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Various studies in cell lines have previously demon-
strated that sphingosine kinase 1 (SK1) and extracel-
lular signal-regulated kinase 1/2 (ERK-1/2) interact in
an estrogen receptor (ER)-dependent manner to in-
fluence both breast cancer cell growth and migration.
A cohort of 304 ER-positive breast cancer patients was
used to investigate the prognostic significance of
sphingosine 1-phosphate (S1P) receptors 1, 2, and 3
(ie, S1P1, S1P2, and S1P3), SK1, and ERK-1/2 expres-
sion levels. Expression levels of both SK1 and ERK-
1/2 were already available for the cohort, and S1P1,
S1P2, and S1P3 levels were established by immunohis-
tochemical analysis. High membrane S1P1 expression
was associated with shorter time to recurrence (P �
0.008). High cytoplasmic S1P1 and S1P3 expression
levels were also associated with shorter disease-spe-
cific survival times (P � 0.036 and P � 0.019, respec-
tively). Those patients with tumors that expressed
high levels of both cytoplasmic SK1 and ERK-1/2 had
significantly shorter recurrence times than those that
expressed low levels of cytoplasmic SK1 and cytoplas-
mic ERK-1/2 (P � 0.00008), with a difference in re-
currence time of 10.5 years. Similarly, high cytoplas-
mic S1P1 and cytoplasmic ERK-1/2 expression levels

(P � 0.004) and high cytoplasmic S1P3 expression and
cytoplasmic ERK-1/2 expression levels (P � 0.004) were
associated with shorter recurrence times. These results
support a model in which the interaction between SK1,
S1P1, and/or S1P3 and ERK-1/2 might drive breast can-
cer progression, and these findings, therefore, warrant
further investigation. (Am J Pathol 2010, 177:2205–2215;

DOI: 10.2353/ajpath.2010.100220)

The incidence of breast cancer is increasing and the
lifetime odds of a woman developing breast cancer are 1
in 9 (http://www.uicc.org, last accessed February 1,
2010). It is the second major cause of cancer-related
death among women in the United States and Europe
(http://www.statistics.gov.uk, last accessed February 1,
2010). Early identification and appropriate treatment of
the more aggressive tumors could dramatically reduce
this figure. Over the past two decades, it has been dem-
onstrated that women diagnosed with estrogen receptor
(ER)� expressing breast cancer have a better prognosis
than women diagnosed with ER-negative breast cancer.1

The ER is a member of the steroid receptor family and is
activated by estrogen (E2), which induces nuclear trans-
location, allowing the ER to function as a transcription
factor to increase cell proliferation and decrease cell
apoptosis.1,2 ER-positive breast cancers are therefore
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treated with endocrine therapy to abolish the proliferative
and antiapoptotic effect of E2 on breast tumors.2

Tamoxifen is one of the most widely used selective
ER modulators and acts by inhibiting the interaction
between E2 and ER, thus preventing ER ligand-depen-
dent activation. Patients receiving adjuvant tamoxifen
for 5 years have on average a 50% reduction in their
recurrence rate and a 28% reduction in the rate of
mortality.3 Unfortunately, approximately a quarter of
ER-positive breast cancers exhibit either de novo or
acquired resistance during the course of therapy.4

Those patients that relapse on tamoxifen therapy gen-
erally retain their ER, with the mechanisms underlying
tamoxifen resistance not currently fully understood.

There is a accumulating evidence of aberrant sphin-
gosine 1-phosphate (S1P) signaling in many types of
cancer.5 Recently, it has been suggested that sphin-
gosine kinase 1 (SK1), a lipid kinase, induces breast
cancer progression6,7 via an ER-dependent pathway.6

Breast cancer cell line data suggest that E2 can acti-
vate SK1 in both a rapid, transient manner and a de-
layed, more prolonged manner.8,9 E2 induces activa-
tion of SK1 and the production of S1P,10 which is
released from cells and activates the S1P3 receptor
and ERK-1/2.7,10 S1P3 is a member of a family of five G
protein-coupled receptors termed S1Pn (where n �
1–5).11 ERK-1/2 is a serine/threonine kinase, whose
activation results in the phosphorylation of �50 sub-
strates in the cytosol and nucleus. Activation of ERK-
1/2 can promote proliferation and antiapoptotic effects.
In addition to activation of ERK-1/2 via E2 and SK1,
breast cancer cell line studies have also demonstrated
that ERK-1/2 can induce SK1 phosphorylation and ac-
tivation in an E2-dependent manner.10 These results
suggest that an E2-dependent feedback mechanism
might exist between SK1 and ERK-1/2 in ER-positive
breast cancer cells.

It has already been established that activation of the
ERK-1/2 cascade is associated with development of
tamoxifen resistance in ER-positive breast cancer pa-
tients.12 We therefore hypothesized that SK1/S1P1–3/
ERK-1/2 may also be involved in breast cancer pro-
gression and the development of tamoxifen resistance
in the clinical setting. Associations between SK1 ex-
pression and survival using clinical breast cancer
specimens have previously been observed by our-
selves7 and others.6 A reduced disease-specific sur-
vival occurs in ER-positive breast cancer patients with
tumors that express high levels of SK1,6,7 together with
increased tamoxifen resistance.7 However, no correla-
tions have previously been made for interactions be-
tween SK1/S1P1-3 and ERK-1/2 with regard to tamox-
ifen resistance and disease specific survival. The aim
of this study was to establish whether SK1/S1P1-3/ERK-
1/2 expression is associated with tamoxifen resistance
and reduced disease-specific survival in a cohort of
tamoxifen-treated ER-positive breast cancer patients.
Elucidation of these interactions may provide new op-

tions for future therapeutic intervention in ER-positive
endocrine-resistant breast cancer patients.

Materials and Methods

Cell Culture

MCF-7 cells and HEK 293 cells were grown in a mono-
layer culture in high glucose Dulbecco’s modified Eagle’s
medium or minimum essential medium, respectively, with
10% European fetal calf serum and 1% Pen-Strep
(10,000 U/ml penicillin G Sodium and 10,000 �g/ml strep-
tomycin sulfate), 0.4% geneticin, and 15 �g/ml insulin at
37°C with 5% CO2.

Small Interfering RNA Treatment

SK1 and S1P3 down-regulation was achieved using se-
quence-specific SK1 and S1P3 small interfering RNA
(siRNA), respectively. SK1 siRNA and DharmaFECT 2
reagent were from Dharmacon (Cromlington, UK). S1P3

siRNA was from Santa Cruz Biotechnology (Santa Cruz,
CA). siRNA transfection was performed according to the
protocol detailed by Dharmacon. MCF-7 cells grown on
24-well plates were transfected with 100 nmol/L se-
quence-specific siRNA or scrambled siRNA prepared in
a mix with DharmaFECT 2 reagent and Dulbecco’s mod-
ified Eagle’s medium containing 10% serum. The cells
were then cultured for 48 hours before serum starvation
for 24 hours before tamoxifen treatment and measure-
ment of DNA synthesis. The cells were grown in 75-cm3

flasks for the preparation of cell pellets.

Western Blotting

Analysis of proteins by SDS-PAGE and Western blot-
ting was performed as previously described by us with
anti-SK1, anti-hemagglutinin (HA), and anti-myc tag
antibodies.13

DNA Synthesis

Cells were treated with and without tamoxifen (5 �mol/L)
for 20 hours and [3H]thymidine (1 �Ci/well) for 4 hours,
after which cells were washed in ice-cold 10% (w/v)
trichloracetic acid (three times, 10 minutes each), and
nuclear material was harvested in 0.3 M NaOH/0.1%
(w/v) SDS. [3H]Thymidine incorporation into DNA was
quantified using liquid scintillation counting.

Patients

A total of 304 patients were recruited. All patients were
diagnosed with operable invasive breast carcinoma be-
tween 1980 and 1999 in the Greater Glasgow area. These
patients received standard adjuvant treatment according
to protocols at the time of diagnosis. Patient follow-up
details included information on clinical attendances, re-
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currence and metastasis, date and cause of death as
well as adjuvant therapy details. All patients were treated
with tamoxifen for a minimum of 5 years. In addition to
receiving tamoxifen, 95 patients (31%) received adjuvant
chemotherapy (3 unknown) and 98 (32%) received adju-
vant radiotherapy (3 unknown). Ethics approval was
granted by the local ethics committee.

Transfection

HEK 293 cells were transfected with myc-tagged or HA-
tagged versions of SK1, S1P1, S1P2 and S1P3 plasmid
constructs using Lipofectamine2000 (Invitrogen, Paisley,
UK) reagent according to the manufacturer’s instruction.
Transfection was performed for 24 hours at 37°C before
serum starvation for an additional 24 hours before har-
vesting in Laemmli buffer and analysis for tagged pro-
teins by SDS-PAGE and Western blotting. Parallel sam-
ples of transfected cells were prepared and collected as
cell pellets (by rinsing twice in PBS and centrifugation
(180 � g, 3 minutes)) before being formalin fixed and
paraffin embedded and processed by immunohisto-
chemistry (IHC) (see below).

Tissue Microarray Construction

Tissue microarrays were already available for use in the
current study. A total of 0.6 mm2 cores of breast cancer
tissue, identified by the pathologist, were removed from
representative areas of the tumor taken from breast can-
cer patients at the time of surgical resection. All tissue
microarray blocks were constructed in triplicate.

Immunohistochemistry

Staining for ER, progesterone receptor (PR), human epi-
dermal growth factor receptor 2 (HER2), SK1, ERK-1/2
and phosphorylated ERK-1/2 had been previously per-
formed for the cohort.12,14 ER, PR, SK1, ERK-1/2, and
phosphorylated ERK-1/2 protein expression were scored
using the weighted histoscore technique.14,15 Tumors
were classified as ER and PR positive if they had a
weighted histoscore of �10. All tumors used in the cur-
rent study were ER positive (expressed nuclear ER).
Weak membrane ER staining was observed for 45 pa-
tients, although no correlations were observed between
this and SK1 or receptors and tamoxifen resistance in this
cohort. ERK-1/2 or phosphorylated ERK-1/2 expression
was classified as high if levels as defined by IHC scores
were equal to or above the upper quartile value. All other
levels of expression were classified as low.

The tissue microarray slides were first dewaxed and
rehydrated through a series of xylene and alcohol
washes. Antigen retrieval was performed by microwaving
the slides under pressure in a citrate buffer for 5 minutes
(pH 6.0). Endogenous peroxidase was blocked using 3%
hydrogen peroxide for 20 minutes, and nonspecific back-
ground staining was reduced by blocking with a 1:10
concentration of casein �10 diluted in Tris-buffered sa-
line for 20 minutes. The sections were incubated with the

primary antibody. The antibodies for the following pro-
teins were used: SK1 (Abgent, Abingdon, UK), S1P1,
S1P2, and S1P3 (ExAlpha, Shirley, MA). Antibodies were
used at dilutions of 1/40 (S1P1), 1/70 (S1P2) and 1/50
(S1P3) and incubated at 4°C overnight. Anti-SK1 anti-
body was used at a dilution of 1/50 and incubated at
25°C in a humidified incubator for 60 minutes. EnVision-
HRP conjugate (DakoCytomation, Cambridgeshire, UK)
was used for signal amplification, and positive staining
was identified using 3,3�-diaminobenzidine chromagen
(Vector Laboratories, Burlingame, CA). The slides were
then counterstained with hematoxylin and Scott’s Tap
Water Substitute before dehydration and mounting.

Scoring

Protein expression of each core (three per tumor speci-
men) was assessed using the weighted histoscore
method (H score method). The weighted histoscore
grades staining intensity as negative (0), weak (1), mod-
erate (2), and strong (3)14,15 and then multiplies the per-
centage of tumor cells within each category. The histo-
score range is from 0 (minimum) to 300 (maximum).
Agreement between observers was calculated using in-
terclass correlation coefficient (ICCC). All interclass cor-
relation coefficient scores were above 0.84.

Statistical Analysis

Statistics were performed on cell culture experiments
using Student’s t-test (n � 3 samples for each treatment).
Disease-specific survival rates were generated using the
Kaplan-Meier method. The log-rank test was used to
compare significant differences between subgroups us-
ing univariate analysis. On the basis of the results of the
univariate analysis a multivariate analysis was then
carried out. The multivariate stepwise Cox regression
analysis was performed to identify factors that were
independently associated with disease-specific death. A
stepwise backward procedure was used to derive a final
model of the variables that had a significant independent
relationship with survival. To remove a variable from the
model, the corresponding P value had to be �0.05. In-
terrelationships between clinical parameters, PR and HER2
status, were calculated using the �2 test. Correlations be-
tween SK1, S1P1–3, and ERK-1/2 were performed using
Spearman Rank correlations. Data are expressed as me-
dian and range. The statistical analyses were performed
using a statistical software package (15.0; SPSS, Chicago, IL).

Results

MCF-7 Cell Studies

To test the role of SK1 in the acquisition of tamoxifen
resistance, we used an siRNA approach. In this regard,
the treatment of MCF-7 cells with SK1 siRNA substantially
reduced the expression of SK1 (Mr 42,000) without af-
fecting ERK-1/2 levels (Figure 1A).
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We also found that tamoxifen significantly reduced
basal [3H]thymidine incorporation in scrambled and SK1
siRNA-treated cells (Figure 1B). However, in the pres-
ence of tamoxifen, the treatment of cells with SK1 siRNA
enhanced the inhibition of DNA synthesis to 43% of that
for scrambled siRNA-treated cells (Figure 1b). Therefore,
the inhibitory effect of tamoxifen was enhanced by the
siRNA knockdown of SK1 expression, consistent with the
possibility that SK1 functions to reduce the effect of ta-
moxifen in breast cancer cell growth (ie, SK1 increases
tamoxifen resistance). These data are consistent with the
finding that enforced expression of SK1 in MCF-7 cells
induces tamoxifen resistance.16

Clinicopathological Details

Our full cohort consisted of 304 breast cancer patients
with ER-positive tumors, who received tamoxifen therapy
for a median period of 5 years. Median age was 62 years
(inter-quartile range 53–70). Thirty-eight percent of the
cancer specimens were pathologically graded as grade
2 and 3, median size of the invasive cancer was 20 mm

(inter-quartile range 15–30 mm). Forty-nine percent of the
patients were axillary lymph node positive. Mean patient
follow-up was 7.9 years (minimum follow-up was 0.1
years and the maximum follow-up was 25.9 years). Dur-
ing this period, 67 patients experienced disease recur-
rence while receiving tamoxifen therapy, 79 patients died
of their cancer, and an additional 57 patients died of
intercurrent disease. The association with clinical param-
eters, recurrence on tamoxifen and disease-specific sur-
vival, are provided in Tables 1 and 3, respectively, and
correlations between the clinicopathological characteris-
tics of this cohort are shown in Table 2.

Antibody Specificity

Before commencing tissue staining, all antibodies used
in the current study were tested for specificity. Anti-SK1
antibody was demonstrated to immunostain a single pro-
tein band with Mr � 42,000, which is the correct size for
native SK1, on a Western blot of MCF-7 cell lysates
(Figure 2A). Moreover, siRNA knockdown of SK1 elimi-
nated this protein band from MCF-7 cells (Figure 1A) and

Figure 1. A: Western blot demonstrating that
treatment of MCF-7 cells with SK1 siRNA sub-
stantially reduces the expression of SK1 (Mr

42,000) compared with scrambled siRNA-treated
MCF-7 cells, and Western blot showing ERK-2
levels do not change in scrambled versus SK1
siRNA-treated cells. B: Graph demonstrating that
tamoxifen significantly reduces basal [3H]thymi-
dine incorporation in scrambled and SK1 siRNA-
treated cells. Treatment with siRNA SK1 did not
significantly reduce basal DNA synthesis com-
pared with scrambled siRNA-treated cells. Treat-
ment with siRNA SK1 increased tamoxifen-in-
hibited DNA synthesis by 57% versus scrambled
siRNA-treated cells.

Table 1. The Patient Cohort’s Characteristics Correlated to Recurrence on Tamoxifen

Patient cohort 304 Numbers
Univariate

P value
Multivariate

P value Hazard ratio
Inter-quartile

range

Age (unknown/�50 yr/�50 yr) 2/61/241 0.978
Tumor type (unknown/duct/lob/tub/others) 12/252/21/19 0.078
Grade (unknown/G1/G2/G3) 15/62/138/79 0.002 NS
Size (mm) (unknown/�20, 20–50, �50) 19/142/130/12 �0.001 0.029 1.9 1.1–3.4
Lymph node (unknown/positive/negative) 32/138/134 0.003 NS
PR status (unknown/positive/negative) 15/171/118 0.016 NS
HER2 status (unknown/positive/negative) 8/20/276 0.042 NS
SK1membrane (unknown/positive/negative) 37/60/207 0.855
SK1cytoplamic (unknown/positive/negative) 37/20/247 0.022 NS
SK1nuclear (unknown/positive/negative) 37/95/172 0.016 NS
S1P1membrane (unknown/positive/negative) 22/45/236 0.008 0.02 2.1 1.1–4.2
S1P1cytoplamic (unknown/positive/negative) 22/35/246 0.351
S1P1nuclear (unknown/positive/negative) 22/55/226 0.775
S1P2membrane (unknown/positive/negative) 24/45/233 0.517
S1P2cytoplamic (unknown/positive/negative) 24/51/277 0.615
S1P2nuclear (unknown/positive/negative) 24/53/225 0.135
S1P3membrane (unknown/positive/negative) 20/37/247 0.920
S1P3cytoplamic (unknown/positive/negative) 20/109/175 0.183
S1P3nuclear (unknown/positive/negative) 20/63/221 0.911

Each clinical and pathological parameter was correlated to recurrence on tamoxifen, when both unilateral and bilateral recurrences are considered
(P values). Grade, Bloom and Richardson grade. Histology: duct, ductal carcinoma; lob, lobular carcinoma; tub, tubular carcinoma; and others,
mucinous, mucoid, and micropapillary carcinoma. NS, nonsignficant. Numbers in bold represent significant findings. Univariate analysis is performed
for each parameter. However, only markers with P � 0.05 are included in the multivariate model.
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significantly decreased immunostaining in MCF-7 cell
pellets (Figure 2B). When tissue was treated with SK1
immunizing peptide before IHC using anti-SK1 antibody,
all tissue staining was abolished (Figure 2C). Similarly,
when immunizing peptide was applied before anti-S1P1

antibody, all tissue staining was abolished (Figure 2D).
However, there was no blocking peptide commercially
available for the anti-S1P2 and anti-S1P3 antibody, so we
were unable to determine antibody specificity in this man-
ner. Therefore, HEK 293 cells were transfected with HA-
tagged S1P2 or S1P3 plasmid constructs to separately
overexpress these S1P receptors and these cells were
then taken for IHC to confirm antibody specificity. Similar
experiments were also performed using myc-tagged
S1P1 and SK1 plasmid constructs. Western blotting of
cell lysates was performed using anti-HA and-Myc tag
antibodies to ensure successful transfection of the rele-

vant S1P receptor or SK1 in HEK 293 cells (Figure 3A).
Pellets from control and transfected HEK 293 cells were
formalin fixed and paraffin embedded, and IHC was per-
formed on pellets using separate anti-S1P1–3 and anti-
SK1 antibodies. IHC demonstrated that the immunostain-
ing of S1P1–3 and SK1 increased in transfected cells
(Figure 3A), further confirming the specificity of the anti-
bodies used for IHC of tumor samples. In addition, treat-
ment of MCF-7 cells which express S1P3

9 with siRNA
S1P3 also reduced immunostaining (Figure 3B).

SK1 Expression Levels Are Associated with
Clinicopathological Parameters

We previously reported7 that high SK1 cytoplasmic ex-
pression in tumors of ER� breast cancer patients is as-

Table 2. Correlation between SK1, S1P1, S1P2, and S1P3 Expression and the Clinicopathological Characteristics of the Cohort

Variables
Tumor
type Grade Size

LN
status

PR
status

HER
status

SK1
mem

SK1
cyto

SK1
nuc

S1P1
mem

S1P1
cyto

S1P1
nuc

S1P2
mem

S1P2
cyto

S1P2
nuc

S1P3
mem

S1P3
cyto

S1P3
nuc

Age (�50 yr/�50 yr) NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS
Tumor type (duct/lob/tub/others) NS NS �0.01 NS NS NS �0.05 NS NS NS NS NS NS NS NS NS NS
Grade (G1/G2/G3) �0.01 NS �0.05 �0.01 NS NS �0.05 NS NS NS NS NS �0.05 NS NS NS
Size (mm) (�20, 20–50, �50) �0.01 NS NS NS NS NS �0.01 NS NS NS NS NS NS NS �0.05
Lymph node (positive/negative) NS NS NS NS NS NS NS NS NS NS NS NS NS NS
PR status (positive/negative) �0.05 NS NS NS �0.001 NS NS NS NS NS �0.01 �0.05 NS
HER2 status (positive/negative) NS NS NS �0.05 �0.001 �0.05 NS NS NS NS NS NS
SK1membrane (positive/negative) �0.005 NS NS NS NS NS NS NS NS NS NS
SK1cytoplamic (positive/negative) �0.05 �0.05 NS NS NS �0.05 NS NS NS NS
SK1nuclear (positive/negative) �.005 NS NS NS NS NS �0.01 NS NS
S1P1membrane (positive/negative) NS NS �0.005 NS NS �0.05 NS NS
S1P1cytoplamic (positive/negative) �0.001 NS �0.001 NS �0.001 NS NS
S1P1nuclear (positive/negative) NS �0.001 NS NS �0.001 �0.001
S1P2membrane (positive/negative) NS �0.001 NS NS NS
S1P2cytoplamic (positive/negative) NS �0.005 NS NS
S1P2nuclear (positive/negative) NS �0.001 �0.05
S1P3membrane (positive/negative) �0.001 NS
S1P3cytoplamic (positive/negative) �0.001
S1P3nuclear (positive/negative)

Tumor type: duct, ductal carcinoma; lob, lobular carcinoma; tub, tubular carcinoma; and others, mucinous, mucoid, and micropapillary carcinoma.
Grade: Bloom and Richardson grade. �2 test: NS nonsignificant; P � 0.05.

Figure 2. A: Western blot for SK1 demonstrating
that antibodies detect a single band correspond-
ing to 42 kDa, the recognized size of the SK1
protein. B: Cell pellets demonstrating that treat-
ment with siRNA SK1 reduced SK1 expression as
assessed by IHC versus scrambled siRNA-treated
cells. C: Example of SK1 expression using anti-
body and antibody plus blocking peptide. The
figure demonstrates that the addition of blocking
peptide greatly diminishes the detection of SK1
by IHC. D: Example of S1P1 expression using
antibody and antibody plus blocking peptide.
The figure demonstrates that the addition of
blocking peptide greatly diminishes the detec-
tion of S1P1 by IHC.

Interaction of ERK-1/2 and ER 2209
AJP November 2010, Vol. 177, No. 5



sociated with shorter time to recurrence on tamoxifen
(low expression SK1 expression, 12.61 (11.3–13.92)
years; high SK1 expression, 4.65 (3.44–5.87) years (P �
0.02 for low versus high SK1 expression) and shorter
disease-specific survival (low SK1 expression, 18.1
(16.4–19.8) years; high SK1 expression 7.6 (5.9–9.2)
years; P � 0.026 for low versus high SK1 expres-
sion when compared with patients with ER� breast
cancer with low cytoplasmic SK1 expression in their
tumors).

Here were investigate the association of SK1 (in all
cellular locations) with clinical outcome measures. SK1
expression was successfully assessed in 88% (269 of
304) of the tumors analyzed. From this 88%, 32% of
tumors exhibited membrane expression, 92% cytoplas-
mic, and 95% nuclear. Tumors were subdivided into
those with high or low expression using the method de-
scribed by Ruckhaberle et al.6 �2 analysis demonstrated
that cytoplasmic SK1 expression correlated with both
membrane and nuclear SK1 expression (Table 2). On
univariate analysis, membrane SK1 expression was not

associated with recurrence on tamoxifen (Table 1) or
disease-specific survival (Table 3). If both unilateral re-
currences and bilateral recurrences were considered,
nuclear SK1 expression was significantly associated with
shorter time to recurrence on tamoxifen (P � 0.016)
(Table 1, Figure 4A). This association was strengthened
when only unilateral recurrences were considered (P �
0.008). In addition, nuclear SK1 expression was signifi-
cantly associated with shorter disease-specific survival
(P � 0.044) (Figure 4B). Those patients with high nuclear
SK1 expression had a mean survival of 14.8 years (95%
confidence interval (CI) 12.3–17.2) compared with those
with low expression with mean survival of 18.7 years (95%
CI 16.6–20.8). The nuclear localization of SK1 is consistent
with the fact that SK1 has two functional nuclear export
sequences and can transit through the nucleus.17 The ex-
pression levels of nuclear SK1 were not independent of
known clinical parameters in multivariate analysis suggest-
ing that nuclear SK1 is associated with clinical parameters.
�2 analysis demonstrated that high grade correlated with
high nuclear SK1 expression (Table 2).

Figure 3. A: Western blots for HA-tag and myc-tag using lysates derived from HEK 293 cells transfected with myc-tagged SK1 or S1P1 or with HA-tagged S1P2 or S1P3

plasmid constructs. The results show the successful expression of epitope-tagged SK1, S1P1, S1P2, and S1P3. In addition, cell pellets were produced from HEK 293 cells
that were either not transfected or transfected with myc-tagged SK1 or S1P1 or with HA-tagged S1P2 or S1P3 plasmid constructs. Cell pellets were formalin fixed, paraffin
embedded and processed for IHC using anti-SK1, -S1P1, S1P2-, or S1P3 antibodies, as indicated. The figure demonstrates the specificity of the antibodies under the
conditions used. B: Cell pellets demonstrating that treatment with siRNA S1P3 reduced S1P3 expression as assessed by IHC versus scrambled siRNA-treated cells.
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S1P1 Expression Levels Are Associated with
Tumor Size, PR, and HER2 Status

S1P1 expression was successfully assessed in 92% (281
of 304) of the tumors analyzed. From this 92%, 92% of
tumors exhibited membrane expression, 99% cytoplas-
mic, and 90% nuclear (Figure 5A). Tumors were subdi-
vided into those with high or low expression as described
above. �2 analysis demonstrated that membrane S1P1

expression correlated with both cytoplasmic and nuclear
SK1 expression (Table 2). On univariate analysis, cyto-
plasmic and nuclear S1P1 expression was not associated
with recurrence on tamoxifen. In contrast, high mem-
brane S1P1 expression was significantly associated with
shorter time to recurrence, when either unilateral or both
unilateral and bilateral recurrences were considered (P �
0.001 unilateral, and P � 0.008 unilateral and bilateral)
(Table 1, Figure 5B), and this was independent on mul-
tivariate analysis (P � 0.02) (Table 1). Those patients with
high membrane S1P1 expression had a mean time to

recurrence of 9.2 years (95% CI 7.2–10.8) compared with
those with low expression whose mean time to recur-
rence was 12.1 years (95% CI 11.2–14.3). In addition,
high cytoplasmic S1P1 expression was significantly as-
sociated with shorter disease-specific survival (P �
0.036) (Figure 5C). This was not independent in tumors
multivariate analysis (Table 3). Those patients with high
cytoplasmic S1P1 expression had a mean disease-spe-
cific survival of 10.3 years (95% CI 8.0–12.7) compared
with those with low expression with mean time to recur-
rence of 18.4 years (95% CI 16.6–20.2). �2 analysis
demonstrated that membrane S1P1 expression corre-
lated with tumor size and PR status, whereas membrane,
cytoplasmic, and nuclear S1P1 correlated with HER2 sta-
tus (Table 2).

Sphingosine 1-Phosphate Receptor 2

S1P2 expression was successfully assessed in 92% (280
of 304) of the tumors analyzed. From this 92%, 89% of

Table 3. The Full Patient Cohort’s Characteristics Correlated to Disease-Specific Survival

Patient cohort 304 Numbers
Univariate

P value
Multivariate

P value HR
Inter-quartile

range

Age (unknown/�50 yr/�50 yr) 2/61/241 0.18
Tumour type (unknown/duct/lob/tub/others) 12/252/21/19 0.05 NS
Grade (unknown/G1/G2/G3) 15/62/138/79 0.006 NS
Size (mm) (unknown/�20, 20–50, �50) 19/142/130/12 �0.001 0.004 2.2 1.2–3.9
Lymph node (unknown/positive/negative) 32/138/134 �0.001 0.014 2.2 1.1–4.2
PR status (unknown/positive/negative) 15/171/118 0.198
HER2 status (unknown/positive/negative) 8/20/276 0.023 NS
SK1membrane (unknown/positive/negative) 37/60/207 0.625
SK1cytoplamic (unknown/positive/negative) 37/20/247 0.026 NS
SK1nuclear (unknown/positive/negative) 37/95/172 0.044 NS
S1P1membrane (unknown/positive/negative) 22/45/236 0.149
S1P1cytoplamic (unknown/positive/negative) 22/35/246 0.036 NS
S1P1nuclear (unknown/positive/negative) 22/55/226 0.280
S1P2membrane (unknown/positive/negative) 24/45/233 0.230
S1P2cytoplamic (unknown/positive/negative) 24/51/277 0.683
S1P2nuclear (unknown/positive/negative) 24/53/225 0.775
S1P3membrane (unknown/positive/negative) 20/37/247 0.511
S1P3cytoplamic (unknown/positive/negative) 20/109/175 0.019 0.015 2.0 1.4–3.5
S1P3nuclear (unknown/positive/negative) 20/63/221 0.316

Each clinical and pathological parameter was correlated to disease-specific survival (P values). Grade: Bloom and Richardson grade. Histology:
duct, ductal carcinoma; lob, lobular carcinoma; tub, tubular carcinoma; and others, mucinous, mucoid, and micropapillary carcinoma. Numbers in bold
represent the significant findings. Univariate analysis is performed for each parameter. However, only markers with P � 0.05 are included in the
multivariate model.

Figure 4. A: High nuclear SK1 expression is
associated with shorter time to recurrence on
tamoxifen (P � 0.016). B: High nuclear SK1
expression is associated with shorter disease-
specific survival (P � 0.044).
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tumors exhibited membrane expression, 99% cytoplas-
mic, and 95% nuclear. Tumors were subdivided into
those with high or low expression as described above. �2

analysis demonstrated that cytoplasmic S1P2 expression
correlated with both cytoplasmic and nuclear S1P1 ex-
pression and also SK1 expression and membrane S1P2

expression correlated with nuclear S1P2 expression (Ta-
ble 2). On univariate analysis S1P2 expression at any
location was not associated with recurrence on tamoxifen
or disease specific survival. �2 analysis demonstrated
that nuclear S1P2 expression correlated weakly with tu-
mor grade (Table 2).

Sphingosine 1-Phosphate Receptor 3

S1P3 expression was successfully assessed in 93% (284
of 304) of the tumors analyzed. From this 93%, 80% of
tumors exhibited membrane expression, 93% cytoplas-
mic, and 71.5% nuclear (Figure 6A). Tumors were sub-
divided into those with high or low expression as de-
scribed above. On univariate analysis, S1P3 expression
was not associated with recurrence on tamoxifen,
whereas high cytoplasmic S1P3 expression was signifi-
cantly associated with shorter disease-specific survival
(P � 0.019) (Figure 6B), and this was independent in
multivariate analysis (P � 0.015) (Table 3). Those pa-
tients with high cytoplasmic S1P3 expression had a mean
disease-specific survival of 14.7 years (95% CI 12.0–
17.5) compared with those with low expression with mean
time to recurrence of 17.5 years (95% CI 15.8–19.3). �2

analysis demonstrated that membrane and cytoplasmic
S1P3 expression correlated with PR status and nuclear
S1P3 correlated with tumor size (Table 2).

Interaction Between SK1, S1P1–3, and ERK-1/2
Signaling Cascade and Recurrence on
Tamoxifen

The literature regarding breast cancer cell lines suggests
that there may be an E2-dependent regulatory loop be-
tween SK1 and ERK-1/2.10 We have also demonstrated
that the siRNA knockdown of SK1 reduces S1P3 expres-

sion in MCF-7 cells, resulting in a decrease in the S1P/
S1P3-stimulated activation of ERK-1/2 and formation of
the migratory phenotype.7

Therefore to test whether SK1 and ERK-1/2 have a
combined effect on the time to recurrence while on ta-
moxifen in our clinical cohort, we constructed Kaplan-
Meier plots to compare patients that have both high
expression of SK1 and ERK-1/2 compared with those that

Figure 5. A: Example of membrane (M), cytoplasmic (C), and nuclear (N) S1P1 expression from tumors within the cohort. Magnification �400. B: High membrane
S1P1 expression is associated with shorter time to recurrence on tamoxifen (P � 0.008). C: High cytoplasmic S1P1 expression is associated with shorter
disease-specific survival (P � 0.036).

Figure 6. A: Example of cytoplasmic (C) and nuclear (N) S1P3 expression
from tumors within the cohort. Magnification �400. B: High cytoplasmic
S1P3 expression is associated with shorter disease-specific survival (P �
0.019).

2212 Watson et al
AJP November 2010, Vol. 177, No. 5



had low expression of SK1 and ERK-1/2. On univariate
analysis, when only unilateral recurrences were consid-
ered, patient whose tumors expressed high levels of
cytoplasmic SK1 and cytoplasmic ERK-1/2 had a signif-
icantly shorter time to recurrence on tamoxifen than those
who expressed low levels of cytoplasmic SK1 and cyto-
plasmic ERK-1/2 (P � 0.00008). Those patients with high
SK1 and ERK-1/2 expression had a mean time to recur-
rence of 3.6 years (95% CI 1.7–5.5) compared with those
with low expression of SK1 and ERK-1/2 having a mean
time to recurrence of 14.1 years (95% CI 12.6–15.5). The
difference in mean time to recurrence was 10.5 years,
and this was independent in multivariate analysis when
combined with age, grade, tumor size, and PR status
(P � 0.0002, hazard ratio 2.5 (95% CI 1.6–4.2)). This
association was also observed when unilateral and bilat-
eral recurrences were considered (P � 0.00009) and this
was also independent in multivariate analysis when com-
bined with age, grade, tumor size, PR status, and HER2
status (P � 0.0001, hazard ratio 2.6 (95% CI 1.6–4.1)).
However, this was not independent of treatment re-
ceived, as the association was lost when patients re-
ceived chemotherapy (unilateral recurrences, P �
0.0001, no chemotherapy versus P � 0.215, receiving
chemotherapy, uni- and bilateral recurrences, P �
0.0003, no chemotherapy versus P � 0.186, receiving
chemotherapy), suggesting that this patient group should
be receiving chemotherapy.

When patients with high expression of cytoplasmic
S1P1 or S1P3 and cytoplasmic ERK-1/2 were compared
with those that had low expression of S1P1 or S1P3 and
ERK-1/2, a similar observation was made as to that with
SK1 and ERK-1/2. On univariate analysis, when only uni-
lateral recurrences were considered, patient whose tu-
mors expressed high levels of cytoplasmic S1P1 and
cytoplasmic ERK-1/2 had a significantly shorter time to
recurrence on tamoxifen than those who expressed low
levels of cytoplasmic S1P1 and cytoplasmic ERK-1/2
(P � 0.004), and this was independent in multi variate
analysis when combined with age, grade, tumor size, PR
status, and HER2 status (P � 0.003, hazard ratio 1.8
(95% CI 1.2–2.7)). The difference in time to recurrence
was 9.8 years (14.5 versus 4.7 years). A similar observa-
tion was also made with membrane S1P1 and cytoplas-
mic ERK-1/2 (univaritate analysis P � 0.00003, multivar-
iate 0.00006, hazard ratio 2.3(95% CI 1.5–3.5)). The
difference in time to recurrence was 10.1 years (14.7
versus 4.6 years). On univariate analysis, when only uni-
lateral recurrences were considered, patient whose tu-
mors expressed high levels of cytoplasmic S1P3 and
cytoplasmic ERK-1/2 had a significantly shorter time to
recurrence on tamoxifen than those who expressed low
levels of cytoplasmic S1P3 and cytoplasmic ERK-1/2
(P � 0.004), and this was independent in multivariate
analysis when combined with age, grade, tumor size, and
PR status (P � 0.001, hazard ratio 1.9 (95% CI 1.3–2.8)).
The difference in time to recurrence was 5.5 years (12.9
versus 7.4 years). This observation was also seen with
membrane S1P3 and cytoplasmic ERK-1/2 (univariate
analysis P � 0.002, multivariate 0.005, hazard ratio 1.7

(95% CI 1.2–2.4)). The difference in time to recurrence
was 7.0 years (14.1 versus 7.1 years).

This association, for both S1P1 and S1P3 was also
observed when unilateral and bilateral recurrences were
considered (P � 0.004 and P � 0.002, respectively), and
this was also independent in multivariate analysis for both
S1P1 and S1P3 when combined with age, grade, tumor
size, PR status and HER2 status (P � 0.001, hazard ratio
2.1 (95% CI 1.4–3.3) and P � 0.0004, hazard ratio 1.9
(95% CI 1.3–2.7)).

When patients with high expression of cytoplasmic
SK1, S1P1, S1P3, and cytoplasmic ERK-1/2 were com-
pared with those with low expression of all four, a signif-
icant difference in unilateral recurrence was observed
(P � 0.0003) (the difference in time to unilateral recur-
rence was 9.1 years). When patients with high expression
of cytoplasmic SK1, membrane S1P1, membrane S1P3

and cytoplasmic ERK-1/2 were compared with low ex-
pression of all four, a significant difference in unilateral
recurrence was observed. (P � 0.002) (the difference in
time to unilateral recurrence 9.9 years). However, the
combination of all four proteins, whether using cytoplas-
mic S1P1 and S1P3 or membrane S1P1 and S1P3, does
not offer any additional power over SK1 and cytoplasmic
ERK-1/2 expression only (P � 0.0003 cytoplasmic or P �
0.002 membrane versus P � 0.00008), indicating that
SK1 and ERK-1/2 is the strongest combination. In addi-
tion, when the differences in time to unilateral recurrence
are considered, a 10.5-year difference was observed
with SK1 and ERK-1/2, compared with 9.1 years when
cytoplasmic SK1, S1P1, S1P3, and cytoplasmic ERK-1/2
or 9.9 years when cytoplasmic SK1 and membrane S1P1

or S1P3 and cytoplasmic ERK-1/2 are combined. This
indicates that combining all four proteins does not offer
any additional power over SK1 and ERK-1/2 only.

Discussion

In vitro cell line work reports that E2 elicits SK1 activation
via interaction with the ER� and possibly GPR30.10 These
studies suggest that a rapid response to E2 is mediated
via nongenomic functions of ER, whereas a delayed pro-
longed effect requires the classical ER-mediated nuclear
transcription activity.10,16 Both these methods of activat-
ing SK1 are linked with ERK-1/2 activation. We have
previously reported in a cohort of ER-positive tamoxifen-
treated breast cancer patients that activation of the ERK-
1/2 cascade results in a reduction of patient survival.12

However, to our knowledge, no one has investigated the
relationship between SK1, S1P receptors, and ERK-1/2 in
clinical breast cancer samples. Because of the associa-
tions with E2, it was deemed that the most appropriate
patient cohort in which to investigate this would be ER-
positive breast cancer patients. A cohort of 304 ER-
positive tamoxifen-treated breast cancer patients were
therefore used to investigate if SK1 and S1P receptors
were expressed in ER-positive breast cancer and
whether association with ERK-1/2 expression and/or clin-
icopathological parameters. We observed that SK1 and
S1P receptors were expressed in the majority of breast
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cancer tumor cells investigated. The expression of SK1
and S1P receptors was markedly greater in tumor cells
compared with the surrounding stroma and inflammatory
infiltrate, supporting the hypothesis that this pathway
functions to influence signal transduction in breast can-
cer cells. Ruckhaberle et al6 previously observed expres-
sion of SK1 in human breast cancer tissue and demon-
strated an association with reduced patient survival. We
also demonstrated that high cytoplasmic expression of
SK1 was associated with reduced time to recurrence on
tamoxifen and cumulative disease-specific survival.7

However, neither study investigated S1P receptor ex-
pression nor correlations with ERK-1/2.

One of the major findings of the current study is that
high expression of cytoplasmic S1P1 and S1P3 are asso-
ciated with reduced disease-specific survival in patients
with ER-positive breast cancer. These findings demon-
strate that S1P1 and S1P3 are not only located in the cell
membrane but may also be found in the cytoplasm and it
is in this location that they are associated with disease-
specific survival. Cell line studies have previously dem-
onstrated that postactivation of S1P receptors results in
their endocytosis following S1P stimulation.18 We there-
fore hypothesized that the cytoplasmic location of S1P1

and/or S1P3 is a surrogate marker of activation for these
receptors in ER-positive breast cancer. The S1P3 recep-
tor has previously been demonstrated to induce cellular
proliferation and have a promigratory effect in a number
of cell types,19,20 including MCF-7 breast cancer cells.7

This is in line with observations made in the current study,
as it is associated with increased tumor size and reduced
disease-specific survival. The results from the current
study, combined with those in the literature, add weight to
the suggestion that SK1 and S1P receptors could be
used as negative prognostic markers in ER-positive
breast cancer and also suggest that they could be pos-
sible therapeutic targets. In addition, progesterone,
which is also known to correlate with breast cancer-
specific survival, has been demonstrated to regulate SK1
expression.21 Although in the current study we do not
have access to levels of circulating progesterone to cor-
relate with SK1 expression levels, we do have PR status
available for each tumor in the cohort. As activation of the
ER can result in increased expression of PR, PR status
can be used to determine whether ER is functionally
active and therefore provide information on the transcrip-
tional activity of the ER in breast tumors.22 It is therefore
interesting to note that a strong correlation is observed
between expression of PR, S1P1, and S1P3, suggesting
that the negative prognostic effect we observed with the
S1P receptors is in fact, as the literature suggests, ER
dependent and is only observed when the ER is function-
ing as a transcription factor.22,23

The S1P3 5�-untranslated region (using TRANSFAC at
Biobase) contains predicted ER� binding sites and Sp1
and c-Jun binding sites (which are regulated by ERK-1/
2). The identification of the ER� as a potential regulator of
S1P3 expression suggests that E2 might up-regulate
S1P3 expression, thereby favoring this receptor system
for use in ER-positive breast cancer cells. The S1P1 pro-
moter also contains a predicted ER� binding site. There-

fore, S1P1 and S1P3 might be suitable targets for thera-
peutic intervention (using S1P receptor antagonists) in
ER-positive breast cancer.

Cell line work also demonstrates that S1P receptors
are endocytosed on activation and before they are able
to influence activation of ERK-1/2.18 This interaction be-
tween S1P receptors and ERK-1/2 may therefore form
part of a positive feedback loop that exists between SK1
and ERK-1/2. Here we demonstrate that S1P receptors
are only associated with decreased disease specific sur-
vival when in the cytoplasm. This combined with the fact
that those patients with both high SK1 or S1P1 or S1P3

expression and high ERK-1/2 expression do significantly
worse than those with low expression of either provides
evidence that this feedback loop not only exists in the in
vitro setting but may also function in clinical breast can-
cer cells. This observation is made for patients with uni-
lateral recurrence, ie, acquired tamoxifen resistance and
also when unilateral and bilateral occurrences are com-
bined, ie, combining acquired and de novo tamoxifen
resistance, as it is generally considered that a recurrence
in the opposite breast is classed a new primary with de
novo tamoxifen resistance. Therefore, this mechanism
may also be responsible for explaining why a small per-
centage of ER positive breast tumors do not initially re-
spond to tamoxifen therapy, suggesting that SK1 and
S1P receptors in combination with ERK-1/2 may be used
in combination with ER status as biomarkers to predict
response to tamoxifen.

Those patients whose tumors expressed both SK1 and
ERK-1/2 or both S1P1 and ERK-1/2 at high levels re-
lapsed on average 10 years earlier than those with low
expression of these proteins, and 5.5–7 years earlier if
their tumors expressed both S1P3 and ERK-1/2. This is a
synergistic effect and is simply not due to adding the
detrimental effect of both these pathways together. How-
ever, it appears that it is only necessary to consider SK1
or the receptors as including multiple members of the
SK1 pathway does not strength this observation. In sum-
mary, the observations from this study provide strong
support for a model in which S1P1/3 and SK1 and ERK-1/2
interact to influence ER-positive breast cancer cell be-
havior and disruption of this pathway may provide a
target for treatment of tamoxifen-resistant breast cancer.
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