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Summary
Sphingosine-1-phosphate (S1P) is a bioactive sphingolipid metabolite, which regulates a broad range of physiological and
pathophysiological processes. The signaling of S1P via its cell surface receptor S1PR1 has been identified to play an important
role in carcinogenesis, cancer growth and survival, and tumor metastasis. In this study, we evaluated whether a monoclonal
antibody against S1PR1 (S1PR1-antibody) could impose any effect on cell growth of human breast cancer SK-BR-3 and MDA-
MB-231 cells. The S1PR1-antibody exhibited cytostatic effect against both cell lines at the concentration of 4000 ng/mL. Co-
administration of 4000 ng/mL of the S1PR1-antibody not only potentiated the cytotoxicity of carboplatin towards the MDA-MB-
231 cells but also increased the anti-proliferative effect of S1P towards the SK-BR-3 cells. Furthermore, we showed that co-
administration of S1P did not sensitize the SK-BR-3 and MDA-MB-231 cells towards carboplatin.
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Introduction

Sphingosine-1-phosphate (S1P) is a common product of
sphingolipid catabolism and an important bioactive
sphingolipid metabolite. It exerts its biological functions both
intracellularly and extracellularly to regulate various physiolog-
ical and pathophysiological processes [1–3]. The intracellular
function of S1P is not clearly understood. There is evidence
showing that S1P acts as an intracellular messenger to regulate
cell growth, invasion and apoptosis [4–6]. However, the extra-
cellular function of S1P has been well studied, and S1P em-
ploys an Binside-out^ signaling mode for its biological
functions [7–10]. Briefly, S1P is first synthesized inside
cells, and then transported out of the cells to interact with a

family of five G protein-coupled sphingosine-1-phosphate re-
ceptors (S1PR1–5) [9, 10]. Receptors S1PR1–3 are relatively
ubiquitously expressed with S1PR1 possessing the highest
expression level; whereas S1PR4 is mainly expressed in lym-
phoid tissues and blood cells and S1PR5 is expressed in brain,
skin and natural killer cells [11–13]. S1P promotes cell prolif-
eration and survival, inhibits cell apoptosis, and enhances an-
giogenesis via binding S1PR1 and S1PR3 [9, 10, 14, 15].
However, upon biding S1PR2, S1P inhibits cell proliferation
and survival and induces cell apoptosis [9, 10, 16, 17].

Extensive studies have concluded that the S1P-S1PR sig-
naling axis plays an important role in cancer development and
progression [9, 10]. Sphingosine kinase 1 (SK1), which is a
cytosolic enzyme catalyzing the synthesis of S1P, is upregu-
lated in various types of cancer [18–20]. It has also been
shown that overexpression of SK1 promotes cancer metastasis
and is responsible for the poor prognosis of breast cancer [21].
SK1 is required for epidermal growth factor (EGF)-directed
motility and acts as a key regulator of breast cancer progres-
sion [22]. These observations implicate that SK1 is a valid
anticancer therapeutic target [23, 24]. Furthermore,
antagonization of S1PR1 by FTY720, a potent immunomod-
ulator, caused internalization and desensitization of S1PR1

and inhibited tumor-associated angiogenesis [25]. Thus,
downregulation of the S1P-S1PR1 signaling pathway would
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likely be an effective option to impede cancer development
and progression.

In order to evaluate whether the expression status of
S1PR1–3 affects human breast cancer patient’s survival, we
extracted the Kaplan-Meier plots of survival probability ver-
sus mRNA expression level for S1PR1–3 from patients’ data
deposited at The Human Protein Atlas (HPA) database
(https://www.proteinatlas.org/). As shown in Fig. 1, the
mRNA expression status of S1PR1 does not have any
significant effect on breast cancer patients’ survival;
however, both S1PR2 and S1PR3 are favorable prognostic
factors for breast cancer patients’ survival. Therefore, in the
current study, we decided to undertake a preclinical evaluation
on whether blocking receptor S1PR1 using a monoclonal
antibody (S1PR1-antibody), while leaving receptors S1PR2

and S1PR3 unblocked, would exhibit any antitumor effect
against two highly invasive human breast cancer cell lines,
HER2 subtype SK-BR-3 cell line and triple-negative subtype
MDA-MB-231 cell line.

Materials and methods

Materials

All chemicals including sphingosine-1-phosphate (S1P),
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) and carboplatin were purchased from Sigma-
Aldrich Canada (Oakville, ON, Canada). The MTT stock so-
lution was prepared by dissolving MTT powder in phos-
phate buffered saline (1X PBS, pH 7.4) with the final
concentration of 5 mg/mL. Monoclonal antibody against
human S1PR1 (S1PR1-antibody) was purchased from
Abcam Inc. (Toronto, ON, Canada). Human breast can-
cer cell lines SK-BR-3 and MDA-MB-231 were pur-
chased from the American Type Culture Collection
(ATCC) (Manassas, VA, USA). The cell culture media
for cell lines SK-BR-3 and MDA-MB-231 were pur-
chased from Cedarlane Canada (Burlington, ON, Canada).
CellTox™ Green Cytotoxicity Assay was purchased from
Promega North America (Madison, WI, USA).

Cell culture

Human breast cancer cell lines SK-BR-3 and MDA-MB-231
were cultured in T-75 cell culture flasks under a humidified
atmosphere at 37 °C. The SK-BR-3 cells were cultured in
McCoy’s 5A Modified Medium supplemented with
10% fetal bovine serum (FBS) and 1% penicillin under
5% CO2; and the MDA-MB-231 cells were cultured in
Leibovitz’s L-15 Medium supplemented with 10% FBS
and 1% penicillin under 0% CO2. Cell culture media were
changed every 2–3 days.

Cell viability assay

Cell viability was determined using the MTT assay. Both SK-
BR-3 and MDA-MB-231 cells were plated in 96-well plates at
8000 cells per well with the final cell culture volume of 100 μL
and allowed to grow to 70–80% confluence before being sub-
jected to different treatments. The treatment time was 48 h and
72 h, respectively. At the end of each treatment, the cell culture
media were discarded and replaced with 100 μLMTTsolution
(prepared by adding 1 mL MTT stock solution to 9 mL cell
culture media). The cell culture plates were then incubated at
37 °C for 3 h. After incubation, the MTT solution was
discarded and 100 μL of dimethyl sulfoxide (DMSO) was
added to each well to dissolve the MTT formazan.
Subsequently, the cell culture plates were wrapped up in alu-
minum foil and shook on an orbital shaker at room temperature
for 10 min. The absorbance was recorded at 570 nm on a
BioTek® microplate reader (BioTek Canada, Winooski, VT,
USA). The cell viability was calculated using Eq. 1.

Cell viability %ð Þ

¼ OD sampleð Þ−OD backgroundð Þ
OD vehicle controlð Þ−OD backgroundð Þ � 100% ð1Þ

For the effect of the S1PR1-antibody on cell viability of SK-
BR-3 and MDA-MB-231 cells, the concentration of the
S1PR1-antibody was ranging from 16 ng/mL to 4000 ng/mL.
1X PBS buffer (pH 7.4), in which the S1PR1-antibody was
dissolved, was used as the vehicle control. For the effect of
the combination of the S1PR1-antibody and carboplatin on cell
viability of SK-BR-3 and MDA-MB-231 cells, the S1PR1-an-
tibody concentration was 4000 ng/mL and the carboplatin con-
centration was 4 μM towards the SK-BR-3 cells and 67.5 μM
towards the MDA-MB-231 cells. PBS buffer (1X, pH 7.4) was
used as the vehicle control. For the effect of the combination of
the S1PR1-antibody and S1P on cell viability of SK-BR-3 and
MDA-MB-231 cells, the concentration of the S1PR1-antibody
was 4000 ng/mL and the concentration of S1P was 10 μM/mL.
Methanol with 120 mg/mL PEG 3350 (polyethylene glycol
3350), in which S1P was dissolved, was used as the vehicle
control. For the effect of the combination of S1P and
carboplatin on cell viability of SK-BR-3 and MDA-MB-231
cells, the S1P concentration was at 1 μM and 10 μM, respec-
tively. The carboplatin concentration was ranging from 4μM to
540 μM for the SK-BR-3 cells and from 67.5 μM to 1080 μM
for the MDA-MB-231 cells, respectively. Methanol with
120 mg/mL PEG 3350 was used as the vehicle control.

Cytotoxicity assay

The SK-BR-3 andMDA-MB-231 cells were plated in 96-well
plates at 8000 cells per well with the final culture volume of
100 μL and allowed to grow to 70–80% confluence before
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being treated with S1PR1-antibody for 48 h and 72 h, respec-
tively. The concentration of S1PR1-antibody was ranging
from 16 ng/mL to 4000 ng/mL, with 1X PBS buffer
(pH 7.4), in which S1PR1-antibody was dissolved, as the neg-
ative control. The cytotoxicity was measured using the
CellTox™ Green Cytotoxicity Assay from Promega and cal-
culated using Eq. 2.

Cytotoxicity %ð Þ

¼ OD experimentð Þ−OD negative controlð Þ
OD maximum cell deathð Þ−OD negative controlð Þ
� 100% ð2Þ

Statistical analysis

The statistical analysis of the data was carried out by two-way
ANOVA with Tukey’s post hoc analysis using GraphPad
Prism 6 (GraphPad Software, La Jolla, CA, USA). The sig-
nificance was set at p ≤ 0.05 (*, p ≤ 0.05; **, p ≤ 0.01; ***,
p ≤ 0.001; and ****, p ≤ 0.0001).

Results and discussion

S1PR1-antibody exhibited cytostatic effect

The promoting effect of S1P on cell proliferation, migration
and metastasis of different types of cancer is mainly through
S1PR1 [9, 10, 26–28]. S1PR1 antagonists were shown to be
able to inhibit tumor angiogenesis in vivo and enhance the
therapeutic efficacy of doxorubicin [29, 30]. Taking in con-
sideration that S1PR2 and S1PR3 are favorable prognostic
factors for human breast cancer (Fig. 1), we examined whether
blocking S1PR1 with a monoclonal S1PR1-antibody and
allowing endogenous S1P to interact selectively with S1PR2

and S1PR3 would inhibit the growth of the highly invasive
human breast cancer SK-BR-3 (HER2 subtype) and MDA-
MB-231 (triple-negative subtype) cells. We first assessed the
effect of the S1PR1-antibody on cell viability of SK-BR-3 and
MDA-MB-231 cells using the MTT assay. As shown in
Fig. 2a, SK-BR-3 cells exhibited a dose-dependent and time-
dependent response towards S1PR1-antibody; however, the
response was relatively mild. The maximum effect of about
10% reduction in cell viability was achieved at the treatment
of 4000 ng/mL S1PR1-antibody for 72 h. For the MDA-MB-
231 cells, the S1PR1-antibody promoted cell growth at low
concentrations (16–500 ng/mL) and inhibited cell growth at
high concentrations (1000–4000 ng/mL) (Fig. 2b). The max-
imum promoting effect of cell growth (~ 10% increase in cell
viability) was at treatment of 125 ng/mL S1PR1-antibody for
72 h, whereas the maximum inhibiting effect on cell growth
(~27% decrease in cell viability) was at treatment of 4000 ng/
mL S1PR1-antibody for 72 h. To further understand whether
the inhibition of cell growth by the S1PR1-antibody was due
to cytostatic or cytotoxic effect, we measured the cytotoxicity
of the S1PR1-antibody towards the SK-BR-3 and MDA-MB-
231 cells using the CytoTox™ Green Cytotoxicity Assay un-
der the same experimental condition. The S1PR1-antibody did
not cause any cytotoxic effect towards either SK-BR-3 cells or
MDA-MB-231 cells, except a small 10% cytotoxicity towards
the MDA-MB-231 cells at treatment of 4000 ng/mL S1PR1-
antibody for 72 h (Fig. 2c, d). We speculated that this small
cytotoxicity might be caused by the differences of S1PR1

expression and internalization between the two cell lines.
However, we could not completely rule out the possibility of
that a different antigen possesses a fragment of sequence high-
ly homologous to the epitope used in producing the S1PR1-
antibody and binds S1PR1-antibody, even with much weaker
binding affinity, in the MDA-MB-231 cells. In summary, we
conclude that the inhibitory function of the S1PR1-antibody
on cell growth of the SK-BR-3 and MDA-MB-231 cells is
likely through cytostatic effect. Further studies are warranted
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Fig. 1 The Kaplan-Meier plot of patient survival probability versus mRNA expression level for S1P receptors 1–3 (S1PR1–3) based on breast cancer
patients’ data deposited at the Human Protein Atlas database (https://www.proteinatlas.org/)
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to identify whether blocking S1PR1 by the S1PR1-antibody
would change endogenous S1P synthesis and/or affect
S1P-S1PR2 and S1P-S1PR3 signaling in human breast
cancer cells.

S1PR1-antibody potentiated the cytotoxicity
of carboplatin towards MDA-MB-231 cells

Platinum-based chemotherapy drugs are a family of alkylating
agents widely used to treat different types of cancer, such as
small cell lung cancer, head and neck cancer and ovarian can-
cer. However, breast cancer does not respond well towards
platinum-based drugs; and carboplatin, usually in combina-
tion with other chemotherapy drugs, is the only platinum-
based drug approved to treat advanced-stage breast cancer

[31, 32]. Since antagonization of S1PR1 has been observed
to enhance the efficacy of doxorubicin [25, 30], we decided to
evaluate whether the S1PR1-antibody could potentiate the cy-
totoxic effect of carboplatin towards SK-BR-3 and MDA-
MB-231 cells. The IC50 of carboplatin was determined to be
80.0 μM (48 h) and 30.6 μM (72 h) against the SK-BR-3 cells
and 834 μM (48 h) and 294 μM (72 h) against the MDA-MB-
231 cells, respectively (supplementary Fig. S1). It is extremely
high compared to the reported IC50 of carboplatin towards
several cell lines derived from ovarian cancer patients, which
is around 1 μM for pre-chemotherapy cell lines and 5 μM for
post-chemotherapy cell lines [33]. This implicates that
carboplatin might not be a first choice for treating HER2 or
triple-negative subtype breast cancer, although it is approved
for advanced-stage breast cancer.
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Fig. 2 The effect of the S1PR1-antibody on cell viability towards breast
cancer cell lines SK-BR-3 (a) andMDA-MB-231(b), and the effect of the
S1PR1-antibody on cytotoxicity towards breast cancer cell lines SK-BR-
3 (c) and MDA-MB-231 (d) at 48 h and 72 h of treatment. The effect on

cell viability was measured using the MTT assay and the effect on
cytotoxicity was measured using the CytoTox™ Green Cytotoxicity
Assay, respectively. PBS buffer (1X, pH 7.4) was used as the vehicle
control

Fig. 3 The effect of carboplatin, S1PR1-antibody and their combination
on cell viability of the SK-BR-3 (a) and MDA-MB-231 (b) cells at 48 h
and 72 h of treatment. For the SK-BR-3 cells, the carboplatin
concentration was 4 μM and the S1PR1-antibody concentration was

4000 ng/mL; whereas for the MDA-MB-231 cells, the carboplatin
concentration was 68 μM and the S1PR1-antibody concentration was
also 4000 ng/mL. The effect on cell viability was measured using the
MTT assay with PBS buffer (1X, pH 7.4) as the vehicle control



In order to get a glimpse on whether the S1PR1-antibody
could improve the response of SK-BR-3 and MDA-MB-231
cells towards carboplatin, we evaluated the effect of
carboplatin in combination of 4000 ng/mL of S1PR1-antibody
on the cell viability of SK-BR-3 and MDA-MB-231 cells. For
both cell lines, we chose a concentration of carboplatin signif-
icantly lower than the IC50 (4 μM for SK-Br-3 and 68 μM for
MDA-MB-231), which does not impose any cytotoxicity to
the cells. The reason for this type of selection is to ensure that

this research would lead to further in vivo and even clinically
meaningful studies if the S1PR1-antibody indeed sensitized
the breast cancer cells to carboplatin, as the IC50 of carboplatin
was only around 1 μM towards patient-derived ovarian cancer
cell lines [33]. As shown in Fig. 3, co-administration of
S1PR1-antibody did not sensitize the SK-BR-3 cells towards
carboplatin treatment. For MDA-MB-231 cells, the co-
administration of S1PR1-antibody and carboplatin decreased
the cell viability by more than 35% compared to carboplatin
alone (p ≤ 0.0001) and almost 10% compared to S1PR1-anti-
body alone (p ≤ 0.01) at 48 h of treatment (Fig. 3). This im-
plicated that S1PR1-antibody enhanced the cytotoxic effect of
carboplatin. However, at 72 h of treatment, we did not observe
any significant difference in cell viability between S1PR1-an-
tibody alone and its combination with carboplatin. We specu-
lated that this was due to the cytostatic effect of the S1PR1-
antibody, as carboplatin targets fast-growing cells and
prolonged treatment with the S1PR1-antibody made the
MDA-MB-231 cells insensitive towards carboplatin. Further
studies are warranted to identify the optimal conditions, such
as S1PR1-antibody and carboplatin concentrations and the
sequential order of the administration, to achieve the best ef-
ficacy (i.e. synergistic/additive effect) of the cytostatic effect
of S1PR1-antibody and cytotoxic effect of carboplatin. In ad-
dition, we have already imitated a study to evaluate whether
the S1PR1-antibody could exhibit any synergistic/additive ef-
fect with other chemotherapy drugs, such as docetaxel,
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Fig. 4 The effect of S1P (concentration: 10 μM), with or without S1PR1-
antibody (concentration: 4000 ng/mL) on cell viability of the SK-BR-3
and MDA-MB-231 cells at 48 h and 72 h of treatment. The effect on cell
viability was measured using the MTT assay with methanol containing
120 mg/mL PEG 3350 as the vehicle control

Fig. 5 The effect of carboplatin and its combinations with 1 μMS1P and
10 μM S1P on cell viability of the SK-BR-3 and MDA-MB-231 cells at
48 h and 72 h of treatment. The concentration of carboplatin was ranging
from 4 μM to 540 μM for the SK-BR-3 cells and from 67.5 μM to

1080 μM for the MDA-MB-231 cells. The effect on cell viability was
measured using the MTT assay with methanol containing 120 mg/mL
PEG 3350 as the vehicle control



doxorubicin and lapatinib, against both HER2 subtype and
triple-negative subtype human breast cancer cell lines.

S1PR1-antibody enhanced the effect of S1P towards
SK-BR-3 cells

In our previous studies, we showed that S1P selectively in-
duced cell apoptosis in breast cancer MCF7 cells and exhibit-
ed synergistic effect with chemotherapy drugs towards breast
cancer MCF7 and MDA-MB-361 cells at a concentration
higher than 1 μM, especially at 10 μM [34, 35]. Therefore,
we decided to evaluate whether there could be any synergistic/
additive effect between S1PR1-antibody (concentration:
4000 ng/mL) and S1P (concentration: 10 μM). For the SK-
BR-3 cells, S1P did not exhibit any significant effect on cell
viability compared to the vehicle control at either 48 h or 72 h
treatment; however, co-administration of S1PR1-antibody de-
creased the cell viability by almost 20% (p ≤ 0.0001) at 48 h of
treatment (Fig. 4). At 72 h of treatment, the co-administration
of S1PR1-antibody reduced the cell viability by approximately
10%; however, this decrease is not statistically significant (Fig.
4). For the MDA-MB-231 cells, S1P induced about 20–25%
reduction in cell viability compared to the vehicle control at
48 h or 72 h of treatment; however, co-administration of
S1PR1-antibody did not further reduce the cell viability at ei-
ther treatment time (Fig. 4). This study implicated that S1PR1-
antibody was able to enhance the effect of S1P against the SK-
BR-3 cells. A study has been initiated to understand how the
S1PR1-antibody affects the intracellular function of S1P, as our
studies suggested that the selective cytotoxic effect of S1P
towards human breast cancer cells at concentrations higher
than 1 μM is highly likely through its intracellular function
(data not published).

S1P did not elevate the cytotoxicity of carboplatin

S1P has been shown to potentiate the cytotoxic effects of do-
cetaxel, doxorubicin and cyclophosphamide towards human
breast cancer cells at high concentrations (≥ 1 μM) [34, 35].
In the current study, we also evaluated whether S1P (concen-
tration: 1 μM and 10 μM) could improve the sensitivity of the
SK-BR-3 and MDA-MB-231 cells to carboplatin, as neither
type of cells is responding well to carboplatin treatment
(supplementary Fig. S1) in spite of that carboplatin has been
approved for advanced-stage breast cancer. Neither 1 μM nor
10 μM concentration of S1P was able to improve the response
of the SK-BR-3 and MDA-MB-231 cells to carboplatin treat-
ment (Fig. 5). However, S1P (concentration: 10μM)decreased
the cell viability of the SK-BR-3 and MDA-MB-231 cells by
approximately 15 and 30%, respectively at both 48 h and 72 h
treatments. For both cell lines, when carboplatin concentration
was less than the IC50 values, the effect of the co-
administration of S1P (concentration: 10 μM) and carboplatin

on cell viability was dominated by S1P. Whereas the
carboplatin concentration was increased higher than the IC50

values, the effect of the co-administration of S1P (concentra-
tion: 10 μM) and carboplatin on cell viability was controlled
by carboplatin. Therefore, in contrary to our previous studies
that S1P can increase the cytotoxic activities of docetaxel,
doxorubicin and cyclophosphamide, co-administration of high
concentrations of S1P does not improve the cytotoxic activity
of carboplatin.

Conclusion

In this study, we showed that the S1PR1-antibody exhibited
cytostatic effect towards both HER2 subtype SK-BR-3 cell
line and triple-negative subtype MDA-MB-231 cell line.
Co-administration of 4000 ng/mL of the S1PR1-antibody
not only potentiated the cytotoxicity of carboplatin to-
wards cell line MDA-MB-231 but also increased the
anti-proliferative effect of S1P towards cell line SK-BR-3.
Furthermore, co-administration of S1P did not improve the
response of the SK-BR-3 and MDA-MB-231 cells towards
carboplatin treatment.
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