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Abstract
Introduction  The diagnosis and treatment of osteoporosis, a frequent age-related metabolic bone disorder, remain incom-
prehensive and challenging. The potential regulatory role of lncRNA XIST and sphingosine kinase 1 (SPHK1) pathway 
need experimental investigations.
Materials and methods  RAW264.7 cells and BMMs were obtained for in vitro studies and 30 ng/mL RANKL was imple-
mented for induction of osteoclast differentiation. The suppressing of lncRNA XIST, SPHK1 and fused in sarcoma (FUS) 
was achieved using small hairpin RNA, while overexpression of XIST and FUS was constructed by pcDNA3.1 vector system. 
Tartrate-resistant acid phosphatase (TRAP) staining was used for observation of formation of osteoclasts. RNA-pulldown 
analysis and RNA binding protein immunoprecipitation (RIP) was implemented for measuring mRNA and protein interac-
tions. RT-qPCR was conducted to determining mRNA expression, whereas ELISA and Western blotting assay was performed 
for monitoring protein expression.
Results  RANKL induced osteoclast differentiation and upregulated expression of osteoclastogenesis-related genes that 
included NFATc1, CTSK, TRAP and SPHK1 and the level of lncRNA XIST in both RAW264.7 cells and BMMs. However, 
knockdown of lncRNA XIST or suppressing SPHK1 significantly reserved the effects of RANKL. LncRNA XIST was further 
demonstrated to be interacted with FUS and increased the stability of SPHK1, indicating its ability in promoting osteoclast 
differentiation through SPHK1/S1P/ERK signaling pathway.
Conclusion  LncRNA XIST promoted osteoclast differentiation via interacting with FUS and upregulating SPHK1/S1P/
ERK pathway.
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Introduction

Bone has been regarded as a complex tissue provided impor-
tant biological function that included regulation of mineral 
homeostasis and protection of soft tissues [1]. Bone diseases 
such as osteoporosis is becoming a frequent age-related dis-
order, which is especially prevalent for the elderly with the 

aging of population [2]. Osteoporosis is a kind of metabolic 
bone disorder that could be characterized by impairment 
of bone mass and microstructure deterioration, leading to 
changes in bone volume and high risk of bone fragility frac-
tures [3]. However, the diagnosis and treatment of osteopo-
rosis still remain challenging.

Sphingosine kinase 1 (SPHK1) belongs to one of the iso-
forms of sphingosine kinase, which is a highly conserved 
lipid kinase that phosphorylate sphingosine to form sphin-
gosine-1-phosphate (S1P) [4]. The SPHK1/S1P pathway has 
been reported to participate in various cellular processes 
including inflammation, obesity, cancer progression and 
hematopoietic immune system [5]. Osteoclasts and osteo-
blasts maintain the balance of bone resorption and for-
mation, and the activation of osteoclast differentiation or 
osteoclast dysfunction might lead to the osteoporosis [6]. 
Previous studies reported that S1P regulated the movement 
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of osteoclasts precursors (OCPs) between the blood and 
bone tissues and enhances expression of receptor activator 
of NF-κB ligand (RANKL), and further broke the balance 
of bone metabolism [7, 8]. A recent study reported that S1P 
stimulation increased MEK and ERK phosphorylation and 
promoted IL-6 expression [9]. Kim et al. demonstrated that 
S1P activatec ERK-1/-2 through transactivating epidermal 
growth factor receptor [10]. Therefore, S1P might be a 
potential target for the regulation of osteoclast differentia-
tion and treatment of osteoporosis.

Long non-coding RNAs (lncRNAs) are nucleotides with 
higher than 200 transcriptional length, which could regu-
late various gene expressions and biological processes [11]. 
Gene ontology analysis in patients with postmenopausal 
osteoporosis revealed that upregulated lncRNA XIST has 
been identified as differentially expressed lncRNAs [12]. 
A previous study also indicated that lncRNA XIST could 
decrease the miR-124-3p expression, which further upreg-
ulated the expression of miR-124-3p targeted genes that 
included SPHK1 in ovarian cancer cells [13, 14]. Bioin-
formatics analysis using StarBase (http://​starb​ase.​sysu.​edu.​
cn/) revealed that lncRNA XIST might interact with fused 
in sarcoma (FUS), while FUS was recruited to the promoters 
of microphthalmia-associated transcription factor-targeted 
genes including tartrate-resistant acid phosphatase (TRAP, 
Acp5) and CTSK [15]. Nevertheless, the interaction between 
lncRNA XIST and FUS and the regulatory role of lncRNA 
XIST through SPHK1/S1P pathway still need experimental 
confirmation and further investigations.

In the present study, we hypothesized that lncRNA XIST 
facilitated S1P-mediated osteoclastogenesis through inter-
acting with FUS. Mice RAW264.7 cells and bone marrow-
derived macrophages (BMMs) were obtained, and mac-
rophage colony-stimulating factor (M-CSF) and RANKL 
was used for induction of osteoclast differentiation. LncRNA 
XIST, FUS and SPHK1 were inhibited or overexpressed to 
investigate their interactions and to elucidate the molecular 
mechanisms.

Materials and methods

Cell culture

RAW264.7 cells (CL-0190) and BMMs (CP-M141) were 
purchased from Procell Life Science (Wuhan, China). Cells 
were cultured in α- minimum essential medium (MEM) 
supplemented with 10% fetal bovine serum (FBS), 30 ng/
mL M-CSF, 100 U/mL penicillin and 100 U/mL strepto-
mycin. The mixture was maintained at 37 °C in a humidi-
fied 5% CO2 atmosphere. For the induction of osteoclast 
differentiation, totally 30 ng/mL RANKL was added into the 

culture medium and then the cells were incubated at 37 °C 
for 0,1,3,5 days, respectively.

Cell transfection

To investigate the molecular mechanisms, XIST small hair-
pin RNA (sh-XIST), sh-SPHK1, sh-FUS and sh-NC was 
obtained from GeneChem, Shanghai, China using lentivi-
rus expression system to achieve knockdown models. The 
construction of overexpression model of XIST and FUS was 
achieved through pcDNA3.1 vector. Subsequently, the cells 
were transfected with knockdown or overexpression vec-
tors using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, 
USA) as per the manufacturer’s instructions. The expression 
of SPHK1 was also inhibited by addition of sphingosine 
kinase I-II (SKI-II, MedChemExpress, Monmouth Junction, 
NJ, cat.no. HY-13822), and the expression of S1PR1/3 was 
also regulated by addition of S1PR1/3 antagonist VPC23019 
(MedChemExpress, cat.no. HY-108490). All the treated 
cells were incubated at 37 °C for 48 h and the harvested for 
further experiments.

Tartrate‑resistant acid phosphatase staining

After the induction of osteoclastogenesis, the cells were 
washed with PBS for three times and fixed with 4% para-
formaldehyde. TRAP staining was performed using TRAP-
staining kit (Sigma-Aldrich, St Louis, USA) according to the 
protocol of manufacturer. The TRAP-positive multinucle-
ated cells, which contained 3 or more nuclei, were observed 
and counted under a light microscope (IX71, Olympus, 
Tokyo, Japan).

RNA‑pulldown analysis

The RNA-pulldown analysis was performed using Pierce™ 
Magnetic RNA–Protein Pull-Down Kit (Thermo Fischer 
Scientific, Waltham, MA, USA) according to the manu-
facturer’s instructions. Briefly, the transcribed mRNA was 
labeled using Biotin RNA Labeling Mix (Roche, Basel, 
Switzerland). The biotin-labeled RNA was mixed with 
DNase I, protease inhibitor and RNase inhibitor (Thermo 
Fischer Scientific, Waltham, MA, USA) and incubated at 
room temperature for 15 min and 50 μL of magnetic beads 
were added and incubated at 37 °C for 1 h to combine pro-
teins. Complexes were isolated and washed with ice-cold 
buffer and detected by Western blotting analysis.

RNA binding protein immunoprecipitation

The RNA binding protein immunoprecipitation (RIP) assays 
were conducted with Magna RIP™ RNA-Binding Protein 
Immunoprecipitation Kit (Sigma-Aldrich, St Louis, USA). 
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After three PBS washes, the cells were treated with RIP lysis 
buffer and the supernatants were collected after centrifuga-
tion. Anti-FUS (ab245332, Abcam, Cambridge, UK) and 
Anti-IgG (ab150113, Abcam, Cambridge, UK) were immu-
noprecipitated with supernatants according to the manufac-
turer's protocol. Immunoprecipitated RNA was quantified 
by RT-qPCR.

Enzyme‑linked immunosorbent assay

The supernatants of RAW264.7 cells and BMMs were col-
lected and commercial enzyme-linked immunosorbent assay 
(ELISA, Solarbio, Beijing, China) kit was obtained for the 
detecting the concentration of S1P as per the manufacturer’s 
protocol. A microplate reader (Thermo Fisher Scientific, 
Waltham, MA, USA) was obtained to detect the absorbance 
at 450 nm.

Real‑time quantitative polymerase chain reaction

Total RNA was extracted from cells using TRIzol rea-
gent (Invitrogen, Thermo Fisher Scientific, Waltham, MA, 
USA), and the single-stranded cDNA was synthesized by the 
reverse transcription using PrimeScript Reverse Transcrip-
tion Master Mix Kit (TaKaRa Biotechnology, Otsu, Japan). 
The expression level of target gene was quantified by real-
time RT-PCR using SYBR® Premix Ex Taq™ II (TaKaRa 
Biotechnology, Otsu, Japan) on a 7900HT Real-Time PCR 
System (Life Technologies, Carlsbad, CA, USA). The RT-
qPCR was conducted as per the following program: 95 °C 
for 30 s; then 95 °C for 5 s, 60 °C for 15 s and 72 °C for 
15 s, for 40 cycles. The relative gene expression level was 
calculated using the 2−ΔΔCt method via normalization to the 
GAPDH. The sequences of primers were listed in Table 1.

RNA stability assay

The stability of RNA was detected as previously described 
[16]. Briefly, the cells were seeded into 6-well plates and 
treated with 5 μg/mL actinomycin D (Sigma-Aldrich, St 
Louis, USA) for 0, 1, 2, 3, 4 h, respectively. Then RNA was 
isolated from cells and the quantity was determine according 
to RT-qPCR analysis.

Western blotting analysis

The cells were washed with PBS and lysed with radio-
immunoprecipitation assay lysis buffer (RIPA, Beyotime, 
Shanghai, China) that containing protease inhibitor and 
phosphatase inhibitor. Cells were centrifugated at 12,000 g 
for 15 min at 4 °C and the protein concentration in the 
supernatants were determined by BCA protein assay kit 
(Beyotime, Shanghai, China). The samples were loaded 
and separated on a 10% SDS–polyacrylamide gel electro-
phoresis (SDS-PAGE) gel, after which the proteins were 
transferred to polyvinylidene fluoride (PVDF) membranes 
(Millipore, Billerica, MA, USA). The membranes were 
blocked with 5% bovine serum albumin (Solarbio, Bei-
jing, China) for 1 h at 37 °C and incubated with primary 
antibodies at 4 °C overnight. The primary antibodies were 
list as follows: anti-SPHK1 antibody (ab109522, 1:1000), 
anti-NFATc1 antibody (ab25916, 1:1000), anti-CTSK anti-
body (ab37259, 1:1000), anti-TRAP antibody (ab191406, 
1:1000), anti-S1PR1 antibody (ab77076, 1:1000), anti-
S1PR3 antibody (ab108370, 1:1000), anti-p-ERK anti-
body (ab201015, 1:1000), anti-ERK antibody (ab17942, 
1:1000) and anti-GAPDH (ab8245, 1:1000). Subsequently, 
the membranes were washed and incubated with a horse-
radish-peroxidase (HRP)-conjugated secondary antibody 
for 1 h at room temperature. The ImageQuant LAS 500 
system was implemented for observing the immunoreac-
tion and the results were analyzed using ImageJ software.

Statistical analysis

All the data were presented as mean ± standard devia-
tion (SD). Student's t-test was performed for compari-
son between two groups, and one-way analysis of vari-
ance (ANOVA) followed by Tukey’s post hoc test was 
implemented for comparison among multiple groups. All 
data were analyzed using GraphPad Prism 7.0 software. 
P < 0.05 was consider to be statistically significant.

Table 1   The sequences of 
primers in RT-qPCR

Gene Forward (5′-3′) Reverse (5′-3′)

XIST ACG​CTG​CAT​GTG​TCC​TTA​G GAG​CCT​CTT​ATA​GCT​GTT​TG
GAPDH CAT​CAC​CAT​CTT​CCA​GGA​GCG​ TGA​CCT​TGC​CCA​CAG​CCT​TG
NFATc1 GGG​TCA​GTG​TGA​CCG​AAG​AT GGA​AGT​CAG​AAG​TGG​GTG​GA
CTSK GCA​GCA​GAA​TGG​AGG​CAT​TG TTC​AGG​GCT​TTC​TCG​TTC​CC
TRAP ACC​TTG​GCA​ACG​TCT​CTG​CAC​ GTC​CAG​CAT​AAA​GAT​GGC​CACA​
SPHK1 GCT​CTG​GTG​GTC​ATG​TCT​GG CAC​AGC​AAT​AGC​GTG​CAG​T
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Results

RANKL induced osteoclast differentiation 
and upregulated lncRNA XIST expression

For inducing osteoclast differentiation, RAW264.7 cells 
and BMMs were treated with 30  ng/mL RANKL for 
0,1,3,5 days. As presented in the graph of TRAP staining 
(Fig. 1A), the content of TRAP-positive cells was signifi-
cantly increased under RANKL treatment for 1, 3, 5 days 
compared with 0 days. Moreover, with the increase of 
treatment duration, the ability of osteoclast differentiation 
was gradually increased. The relative mRNA expression 

of osteoclastogenesis-related genes that included NFATc1, 
CTSK, TRAP and SPHK1 and the level of lncRNA XIST 
was determined using RT-qPCR. The results showed that 
the level of XIST, SPHK1, and osteoclastogenesis-related 
genes were dramatically upregulated by RANKL induc-
tion, and most expressions were the highest after 5 days 
of treatment (Fig. 1B, C). Consistently, the level of S1P 
(detected by ELISA), as well as the protein expression of 
NFATc1, CTSK, TRAP and SPHK1 (detected by Western 
blotting, Fig. 1D, E) were all significantly upregulated in 
a time-dependent manner. Therefore, for the subsequent 
experiments, cells were treated with 30 ng/mL RANKL 
for 5 days.

Fig. 1   The effects of RANKL treatment for 0,1,3,5-days on osteo-
clast differentiation in RAW264.7 cells and BMMs. A The formation 
of osteoclasts detected by TRAP staining. B, C The relative level of 
lncRNA XIST and mRNA expression of NFATc1, CTSK, TRAP, 
SPHK1 detected by RT-qPCR and calculated via normalization to 
the mRNA level of GAPDH. D The level of S1P determined using 

ELISA assay. E The protein expression of SPHK1, NFATc1, CTSK 
and TRAP measured by Western blotting and calculated via normali-
zation to the protein level of GAPDH. *P < 0.05 vs RANKL 0-day 
group; **P < 0.01 vs RANKL 0-day group; ***P < 0.001 vs RANKL 
0-day group
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Knockdown lncRNA XIST inhibited osteoclast 
differentiation

To investigate the molecular mechanism of lncRNA XIST 
in osteoclast differentiation, sh-XIST was synthesized to 
knockdown lncRNA XIST. Compared with sh-NC group, 
the level of lncRNA XIST was dramatically decreased, 
indicating the successful construction of knockdown model 
(Fig. 2A). Inhibition of lncRNA XIST also significantly 
decreased the level of TRAP-positive cells (Fig. 2B). Fur-
thermore, the Western blotting analysis and ELISA assay 
results demonstrated that the protein levels of NFATc1, 
CTSK, TRAP, SPHK1, S1P, S1PR1 and S1PR3, and the rate 
of p-ERK/total-ERK were all decreased in sh-XIST group 
compared with sh-NC group (Fig. 2C, D). The evidence 
indicated that lncRNA XIST might play a positive role in 
promoting osteoclastogenesis.

Suppressing SPHK1 expression inhibited osteoclast 
differentiation

The suppression of SPHK1 was achieved through transfec-
tion of sh-SPHK1 or addition of SPHK1 inhibitor SKI-II. 
As presented in Fig. 3A, E, sh-SPHK1 could significantly 

decreased mRNA level of SPHK1, while SKI-II also signifi-
cantly downregulated SPHK1 protein expression. Moreo-
ver, the transfection of sh-SPHK1 and treatment of SKI-
II had no effects on the expression of lncRNA XIST (Fig. 
S1A, B). TRAP staining results showed that suppressing 
SPHK1 decreased the content of TRAP-positive cells and 
alleviated osteoclast differentiation (Fig. 3B, F). Western 
blotting analysis and ELISA results further elucidated that 
inhibition of SPHK1 dramatically decreased the protein lev-
els of NFATc1, CTSK, TRAP, SPHK1, S1P, S1PR1 and 
S1PR3, and the rate of p-ERK/total-ERK in both RAW264.7 
cells and BMMs (Fig. 3C, D, G, H). These data revealed 
that SPHK1 might also participate in the progression of 
osteoclastogenesis.

Interaction of lncRNA XIST with FUS increased 
the stability of SPHK1

Based on data from above experiments, we hypothesized 
that lncRNA XIST regulated SPHK1 expression. Accord-
ing to RT-qPCR analysis, knockdown of lncRNA XIST 
decreased SPHK1 expression (Fig. 4A). The distribution of 
lncRNA XIST was also investigated using RT-qPCR, which 
result suggested that most of lncRNA XIST and GAPDH 

Fig. 2   Knockdown of lncRNA XIST inhibited osteoclast differentia-
tion in RAW264.7 cells and BMMs. A The relative level of lncRNA 
XIST detected by RT-qPCR and calculated via normalization to the 
mRNA level of GAPDH. B The formation of osteoclasts detected by 
TRAP staining. C The protein expression of SPHK1, S1PR1, S1PR3, 

p-ERK, ERK, NFATc1, CTSK and TRAP measured by Western blot-
ting and calculated via normalization to the protein level of GAPDH. 
D The level of S1P determined using ELISA assay. *P < 0.05 vs 
sh-NC group; **P < 0.01 vs sh-NC group; ***P < 0.001 vs sh-NC 
group
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was distributed in the cytoplasm of cells, while most of 
U1 was distributed in the nucleus in both RAW264.7 cells 
and BMMs (Fig. 4B). After actinomycin D treatment, the 

remaining of SPHK1 were also decreased in sh-XIST group 
compared with sh-NC group (Fig. 4C). Moreover, RNA-
pull down assay revealed that sense-stranded lncRNA XIST 

Fig. 3   Suppressing SPHK1 inhibited osteoclast differentiation in 
RAW264.7 cells and BMMs. A, E The relative mRNA level of 
SPHK1 detected by RT-qPCR and calculated via normalization to the 
mRNA level of GAPDH. B, F The formation of osteoclasts detected 
by TRAP staining. C, G The protein expression of SPHK1, S1PR1, 

S1PR3, p-ERK, ERK, NFATc1, CTSK and TRAP measured by West-
ern blotting and calculated via normalization to the protein level of 
GAPDH. D, H The level of S1P determined using ELISA assay. 
*P < 0.05 vs sh-NC or control group; **P < 0.01 vs sh-NC or control 
group; ***P < 0.001 vs sh-NC or control group
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and sense-stranded SPHK1 mRNA were interacted with 
FUS (Fig. 4D). Consistently, RIP analysis also proved that 
lncRNA XIST and SPHK1 mRNA were interacted with 
FUS (Fig.  4E). Knockdown of FUS downregulated the 
level of lncRNA XIST as well as the mRNA level of FUS 
and SPHK1 (Fig. 4F). The remaining of half-life period of 
lncRNA XIST and SPHK1 mRNA were both decreased in 
sh-FUS group compared with sh-NC group (Fig. 4G). More-
over, no direct interaction was observed between lncRNA 
XIST and SPHK1 (Fig. S1C). The above results suggested 
that lncRNA XIST might interact with FUS and maintain 
the stability of SPHK1.

lncRNA XIST upregulated S1PR1/S1PR3 expression

For elucidating the role of lncRNA XIST and S1PR1/
S1PR3, an S1PR1/S1PR3 antagonist (VPC23019), was 

obtained for subsequent experiments. As presented in 
TRAP staining (Fig. S2A) revealed that osteoclast dif-
ferentiation was inhibited, and ELISA assay (Fig. S2B) 
showed that the level of S1P was decreased by addition 
of VPC23019. However, overexpression of lncRNA XIST 
could significantly alleviate the effects of VPC23019 
on osteoclast differentiation and S1P expression. West-
ern blotting results (Fig. S2C) suggested that VPC23019 
had no effects on SPHK1 expression, but decreased the 
level of S1PR1 and S1PR3, inactivated phosphorylation 
of ERK and inhibited expression of NFATc1, CTSK and 
TRAP. Overexpression of lncRNA XIST could reverse 
the VPC23019-induced protein expression changes. 
These data indicated that lncRNA XIST promoted osteo-
clast differentiation through upregulating S1PR1/S1PR3 
expression.

Fig. 4   LncRNA XIST interacted with FUS and maintained the stabil-
ity of SPHK1 in RAW264.7 cells and BMMs. A The relative mRNA 
level of SPHK1 detected by RT-qPCR and calculated via normaliza-
tion to the mRNA level of GAPDH. B The expression of lncRNA 
XIST in cytoplasm and nucleus detected by RT-qPCR. C The sta-
bility of SPHK1 mRNA determined by addition of actinomycin D 
and quantified by RT-qPCR. D The binding of SPHK1 mRNA and 
FUS, and lncRNA XIST and FUS measured by RNA-pulldown assay. 

E The binding abundance of FUS with SPHK1 mRNA or lncRNA 
XIST monitored using RIP analysis. F The relative level of lncRNA 
XIST and SPHK1 mRNA detected by RT-qPCR and calculated via 
normalization to the mRNA level of GAPDH after knockdown of 
FUS. G The stability of lncRNA XIST and SPHK1 mRNA deter-
mined by addition of actinomycin D and quantified by RT-qPCR after 
knockdown of FUS. *P < 0.05 vs sh-NC or IgG group; **P < 0.01 vs 
sh-NC or IgG group; ***P < 0.001 vs sh-NC or IgG group
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Interaction of lncRNA XIST with FUS promoted 
osteoclast differentiation through SPHK1/S1P/ERK 
pathway

Overexpression models of lncRNA XIST and overexpres-
sion or knockdown of FUS models were established for 
further elucidating the molecular mechanisms. The suc-
cessful construction of lncRNA XIST overexpression 
model was verified by RT-qPCR (Fig. S1D). As pre-
sented in Fig. 5A, B, the overexpression of lncRNA XIST 
and FUS both upregulated SPHK1 protein expression. 

Overexpression of lncRNA XIST increased the content of 
TRAP-positive cells, however, knockdown of FUS in NC 
group could decrease TRAP-positive rate and osteoclas-
togenesis induced by oe-XIST (Fig. 5C). Western blotting 
and ELISA results proved that knockdown of FUS reversed 
the positive effects of lncRNA XIST on the protein expres-
sion of NFATc1, CTSK, TRAP, SPHK1, S1P, S1PR1 and 
S1PR3, and the rate of p-ERK/total-ERK (Fig. 5D, E), 
indicating lncRNA XIST might interact with FUS and 
promoted osteoclast differentiation through SPHK1/S1P/
ERK pathway.

Fig. 5   Interaction between lncRNA XIST and FUS promoted osteo-
clast differentiation in RAW264.7 cells and BMMs. A, B The protein 
expression of SPHK1 measured by Western blotting and calculated 
via normalization to the protein level of GAPDH after overexpression 
of lncRNA XIST or FUS. C The formation of osteoclasts detected by 
TRAP staining after cotransfection with lncRNA XIST overexpres-
sion plasmids or/and shFUS. D The protein expression of SPHK1, 

S1PR1, S1PR3, p-ERK, ERK, NFATc1, CTSK and TRAP measured 
by Western blotting and calculated via normalization to the protein 
level of GAPDH after cotransfection with lncRNA XIST overexpres-
sion plasmids or/and shFUS. E The level of S1P determined using 
ELISA assay after cotransfection with lncRNA XIST overexpression 
plasmids or/and shFUS. *P < 0.05; **P < 0.01; ***P < 0.001



248	 Journal of Bone and Mineral Metabolism (2022) 40:240–250

1 3

Discussion

Osteoporosis has been regarded the most common chronic 
metabolic bone disease in elderly patients, which could be 
characterized by increased bone fragility and reduction 
in bone mass [17]. It was reported that more than 6% of 
men and 21% of women has been suffered from osteoporo-
sis [18]. During the dynamic remodeling of bone tissues, 
osteoblasts and osteoclasts were responsible for the for-
mation and degradation of bone matrix, respectively [19]. 
Therefore, inadequate new bone formation or excessive 
bone resorption might both resulted in osteoporosis [20]. 
Previous studies reported that RANKL could initiate the 
cellular polarization of mature osteoblasts and enhance the 
activity of bone resorption, which finally resulted in the 
promoted osteoclastogenesis [21]. However, the compre-
hensive molecular mechanism has not been fully investi-
gated. In the present study, RANKL was used for inducing 
osteoclast differentiation, and the role of lncRNA XIST, 
FUS and SPHK1 was explored to elucidate their relations 
in the progression of osteoclastogenesis.

A recent study found that the expression of NFATc1 
and phosphorylation of MAPK, calcium oscillations and 
generation of reactive oxygen species (ROS) was upregu-
lated in RANKL-treated mice-isolated BMMs [22]. Kim 
et  al. also demonstrated that NFATc1, TRAP, CTSK 
and c-Fos signaling pathways was activated in RANKL-
treated RAW 264.7 cells [23]. Consistently, our results 
indicated that the expression of NFATc1, CTSK, TRAP, 
SPHK1, S1P, p-ERK and lncRNA XIST was upregulated 
in both RANKL-treated RAW 264.7 cells and BMMs. 
Recent research also reported that several lncRNAs had 
ability on regulation progression of osteoporosis, for 
example, lncRNA Bmncr was demonstrated to alleviate 
RANKL-induced osteoclast differentiation [6]. Our fur-
ther experiments showed that knockdown of lncRNA XIST 
or inhibition of SPHK1 reversed the effects of RANKL 
on osteoclastogenesis in vitro, indicating the important 
role of lncRNA XIST and SPHK1 in osteoclast differen-
tiation. Moreover, the inhibition of S1PR1/S1PR3 using 
VPC23019 suppressed osteoclast differentiation, while 
overexpression of lncRNA XIST had the reserved effects, 
indicating that S1P receptors might be a potential target 
for in osteoporosis. Similarly, Chen et al. found that over-
expression of lncRNA XIST significantly inhibited osteo-
blast differentiation, whereas interference of lncRNA 
XIST exhibited the reversed effects and promoted osteo-
genic differentiation [24].

The molecular mechanism of lncRNA XIST was fur-
ther explored. A previous study elucidated that inhibiting 

lncRNA XIST reduced aging-induced bone loss and pro-
moted osteogenic differentiation through sponging miR-
19a-3p [25]. Knockdown of lncRNA XIST suppressed 
the progression of osteosarcoma through sponging miR-
375-3p and regulating AKT/mTOR signaling pathway 
[26]. Barr et al. found that protein phosphatase 2A could 
inactive SPHK1 through interaction in human embryonic 
kidney cells and regulate cell necrosis and proliferation 
[27]. Yao et al. reported that miR-3677 could targeting 
SPHK1 and inhibit human osteosarcoma progression, 
which could be served as a potential therapeutic tar-
get [28]. In the present study, the relationship between 
lncRNA XIST, FUS and SPHK1 was verified by RNA-
pulldown assay and RIP analysis. Results indicated that 
the interaction between lncRNA XIST and FUS increased 
the stability of SPHK1. FUS, a kind of RNA-binding 
proteins that contains an N‐terminal domain with a glu-
tamine‐glycine‐serine‐tyrosine‐rich [29], was known as 
a nucleo‐cytoplasmic shuttling factor working during 
transcription [30]. It was reported that FUS could bind 
GluA1 mRNA in the vicinity of the 3' terminus and con-
trols poly (A) tail maintenance, contributing to the stabil-
ity of GluA1 mRNA, while depletion of FUS resulted in 
the downregulation of GluA1 [31]. Similarly, we found 
that FUS was bound with sense-stranded SPHK1 mRNA 
and inhibition of FUS decrease the stability of SPHK1 
mRNA, indicating that FUS could regulate the stability 
of SPHK1 and finally resulted in the promoted osteoclast 
differentiation.

In conclusion, the present study newly demonstrated 
that lncRNA XIST facilitated osteoclast differentiation via 
interacting with FUS and upregulating SPHK1/S1P/ERK 
pathway, providing potential molecular mechanisms and 
therapeutic target for clinical treatment. However, further 
studies are needed and differentially expressed RNAs are 
worthy to be investigated for comprehensive understanding 
the progression mechanism of osteoclastogenesis.
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