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C16-ceramide and sphingosine 1-phosphate/S1PR2 have
opposite effects on cell growth through mTOR
signaling pathway regulation
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Abstract. Recently, sphingolipid derivatives, such as ceramide
and sphingosine-1-phosphate (S1P), have emerged as key
modulators in apoptotic cell death and cell proliferation. This
study aimed to clarify the underlying signaling pathways of
ceramide and S1P involved in breast cancer cell proliferation.
Ceramide acyl chain length is determined by six mammalian
ceramide synthases (CerS). We overexpressed CerS1 to 6 in
MCEF-7 cells to examine whether ceramide signaling propaga-
tion varies as a function of acyl chain length. Among the six
CerS, only CerS6 overexpression reduced phosphorylation
of Akt, S6 kinase (S6K), and extracellular signal-regulated
kinases (ERK) as shown by western blotting. In addition,
CerS6 overexpression reduced MCF-7 cell proliferation. This
effect was partially reversed by co-treatment with MHY1485,
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an activator of mammalian target of rapamycin (mTOR),
demonstrating an important role for the mTOR pathway in
the CerS6-mediated decrease in MCF-7 cell proliferation.
ERK inhibition, but not Akt inhibition, along with mTOR
inhibition synergistically reduced MCF-7 cell proliferation as
measured by MTT assay. Notably, the expression of CerS6 and
S1P receptor 2 (S1PR2), or CerS6 and sphingosine kinase 1
(SphK1), were negatively correlated according to the inva-
sive breast carcinoma patient cohort in The Cancer Genome
Atlas database. In addition, both SphK1 overexpression and
S1P addition increased mTOR phosphorylation as shown by
ELISA, while S1IPR2 inhibition had the inverse effect. These
data suggest that CerS6 and SphK1 regulate mTOR signaling in
breast cancer cell proliferation. Moreover, mTOR activity can
be regulated by the balance between S1P and C16-ceramide,
which is generated by CerS6.

Introduction

Breast cancer is the most common malignancy diagnosed in
women, and one in eight women is estimated to be diagnosed
with breast cancer in her lifetime (1). Although advances
in molecular biology have uncovered a large number of
genomic aberrations in breast cancer, many of these aberra-
tions converge on a few key pathways involved in cancer cell
signal transduction, such as the phosphatidylinositol 3-kinase
(PI3K)/Akt/mammalian target of rapamycin (mTOR) and the
Raf/mitogen-activated protein kinase kinase (MEK)/extracel-
lular signal-regulated kinase (ERK) pathways (2). Alterations
in both signaling pathways are reported to play important
roles in the carcinogenic process via modulation of cell prolif-
eration, survival and invasion of breast cancer cells. Based on
their critical role in breast cancer, inhibitors of these pathways
have been developed for the treatment of breast cancer (2-5).
The PI3K/Akt/mTOR pathway plays an important role in
tumor cell proliferation, migration and survival; high PI3K or
Akt activity has been considered indicative of poor prognosis
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in breast cancer (4,6). In various human cancers, mTOR is also
upregulated, and acts as a sensor for cell cycle progression
from G1 to S phase, and it regulates translation of ribosomal
proteins (7). Raf is a key serine-threonine protein kinase
involved in the transduction of signals from the cytoplasm to
the nucleus (3), and is part of the Ras/Raf/MEK/ERK protein
kinase cascade, which plays a pivotal role in cell proliferation
and cell fate determination (2).

Sphingolipids (SLs) are bioactive lipids that have crucial
roles in the determination of cancer cell fate and modulate
tumor suppression and survival. The concept of the SL rheostat
describes that the balance of the interconvertible SL. metabo-
lites ceramide and sphingosine-1-phosphate (S1P), and their
opposing signaling pathways, are major determinants of cell
fate (8). Ceramide has been reported as a bioactive molecule
that mediates cell death, whereas S1P induces tumor cell
proliferation, resistance to chemotherapy and metastasis (9).
Mammals have six ceramide synthases (CerS), with each CerS
determining varying acyl chain lengths of ceramides (10,11).
For instance, CerS1 produces C18-ceramide, and CerS2 and
CerS3 generate C22-C24- and >C26-cermide, respectively.
CerS4 synthesizes C20-ceramide, while both CerS5 and
CerS6 can produce Cl6-ceramide. Recently, distinct roles
of ceramide, depending on the acyl chain length, have been
reported in cell death (12-14), mitochondrial function (15,16),
and fatty acid uptake (17).

S1P is generated via phosphorylation of sphingosine by two
sphingosine kinase (SphK) isoenzymes, SphK1 and SphK2.
S1P can be secreted, and then acts in an autocrine or paracrine
manner (18). Secreted S1P can bind to five G protein-coupled
S1P receptors (S1PRs), which are expressed differentially in
various cell types. Secreted SIP influences various cellular
responses depending on the SIPR subtype. In addition to
acting on receptors located on the plasma membrane, S1P also
has intracellular effects, independently of SIPRs (19).

Recently, high levels of SLs, including S1P, and altered
expression of CerS have been detected in human breast
cancer samples (20,21). CerS2 overexpression has been
found to be correlated with breast cancer cell invasion and
chemosensitivity (22,23). In addition, several anticancer drugs
such as doxorubicin, celecoxib and methotrexate increase
Cl16-ceramide levels and reduce cell growth (24-26). However,
the precise molecular mechanisms and downstream signaling
pathways of ceramide depending on the acyl chain length
and S1P have not yet been elucidated in breast cancer. In the
present study, we uncovered an important role for the mTOR
and ERK signaling pathways in SL-mediated reduction of
breast cancer cell proliferation. The data further demonstrated
that CerS6-induced C16-ceramide and the SIP/SIPR2 axis
exhibit opposing effects on mTOR signaling.

Materials and methods

Materials. Wortmannin, SC79, MHY 1485, fumonisin Bl
(FB1), anti-HA (H6908), anti-flag (F3165), and anti-a-tubulin
(T9026) antibodies were purchased from Sigma-Aldrich/
Merck KGaA (Darmstadt, Germany). Antibodies for detecting
phosphorylated (p)-Akt (9271), p-P70 S6 kinase (S6K) (9205),
total-ERK (4695) and p-ERK (Thr202/Tyr204) (4370) were
purchased from Cell Signaling Biotechnology, Inc. (Beverly,
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MA, USA). The anti-CerS6 antibody (sc-100554) was obtained
from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA).
Anti-mouse horseradish peroxidase (HRP) (115-036-003) and
anti-rabbit-HRP (111-035-003) antibodies were purchased
from Jackson Laboratory (Bar Harbor, ME, USA). S1P and
Cl6-ceramide were purchased from Avanti Polar Lipid
(Alabaster, AL, USA). PD98059 and everolimus were obtained
from Adooq BioScience (Irvine, CA, USA). Anti-SphK1
antibody was purchased from Abnova (Taipei, Taiwan).

Cell culture and transfection. MCF-7, BT-474 and MDA-MB-
361 cells, purchased from the American Type Culture Collection
(ATCC; Rockville, MD, USA), were grown in Roswell Park
Memorial Institute (RPMI)-1640 medium containing 10%
foetal bovine serum (FBS), and 2% penicillin/streptomycin
(HyClone; GE Healthcare Life Sciences, Logan, UT, USA) in
an atmosphere of 95% humidified air and 5% CO, at 37°C.
pcDNA3-HA vectors containing human CerS1, CerS2, CerS4,
CerS5, CerS6 and pCMV-FLAG human SphK1 (kindly
provided by A.H. Futerman, Weizmann Institute of Science,
Rehovot, Israel) were transfected using Metafectene (Biotex
Laboratories, Munich, Germany) according to the manufactur-
er's protocol. In some cases, 2-10 ug of pcDNA3-hCerS6-HA
plasmid DNA in 10 ul final volume was used for different
CerS6 expression.

Western blotting. MCF-7, BT-474 and MDA-MB-361 cells
were lysed using radioimmunoprecipitation assay (RIPA)
buffer [5S0 mM of Tris-Cl, pH 7.5, 150 mM of NaCl, 1%
Nonidet P-40, 0.5% sodium deoxycholate, 0.1% sodium
dodecyl sulfate (SDS), and protease and phosphatase inhibitors
(Sigma-Aldrich/Merck KGaA)]. Protein levels in cell lysate
supernatants were calculated using Protein Assay Dye Reagent
(Bio-Rad Laboratories, Hercules, CA, USA). Fifty micrograms
of proteins were separated using denaturing 8% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred to nitrocellulose membranes (Bio-Rad Laboratories).
The membranes were blocked in 5% bovine serum albumin
(BSA; Sigma-Aldrich/Merck KGaA) in Tris-buffered saline
with 0.1% Tween-20 and subsequently incubated overnight
at 4°C with the primary antibodies (1:1,000 dilution). After
washing, HRP-conjugated secondary antibodies were attached
for 1 h at room temperature. Protein bands were detected using
the ChemiDoc MP imaging system (Bio-Rad Laboratories)
and ECL Western Blotting Detection Reagents (Amersham
Biosciences, Little Chalfont Bucks, UK).

mTOR (pSer2448) phosphorylation assay. MCF-7 cells
were treated with Cl6-ceramide (10 pM to 100 nM) and
S1P (100 pM to 1 gM) for 1 h. For C16-ceramide treatment,
MCF-7 cells were permeabilized with 10 xg/ml of digitonin
for 10 min. Cells were frozen immediately in liquid nitrogen
and quantification of mTOR phosphorylation was performed
using the mTOR (pSer2448) ELISA kit (Abcam, Cambridge,
MA, USA) according to the manufacturer's protocol.

C16-ceramide treatment. Cl16-ceramide was added into the
cell culture media to a final concentration of 1-5 uM and cells
were permeabilized with 10 yg/ml of digitonin for 10 min
every 12 h, as described previously (17).
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MTT assay. Cell growth was evaluated by MTT 3-[4,5-dimeth-
ylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide assay as
previously described (27). MCF-7 cells were seeded onto
96-well plates at a density of 5x10* cells/well. After transfec-
tion or treatment with various chemicals, cells were treated
with MTT solution (0.5 mg/ml final concentration), and
further incubated for 4 h. The supernatant was discarded and
200 ul dimethyl sulfoxide (DMSO) was added to dissolve the
purple formazan crystals. The production of solubilized purple
formazan crystals was quantified by exposure to a wavelength
of 540 nm.

Bioinformatic data mining. The correlations between expres-
sion of different genes were analyzed with the invasive breast
carcinoma patient cohort in The Cancer Genome Atlas
(TCGA) database using cBioPortal (http://cbioportal.org) (28).
The correlations between CerS6 and SIPR2, CerS6 and
SPHK1, and S1PR2 and SPHKI in the same patient cohort
were further verified and analyzed using UCSC Xena
(http://xena.ucsc.edu/).

Real-time polymerase chain reaction (qPCR). Total RNA
from MCF-7 cells was extracted using RNeasy mini kits
(Qiagen, Inc., Valencia, CA, USA), and cDNA was synthe-
sized from the extracted RNA using a Verso cDNA Synthesis
kit (Fisher Scientific, Hampton, NH, USA). qPCR was
performed using the SYBR-Green Real-Time PCR Master
Mix (Life Technologies, Grand Island, NY, USA) in an ABI
PRISM 7500 Sequence Detection System (Applied Biosystems
Inc.; Thermo Fisher Scientific, Inc., Waltham, MA, USA), as
previously described (24). Relative gene expression was calcu-
lated using the 2424 method (24). The primers used in the
present study are listed in Table 1.

Liquid chromatography-electrospray ionization-tandem
mass spectrometry (LC-ESI-MS-MS) analysis of cera-
mide. Ceramide analyses were conducted as previously
described (25,26). Briefly, lipids were extracted from
1x107 cells and introduced into a high-performance liquid
chromatography (HPLC) system (Agilent 1,200 series; Agilent
Technologies, Inc., Santa Clara, CA, USA) and separated
through a reverse phase KINETEX C18 column (2.1x50 mm,
ID: 2.6 pm) (Phenomenex Inc., St. Louis, MO, USA). The
HPLC column effluent was then injected into an API 3200
Triple quadrupole mass spectrometer (AB Sciex, Toronto, ON,
Canada) and analyzed.

Statistical analysis. We performed three independent trials of
all the experiments, and values are shown as means + standard
error of the mean (SEM). Statistical significance was calcu-
lated using analysis of variance (ANOVA) followed by Tukey's
post hoc test (GraphPad Prism 6.0; GraphPad Software,
San Diego, CA, USA). P<0.05 was considered indicative of
statistical significance.

Results
Cl6-ceramide generated by CerS6 overexpression reduces

phosphorylation of Akt, S6K and ERK. To elucidate the role of
ceramide acyl chain length on breast cancer cell proliferation,
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Table I. Primers used for real-time PCR.
Gene Primer sequences
S1PR1 F: 5-TCTCAGCAGTTCAGATCCGG-3'

: 5'-CAAGGCTGGGTGGTTTCTTC-3'

: 5-ATTCCTCCTGCCACCTTCTC-3'
: 5'-GTGGATTTGGGCTCTGGATG-3'

: 5'-GCAGCTTCATCGTCTTGGAG-3'
: 5'-GAGCCAGGTTGCCAATGAAA-3'

: 5'-CTGGGGATGCTGCCTTTG-3'
: 5'-AGGCAGAAGAGGATGTAGCG-3'

: 5'-CCACGACTGTCTTCCCAAGT-3'
: 5-TTCCCCTGCATCTTTTCCGA-3'

: 5'-CTTCTTCCATGACCCACCAT-3'
: 5-TAGAAGCTTCCCTGGAGCAG-3'

R
S1PR2 F
R

F

R

F

R

F

R

F

R

CerS2 F: 5-ATCGTCTTCGCCATTGTTTT-3'

R

F

R

F

R

F

R

F

R

F

R

S1PR3
S1PR4
S1PR5

CerS1

: 5'-GGCAGGATAGAGCTCCAGTG-3'
: 5'-TCAGTAGCCAGCTTGTCCTC-3'

: 5'-AGATGTGTCCCTCTGGTGAC-3'
: 5'-GGAGGCCTGTAAGATGGTCA-3'
1 5'-GAGGACCAGTCGGGTGTAGA-3'
: 5"TGTTCCTCTTTCACAGCTGGA-3'
: 5'-GGATCTAGCTAGGGACCACG-3'
: 5'-TGCCATTCTGGAAAAGGTCT-3'

: 5'-ATGCTTCGAACATCCCAGTC-3'

: 5'-ACACCCACTCCTCCACCTTT-3'

: 5-TGCTGTAGCCAAATTCGTTG-3'

CerS3

CerS4

CerS5

CerS6

GAPDH

relative expression of six CerS in the MCF-7 breast cancer cell
line was first evaluated. The data showed that CerS2, CerS5 and
CerS6 are the main CerS expressed in MCF-7 cells (Fig. 1A).
Then, to explore the distinct role of ceramide in MCF-7 cell
proliferation and intracellular signal propagation, CerSl,
CerS2, CerS4, CerS5 and CerS6 were overexpressed in MCF-7
cells. All the CerS were successfully overexpressed in MCF-7
cells and a concomitant increase in the corresponding acyl
chain length of ceramide was detected (Fig. 1B), as reported
previously (10). CerS overexpression did not alter total ceramide
or sphingosine levels (data not shown). Although overexpres-
sion of all the CerS reduced MCF-7 cell proliferation, CerS6
overexpression reduced MCF-7 cell proliferation to a greater
extent (Fig. 1C). Since the Akt/mTOR and ERK signaling
pathways have been reported to be commonly dysregulated in
breast cancer (2), phosphorylation of Akt, S6K (a downstream
signaling molecule of mTOR) and ERK was examined using
western blotting (Fig. 1D). Notably, overexpression of CerS6,
but not of the other CerS enzymes, markedly reduced phos-
phorylation of Akt, S6K and ERK (Fig. 1D) and C16-ceramide
treatment also showed similar inhibitory effects (Fig. 1E). To
confirm whether these effects can be applicable to other breast
cancer cells, we also examined BT-474 and MDA-MB-361
cells. Similar with MCF-7 cell data, CerS2, CerS5 and
CerS6 were mainly expressed (Fig. 1F and G), and CerS6
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Figure 1. CerS6 overexpression reduces Akt, S6K and ERK phosphorylation. (A) Relative CerS mRNA levels in MCF-7 cells (n=3). (B) Acyl chain composition
of ceramide in CerS-overexpressing MCF-7 cells (n=3). (C) Cell growth after CerS overexpression was determined using MTT assay. Western blot analyses
of (D) Akt, S6K and ERK phosphorylation in MCF-7 cells after overexpression of different CerS and (E) treatment of ceramides with varying acyl chains
(C16-C24). Relative CerS mRNA levels in (F) BT-474 and (G) MDA-MB-361 cells (n=3). (H) Western blot analyses of Akt, SOK and ERK phosphorylation
in BT-474 and MDA-MB-361 cells after CerS6 overexpression. The data shown are representative of the means + SEM of three independent trials. "P<0.05,

“P<0.01.

overexpression diminished phosphorylation of Akt, S6K and
ERK in the BT-474 and MDA-MB-361 cells (Fig. 1H).

To examine whether reduced phosphorylation of Akt,
S6K and ERK by CerS6 overexpression is attributed to
Cl6-ceramide generation, CerS6-overexpressing cells
were treated with fumonisin B1, a CerS inhibitor (29).
Fumonisin B1 (FB1) treatment reversed the phosphorylation
of Akt, S6K and ERK (Fig. 2A), and Cl6-ceramide treat-
ment also caused a similar reduction in Akt, S6K and ERK
with CerS6 overexpression dose-dependently (Fig. 2B). In
addition, CerS6 overexpression reduced phosphorylation of
Akt, S6K, and ERK in a dose-dependent manner (Fig. 2C).
Finally, C16-ceramide treatment dose-dependently reduced
MCEF-7 cell proliferation (Fig. 2D). These results indicate that
CerS6-induced elevation of C16-ceramide reduces the phos-
phorylation of Akt, mTOR and ERK, and attenuates breast
cancer cell proliferation.

Phosphorylation of mTOR, but not Akt, plays an essential role
in CerS6-induced reduction of breast cancer cell proliferation.
CerS6 overexpression affected several pathways. To identify
the specific pathways invoked by CerS6 overexpression, we
used specific inhibitors of the Akt, S6K, and ERK signaling
pathways. Treatment of MCF-7 cells with wortmannin
(an Akt inhibitor), everolimus (an mTOR inhibitor), and
PD98059 (an ERK inhibitor) successfully inhibited phos-
phorylation of the target molecules (Fig. 3A). Although Akt
inhibition diminished MCF-7 cell proliferation, the effect was
minimal (Fig. 3B). In contrast, mTOR inhibition significantly
reduced MCF-7 cell proliferation (Fig. 3C), and ERK inhibi-
tion significantly diminished MCF-7 cell proliferation only
at the high dosage (10 uM) (Fig. 3D). These results suggest
an important role for mTOR and ERK in CerS6-mediated
regulation of MCF-7 cell proliferation.

Next, specific activators of Akt (SC79) and mTOR
(MHY1485) were utilized to elucidate the distinct signals

involved in CerS6-mediated reduction of MCF-7 cell prolif-
eration. ERK activation studies could not be conducted due
to the absence of specific ERK activators. As expected, treat-
ment of MCF-7 cells with MHY 1485 and SC79 elevated the
phosphorylation levels of S6K and Akt, respectively (Fig. 4A).
In accordance with the minimal effect of Akt inhibition
in MCF-7 cell proliferation (Fig. 3B), Akt activation using
SC79 did not affect CerS6-mediated reduction of MCF-7 cell
proliferation (Fig. 4B). Unlike Akt activation, mTOR activa-
tion reversed the CerS6-mediated attenuation of MCF-7 cell
proliferation (Fig. 4C), suggesting a critical role for the mTOR
signaling pathway in CerS6-mediated reduction of breast
cancer cell proliferation.

mTOR and ERK signaling exhibit synergism in breast cancer
cell proliferation. Finally, the synergistic effects of Akt and
ERK signals with the mTOR pathway on breast cancer cell
proliferation were examined. Although concomitant Akt
and mTOR inhibition using wortmannin and everolimus
did not impose additional effects on MCF-7 cell prolif-
eration, compared with treatment with inhibition of either
alone (Fig. 5A), co-inhibition of ERK and mTOR using
PD98059 and everolimus synergistically reduced MCF-7
cell growth (Fig. 5B). Co-inhibition of Akt and ERK using
wortmannin and PD98059 did not exhibit synergistic effects
on MCF-7 cell proliferation (Fig. 5C). These data suggest that
CerS6-mediated reduction of breast cancer cell proliferation
may be achieved by synergistic effects of mTOR and ERK
signaling pathways.

CerS6 and SphK1/SIPR2 expression exhibit a negative corre-
lation in human breast cancer cohort data. SL metabolism
is tightly regulated, and ceramide can also be converted to
various SLs, including S1P. In addition, an important role of
S1P in various cancers has been relatively well established,
and the SL rheostat model suggests that the balance between
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Figure 5. Co-inhibition of mTOR and ERK reduces MCF-7 cell growth in a synergistic manner. Representative western blot analysis of Akt, S6K, and ERK
phosphorylation (upper panels) and cell growth (lower panels) (A) in MCF-7 cells after co-treatment with wortmannin (1 #M) and everolimus (100 nM),
(B) in MCF-7 cells after co-treatment with PD98059 (10 #M) and everolimus (100 nM), and (C) in MCF-7 cells after co-treatment with PD98059 (10 xuM) and
wortmannin (1 zM). The data shown are representative of the means + SEM of three independent trials. “P<0.01, ““P<0.001.

ceramide and S1P is an important determinant of cell fate (8).
We conducted data mining in an invasive breast carcinoma
cohort of the TCGA database (30) using cBioPortal to explore
the correlation between SL-metabolizing genes with CerS6
in breast cancer. Regression analysis indicated that CERS6
and S/PR2 expression had a negative correlation (Pearson's
correlation coefficient=-0.38; Spearman's correlation coef-
ficient=-0.5; Fig. 6A). The expression of CERS6 and SPHK]

also had a negative correlation (Pearson's correlation coef-
ficient=-0.35; Spearman's correlation coefficient=-0.52;
Fig. 6B). Importantly, S/PR2 and SPHKI expression was
positively correlated (Pearson's correlation coefficient=0.30;
Spearman's correlation coefficient=0.51; Fig. 6C). We also
generated the heatmap of S/PR2 and SPHKI and analyzed
co-expression of S/PR2 and SPHK] in the same data using
another tool, the Xena browser. Results revealed that among
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Figure 6. Correlation of CerS6, SphK1, and SIPR2 expression in invasive breast carcinoma. Simple correlation analysis was presented using cBioPortal
(A) between CerS6 and SphK1 expression, (B) between CerS6 and SIPR2 expression, and (C) between SphK1 and SIPR2 expression in invasive breast
carcinoma. (D) The heatmap analysis and (E) Simple correlation analysis between SphK1 and S1PR2 are represented using UCSC Xena in the invasive breast

carcinoma cohort of the TCGA database analysis.

1,247 invasive breast carcinoma patients, in whom gene expres-
sion was examined using RNAseq, the expression of SIPR2
and SPHK1 was highly correlated (Pearson's correlation coef-
ficient=0.4970; Spearman's correlation coefficient=0.4692;
Fig. 6D and E). There was no significant correlation between
the expression of CerS6 and SPHK?2, or between expression of
CerS6 and other SI/PR subtypes (data not shown).

C16-ceramide and SIP have opposite effects on mTOR, but
not ERK, phosphorylation. Since CerS6 and SphK1/S1PR2

expression showed negative correlations in the human breast
cancer cohort data, we examined whether the SphK1/S1PR2
axis can exert opposing effects on intracellular signaling with
CerS6 in breast cancer cells. MCF-7 cells were treated with
different doses of C16-ceramide or S1P, the product of SphK1,
and the effect on mTOR signaling was assessed by monitoring
mTOR phosphorylation. C16-ceramide treatment dose-depend-
ently reduced phosphorylation of mTOR (Fig. 7A), while S1P
activated mTOR signaling in MCF-7 cells in a dose-dependent
manner (Fig. 7B). As S1P can be secreted and bind to five G
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Figure 8. The SphK1/S1PR2 pathway plays an important role in MCF-7 cell proliferation. Western blot analyses of Akt, S6K, and ERK phosphorylation in
MCEF-7 cells after (A) SphK1 overexpression or (B) JTE013 (1 M) treatment. (C) Cell growth was evaluated after SphK1 overexpression or JTEO13 treatment.
The data shown are representative of the means + SEM of three independent trials. "P<0.05, “P<0.01.

protein-coupled S1PRs (18), we evaluated the expression of
S1PR subtypes in MCF-7 cells using qPCR. SIPR2 and S1PR5
were the main S1PRs expressed in MCF-7 cells (Fig. 7C), and
S1PR2 inhibition using JTEO013 abolished S1P-induced mTOR
phosphorylation (Fig. 7D). These data suggest that S1P gener-
ated by SphK1 can activate mTOR signaling via SIPR2. Due
to the absence of a specific SIPRS inhibitor, SIPRS inhibition
analyses could not be conducted.

Inaccordance with the S1P-induced mTOR phosphorylation
data (Fig. 7B), SphK1 overexpression increased phosphoryla-
tion of S6K and MCF-7 cell proliferation (Fig. 8A and C), effects
that were opposite of those induced by CerS6 overexpres-
sion (Fig. 2C and D). SphK1 overexpression also increased Akt
phosphorylation, but reduced ERK phosphorylation (Fig. 8A).
Finally, SIPR2 inhibition diminished S6K phosphorylation
and MCF-7 cell proliferation (Fig. 8B and C), confirming the
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involvement of SIPR2 in regulating MCF-7 cell proliferation.
Although S1PR2 inhibition reduced Akt phosphorylation, it
did not affect ERK phosphorylation. Sphingosine has been
reported as a pro-apoptotic lipid (31), and we examined
whether sphingosine can exert similar effects with S1P. Unlike
S1P, sphingosine treatment diminished AKT and mTOR
phosphorylation, and decreased MCF-7 cell proliferation (data
not shown). Therefore, these results indicate that the balance
between CerS6/C16-ceramide and the SphK1/S1P/S1PR2 axis
can determine the fate of mTOR activation and MCF-7 cell
proliferation.

Discussion

SLs have been implicated in many of the most important and
fundamental aspects of cellular biology, including growth,
differentiation, apoptosis and oncogenesis (32). SLs are not
only essential constituents of cellular membranes, but also
crucial mediators in the regulation of signaling pathways.
Although several reports have suggested the involvement of
SLs in breast cancer pathogenesis (20-23), the underlying
signaling pathways have not yet been elucidated. In the present
study, we demonstrated that the mTOR signaling pathway is
crucial in the SL-mediated regulation of breast cancer cell
proliferation, including those mediated by C16-ceramide and
S1P. Additionally, S1P exerts its effects on breast cancer cell
proliferation through SIPR2. Therefore, C16-ceramide and
S1PR2 modulators may prove to be potential novel strategies
for the treatment of breast cancer.

We found that CerS6 overexpression led to the elevation
of C16 ceramide levels, and decreased both Akt/mTOR and
ERK phosphorylation, which plays a critical role in the prolif-
eration of breast cancer (2,33,34). In accordance with previous
reports (24-26), which showed that several anticancer reagents
such as doxorubicin, celecoxib and methotrexate increase
Cl6-ceramide, increased C16-ceramide induced by CerS6 over-
expression reduced breast cancer cell growth with concomitant
inhibition of both the Akt/mTOR and ERK pathways. Because
the Akt/mTOR pathway is highly dysregulated in breast cancer
and it also mediates resistance to endocrine therapies, mTOR
inhibition has received significant attention as a novel therapy
against breast cancer (35). In addition, combination treatment
with mTOR inhibitors along with steroidal aromatase inhibitors
improved progression-free survival in hormone receptor-posi-
tive advanced breast cancer patients, compared with steroidal
aromatase inhibition monotherapy (36). However, combined
treatment did not confer a statistically significant improve-
ment in overall survival (37), and initial studies with rapalogs,
allosteric inhibitors of mTORCI, have shown limited clinical
efficacy due to the release of a negative regulatory feedback
loop that triggers Akt and ERK signaling (35). In other words,
inhibition of one pathway can still result in the maintenance
or activation of signaling via other reciprocal pathways, as
PI3K/Akt/mTOR and Raf/ERK cascades are interconnected
at multiple points of convergence, via cross-talk, and feedback
loops (2). In the present study, we found that CerS6 overexpres-
sion diminished all the essential signaling cascades, including
Akt, mTOR and ERK. Therefore, CerS6 overexpression and
Cl16-ceramide elevation may overcome the limitation of current
signaling inhibitors.
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In the present study, CerS6 expression was negatively
correlated with both SphK1 and S1PR2 expression in a human
TCGA data, but not with SphK2 or S1PR1, 3, 4, and 5 (data
not shown). However, overexpression of either CerS6 or SphK1
did not affect the expression levels of the others (data not
shown), suggesting an indirect correlation between CerS6 and
SphK1 expression. In contrast to the inhibitory effect of CerS6
overexpression on the mTOR signaling pathway, SphK1 overex-
pression activated mTOR downstream cascades. Additionally,
SI1PR2 inhibition reduced Akt/mTOR phosphorylation,
implying that S1P generated by SphK1 could bind to SIPR2
and then activate Akt/mTOR signaling. Because SIPR2, and
S1PRS are the two main S1PR subtypes expressed in MCF-7
cells, SIPR2 is likely to play an important role in S1P binding.
Although a negative correlation between CerS2, CerS4 and
SphK1 was reported in a previous study (21), CerS2, CerS4
or SphK1 overexpression did not affect the expression of each
other in our analyses (data not shown), suggesting an indirect
mechanism of regulation of these 3 proteins. A previous study
reported the opposing effects of CerS1 and SphK1 in sensitivity
against cancer reagents (38). Similarly, in the present study,
opposing effects of CerS6 and SphK1/SIPR2 on the mTOR
signaling pathway were demonstrated in breast cancer cells. In
1996, the term ‘SL rheostat’ was first proposed to tie together
several seminal findings demonstrating the capacity of S1P and
ceramide to differentially regulate cell growth and survival by
modulation of opposing signaling pathways (8). The present
study supports this model, showing that the balance between
CerS6, which generates Cl6-ceramide, and SphK1, which
generates S1P, might play an important role in determining
breast cancer cell growth and destiny. In contrast to the data
that CerS6 and SphK1/SIPR2 exert contrasting effects on
mTOR signaling, they both reduced ERK phosphorylation in
breast cancer cells. Ceramide can be metabolized by cerami-
dase to sphingosine, and sphingosine can be phosphorylated
by one of two SphKs (39). Whether reduced ERK phosphory-
lation by CerS6 overexpression can be attributed to subsequent
conversion of ceramide to S1P or not remains to be elucidated.

Although CerS2, CerS4 and CerS6 expression have been
reported to be elevated in breast cancer (21,40), the role of
CerS in breast cancer is not yet understood. This study demon-
strated that overexpression of CerS6, but not of other CerS,
reduced mTOR phosphorylation. Furthermore, the reduction
of breast cancer cell proliferation by CerS6 was the most
effective, compared with other CerS, suggesting that varia-
tions in acyl chain length yield disparate effects of ceramides
on cellular functions. Thus, increased CerS6 expression in
breast cancer may reflect a compensatory increase to induce
cancer cell death. However, ceramide can be metabolized by
sphingomyelinase to sphingomyelin, and by glucosylceramide
synthase to glucosylceramide, which can be further metabo-
lized to various glycosphingolipids. In addition, ceramide
glycosylation has been reported to play an important role in
maintenance of the properties of breast cancer stemness (41).
Therefore, the balance among final SL products in breast
cancer may determine the final destiny of cells.

Both CerS5 and CerS6 have been reported to generate
Cl6-ceramide (10). However, only CerS6, but not CerS5
overexpression reduced Akt, ERK and mTOR signaling.
The different role of CerS5 and CerS6 has been reported
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previously (17,42). Differential regulation of CerS5 and
CerS6 in gene expression such as fatty acid transport protein
5 and fatty acid binding protein 1 has been reported previ-
ously (17). Knockdown of CerS6 with siRNA reduced
glutamate-triggered oligodendrocyte apoptosis, whereas
knockdown of CerS5 had no effect (42). Since only CerS6, but
not CerS5, was detected in mitochondria (43), difference in
the final intracellular localization of C16-ceramide may exist
between CerS5 and CerS6. However, the precise mechanism
involved in the difference of CerS5 and CerS6 still remains to
be elucidated.

In summary, this study demonstrated the involvement
of mTOR and ERK signaling cascades in the reduction of
breast cancer cell proliferation by CerS6. Our data also
demonstrated that the balance between C16-ceramide and
S1P/S1PR2 plays a critical role in the regulation of mTOR
activation. Considering the inhibitory effects of CerS6 on
Akt, mTOR and ERK, which are critical breast cancer cell
survival and proliferation regulatory pathways, C16-ceramide
and CerS6 overexpression may overcome the limitation
of current anti-breast cancer agents. Therefore, CerS6 and
S1PR2 may represent novel therapeutic targets for breast
cancer, especially for use as combinatory therapies with
current anticancer agents.
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