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Sphingosine-T-phosphate promotes expansion

of cancer stem cells via STPR3 by a
ligand-independent Notch activation

Naoya Hirata', Shigeru Yamada', Takuji Shoda?, Masaaki Kurihara?, Yuko Sekino' & Yasunari Kanda'

Many tumours originate from cancer stem cells (CSCs), which is a small population of cells
that display stem cell properties. However, the molecular mechanisms that regulate CSC
frequency remain poorly understood. Here, using microarray screening in aldehyde
dehydrogenase (ALDH)-positive CSC model, we identify a fundamental role for a lipid
mediator sphingosine-1-phosphate (S1P) in CSC expansion. Stimulation with S1P enhances
ALDH-positive CSCs via S1P receptor 3 (STPR3) and subsequent Notch activation. CSCs
overexpressing sphingosine kinase 1 (SphK1), an S1P-producing enzyme, show increased
ability to develop tumours in nude mice, compared with parent cells or CSCs. Tumorigenicity
of CSCs overexpressing SphK1 is inhibited by STPR3 knockdown or STPR3 antagonist. Breast
cancer patient-derived mammospheres contain SphK1/ALDH1™ cells or SIPR3+ /ALDH1+
cells. Our findings provide new insights into the lipid-mediated regulation of CSCs via Notch
signalling, and rationale for targeting STPR3 in cancer.
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including breast, lung and prostate cancer, are initiated

from a small population of cancer stem cells (CSCs;
also called tumour-initiating cells)'8. This minor population
produces the bulk of cancers through continuous self-renewal and
differentiation, which contributes to cancer heterogeneity.
Therefore, it is essential to elucidate the signalling and
regulatory mechanisms that are unique to CSCs, and to design
novel therapeutic agents against CSCs.

CSCs have been isolated from diverse tumours and established
cell lines, using several methods encompassing cell surface
markers, aldehyde dehydrogenase (ALDH) activity, side popula-
tion (SP) and sphere-forming ability. ALDH assays rely on the
fact that the level of ALDH, a detoxifying enzyme responsible for
the oxidation of intracellular aldehydes, is higher in stem cells
than in differentiated cells*. ALDH1 expression is correlated with
poor clinical prognosis in various cancers, such as breast, lung
and prostate cancer™®. Because CSCs have been considered to
have molecular similarities to embryonic and normal adult stem
cells, the self-renewal behaviour of CSCs has been reported to be
mediated by several signalling pathways, such as Notch,
Hedgehog and Wnt®. However, the molecular mechanisms that
regulate the frequency and maintenance of CSCs via self-renewal
signals remain poorly understood.

Autocrine and paracrine signalling plays a key role in
maintaining the stem cell state and expansion of stem cells!?.
We therefore speculated that receptors for autocrine/paracrine
factors might play a key role in CSC regulation. Using microarray
screening in an ALDH-positive cell population of human breast
cancer MCF-7 cells, we found that several receptors are
upregulated. Among them, on the basis of pathophysiological
properties, we focused on S1P receptor 3 (SIPR3), a receptor for a
lipid mediator sphingosine-1-phospahate (S1P). S1P is known to
exert multiple responses, such as proliferation, survival and
cytoskeletal rearrangement, via its G protein-coupled receptor
(GPCR) in many cell types'!. SIP is synthesized from sphingosine
by sphingosine kinase (SphK); two isoforms of mammalian SphK
(sphingosine kinase 1 (SphK1) and SphK2) have been cloned and
characterized!>!3, In addition, the SphK1/S1P pathway has also
been implicated in tumour progression!*1>, S1P has also been
shown to accumulate in the tumour microenvironment!.
Although lipid mediators in cancer have been studied
extensively, the role(s) of SphK1/S1P in CSCs remain unclear.

We demonstrate here that SIP regulates expansion of CSCs in
several types of cancer. Our findings suggest that Notch activation
is essential for S1P-induced proliferation of CSCs via S1PR3.
We show that SphK1 regulates the tumorigenicity of breast
CSCs via SIPR3. Using clinical samples, we show that breast
cancer patient-derived CSCs contain SphK1+/ALDHI1 T cells or
S1PR3T/ALDHI T cells. Thus, these results implicate the S1P
signalling pathway as therapeutic targets in CSCs.

G rowing evidence suggests that many types of cancer,

Results

S1P is a regulator of CSC population via SIPR3. We used an
ALDH assay system to study the signalling pathways that regulate
the frequency and maintenance of CSCs. Many cancer cell lines,
including oestrogen receptor-positive MCF-7 cells, are known to
contain an ALDH-positive cell population5’6’17’18. Consistent
with a previous report?, we confirmed that ALDH-positive cell
population in MCF-7 cells possessed CSC-like properties, as
assessed by expression of stem cell markers, drug resistance and
tumorigenicity (Supplementary Fig. 1). Through microarray
analysis, we investigated a possible receptor that increases the
proportion of the ALDH-positive cell population in MCE-7 cells
as a CSC model. We found S1PR3 as a possible candidate in CSC
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regulation (Supplementary Data 1). SIPR3 was highly expressed
in the ALDH-positive cell population, a finding confirmed by
quantitative polymerase chain reaction (QPCR) assays (Fig. 1a).
SIPR2 expression was lower in the ALDH-positive cell population
compared with MCF-7 cells, and other types of SIPR are yet to be
detected in MCF-7 cells (Supplementary Fig. 2)!*2°. Stimulation
with SIP increased the proportion of ALDH-positive cell
population in a dose-dependent manner, with a maximal
response observed at 100 nM (Fig. 1b). Similar to S1P, dihydro-
S1P, another S1PR3 ligand, also increased the ALDH-positive cell
population (Supplementary Fig. 3). Moreover, stimulation with
S1P increased the number of SP cells (Fig. 1c), mammosphere-
forming efficiency (Fig. 1d), CD44 */CD24 ~ population (Fig. le)
and expression of stem cell markers (Fig. 1f). These data indicate
that stimulation with S1P leads to an increase in breast CSCs.
In contrast, lysophosphatidic acid (LPA), another well-studied
lipid mediator, did not increase CSCs in MCE-7 cells. To confirm
the involvement of S1PR3, we inhibited S1PR3 using
pharmacological antagonists and RNA interference techniques.
The effects of SIP were blocked by the S1PR3 antagonist
TY52156 (ref. 21). Another antagonist CAY10444, which is
structurally different from TY52156, also inhibited the S1P effect.
In contrast, the SIPR2 antagonist JTE013 had little effect
(Fig. 1g). Experiments using small interfering RNAs (siRNA)
confirmed the effects of antagonists (Fig. 1h). In addition,
short hairpin RNAs (shRNAs) against SIPR3 also inhibited
the enhancement of mammosphere-forming ability by SIP
(Supplementary Fig.4). Similar results with ALDH assay were
obtained in triple-negative MDA-MB-231 cells (Supplementary
Fig. 5a,b), suggesting that S1P regulates both luminal and triple-
negative type of breast CSCs. Furthermore, we examined CSCs
from other tumour types to determine whether these effects of
S1P are limited to breast cancer cell lines. Similar to MCE-7 cells,
stimulation with S1P increased the ALDH-positive cell
population in human lung cancer A549 cells, human prostate
cancer LNCaP cells, human glioma U25IMG cells and human
ovarian cancer OVCAR-5 cells (Supplementary Fig. 6a). In
addition, TY52156 inhibited the SIP effect in these cell lines.
Taken together, these data demonstrate that S1P has an ability to
increase the number of CSCs via S1PR3 in several types of cancer.

S1P enhances Notch signalling via SIPR3. Growing evidence
suggests many similarities between embryonic stem cells and
CSCs’; therefore, we focused on Notch, Hedgehog and Wnt as
signalling pathway candidates downstream of the SI1PR.
Stimulation with S1P induced expression of the Notch target
gene Hesl in MCF-7 cells (Fig. 2a) and ALDH-positive MCE-7
cells (Supplementary Fig. 7a). Moreover, S1P also induced the
Hesl expression in ALDH-positive A549, LNCaP, U251 and
OVCAR-5 cells (Supplementary Fig. 7b). S1P-induced Hesl
expression was inhibited by S1PR3 antagonists (Fig. 2b). In
contrast, the Hedgehog target gene Glil, and Wnt target gene
Dkk1 were not induced. The effect of S1IP on ALDH-positive cell
population was inhibited by DAPT, an inhibitor of y-secretase,
which has multiple substrates including Notch, not by the
Hedgehog inhibitor cyclopamine and the Wnt inhibitor
PNU74654 (Fig. 2c; Supplementary Fig. 8). Similar effects of
DAPT were obtained in MDA-MB-231 cells (Supplementary
Fig. 5d), A549 cells, LNCaP cells, U251 cells and OVCAR-5 cells
(Supplementary Fig. 6b). To determine whether S1P has the
ability to activate the Notch pathway, we examined cleavage of
Notch in MCF-7 cells. Stimulation with SIP produced the Notch
intracellular domain (N1ICD) (Fig. 2d) and induced activation
of the Notch transcriptional reporter CSL-luc (Fig. 2e).
Because Hesl expression is dependent on NICD/CSL/MAML
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complex-mediated gene transcription®?, we verified whether co-
activators were involved in CSCs, using dominant-negative (DN)
mutants of CSL, which have been reported to have no ability to
bind to DNAZ3, DN-CSL inhibited S1P-induced HesI expression
and the ALDH-positive cell population (Fig. 2f). Similar results
were obtained by DN-MAML, which lacks transcriptional

actlvatmg domain and inhibits NICD-dependent transcriptional
activition?*. To examine which subtype of Notch was involved in
CSCs, we overexpressed each type of NICD. Overexpression of
NIICD increased Hesl expression and the ALDH-positive cell
population (Fig. 2g). N3ICD also increased the ALDH-positive
cell population (Supplementary Fig. 9a), while N2ICD and
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Figure 1 | Role of STPR3 in the ALDH-positive cell population within the MCF-7 cell line. (@) Expression levels of SIPR (STPR2 and S1PR3) in parental or
ALDH-positive MCF-7 cells by qPCR. Data represent mean = s.d. (n=13). (b) Representative flow data with ALDH substrate in the presence or absence of
S1P (100 nM, 3 days) in MCF-7 cells. Dose-dependent effects of S1P in the proportion of ALDH-positive cell population. Data represent mean + s.d. (n=3).
(¢) Representative flow data of the SP assay with Hoechst 33342 dye alone or in the presence of reserpine (15pgml~"). (d) Effects of S1P (100 nM) on
mammosphere-forming efficiency in MCF-7 cells. The number of mammospheres was microscopically counted and the percentage of mammosphere-
forming cells was determined as mammosphere-forming efficiency (%). The scale bar, 100 um. Data represent mean £ s.d. (n=3). (e) Effects of SIP
(100nM) on CD44*/CD24~ population in MCF-7 cells. (f) Effects of STP (100 nM) on expression of stem cell markers by gPCR. Data represent
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examined by gPCR and immunoblotting. Effects of siRNAs against STPR3 and STPR2 on S1P-induced increase in the ALDH-positive cell population. Data
represent mean £ s.d. (n=3). Expression levels were normalized to glyceraldehyde 3-phosphate dehydrogenase messenger RNAs,
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N4ICD had little effect. S1P-induced N1ICD production was experiments using Notchl siRNA. Knockdown of Notchl
inhibited by CAY10444 (Fig. 2h); however, S1P did not induce inhibited the effect of SIP on ALDH-positive cell population
N3ICD production (Supplementary Fig. 9b). To further examine (Fig. 2i; Supplementary Fig. 10). Taken together, these data
the involvement of Notch in CSC, we performed knockdown suggest crosstalk between SIP and Notchl. To confirm the

4 NATURE COMMUNICATIONS | 5:4806 | DOI: 10.1038/ncomms5806 | www.nature.com/naturecommunications

© 2014 Macmillan Publishers Limited. All rights reserved.



ARTICLE

involvement of SIPR3 in crosstalk, we studied subtype of
G proteins coupled to SIPR3. Pertussis toxin (PTX), which
inactivates G; protein, abolished SI1P-induced Hesl expression
and the ALDH-positive cell population, whereas C3 toxin, which
inactivates an effector of Gjp/13 Rho, had little effect (Fig. 2j).
The effects of toxins were confirmed by overexpression of
constitutively active (CA) mutants for G;, but not by CA-Gi,
(Fig. 2k). These data suggest that G; mediates S1P-induced Notch
activation via S1PR3. Collectively, S1P has an ability to increase
the number of CSCs via Notch signalling in several types of
cancer.

SIP increases ADAMI17 activity without Notch ligands.
We further investigated the molecular mechanism of crosstalk
between S1P and Notch in MCEF-7 cells. Notch is generally
activated by binding of Notch ligands to Notch and then cleaved
by ADAMI17 and y-secretase?’. Among Notch ligands (Jaggedl,
2 and Delta-like ligand (DIl) 1, 3 and 4), DII3 is not capable to
activate Notch signalling in adjacent cells?®.

To examine whether Notch ligands are required for the S1P
effect, we examined the expression level of Notch ligands. S1P did
not induce expression levels of Notch ligands (Supplementary
Fig. 1la). Knockdown of Notch ligands did not affect S1P-
induced Hesl expression and ALDH-positive cell population
(Fig. 3a,b). In contrast to S1P, knockdown of Notch ligands
inhibited hypoxia-mimetic agent desferoxamine-induced HeslI
expression. In addition, neutralizing antibodies to Jaggedl
inhibited HesI induction by soluble Jaggedl-Fc, but not S1P-
induced Hesl expression and ALDH-positive cell population
(Supplementary Fig. 11c,d). Taken together, these data suggest
that S1P activates Notch signalling in Notch ligand-independent
manner.

We next studied cleavage enzymes that are responsible for S1P-
induced Notch activation. We found that stimulation with S1P
increased ADAM17 activity in MCF-7 cells (Fig. 3c) and ALDH-
positive MCEF-7 cells (Supplementary Fig. 7c). In addition, S1P
also increased y-secretase activity in MCE-7 cells (Supplementary
Fig. 12a). CAY10444 and PTX inhibited S1P-induced ADAM17
activation (Fig. 3d) and y-secretase activation (Supplementary
Fig. 12b). Overexpression of CA-G; also increased both ADAM17
(Fig. 3e) and vy-secretase activity (Supplementary Fig. 12c).
Moreover, we examined whether ADAM17 activation occurred in
CSCs. Overexpression of ADAM17 increased N1ICD production,
Hesl expression and the ALDH-positive cell population (Fig. 3f).
Conversely, DN-ADAM17 (E406A; point mutation at metallo-
protease domain)?’ inhibited S1P-induced responses (Fig. 3g).
Expression of ADAMI10 or DN-ADAMIO (E384A; point
mutation at metalloprotease domain)?® had little effect on the
CSC signalling pathway. These data suggest that ADAMI17 is
involved in S1P-induced CSC proliferation.

P38MAPK mediates ADAM17 activation by S1P. We investi-
gated whether the intracellular domain of ADAM17 plays a role
in S1P-induced breast CSC proliferation. ADAMI17 activit;' is
regulated by phosphorylation-dependent ~mechanisms®*~3!;
therefore, we generated ADAMI17 mutants with either Thr735
(p38MAPK consensus motif) or Thr761 (Akt consensus motif)
replaced by alanine (Fig. 4a). Consistent with our data above,
S1P induced ADAMI17 phosphorylation at Thr735 (Fig. 4b).
S1P-induced ADAM17 phosphorylation was inhibited by PTX
and CAY10444. A mutation at Thr735 decreased ADAMI17
phosphorylation through S1P, whereas a mutation at Thr761 had
little effect (Fig. 4c). In addition, mutation of Thr735 inhibited
S1P-induced ADAMI17 activation, Hesl expression and the
number of ALDH-positive cell population (Fig. 4d). To further

confirm the involvement of p38MAPK, we studied the association
between p38MAPK and ADAM17. Stimulation with S1P induced
a transient phosphorylation of p38MAPK (Supplementary
Fig. 13a) and an association between p38MAPK and ADAM17
(Fig. 4e). Mutation of Thr735 abolished this association (Fig. 4f),
suggesting that phospho-p38MAPK binds to ADAMI17 at
Thr735. Treatment with CAY10444 or PTX also inhibited the
S1P-induced association between p38MAPK and ADAMI17
(Fig. 4g). The p38MAPK inhibitor SB203580 inhibited the S1P-
induced responses (Supplementary Fig. 13b-d). Furthermore,
SB203580 inhibited the association between p38MAPK and
ADAM17 (Supplementary Fig. 13f). In contrast, the PI3-kinase/
Akt pathway inhibitor LY294002 had little effect (Supplementary
Fig. 13b-e). Taken together, these data suggest that p38MAPK-
mediated ADAM17 activation is involved in the S1P-induced
CSC phenotype.

SphK1 increases CSCs via SIPR3. S1P is synthesized through
SphK-catalyzed phosphorylation of sphingosine!"!%, We next
examined whether SphK is involved in breast CSCs. Consistent
with previous reports>>%3, overexpressed SphK1 was localized in
the cytosol, and SphK2 was mainly localized to the nucleus
(Fig. 5a). Enzyme activities of SphKs were also confirmed
(Supplementary Fig. 14). Overexpression of SphKl increased
the number of ALDH-positive cell population in both MCF-7
(Fig. 5b) and MDA-MB-231 cells (Supplementary Fig. 15),
whereas SphK2 had little effect. Consistent with the ALDH assay
results, ADAMI17 activation, N1ICD production and Hesl
expression were induced by SphK1 but not SphK2 (Fig. 5c).
To determine whether intracellular S1P is involved in the
SphK1 effect, we tested the effects of the SIPR3 antagonist on
SphK1-induced increases in the ALDH-positive cell population.
Pretreatment with CAY10444 inhibited SphK1-induced responses
(Fig. 5d). SIPR3 shRNAs also inhibited these SphKI-induced
responses (Fig. 5e). Analysis by qPCR confirmed specific
suppression of SIPR3 by these shRNAs (Fig. 5e), and treatment
with PTX also produced similar results. Recent studies suggest
that the ABC transporter mediates oestrogen-induced SIP
secretion in MCE-7 cells®®, To determine whether the ABC
transporter is involved with the SphK1 effect, we used siRNAs
and a selective inhibitor to inhibit the transporter. An siRNA
against ABCCI inhibited SphK1-induced ADAMI17 activation,
Hesl expression and the ALDH-positive cell population
(Supplementary Fig. 16a). The ABCCI inhibitor MK571 also
produced similar results (Supplementary Fig. 16b). In contrast, an
siRNA against Spns2, another S1P transporter>>, had little effects.
These data suggest that S1P produced by SphK1 stimulates
S1PR3, and leads to an increase in the number of CSCs.

SphK1 accelerates tumour formation of CSCs via S1PR3. Since
S1P is easily degraded by SIP lyase or phosphatases, we next
studied tumorigenicity using SphK1- or SphK2-overexpressing
CSCs in MCEF-7 cells. Almost all nude mice injected with SphK1-
overexpressing ALDH-positive cells developed tumours within
6 weeks. Tumour formation was inefficient in the mice injected
with vector- or SphK2-overexpressing ALDH-positive cells
(Fig. 6a,b). Tumour sizes from SphKl-overexpressing ALDH-
positive cells were bigger than those from vector- or SphK2-
overexpressing ALDH-positive cells (Fig. 6c,d). Histological
analysis indicated that tumours derived from the ALDH-positive
cells and the SphKl-overexpressing ALDH-positive cells had
similar morphologies (Fig. 6e). To examine the proportion of
ALDH-positive cells in xenografted tumour samples, we con-
ducted double staining using ALDH assays and human-specific
antibodies to TRA-1-85 (Supplementary Fig. 17). The increase in
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the proportion of ALDH-positive cells in the tumour paralleled
the in vitro results, suggesting a stem cell hierarchy (Fig. 6f).
Histological analysis and double staining suggest that it is unlikely
that the enhanced incidence of tumour formation by expression
of SphK1 was due to cell differentiation. To examine whether
S1PR3 and ALDHI were co-expressed in the same cell, we per-
formed double staining of ALDHI1 and S1PR3 using xenografted
tumour section (Supplementary Fig. 18). The number of ALDH1-
and S1PR3 double-positive cells was increased in tumours derived
from the SphK1-overexpressing ALDH-positive cells, compared
with control and SphK2-overexpressing ALDH-positive cells.
In addition, knockdown of SIPR3 significantly inhibited the
tumorigenicity of SphKl-overexpressing ALDH-positive cells,
whereas knockdown of SIPR2 had little effect (Fig. 6g).
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Furthermore, chronic administration of the SIPR3 antagonist
TY52156 significantly inhibited the tumorigenicity of SphK1-
overexpressing ALDH-positive cells (Fig. 6h). Taken together,
both in vitro and in vivo results suggest that enhanced expression
of SphK1 accelerated tumour formation of CSCs via SIPR3.

Patient-derived CSCs contain SphK1T/ALDH1%1 cells. We
further extended our observations to primary cell culture. To
examine SIPR3 expression level in breast CSCs, we performed
qPCR usmg secondary mammospheres from patient-derived
tumour® (Supplementary Table 1). Similar to MCF-7 cells, SIPR3
was highly expressed in ALDH-positive cells derived from breast
cancer patient (Fig. 7a). In addition, we evaluated whether there
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The cells were lysed and subjected to immunoprecipitation with myc-specific antibodies, followed by p38 MAPK-specific immunoblotting.

were co-expressions of SphK1/ALDHI1 or S1PR3/ALDHI1 in
breast CSCs by immunochemistry. Double staining demonstrated

that these patient samples contained SphK1- and ALDH1 double-
positive cells or SIPR3- and ALDHI double-positive cells

(Fig. 7b,c). We further evaluated whether SphK1, ADAM17 and
NI1ICD were co-expressed in the same cell. As a result, patient-
derived tumour cells contained triple-positive cells (Fig. 7d).

NATURE

Discussion
In the present study, we used ALDH assays to identify regulators
in CSCs, and determined that S1P/SIPR3 signalling and
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These data suggest that SphK1/S1PR3/Notch signalling is present
in CSCs derived from breast cancer patient.
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messenger RNAs.

subsequent Notch activation resulted in an increase in the CSCs
in several types of cancer (Fig. 8). SIPR3 antagonist inhibited
the tumorigenicity of SphKl-overexpressed breast CSCs.
Furthermore, breast cancer patient-derived CSCs contained
SphK1T/ALDH1 " cells or SIPR3T/ALDH1 % cells. The find-
ings presented here broaden our understanding of the role of
lipids in CSC biology, and have significant clinical implications.

We found that S1P has the ability to induce proliferation of
several types of CSCs, as stimulation with S1P activates Notch
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signalling, a key stem cell pathway. As such, SIP might have
various roles in stem/progenitor cells. Indeed, S1P has been
shown to maintain self-renewal of human embryonic stem cells in
cooperation with platelet-derived growth factor’®. Human-
induced pluripotent stem cells have also been shown to express
SIPR3 messenger RNAs, although their biological effects in
induced pluripotent stem cells are yet to be elucidated®”. We
postulate that S1P might have self-renewal properties, and play a

key role in stem cell regulation.
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1% 10° vector- or SphK-transfected MCF-7 cells. Tumour formation was indicated by tumours/injections at 6 weeks post injection. The P value was
calculated using the Fisher's exact test. Bonferroni correction was applied for multiple comparisons. *P<0.05 versus control. (b) Photographs of
representative nude mice transplanted with ALDH-positive cells, SphK1-overexpressing ALDH-positive cells and SphK2-overexpressing ALDH-positive
cells. (¢) Tumour growth curves in the nude mice injected with parent or ALDH-positive cells. Tumour volume is presented as the mean £ s.d. (n=10).
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injection. Data represent mean £ s.d. (n=10). (e) Hematoxylin/eosin (H&E)-stained sections of tumour xenografts derived from vector-, SphK1-, and
SphK2-overexpressing ALDH-positive cells. Scale bar, 100 um. (f) Representative flow cytometry analysis of ALDH activity in the xenograft tumours
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Data represent mean £ s.d. (n=3). ALDH-positive cells were able to regenerate the phenotypic heterogeneity in the xenograft tumours of nude mice.
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We also identified S1P-induced Notch activation without —signalling without cell-cell contact*’. Furthermore, a recent study
Notch ligands. Consistent with our observations, previous studies showed that multiple GPCRs, including the SI1PR, resulted in
have shown that ADAM17 mediates ligand-independent Notch  shedding of TGFu via ADAMI7 activation in HEK293 cells*..
activation, while ADAMI10 is ligand dependent®®3°, Another ~Within the SIPR family, SIPR3 has higher intrinsic activity for
study has shown that soluble form of Jaggedl activates Notch shedding. These data strongly support a signalling pathway
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