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	 Background:	 Triple negative breast cancer (TNBC) has a more aggressive recurrence. Previous reports have demonstrated 
that sphingosine kinase 1 (SphK1) is a crucial regulator of breast cancer progression. However, the correlation 
of SphK1 with clinical prognosis has been poorly investigated. Thus, we aimed to elaborate the role of SphK1 
in TNBC metastasis.

	 Material/Methods:	 We first determined the level of SphK1 in breast cancer tissue samples and breast cancer cells. Furthermore, 
the expression of HER2 and phosphor-SphK1 (pSphK1) in human breast cancer tissue samples was determined 
by immunohistochemical analysis. Associations between SphK1 and clinical parameters of tumors were an-
alyzed. The activity of SphK1 was measured by fluorescence analysis. Extracellular sphingosine-1-phosphate 
(S1P) was detected using an ELISA kit. Associations between SphK1 and metastasis potential were analyzed 
by Transwell assay.

	 Results:	 Levels of SphK1 in TNBC patients were significantly higher than levels in other patients with other breast tu-
mors. The expression of SphK1 was positively correlated with poor overall survival (OS) and progression-free 
survival (PFS), as well as poor response to 5-FU and doxorubicin. The depression of SphK1 thus could repress 
the Notch signaling pathway, reduce migration, and invasion of TNBC cells in vivo and in vitro. Furthermore, si-
lencing of SphK1 by Ad-SPHK1-siRNA or SphK1 inhibitor PF543 sensitized TNBCs to 5-FU and doxorubicin. Our 
results also indicated that SphK1 inhibition could effectively counteracts tumors metastasis via Notch signal-
ing pathways, indicating a potentially anti-tumor strategy in TNBC.

	 Conclusions:	 We found that elevated levels of pSphK1 were positive correlation with high expression of S1P, which in turn 
promoted metastasis of TNBC through S1P/S1PR3/Notch signaling pathway.
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Background

Breast cancer is the most aggressive malignant tumor in wom-
en [1,2]. Triple negative breast cancer (TNBC) accounts for ap-
proximately 15% of breast cancers, and possesses properties 
of serious invasion, poor prognosis, and short survival [3–5]. In 
addition, TNBC is a subtype of breast cancer in which progester-
one receptor (PR) and estrogen receptor (ER) are not expressed, 
and human epidermal growth factor receptor 2 (EGFR-2) is not 
amplified or overexpressed. It is widely accepted that TNBC is 
a breast cancer that has less than 1% of tumor cells expressing 
ER and PR as measured by immunohistochemistry [6]. Compared 
with other subtypes of breast cancer, TNBC is common in young 
women. Moreover, both hormone therapies, such as tamoxifen, 
and targeted therapy against HER2 by Herceptin are not effec-
tive therapeutic agents against this type of tumor cells [7–9]. 
Accordingly, TNBC is characterized by more aggressive clinical 
manifestation than other subtypes of breast cancer.

Previous reports have demonstrated that the development 
of breast cancer usually undergoes a succession of process-
es, including ductal epithelial hyperplasia, atypical hyperpla-
sia, carcinoma in situ, and invasive carcinoma [10,11]. There 
is a series of changes within molecular biology and biological 
behavior for breast cancer cell malignant transformation and 
progression; however, the mechanism to control the malignant 
transformation and progression remains unclear.

Sphingomyelin, cholesterol, and other phospholipids are im-
portant components in the cell membrane, and their most 
pivotal function is acting as bioactive signaling molecules. 
Among them, sphingosine-1-phosphate (S1P) produced by 
sphingomyelin, is not only used as intracellular second mes-
sengers to regulated the cell cycle, but also binds to the spe-
cific receptors on the cell surface to modulate cell prolifera-
tion, apoptosis, invasion, migration, and adhesion molecule 
expression [12–14]. In addition, S1P can promote the surviv-
al of many cell types and simultaneously inhibit its apoptosis, 
and the biological effect mediated by S1P is closely correlat-
ed with tumor formation [15].

Sphingosine kinase (SphK) plays a crucial role in the process 
of S1P biosynthesis. Previous reports have shown that SphK 
has two isoforms in humans and mice, SphK1 and SphK2 [16]. 
Among them, SphK1 is mainly distributed in brain, heart, lung, 
liver, spleen, and hematopoietic immune system, and it is im-
portant in regulating the generation of S1P and also partici-
pates in the proliferation of various tumor cells [17,18]. SphK1 
forms a complex site of many cell surface receptors, in which 
lysophosphatidic acid (LPA), S1P, and epidermal growth fac-
tor (EGF) receptors regulate the migration and invasion in tu-
mor cells [19]. Sato et al. reported that SphK1 can move ac-
tin from the binding site to the cell membrane to form ruffles 

lamellipodia according to the need for redistribution [20]. 
Moreover, SphK1 is also a necessary factor for the induction 
of nucleotide migration in mesangial cells; and upregulation 
of SphK1 leads to re-response to migration, and promotes 
migration in endothelial cells. Matula et al. also reported that 
upregulation of SphK1 expression was induced by the inter-
action of LPA1 and EGFR receptor, and promoted cancer cells 
migration and invasion in gastric cancer [21]. Subsequently, 
other studies have showed that silencing of SphK1 could in-
hibit the induction of EGF to MCF7 breast cancer cells, and de-
crease the migration of HEK293 cells induced by EGF [22,23]. 
These results suggested that SphK1/S1P may be a key reg-
ulator of cell migration, which can promote tumor cell inva-
sion and metastasis. Nevertheless, despite previous evidence 
that indicated that higher expression of SphK1 was present-
ed in ER-negative tumors compared with ER-positive tumors, 
the therapeutic implications and its molecular mechanism of 
SphK1 in TNBC metastasis have not been well explored [17,18].

In the current study, we systematically examined the expres-
sion of SphK1 in TNBC cells, then further explored the relation-
ship between SphK1 expression and the invasion and metas-
tasis capability in TNBC cells and the molecular mechanisms 
to provide an experimental basis for further revealing the bi-
ological function of SphK1 in malignant TNBC, and providing 
a potentially critical anti-tumor strategy for malignant tumors.

Material and Methods

Human breast cancer tissue samples

In this study we selected 239 patients with identified breast 
cancer who underwent surgical resection in Southwest Hospital 
between January 2016 and December 2016. While in hospital, 
tumor tissue samples were collected from 76 breast cancer pa-
tients by surgical resection (patients provided informed con-
sent), furthermore, these patients had invasive tumors with 
tumor diameter larger than 1.5 cm. We excluded 11 of the 
76 patients (Table 1); the exclusion criteria included: patients 
who received adjuvant chemotherapy (four cases), patients 
with body mass index (BMI) greater than 35 (two cases), pa-
tients who suffered from bilateral breast cancer (three cases), 
and patients who suffered from other organ tumors (two cas-
es). All collected tissue samples were processed by rapid cryo-
preservation using liquid nitrogen and then stored at –80°C. 
This research was approved by the Medical Ethics Committee 
of Southwest Hospital (No 2017041).

Pathologic examination

All selected tissue samples were examined by at least two ex-
perienced pathologists. Paraffin-embedded blocks from each 
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selected specimen were used for immunohistochemistry. Serial 
4-mm paraffin sections were stained for H & E (hematoxylin 
and eosin), HER2, ER, PR, the proliferation index marker Ki-
67, phosphorylation of SphK1 (pSphK1), and negative control. 
The protein expression of HER2 was scored. Ki-67 prolifera-
tion index marker was scored by counting positive and neg-
ative nuclei in selected tumor tissue specimens, and the pro-
liferation index was acquired by counting the percentage of 
positive cells. At the same time, HER2 expression was also de-
tected by immunohistochemistry. Furthermore, we determined 
the expression of pSphK1 in these HER2 positive and negative 
tumors. Immunohistochemistry and the staining scores were 
conducted as previously described [24].

Cell cultures and reagents

Human breast cancer cell lines, including MCF-7, SK-BR-3, MDA-
MB-231, and LM2-4, were bought from American Type Culture 
Collection (ATCC, USA). MCF-7 cells were cultured in phenol-
red free IMEM medium (Gibco BRL, USA). MDA-MB-231 and 
its metastatic variant LM2-4 cells were cultured in phenol-red 
free RPMI-1640 medium (Gibco BRL, USA). SK-BR-3 cells were 
maintained in DMEM (Dulbecco’s Modified Eagle’s Medium) 
(Gibco BRL, USA). All medium contained 10% heat-inactivat-
ed FBS (fetal bovine serum) (Gibco BRL, USA) and supplement 
100x penicillin-streptomycin solution (LEAGENE), at 37°C in a 
5% CO2 atmosphere. Human mammary cell line MCF-10A was 
used as the normal control. When breast cells or breast cancer 
cells grew to 80% to 90% convergence, the cells were used for 
passage or subsequent experiments. 5-FU and doxorubicin were 
purchased from Sigma (Sigma-Aldrich, USA). S1P was purchased 
from Enzo Life Sciences (Farmingdale, USA). Inhibitor of SphK1 
PF543 was obtained from ApexBio (ApexBio, USA). TY52156, 
CAY10444, and JTE013 were purchased from Cayman Chemicals. 
In addition, LPA was obtained from Avanti Polar Lipids. SphK1 
antibody was obtained from Exalpha Biologicals Inc.; GAPDH 
antibody was purchased from Cell Signaling Technology (CA, 
USA). Notch1 intracellular domain (N1ICD) antibody was ob-
tained from Millipore (Merck Millipore, Germany).

Animal studies for in vivo metastasis

Animal research was approved by the Animal Ethics Committee 
of Third Military Medical University (No 20170193). In all, 15 
healthy four to six week old female NOD/SCID mice were se-
lected and were maintained in pathogen-free conditions at the 
Animal Facility of Third Military Medical University and received 
humane care, according to the criteria outlined in the “Guide 
for the Care and Use of Laboratory Animals” prepared by the 
National Academy of Sciences. Then 15 NOD/SCID mice were 
randomly divided into control group, Ad-NC-siRNA group, or 
Ad-SPHK1-siRNA group, respectively. For in vivo metastasis as-
say, 2×105 MDA-MB-231 cells from the control, Ad-NC-siRNA, 

Characteristics Number of patients (%)

Age(years)

	 <60 	 40	 (61.5)

	 ³60 	 25	 (38.5)

Primary tumor

	 T1 	 19	 (29.2)

	 T2 	 38	 (58.5)

	 T3 	 8	 (12.3)

Molecular subtype

	 TNBC 	 16	 (24.6)

	 Non-TNBC 	 49	 (75.4)

Menopause status

	 Premenopausal 	 38	 (58.5)

	 Postmenopausal 	 27	 (41.5)

Regional lymph nodes*

	 N0 	 35	 (53.8)

	 N1 	 14	 (21.5)

	 N2 	 10	 (15.4)

	 N3 	 6	 (9.3)

Stage*

	 I 	 9	 (13.8)

	 II 	 32	 (49.2)

	 IIII 	 24	 (36.9)

Distant metastasis*

	 M0 	 63	 (96.9)

	 M1 	 2	 (3.1)

Vascular invasion*

	 Absent 	 53	 (81.5)

	 Present 	 12	 (18.5)

Lymphatic invasion*

	 Absent 	 48	 (73.8)

	 Present 	 17	 (26.2)

HER2 overexpression/amplification

	 Negative 	 54	 (83.1)

	 Positive 	 11	 (16.9)

Estrogen receptor expression

	 Negative 	 25	 (38.5)

	 Positive 	 40	 (61.5)

Table 1. The clinical background of patients (n=65).

* According to cancer grading system of AJCC.
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or Ad-SPHK1-siRNA #2 group with Matrigel at a ratio of 1: 1, 
then injected into the spleen of NOD/SCID female mice. Then 
four to six weeks after injection, all animals were sacrificed 
and imaged through an in vivo imaging system, examined for 
tumors metastatic nodules in different organs, and the weight 
of tumors recorded.

Measurement of SphK1 activity

The activity of SphK1 was detected as previously reported [25]. 
Briefly, 70 µg of protein from breast cancer cells was incubated 
with 20 µM of 15-NBDSph and ATP in SphK buffer (pH 7.4, con-
taining 10 mM KCl, 15 mM MgCl2, 0.005% Triton X-100). After 
incubation for 30 minutes at 37°C, we added 100 µL potassi-
um phosphate buffer (1 M, pH 8.5), then added 500 µL CHCL3 
with MeOH at the ratio of 2: 1. After gently mixing and cen-
trifugation for phase separation, the upper aqueous layer was 
removed to a new PE microplate (Greiner Bio-One), and then 
we added 75 µL of dimethylformamide (Merck). Fluorescence 
intensity was determined at 485/535 nm.

Measurement the levels of S1P

The levels of S1P were detected by S1P competitive ELISA kit, 
which had a sensitivity of 30 nM (Echelon Bioscience Inc.). Then 
105 cells were plated into 6-wells plates cultured in RPMI-1640 
medium without FBS for another 14 hours, then pretreated 
with inhibitors for 15 minutes before stimulation with 10% FBS 
for up to 240 minutes. The supernatant was collected for S1P 
analysis according to manufacturer’s instructions.

Adenovirus transfection

Breast cancer cells MDA-MB-231 and LM2-4 were seeded 
into 6-well plates at a density of 2×105 cells per well. One 
day after adherence, cells were cultured in RPMI-1640 me-
dium supplemented with 2% FBS. These cells were infected 
with Ad-NC-siRNA or Ad-SPHK1-siRNA at 10 MOI, respectively. 
Virus-containing medium was changed with fresh RPMI-1640 
medium containing 10% FBS after transfection 12 hours lat-
er. The transfection efficiency was detected by flow cytometry.

CCK-8 assay was used to detection cell viability

Breast cancer cells were seeded into 96-well plates at the con-
centration of 1×104 per well, then cells were treated with doxo-
rubicin or 5-FU at different doses for 48 hours. CCK-8 assay was 
using for detecting breast cancer cell viability. After treatment 
for 48 hour, 10 μL/well CCK-8 solution was added to the 96-
well plates, then incubated at 37°C, in a 5% CO2 humidified in-
cubator for 2–4 hours. The absorbance value was read by a mi-
croplate reader (Bio-Rad, CA, USA) at 450 nm and cell viability 
was counted. The experiment was repeated at least three times.

Western blotting

Treated breast cancer cells were collected and lysis on ice for 30 
minutes, the cell supernatant was obtained by centrifugation. 
The protein supernatant was carefully transferred to a new PE. 
Then 20 μg protein samples were taken for SDS-PAGE electro-
phoresis. N1ICD and GAPDH antibodies were respectively incu-
bated at 4 °C overnight. The next day, secondary antibody was 
added and incubated at room temperature for two hours. The 
signals were detected by enhanced chemiluminescence (Pierce 
Biotechnology). GAPDH antibody was regard as an internal con-
trol. Analysis of the absorbance values of each band was done 
using QuantityOne software; the experiment was repeated three 
times and representative images were captured and analyzed.

Quantitative real-time PCR assay

Samples of total RNAs were isolated from breast cancer cells 
and breast cancer tissue samples using TRIzol agent (Invitrogen, 
USA) according to manufacturer’s instruction. NanoDrop-2000 
was used to detect the purity and concentration of total RNAs. 
The integrity of RNAs was determined by electrophoresis. We 
took 1 μg total RNA for synthesizing the first strand cDNA ac-
cording to the method of the reverse transcription kit (Promega 
Corporation, USA). Real-time (RT)-PCR was used to detect the 
mRNA expression of SPHK1, Hes1, Gli1, and DKK1. GAPDH 
mRNA was used as an internal control.

Migration and invasion assays

Migration and invasion assays were performed according to 
the previously reports [26]. In all, 3×104 breast cancer cells that 
were suspend in DMEM or RPMI-1640 medium without FBS 
were plated into the upper chamber of Transwell plates (Merck 
Millipore, Germany) and 20% FBS was added to medium in the 
lower chamber of 24-well plates (Costar, USA). For invasion as-
say, the upper side of the filter was covered with Matrigel (BD, 
Franklin Lakes, NJ, USA) and 1×105 cells were plated in the up-
per chamber. After 24 hours, cells on the upper chamber were 
removed and the filter membrane was fixed with 4% parafor-
maldehyde and stained with 0.5% crystal violet (Beyotime). 
The numbers of cells were counted in the membrane using 
10 contiguous fields for each sample using a 40× objective.

Statistical analysis

SPSS version 16.0 statistic software was using for data pro-
cessing. The results are presented with average ± standard de-
viation. The Student’s t-test was used for comparing the vari-
ables between two groups. A value of p<0.05 was marked as 
* and considered statistically significant. The correlation be-
tween SphK1 expression and metastatic potential was deter-
mined by Pearson correlation coefficient analysis.
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Results

SphK1 expression was upregulated in human breast 
cancer tissue samples

We detected the expression of SphK1 by RT-PCR in tumor tissue 
samples and adjacent normal tissue samples from 65 breast 
cancer patients. Our data showed that the mRNA level of SphK1 
was more than three-fold higher in human breast cancer tissue 
samples compared to adjacent normal breast tissue samples 
in 76.92% of patients (50 of 65 cases) (Figure 1A). We further 
determined the expression of SphK1 in different molecular tu-
mor subtypes, and the results indicated that basal-like sub-
type displayed the highest SphK1 gene expression of all the 
different molecular tumor subtypes (Figure 1B). Furthermore, 
we also detected the expression of SphK1 in TNBC and non-
TNBC patients. Our results demonstrated that the expression 
of SphK1 was evidently higher in TNBC patients (16 cases) 
compared with non-TNBC patients (49 cases) (Figure 1C). All 
breast cancer patients were divided into SphK1-high group 

and SphK1-low group according to SphK1 expression, and our 
survival analysis further indicated an inverse correlation be-
tween SphK1 expression and overall survival (OS) (Figure 1D) 
and progression-free survival (PFS) (Figure 1E) in breast cancer 
patients (p=0.01 and p=0.004, respectively). These results dem-
onstrated that high expression of SphK1 was correlated with 
poorer survival and prognosis in human breast cancer patients.

SphK1 expression was upregulated in TNBC patients, 
and S1P levels were correlated with high expression of 
p-SphK1

We further detected that HER2-negative (HER2-) tumors ex-
pressed higher SphK1 expression than HER2-positive (Her+) tu-
mors; similar results were seen for PR-negative and ER-negative 
tumors (Figure 2A). Furthermore, previous reports have shown 
that pSphK1 (Ser-225) expression is involved in S1P export, 
and have detected the expression of pSphK1 in human breast 
cancer tissues by immunohistochemistry. Our results showed 
that pSphK1 had higher expression in HER2-negative tumors 
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Figure 1. �SPHK1 expression was upregulated in breast cancer tissue samples. (A) RT-PCR assay was used to detect the SphK1 
expression in human breast cancer tissue samples and the paired adjacent normal breast tissues. Two-tailed Student 
t-test was used for statistical significance. Each dot represents an individual patient. (B) The mRNA expression of SphK1 in 
different breast cancer subtypes. (C) The mRNA expression of SphK1 in triple negative breast cancer (TNBC) and non-TNBC. 
(D) Kaplan-Meier plots of overall survival (OS) in all breast cancer patients. (E) Kaplan-Meier plots of progression-free survival 
(PFS) in all breast cancer patients.
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compared with HER-positive tumors (Figure 2B). All of HER2-
positive patients had negative expression of pSphK1; represen-
tative images are shown in Figure 2C. We also observed much 
more S1P export in pSphK1 positive tumors than pSphK1 neg-
ative tumors, the result demonstrated that pSphK1 expression 
was evidently correlated with S1P expression in human breast 
cancer tissues (Figure 2D). The correlation between pSphK1 
expression and clinicopathologic factors in human breast can-
cer tissue samples are shown in Table. 2.

SPHK1 expression was upregulated human breast cancer 
cell lines and the metastatic ability of breast cancer cells 
were positively associated with SphK1 expression

RT-PCR assay was used to determine SphK1 expression on 
samples derived from human breast cancer cell lines MCF-7, 
SK-BR-3, MDA-MB-231, and LM2-4; breast epithelial cell line 
MCF-10A was regard as normal control. Our data demonstrat-
ed that compared to MCF-10A, the expression of SphK1 was 
evidently higher in breast cancer cell lines (Figure 3A and 3B). 

Furthermore, SphK1 activity was also higher in breast cancer 
cell lines compared to MCF-10A (Figure 3C). Moreover, TNBC 
cell lines, both MDA-MB-231 and its variant LM2-4 cells, ex-
hibited the most pronounced metastatic abilities (Figure 3D). 
Further analysis indicated that the metastatic capability of 
breast cancer cells was positively associated with SphK1 ex-
pression (Figure 3E).

Inhibition of SphK1 impaired migration and invasion 
capability of MDA-MB-231 cells, and reduced the 
metastatic ability of MDA-MB-231 cells in NOD/SCID mice

To determine whether SphK1 expression was responsible for 
metastasis of TNBC cells, MDA-MB-231 cells were infected 
with adenovirus expressing SphK1 siRNAs (Ad-SPHK1-siRNA 
#1 and Ad-SPHK1-siRNA #2) (Figure 4A) or treatment with 
SphK1 inhibitor PF543 (5 μM and 10 μM) (Figure 4B) for 24 
hours, Transwell assay was used to evaluated migration abili-
ty. Our results showed that the migration ability was remark-
ably reduced in Ad-SPHK1-siRNA and SphK1 inhibitor group 
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compared with the control group (Figure 4A and 4B). A simi-
lar phenomenon was shown in invasion ability (Figure 4C, 4D). 
Intrasplenic injection has been indicated as a valid method for 
estimating the metastatic ability of MDA-MB-231 cells in vivo. 
In our study, cells from control, Ad-NC-siRNA or Ad-SPHK1-
siRNA #2 group, respectively, were injected into the spleen 
of NOD/SCID mice; mice in the control group, and the Ad-NC-
siRNA group all developed the primary tumors, with several 
of the injected mice having tumors occurring in the liver (5/5 
for control and Ad-NC-siRNA group), the lung (4/5 for control 
group, 3/5 for Ad-NC-siRNA group), the spleen (2/5 for control 
group, 3/5 for Ad-NC-siRNA group) and the lymph node me-
tastasis (3/5 for control group, 2/5 for Ad-NC-siRNA group). 

By contrast, mice injected with Ad-SPHK1-siRNA #2 cells dis-
played fewer metastatic nodules in different organs (Figure 4E). 
All together, these data indicated that the metastatic ability of 
TNBC cells was positively correlated with SphK1 expression.

Inhibition of SphK1 induced breast cancer cells re-
sensitized to 5-FU and doxorubicin

We further determined the effect of inhibiting SphK1 levels 
on the viability of TNBC cells MDA-MB-231 and its variant 
LM2-4. MDA-MB-231 cells transfected with Ad-NC-siRNA or 
Ad-SPHK1-siRNA #2 for 24 hours, followed by treatment with 
5 µM or 10 µM 5-FU for 48 hours (Figure 5A), or treatment with 

Index
pSphK1 (n=65)

P value
Negative Positive

Regional lymph nodes*

	 Negative 29 17
0.53

	 Positive 11 8

Primary tumor*

	 T1 13 6
0.87

	 T2, T3, T4 32 14

HER2 overexpression/amplification

	 Negative 31 23
0.017

	 Positive 10 1

Progesterone receptor expression

	 Negative 10 4
0.39

	 Positive 35 16

Estrogen receptor expression

	 Negative 19 6
0.032

	 Positive 24 16

Ki-67 index

 <14 13 11
0.043

 ³14 31 9

Vascular invasion*

	 Absent 34 17
0.26

	 Present 9 5

Lymphatic invasion *

	 Absent 30 18
0.037

	 Present 12 5

Table 2. The relationship between pSphK1 and clinicopathologic factors.

* According to cancer grading system of AJCC.
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2.5 µM or 5 µM doxorubicin for 48 hours (Figure 5B); CCK-8 
assay was used for evaluating cell viability. The data indicat-
ed that cell viability was predominantly decreased in the Ad-
SPHK1-siRNA #2 group compared with the control or the Ad-
NC-siRNA group (Figure 5A, 5B). A similar result was shown in 
MDA-MB-231 variant LM2-4 cells (Figure 5C, 5D). These data 
suggested that induction of cell death was a major mechanism 
for inhibition of SphK1 in modulating sensitivity of TNBC cells 
to 5-FU or doxorubicin.

SphK1 lead to increase S1P levels and activated Notch 
signaling via S1PR3

Much evidence has demonstrated that S1PR plays an impor-
tant role in SphK1 induced cell survival, so, we next focused 
on Wnt, Notch, and Hedgehog signaling pathway as can-
didates downstream of S1PR. In MDA-MB-231 cells, silenc-
ing the expression of SphK1 with Ad-SPHK1-siRNA #2 for 24 
hours could obviously reduce the levels of Notch target gene 
Hes1 (Figure 6A). To the contrary, stimulation with S1P could 
evidently induce the expression of the Hes1 in MDA-MB-231 

cells (Figure 6B). However, neither Gli1 (Hedgehog target gene) 
nor Dkk1 (Wnt target gene) was induced (Figure 6A and 6B). 
Furthermore, S1P-stimulated Hes1 expression was significant-
ly repressed by S1PR3 antagonists Y52156 (2 mM), or 10444 
(5 mM), but not for S1PR2 antagonists JTE013 (2 mM) (Figure 
6C). To investigate whether S1P could activate the Notch signal-
ing pathway, we also detected the cleavage of Notch in MDA-
MB-231 cells. Treatment of MDA-MB-231 cells with S1P could 
remarkably upregulated Notch intracellular domain (N1ICD), 
which suggested induced activation of the Notch signaling 
pathway (Figure 6D). Collectively, these results demonstrated 
that SphK1 mediated S1P-induced Notch signaling pathway 
activation via S1PR3.

Discussion

Unlike the anti-proliferative effects of ceramide and sphingosine, 
S1P can promote cells proliferation, migration, and cell survival, 
stimulate angiogenesis, and play a crucial role in the pathogen-
esis of inflammation as well as chemotaxis of lymphocytes [27]. 
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Figure 3. �SPHK1 levels were higher in TNBC cells compared with non-TNBC cells, and the metastatic ability of breast cancer cells are 
positively correlated with SphK1 expression. (A) The mRNA expression of SphK1 was detected by RT-PCR in breast cancer 
cell lines and breast epithelial cell line MCF10A, respectively. (B) The activity of SphK1 were determined by fluorescence 
intensity at 485/535 nm. (C) Migration ability was determined in breast cancer cells derived from MCF-7, MDA-MB-231, and 
LM2-4, the breast epithelial cell line MCF10A was considered as normal control. (D) Pearson’s correlation analysis was used 
to determine the correlation between SphK1 expression and migration ability of BC cells (r2=0.968, p=0.004). All data was 
presents by mean ±SD; * p<0.05; ** p<0.01.
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SphK1 is mainly responsible for the key enzyme responsible for 
the formation of S1P in vivo, including two subtypes, SphK1, and 
SphK2; in which SphK1, activated by several extracellular recep-
tor agonists, acts as the main factor for the regulation of the lev-
els of extracellular S1P. Previous reports have shown that SphK1 
expression in tumor tissue samples was significantly higher than 
normal tissue samples, tumor tissue included lung cancer, gas-
tric cancer, endometrial cancer, prostate cancer, thyroid cancer, 
head and neck squamous cell carcinoma, intracranial tumor, 

and colon cancer [28–30]. Inhibiting expression of SphK1 can 
depress the proliferation of tumor cells and promote apoptosis. 
Lu et al. reported that inhibition of SphK1 expression can lead 
to significant decrease in migration capacity of HCC cells [31]. 
Recently, Zhu et al. found that patients with amplified SphK1 
protein expression had shorter OS and DFS times compared with 
patients with lower SphK1 protein expression, which indicated 
that SphK1 may be act as a predictive factor in breast cancer 
patients [32]. Our data showed that there was rarely any SphK1 
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Figure 4. �Inhibition of SphK1 impairs migration and invasion ability of MDA-MB-231 cells, and reduced the metastatic ability of MDA-
MB-231 cells in NOD/SCID mice. (A) MDA-MB-231 cells were infected with Ad-NC-siRNA, Ad-SPHK1-siRNA #1, or Ad-SPHK1-
siRNA #2 at 10 MOI for 24 hours, migration was determined. (B) MDA-MB-231 cells were treated with SphK1 inhibitor 
PF543 (5 μM and 10 μM) for 24 hours, migration was determined. (C) MDA-MB-231 cells were infected with Ad-NC-siRNA, 
Ad-SPHK1-siRNA #1, or Ad-SPHK1-siRNA #2 at 10 MOI for 24 hours, invasion was determined. (D) MDA-MB-231 cells 
were treated with SphK1 inhibitor PF543 (5 μM and 10 μM) for 24 hours, invasion was determined. All data was shown by 
mean ±SD; * p<0.05; ** p<0.01. (E) Silencing of SphK1 expression in MDA-MB-231 cells, the in vivo metastatic ability was 
determined by intrasplenic injection of MDA-MB-231 cells in female NOD/SCID mice. In four to six weeks after injection, 
animals were scarified for examination of tumor metastasis in different organs.
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Figure 5. �Inhibition of SphK1 induced breast cancer cells re-sensitized to 5-FU and doxorubicin. (A, B) Cell viability by CCK-8 assay in 
MDA-MB-231 cells transfected with Ad-NC-siRNA or Ad-SPHK1-siRNA #2 at 10 MOI for 24 hours, followed by treatment with 
5 µM or 10 µM 5-FU for 48 hours (A), or treatment with 2.5 µM or 5 µM doxorubicin for 48 hours (B). (C, D) Cell viability 
by CCK-8 assay in LM2-4 cells transfected with Ad-NC-siRNA or Ad-SPHK1-siRNA#2 at 10 MOI for 24 hours, followed by 
treatment with 5 µM or 10 µM 5-FU for 48 hours (C), or treatment with 2.5 µM or 5 µM doxorubicin for 48 hours (D). All data 
presents the mean ±SD of at least three independent experiments; * p<0.05; ** p<0.01.

expression in normal breast tissue, weak expression in atypical 
hyperplasia tissues, and high expression in breast carcinoma 
tissues, suggesting that SphK1 could play a key role in devel-
opment of breast cancer; which was consistent with previous 
reports [33]. Furthermore, our results showed that the cytotox-
ic effects of doxorubicin and 5-FU in TNBC cells were enhanced 
by SphK1 siRNA knockdown in vitro; which was consistent with 
results published by Arpita et al. [34]. In addition, our data also 
indicated that the combination of SphK1 inhibitors and conven-
tional chemotherapeutic drugs was effective against TNBC cells. 
Indeed, cells cytotoxicity was appreciably enhanced by the com-
bination of conventional chemotherapeutic drugs with PF543. 
This view has also been supported by cases studies in other 
cancers. Accordingly, to prolong the clinical application of this 
strategy, breast cancer patients who poorly respond to doxoru-
bicin may benefit from SphK1-targeted therapy due to the ob-
viously higher expression of SphK1 in breast tumors, thus pre-
senting a promising anti-tumor strategy.

In this study, the data showed that the expression of SphK1 
in TNBC was obviously upregulated by comparative determi-
nation of SphK1 expression in breast cancer tissue samples 
and cell lines. Furthermore, our results demonstrated that 
the upregulation of SphK1 plays a crucial role in TNBC cells 
invasion and metastasis. It has been reported that SKI-5C (a 
chemotherapeutic drug) could significantly depress the se-
rum-induced growth and survival of TNBC cells by ERK/AKT 
pathways [25,35], which, therefore, implied that TNBC cells are 
re-sensitive to SphK1 inhibitor. Our data also indicated that 
the activity of SphK1 was crucial for S1P export in TNBC cells 
in response to serum stimulation. However, the downstream 
mechanism of the activated SphK1/S1P pathway that promotes 
TNBC cells invasion and migration is still unclear. Accordingly, 
our results will provide further evidence for the pharmacolog-
ical repression of SphK1 as an effective therapeutic strategy 
in treatment of TNBC.
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Figure 6. �SphK1 leads to increase S1P levels and enhances Notch signaling pathway via S1PR3. (A) TNBC cells MDA-MB-231 were 
transfected with Ad-NC-siRNA or Ad-SPHK1-siRNA #2 at 10 MOI for 24 hours, RT-PCR assay was using for detection the 
expression of Hes1 (Notch signaling target gene), Gli1 (Hedgehog signaling target gene), and Dkk1 (Wnt signaling target 
gene). (B) MDA-MB-231 cells were treatment with S1P (200 nM) or LPA (200 nM) for 24 hours, expression levels of Hes1, 
Gli1, and Dkk1 were detected by RT-PCR. (C) Effects of TY52156 (2 mM), CAY10444 (5 mM) or JTE013 (2 mM) on S1P-induced 
Hes1 expression by RT-PCR. Data represent mean ±SD (n=3). (D) Effects of S1P, LPA, and N1ICD overexpression (N1ICD OE) 
on N1ICD production by western blotting, GAPDH was regard as control.

In the current study, the focus was on the candidates down-
stream of the S1PR, such as Notch, Hedgehog, and Wnt. Our 
data showed that the Notch target gene Hes1 was obvious-
ly upregulated by stimulation with S1P in MDA-MB-231 cells, 
and S1P-induced Hes1 expression was obviously inhibited by 
S1PR3 antagonists, which indicated that the Notch signal-
ing pathway was involved in the activation of the SphK1/S1P 
pathway to promote the invasion and migration of TNBC cells.

Conclusions

All in all, our study indicated that SphK1 represented a valid 
therapeutic target in breast cancers with ER-positive tumors, 
especially in TNBC. Our data also validated that the upregula-
tion of SphK1 mRNA in TNBC was closely correlated with poor 

OS and PFS in breast cancer patients. Indeed, we also demon-
strated that patients with TNBC who poorly respond to treat-
ment with doxorubicin were closely correlated to the high level 
of SphK1. Furthermore, we also demonstrated by in vitro and in 
vivo models, that the depression of SphK1 in TNBC cells could 
inhibit the signaling mechanism through S1P, Notch signaling 
pathway. In addition, the downregulation of SphK1 could sen-
sitize TNBC cells to chemotherapeutic drugs such as doxorubi-
cin and 5-FU. Accordingly, the development of SphK1-targeted 
therapeutic strategies may be expected to further promote 
treatment and prognosis of patients with TNBC.
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