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Abstract. Osteosarcoma (OS) is one of the most common 
and aggressive malignancies in children and adolescents 
worldwide. Sphingosine kinase 1 (SphK1) has recently been 
reported to serve a role in OS progression. The present 
study aimed to investigate the role of SphK1 in the develop-
ment of chemoresistance and glycolysis in OS cell lines. 
SphK1 expression levels in OS cell lines (U2OS, MG63 and 
SaoS2) were analyzed using western blotting and reverse 
transcription‑quantitative PCR (RT‑qPCR). A cell survival 
assay was conducted to determine doxorubicin‑resistance in 
OS cells, and glycolysis was also evaluated. SphK1 expres-
sion was increased in the U2OS and SaoS2 cell lines, and both 
cell lines were more resistant to doxorubicin when compared 
with the MG63 cell line. SphK1 knockdown or overexpres-
sion altered doxorubicin resistance and the viability of OS 
cell lines. In addition, hypoxia inducible factor‑1α (HIF‑1α) 
expression was positively associated with SphK1 expression, 
and partly mediated SphK1‑induced effects on doxorubicin 
resistance and glycolysis. The present study suggested that 
SphK1 participated in the development of doxorubicin resis-
tance and contributed to glycolysis in OS cells by regulating 
HIF‑1α expression. However, further studies investigating the 
application of SphK1 associated therapies for patients with OS 
are required.

Introduction

Osteosarcoma (OS), a type of bone cancer, is one of the 
most common and aggressive malignancies in children and 
adolescents worldwide (1). The clinical benefits of existing 
therapeutic strategies for OS are unsatisfactory, despite 
significant developments in diagnostics and treatments during 
the last few decades (2,3). The majority of patients with OS 
experience recurrence and poor prognosis following surgical 

resection or adjuvant chemotherapy (4). Previous studies have 
revealed that the high recurrence rate of OS is primarily due 
to chemoresistance to anti‑OS therapy (5). Aberrant alterations 
to certain proteins and genes are partly responsible for chemo-
resistance in OS cells (6). He et al (1) summarized the major 
mechanisms of chemoresistance in OS, including decreased 
intracellular drug accumulation, drug inactivation, enhanced 
DNA repair, perturbations in signal transduction pathways, 
apoptosis and cell cycle‑associated gene expression turbu-
lence, autophagy‑associated chemoresistance, microRNA 
dysregulation and cancer stem cell‑associated drug resistance.

Sphingosine kinases are lipid kinases that catalyze the 
production of sphingosine‑1‑phosphate (S1P) by phosphory-
lating sphingosine, a process that regulates cell proliferation, 
motility, differentiation, apoptosis and angiogenesis  (7). A 
number of studies have reported a role for sphingosine kinases 
in tumor progression, in particular sphingosine kinase 1 
(SphK1) (8‑12). Zhao et al (13) reported that SphK1 promoted 
metastasis by activating the S1P/S1P receptor 3/Notch cascade 
in thyroid carcinoma. Another study reported that SphK1 
inhibited melanoma growth in a mouse model (14). SphK1 has 
also been reported to be overexpressed in multiple cancer cell 
lines, and to be associated with resistance to chemotherapy (15) 
and glycolysis promotion (16,17). Targeting SphK1 has been 
identified as a promising and effective anticancer therapeutic 
strategy for the treatment of multiple types of cancer, including 
gastric (18) and colorectal cancer (19), as well as nasopharyn-
geal (20) and hepatocellular carcinoma (21). Yao et al (22) 
reported that co‑administration of doxorubicin and phenoxo-
diol synergistically inhibited proliferation both in vivo and 
in vitro, which suggested that SphK1‑induced chemoresis-
tance in OS could be reversed by inhibiting the activity of 
SphK1  (22). However, the precise molecular mechanisms 
of SphK1 are not completely understood; therefore, further 
investigation is required to identify whether SphK1 may serve 
as a potential therapeutic target for OS.

The present study aimed to investigate the potential role 
and underlying mechanisms of SphK1 in the chemoresistance 
and glycolysis of OS.

Materials and methods

Cell culture. The human OSU2OS, MG63 and SaoS2 cell lines 
and the normal human osteoblast hFOB1.19 cell line were 
purchased from The Cell Bank of Type Culture Collection of 
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the Chinese Academy of Sciences. The cells were maintained 
in RPMI‑1640 medium (HyClone; Cytiva) supplemented 
with 10% fetal bovine serum (HyClone; Cytiva) at 37˚C with 
5% CO2.

RNA extraction and reverse transcription‑quantitative PCR 
(RT‑qPCR). Total RNA of cells was isolated using TRIzol® 
(Thermo Fisher Scientific, Inc.) according to the manufacturer's 
protocol. The quality and concentration of total RNA were 
determined using a NanoDrop spectrophotometer (Thermo 
Fisher Scientific, Inc.). Total RNA was reverse transcribed 
to cDNA using the PrimeScript™ RT‑PCR kit (Takara Bio, 
Inc.). Subsequently, qPCR was performed using SYBR green 
reagent (CoWin Biosciences) following the manufacturer's 
protocol. Thermocycling conditions were: Initial denaturation 
step at 95˚C for 5 min, followed by 40 cycles of 10 sec at 95˚C 
for denaturation and 60 sec at 60˚C for annealing and exten-
sion. The primer pairs targeting human SphK1 and GAPDH 
were designed using Primer 5.0 (http://www.premierbiosoft.
com/primerdesign/index.html), and the primer specificity was 
tested using Primer‑BLAST (blast.ncbi.nlm.nih.gov/Blast.cgi). 
The sequences of the primer pairs used for qPCR are listed 
in Table I . mRNA levels were quantified using the 2‑∆∆Cq 
method (23) and normalized to the internal reference gene 
GAPDH.RT‑qPCR was performed in triplicate.

Western blotting. Total protein of all cell lines was extracted 
using RIPA lysis buffer (Cell Signaling Technology, Inc.). Total 
protein was quantified using the Bicinchoninic Acid Protein 
Assay kit (Pierce; Thermo Fisher Scientific, Inc.) according to 
the manufacturer's protocol and 20 µg protein samples from 
each cell line were separated on 10% SDS‑PAGE and trans-
ferred to PVDF membranes. The membranes were blocked 
with 5% fat free milk for 1 h at room temperature and subse-
quently incubated overnight at 4˚C with primary antibodies 
targeting human GAPDH (cat. no. 5174, 1:1,000, 37 kDa), 
SphK1 (cat. no. 12071, 1:1,000, 45‑60 kDa) and hypoxia induc-
ible factor‑1α (HIF‑1α, cat. no. 36169, 1:1,000, 120 kDa); all 
purchased from Cell Signaling Technology, Inc.). Following 
washing with Tris‑buffered saline containing 0.1% Tween‑20, 
the membranes were incubated with HRP‑linked anti‑rabbit 
IgG antibody (Cell Signaling Technology, Inc., cat. no. 7074, 
1:1,000) for 1 h at room temperature. Proteins bands were visu-
alized using the SuperSignal™ West Dura Extended Duration 
Chemiluminescence substrate (Thermo Fisher Scientific, Inc.) 
and the ChemiDoc™ XRS + system (Bio‑Rad Laboratories, 
Inc.). Blots were performed in triplicate. GAPDH was used 
as the loading control. ImageJ (1.52u; National Institutes of 
Health) was used to analyze the gray values of the bands.

Plasmid construction and transfection. Human SphK1 
cDNA was amplified using oligodT primers and cloned into a 
pGLV3/H1/GFP + Puro vector (Biovector Science Lab, Inc.). 
A pGLV3/H1/GFP + Puro/scramble vector (Biovector Science 
Lab, Inc.) with limited homology to any known human 
sequences was used as the control. Small interfering (si)RNA 
targeting SphK1 (GGC​TGA​AAT​CTC​CTT​CAC​G) or HIF‑1α 
(CCG​AAU​UGA​UGG​GAU​AUG​ATT) was designed and 
constructed by Guangzhou RiboBio Co., Ltd. Cells (5x104/well) 
were plated into a 6‑well plate, cells were transfected with 

vectors (5,800 bp, 2 µg/well) or siRNAs (5,819 bp, 100 nM) 
using Lipofectamine®  2000 (Invitrogen; Thermo Fisher 
Scientific, Inc.), according to the manufacturer's protocol. 
After culturing for 2 days, the cells were used for the following 
experiments.

Detection of glucose uptake, lactate production and cellular 
ATP level. The glucose uptake assay was performed using the 
Glucose Uptake Assay kit (cat. no. ab136955; Abcam) and the 
lactate production assay was performed using the L‑Lactate 
Assay kit (cat. no. ab65331; Abcam), both according to the 
manufacturer's protocol. Cellular ATP levels were measured 
using the ATP Assay kit (cat. no. ab83355; Abcam), according 
to the manufacturer's protocol. All assays were performed in 
triplicate.

Survival assay. For the cell survival assay, 4x103 cells/well were 
plated into a flat bottom 96‑well plate with 100 µl RPMI‑1640 
medium (HyClone; Cytiva) in triplicate. After 24 h incubation 
at 37˚C, cells were treated with doxorubicin (0.001‑10 µg/ml, 
cat. no. S1208, Selleck Chemicals) for 72 h at 37˚C. Subsequently, 
10 µl Cell Counting Kit‑8 reagent following the manufacturer's 
protocol (Dojindo Molecular Technologies, Inc.) was added 
into each well. The optical density (OD) value was recorded at 
a wavelength of 450 nm using a microplate reader.

Statistical analysis. All statistical analyses were performed 
using SPSS software (version 21.0; IBM Corp.). Data are 
presented as the mean  ±  standard deviation. A Student's 
unpaired t‑test was used for the comparison of two groups. 
One‑way ANOVA followed by Tukey's post hoc test was used 
for the comparison of >2 groups. P<0.05 was considered to 
indicate a statistically significant difference.

Results

SphK1 is associated with resistance to doxorubicin in OS 
cell lines. To investigate the role of SphK1 in resistance to 
doxorubicin in OS, the expression of SphK1 in the 3OSU2OS, 
MG63 and SaoS2 cell lines and the normal human osteo-
blast hFOB1.19 cell line was determined using RT‑qPCR 
and western blotting. The U2OS and SaoS2 cells exhibited 
increasedlevels of SphK1 expression compared with the 
hFOB1.19 and MG63 cells (Fig. 1A and B). To assess whether 
the aberrant expression of SphK1 was associated with doxoru-
bicin resistance in lines, a cell survival assay was performed on 
cells incubated with increasing concentrations of doxorubicin 
(0.001‑10 µg/ml) for 72 h. U2OS and SaoS2 cells exhibited 
greater resistance to doxorubicin compared with MG63 
cells (Fig. 1C). Furthermore, these results suggested that there 
might be a positive association between SphK1 expression and 
doxorubicin resistance. Collectively, the results suggested that 
increased SphK1 expression levels were associated with the 
doxorubicin‑resistant phenotype of OS cell lines.

Effects of SphK1 on resistance to doxorubicin in OS cell lines. 
To investigate whether SphK1 downregulation in OS cell lines 
decreased resistance to doxorubicin, siRNAs were used to 
knock down endogenous expression of SphK1 in the U2OS 
and SaoS2 cells. Successful SphK1 knockdown was confirmed 
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by western blotting (Fig. 2A). Subsequently, a cell survival 
assay was performed to evaluate the effect of SphK1 on doxo-
rubicin resistance. SphK1 knockdown decreased doxorubicin 
resistance in both U2OS and SaoS2 cells compared with the 
control cells (Fig. 2B). Based on the hypothesis that SphK1 
was important for maintaining doxorubicin resistance in OS 
cell lines, the effect of increasing SphK1 expression on doxo-
rubicin resistance in OS cell lines was investigated. MG63 
cells overexpressing SphK1 were constructed, and successful 
transfection was confirmed by western blotting  (Fig. 2C). 
Doxorubicin resistance was increased in MG63 cells overex-
pressing SphK1 compared with MG63 control cells (Fig. 2D). 
Collectively, the results suggested that SphK1 had a role in the 
generation of doxorubicin resistance in OS cell lines.

SphK1 contributes to OS cell glycolysis. To investigate 
the effect of SphK1 on glycolysis, glucose uptake, lactate 
production and cellular ATP levels were determined. SphK1 
knockdown SaoS2 and U2OS cells displayed significantly 
decreased glucose uptake, lactate production and cellular 
ATP levels compared with the corresponding control 

cells (Fig. 3A). By contrast, glucose uptake, lactate production 
and cellular ATP levels were significantly increased in MG63 
cells overexpressing SphK1 compared with the MG63 control 
cells (Fig. 3B). The results suggested an important role for 
SphK1 in OS cell glycolysis.

SphK1‑associated effects on glycolysis and doxorubicin‑resis‑
tance are mediated by HIF‑1α. The underlying mechanisms 
of the SphK1‑associated effects were investigated. HIF‑1α 
expression was detected in OS cells by western blotting, and 
the HIF‑1α expression pattern in OS cells was similar to that 
of SphK1  (Fig.  4A). SphK1 over expression significantly 
incre‑ased HIF‑1α expression levels in MG63 cells compared 
with MG63 cells transfected with control vector (Fig. 4B). 
Based on the suggestion that SphK1 may contribute to 
glycolysis and doxorubicin resistance in MG63 cells, siRNAs 
were used to knockdown HIF‑1α expression levels in MG63 
and U2OS cells (Fig. 4C). The survival assay suggested that 
MG63 cells transfected with si‑HIF‑1α were more sensitive 
to doxorubicin compared with MG63 cells transfected with 
si‑NC  (Fig. 4D). Additionally, doxorubicin resistance was 

Table I. Primers used for reverse transcription‑quantitative PCR.

	 Sequence (5'‑3')
	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑ -‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Gene	 Forward	R everse

GAPDH	 GGTGAAGGTCGGAGTCAACG	ACCA TGTAGTTGAGGTCAATGAAGG
SphK1	 GGAGGAGGCAGAGATAAC	 TTAGCCCATTCACCACTTCA

SphK1, sphingosine kinase 1; HIF‑1α, hypoxia inducible factor‑1α.

Figure 1. Doxorubicin sensitivity and SphK1 expression in OS cell lines. (A) Western blotting and (B) reverse transcription‑quantitative PCR were used to 
detect SphK1 expression levels in OS cell lines. (C) OS cell lines were treated with different concentrations of doxorubicin for 72 h. Subsequently, the Cell 
Counting Kit‑8 assay was performed to measure cell viability. **P<0.01. SphK1, sphingosine kinase 1; OS, osteosarcoma.
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decreased in HIF‑1α knockdown U2OS cells compared with 
U2OS control cells (Fig. 4E). Furthermore, glucose uptake, 

lactate production and cellular ATP levels were decreased in 
HIF‑1α knockdown MG63 cells compared with MG63 control 

Figure 2. SphK1 is involved in doxorubicin resistance in OS cells. (A) SphK1 expression was significantly decreased by siRNA transfection in U2OS and 
SaoS2 cells, as indicated by western blotting. (B) The CCK‑8 assay was performed to assess cell viability. SphK1 knockdown decreased doxorubicin resis-
tance in both cell lines. (C) Western blotting confirmed that the SphK1 overexpression transfection was successful in MG63 cells. (D) The CCK‑8 assay 
was performed to assess cell viability. SphK1 overexpression increased doxorubicin resistance in MG63 cells. **P<0.01 and ***P<0.001. SphK1, sphingosine 
kinase 1; OS, osteosarcoma; si, small interfering RNA; CCK‑8, Cell Counting Kit‑8; NC, negative control.

Figure 3. SphK1 is involved in OS cell glycolysis. Glucose uptake, lactate production and cellular ATP levels were determined in (A) U2OS and SaoS2 and 
(B) MG63 cells. *P<0.05 and **P<0.01. SphK1, sphingosine kinase 1; OS, osteosarcoma; si, small interfering RNA; NC, negative control.
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cells (Fig. 4F). The decreased glucose uptake, lactate produc-
tion and cellular ATP levels were also observed in U2OS cells 
transfected with si‑HIF‑1α compared with U2OS control cells 
(Fig. 4G). The results suggested that the SphK1‑mediated 
effects on glycolysis and doxorubicin resistance were partially 
mediated by HIF‑1α.

Discussion

In the past 30 years, overall survival time in patients with 
OS has significantly improved due to clinical administra-
tion of aggressive chemotherapies  (2,3). However, patients 
suffering with recurrence or metastasis rarely benefit from 
advanced chemotherapy regimens, which is partly due to 
chemoresistance to anti‑OS agents (2). The development of 
chemoresistance in malignancies, including OS, compromises 
the effectiveness of the majority of chemotherapeutics.

SphK1 has been frequently reported to function as a 
tumor promoter by supporting cancer cell transformation (7). 
Increased SphK1 expression has been reported to confer resis-
tance to chemotherapeutic drugs, while restraining SphK1 
may restore or improve sensitivity to therapeutics (16‑18). In 

the present study, the role of SphK1 in the chemoresistance 
of OS cell lines was investigated. Doxorubicin resistance and 
SphK1 protein expression levels were measured in U2OS, 
SaoS2 and MG63 cells using a survival assay and western blot-
ting, respectively. The cells that exhibited greater resistance to 
doxorubicin also exhibited increased levels of SphK1 expres-
sion. Furthermore, a number of previous studies have reported 
that SphK1 expression is increased in cancerous tissues 
compared with matched non‑cancerous tissues (9,10,13,19‑24). 
To further investigate the effects of SphK1 on doxorubicin 
resistance, SphK1 was knocked down in U2OS and SaoS2 cells 
by siRNA transfection. SphK1 knockdown in the two OS cell 
lines decreased the extent of doxorubicin resistance. SphK1 
overexpression in MG63 cells, which endogenously expressed 
low level SphK1 expression, was also performed. Similarly, 
MG63 cells overexpressing SphK1 exhibited increased doxo-
rubicin resistance compared with the MG63 control cells, 
and the inhibitory effect of doxorubicin on cell proliferation 
was also attenuated by increased SphK1 expression levels. 
Therefore, the role of SphK1 in OS cell chemoresistance was 
established in the OS cell lines. Furthermore, the associa-
tion between SphK1 and chemoresistance in other cell lines, 

Figure 4. HIF‑1α is involved in SphK1‑mediated effects on glycolysis and doxorubicin resistance. (A) Western blotting was used to detect HIF‑1α expression 
levels in OS cell lines. (B) HIF‑1α expression was regulated by SphK1 expression in MG63 cells. (C) HIF‑1α was knocked down by siRNA transfection in 
MG63 cells and U2OS cells and confirmed by western blotting. The Cell Counting Kit‑8 assay was performed in (D) MG63 cells transfected with si‑HIF‑1α 
to assess cell viability. *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001. HIF‑1α, hypoxia inducible factor‑1α; SphK1, sphingosine kinase 1; OS, osteosarcoma; 
si, small interfering RNA; NC, negative control.
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including those with low level endogenous SphK1 expression, 
requires further investigation.

In 2006, Bonhoure et al (25) reported that SphK1 contrib-
utes to MDR‑associated chemoresistance in acute myeloid 
leukemia. The role of SphK1 in chemoresistance has also been 
investigated in several different types of cancer, including 
breast (26), colon (27) and gastroesophageal cancer (28), as 
well as hepatocellular carcinoma (12). A study conducted 
by Wang and Wu (12) reported that SphK1 expression was 
associated with poor prognosis and oxaliplatin resistance 
in hepatocellular carcinoma  (12). Another in  vivo study 
reported that depletion of SphK1 expression inhibited liver 
tumorigenesis in mice treated with diethyl nitrosamine (11). 
Katsuta et al (26) demonstrated that inhibiting the activity 
of SphK1 contributed to doxorubicin‑induced cytotoxicity 
in breast cancer. He et  al (1) summarized the molecular 
mechanisms of chemoresistance in OS; however, the detailed 
molecular mechanisms by which SphK1 mediates doxoru-
bicin resistance are unknown. Previous studies (27,29,30) 
reported that activation of the SphK1/ERK/p‑ERK signaling 
pathway in colon cancer cells promoted autophagy, which is 

one of a number of mechanisms that have been reported to be 
responsible for chemoresistance.

The tumor environment is characterized by low oxygen 
levels; therefore, glycolysis is the major source of energy for 
rapidly proliferating tumor cells. A number of previous studies 
have reported that SphK1 has a role in the glycolysis of cancer 
and normal cells (16,31,32). Cuvillier et al (17) also reported 
that SphK1 may serve as a potential therapeutic target for 
cancer. Consistently, the present study suggested that increased 
levels of SphK1 expression promoted glycolysis in OS cells. 
Therefore, further suggesting that SphK1 may serve as a novel 
target for the treatment of OS. Subsequently, the underlying 
mechanisms of SphK1 were investigated and suggested that 
HIF‑1α expression was required for SphK1‑mediated effects on 
glycolysis and doxorubicin resistance in OS cell lines. HIF‑1α, 
as a responder to hypoxia, has been frequently reported to 
activate various genes involved in neoangiogenesis, glycolysis, 
resistance to therapeutics and metastasis (33,34). It has also 
been reported that HIF‑1α upregulates the expression of multi-
drug resistance genes (35), and its expression in breast cancer 
was significantly associated with P‑glycoprotein expression, a 

Figure 4. Continued. HIF‑1α is involved in SphK1‑mediated effects on glycolysis and doxorubicin resistance. The Cell Counting Kit‑8 assay was performed 
in (E) U2OS cells transfected with si‑HIF‑1α to assess cell viability. To investigate glycolysis, glucose uptake, lactate production and cellular ATP levels 
were measured in (F) MG63 and (G) U2OS cells transfected with si‑HIF‑1α. *P<0.05, **P<0.01 and ***P<0.001. HIF‑1α, hypoxia inducible factor‑1α; SphK1, 
sphingosine kinase 1; OS, osteosarcoma; si, small interfering RNA; NC, negative control.
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cell membrane protein responsible for the drug efflux (36,37). 
Upregulation of HIF‑1α in tumor cells was identified as one 
of the main mechanisms associated with doxorubicin resis-
tance (38). Furthermore, a previous study reported that SphK1 
knockdown prevents the accumulation of HIF‑1α in several 
human cancer cell lines (including PC‑3 and U87), suggesting 
that SphK1 acts as a modulator of HIF‑1α (39). In addition, 
several studies have reported a number of mechanisms that 
mediate SphK1‑induced doxorubicin resistance. In gastric 
cancer, SphK1 expression confers resistance to chemothera-
peutic‑induced apoptosis by stimulating the Akt/forkhead box 
O3a signaling pathway (18). Additionally, epidermal growth 
factor receptor was reported to induce chemoresistance in 
OS (40), and a further investigation reported a relationship 
between EGFR and SphK1 in resistance to cetuximab treat-
ment  (8). Collectively, the aforementioned studies and the 
present study suggested that SphK1 may serve as a promising 
therapeutic target for cancer. However, further investigation 
into the mechanisms of SphK1‑induced chemoresistance 
and glycolysis are required to support the clinical use of 
SphK1‑associated strategies in patients with OS.

To conclude, the present study suggested that SphK1 
participated in the development of doxorubicin resistance and 
glycolysis in OS and indicated that HIF‑1α may be partially 
responsible for SphK1‑induced effects. The results of the 
present study improved the existing knowledge of the role of 
SphK1 in OS and further suggested that SphK1 may serve as a 
potential therapeutic target in the disease.
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