation by controlling a NF-kappaB/KLF4 positive feedback
loop. J Mol Cell Cardiol. 2019;126:60-69.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Zhu X, Liu Y, Yu J, et al. LncRNA HOXA-AS2 represses endothelium
inflammation by regulating the activity of NF-kappaB signaling.
Atherosclerosis. 2019;281:38-46.

Chen C, He W, Huang J, et al. LNMAT1 promotes lymphatic metas-
tasis of bladder cancer via CCL2 dependent macrophage recruit-
ment. Nat Commun. 2018;9:3826.

Zhu X, Yu J, Du J, Zhong G, Qiao L, Lin J. LncRNA HOXA-AS2 posi-
tively regulates osteogenesis of mesenchymal stem cells through in-
activating NF-kappaB signalling. J Cell Mol Med. 2019;23:1325-1332.
Sancisi V, Manzotti G, Gugnoni M, et al. RUNX2 expression in thy-
roid and breast cancer requires the cooperation of three non-re-
dundant enhancers under the control of BRD4 and c-JUN. Nucleic
Acids Res. 2017;45:11249-11267.

Wang X, Li L, Wu Y, et al. CBX4 suppresses metastasis via recruit-
ment of HDAC3 to the Runx2 promoter in colorectal carcinoma.
Can Res. 2016;76:7277-7289.

Yang S, Guo L, Su Y, et al. Nitric oxide balances osteoblast and adi-
pocyte lineage differentiation via the JNK/MAPK signaling pathway
in periodontal ligament stem cells. Stem Cell Res Ther. 2018;9:118.
Kusuyama J, Amir MS, Albertson BG, et al. JNK inactivation sup-
presses osteogenic differentiation, but robustly induces osteopon-
tin expression in osteoblasts through the induction of inhibitor of
DNA binding 4 (Id4). FASEB J. 2019;33:7331-7347.

Tang Y, Liu L, Wang P, Chen D, Wu Z, Tang C. Periostin promotes
migration and osteogenic differentiation of human periodontal
ligament mesenchymal stem cells via the Jun amino-terminal ki-
nases (JNK) pathway under inflammatory conditions. Cell Prolif.
2017;50:12369.

Xu R, Zhang C, Shin DY, et al. c-Jun N-Terminal Kinases (JNKs) are
critical mediators of osteoblast activity in vivo. J Bone Miner Res.
2017;32:1811-1815.

How to cite this article: Fu L, Peng S, Wu W, Ouyang Y, Tan D,
Fu X. LncRNA HOTAIRM1 promotes osteogenesis by
controlling JNK/AP-1 signalling-mediated RUNX2 expression. J
Cell Mol Med. 2019;23:7517-7524. https://doi.org/10.1111/

jcmm.14620


https://doi.org/10.1111/jcmm.14620
https://doi.org/10.1111/jcmm.14620

