
S1P3/SK1/ERK-1/2 regulates the formation of a migratory phe-
notype.

We stratified the data according to the HER1-3 status of
patient tumors. An example of tissue microarray analysis with
anti-SK1 antibody demonstrating low and high expression of
SK1 in the HER1�/HER2�/HER3� patient cohort is shown
(Fig. 10C). We found that high cytoplasmic SK1 expression in
HER1�/HER2�/HER3� tumors was associated with an in-
crease in the mean disease-specific patient survival time (Fig.
10C). When the patient group was stratified for HER2� alone
and high versus low SK1 expression was compared, a protec-
tive effect of high SK1 was also observed on patient survival.
The HER2�/low-SK1 group had reduced mean survival time
compared to the HER2�/low-SK1 group (P � 0.03), whereas
the HER2�/high-SK1 group mean survival time was not sig-
nificantly different compared to the HER2�/high-SK1 group
(P � 0.473). High cytoplasmic SK1 expression was also asso-
ciated with a significant increase in the mean time to recur-

rence during tamoxifen treatment in the HER1�/HER2�

group (Fig. 10D).
The findings of our in vitro studies demonstrated a complex

interplay between HER2 and SK1 expression, while another
study demonstrated a relationship between HER1 and SK1 in
MCF-7 cells (8). Therefore, for each individual patient, we ex-
pressed the data as a HER1-3/SK1 ratio. Patients with a low
HER1-3/SK1 ratio had increased mean disease-specific survival
time and time to recurrence on tamoxifen compared to patients
with a high HER1-3/SK1 ratio in their tumors (Fig. 10E).

BT474 cells and interaction between SK1 and HER2 signal-
ing. Finally, we investigated whether the ability of SK1 to
induce tolerance to HER2 could be extended to other breast
cancer cell types. We used BT474 cells because they express
SK1 (42 kDa), confirmed by knockdown with SK1 siRNA (data
not shown), ER�, and HER2 (Fig. 11). This is not a simple
comparison, because the behavior of ER� breast cancer cells
typical of that observed in MCF-7 HER2 cells is likely governed
by a very precise ratio of SK1 to HER2. In order to increase the
SK1/HER2 ratio, we transiently transfected BT474 cells with
plasmid construct encoding FLAG-tagged hSK1, and com-
pared this with BT474 cells transfected with vector. Overex-
pression of hSK1 reduced the expression of HER2 and p65
PAK1 (and p70 [p59 was absent]) and reduced the phosphor-
ylation of ERK-1/2 in BT474 cells (Fig. 11A). Moreover, over-
expression of the dominant-negative G82D kinase-dead hSK1
mutant in BT474 cells results in an increase in HER2 and p65
PAK1 (and p70) expression and ERK-1/2 phosphorylation (Fig.
11A). These findings demonstrate that changes in the HER2-p65
PAK1-phosphorylated ERK-1/2 network are dependent on SK1
activity and are similar to the functional interaction between SK1
and HER2/PAK1 and ERK-1/2 signaling in MCF-7 HER2 cells.
Moreover, G82D kinase-dead SK1-overexpressing BT474 cells
demonstrate increased migration in the scratch injury assay com-
pared to vector-transfected BT474 cells (Fig. 11B). This is pre-
dicted for G82D kinase-dead hSK1-overexpressing cells because
of the increased HER2 and PAK1 expression and enhanced basal
ERK-1/2. The results are also in line with the clinical data show-
ing that SK1 is protective (possibly because of reduced breast
cancer cell motility) against mortality in ER�/HER2� breast can-
cer patients (Fig. 10C).

DISCUSSION

Evidence for a key role of S1P3/SK1 in regulating the for-
mation of a migratory phenotype was obtained from our in
vitro findings using MCF-7 Neo cells. We demonstrated that
S1P binding to S1P3 stimulates the accumulation of phosphor-
ylated ERK-1/2 into membrane ruffles/lamellipodia and the
nucleus and promotes MCF-7 Neo cell migration. Evidence for
a role for S1P3 in this biochemical mechanism is based on
results showing that siRNA knockdown of S1P3 or using a
pharmacological S1P3 antagonist, CAY10444, reduced the
S1P-stimulated activation of ERK-1/2. The accumulation of
phosphorylated ERK-1/2 in membrane ruffles/lamellipodia
and the nucleus of MCF-7 Neo cells is therefore indicative of
the formation of a migratory phenotype. Nuclear phosphory-
lated ERK-1/2 has been demonstrated to induce metallopro-
teinase genes, which enables proteolytic degradation of the cell
matrix, required to free cells so they can move, while phosphor-

FIG. 9. Effect of siRNA knockdown of SK1 on S1P3 expression and
evaluation of “inside-out” signaling. (A) RT-PCR analysis with gene-
specific primers showing the expression of S1P3 mRNA transcript in
MCF-7 Neo-treated cells with scrambled or SK1 siRNA (100 nM,
48 h). G3PDH mRNA was measured to ensure equal RNA template.
(B) MCF-7 Neo cells were pretreated with scrambled siRNA or SK1
siRNA (100 nM, 48 h) and then stimulated with S1P (1 �M) for 5 min.
Western blotting shows the effect of siRNA knockdown of SK1 on
S1P-stimulated ERK-1/2 activation in MCF-7 Neo cells. (C) MCF-7
Neo cells were pretreated with SKi (10 �M) for 15 min prior to
stimulation with S1P (1 �M) or EGF (25 ng/ml) for 5 min. The
Western blots show the lack of effect of SKi on S1P- or EGF-stimu-
lated activation of ERK-1/2. Phosphorylated ERK-1/2 was detected
with anti-phosphorylated ERK-1/2 antibody. Blots were also probed
with anti-ERK-2 antibody to ensure equal protein loading.
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ylated ERK-1/2 localization in membrane ruffles regulates the
actomyosin contractility required for cell migration (38). In-
deed, phosphorylated ERK-1/2 has an important role in regu-
lating the migratory phenotype of MCF-7 Neo cells since
U0126 (MEK-1 inhibitor) ablated the migration of these cells
in response to S1P. In addition, S1P-stimulated formation of
membrane ruffles (data not shown) and migration are blocked
by the S1P3 antagonist, CAY10444. Thus, the stimulation of
ERK-1/2 by S1P is a major pathway regulating the formation of
a migratory phenotype. S1P3 has previously been shown to be
a promigratory receptor in a number of cell types (32, 43), and
this is consistent with a role proposed here for S1P3 in breast
cancer cells.

We have also shown that the siRNA knockdown of SK1

reduces S1P3 mRNA transcript in MCF-7 Neo cells. The func-
tional consequence of this appears to be to decrease the S1P/
S1P3-stimulated activation of ERK-1/2 and thereby abrogate
formation of the migratory phenotype. The mechanism by which
SK1 can regulate S1P3 expression is under investigation. In this
regard, the S1P3 5� untranslated region (using TRANSFAC at
Biobase) contains predicted ER�, Sp1, and c-Jun binding sites.
Sp1 and c-Jun are regulated by ERK-1/2 (33, 44), and there-
fore ERK-1/2 may play a role in a positive-feedback loop that
defines the efficacy with which S1P induces a migratory phe-
notype in MCF-7 cells. In contrast, in ER�/HER2� MDA-
MB-453 breast cancer cells, the predominant functional S1P
receptor is S1P4 and S1P, binding to this receptor transacti-
vates HER2 to regulate the ERK-1/2 pathway (J. S. Long et al.,

FIG. 10. Effect of SK1 on survival and/or recurrence in ER� patients. (A) Tissue microarray analysis with anti-SK1 antibody showing low and
high expression of SK1 in tumors from the ER� patient cohort and that immunizing peptide reduces SK1 immunoreactivity. (B) Kaplan-Meier
survival curves demonstrate cumulative disease-free survival differences (endpoint of breast cancer recurrence) and cumulative disease-specific
survival differences (endpoint of death due to breast cancer) according to high or low cytoplasmic SK1 expression. (C) Tissue microarray analysis
with anti-SK1 antibody showing low and high expression of SK1 in breast cancer tumors from the HER1�/HER2�/HER3�/ER� patient cohort
and Kaplan-Meier survival curves demonstrating cumulative disease-specific survival differences (endpoint of death due to breast cancer) according
to HER family expression when the cohort has been subdivided into patients with tumors with high or low expression of SK1 and comparing
HER1�/HER2�/HER3� tumors versus HER1�/HER2�/HER3� tumors. (D) Kaplan-Meier survival curves demonstrating cumulative disease-
free survival differences (endpoint of breast cancer recurrence) according to HER1�/HER2� versus HER1�/HER2� expression when the cohort
has been subdivided into patients with tumors expressing high or low cytoplasmic SK1 expression. (E) Kaplan-Meier survival curves demonstrating
cumulative disease-specific survival differences (endpoint of death due to breast cancer) and cumulative disease-free survival differences (endpoint
of breast cancer recurrence) according to a high versus low HER1-3/SK1 ratio for individual patients. P values represent log-rank testing of the
difference in cumulative disease-specific survival.
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unpublished data). Indeed, we have found that SK1 inhibitor
or overexpression of hSK1 has no effect on basal, S1P- or
EGF-stimulated activation of the ERK-1/2 pathway in these
ER� breast cancer cells.

Additional evidence supporting an important role for SK1 in

regulating formation of a migratory phenotype was demon-
strated by results showing that siRNA knockdown of SK1 ab-
lated the S1P-stimulated formation of actin containing mem-
brane ruffles/lamellipodia and restored the formation of focal
actin adhesion contacts. The role of S1P3/SK1 in terms of
regulating ERK-1/2 activation, redistribution of actin into
membrane ruffles/lamellipodia/nucleus, and the formation of a
migratory phenotype in MCF-7 Neo cells is summarized in
Fig. 12.

Oncogene tolerance is associated with a HER2-dependent
increase in the expression and activity of SK1 in MCF-7 HER2
cells. The promoter of SK1 contains Sp1 and AP2 transcrip-
tional sites (23). Sp1 is constitutively associated with the SK1
promoter and interacts cooperatively with AP2 that is activated
by agents acting via ERK-1/2 (23, 33). Direct evidence that
SK1 can induce tolerance to HER2 was the finding that the
siRNA knockdown of SK1 resulted in increased expression of
HER2. Thus, HER2 increases SK1 expression and SK1 limits
HER2 expression. The mechanism by which HER2 and SK1
regulate each other’s expression is currently being studied in
our laboratory.

We also demonstrated that siRNA knockdown of SK1 in-
creased p65 PAK1 expression and basal ERK-1/2 activation in
MCF-7 HER2 cells. p65 PAK1 is an upstream regulator of
ERK-1/2 (5), and this explains how the increased p65 PAK1
expression in cells in which SK1 is knocked down with siRNA
leads to higher basal ERK-1/2 activation. Indeed, enforced
overexpression of p65 PAK1 increased basal and S1P-stimu-
lated activation of ERK-1/2 in MCF-7 HER2 cells. Therefore,
by reducing p65 PAK1 expression, SK1 prevents an MCF-7
HER2 cell migratory phenotype from being formed in re-
sponse to S1P. Indeed, the migratory phenotype can be res-
cued by siRNA knockdown of SK1 expression. The important
question is then “what is the major biochemical change in
terms of producing a migratory phenotype when SK1 is
knocked down in MCF-7 HER2 cells?” We consider that the
key finding here is that p65 PAK1 expression is very substan-
tially increased by siRNA knockdown of SK1, and this restores

FIG. 11. Effect of SK1 overexpression on HER2, p65 PAK1, and
phosphorylated ERK-1/2 levels and migration of BT474 cells. BT474 cells
were transfected with plasmid construct encoding hSK1 or hG82D SK1 or
vector. (A) Western blots showing the effect of hSK1 or hG82D SK1 on
the expression of HER2 (185 kDa and a smaller immunoreactive 175-kDa
fragment), p65 PAK1 (and p70), and phosphorylated ERK-1/2. Also
shown are Western blots probed with anti-FLAG tag antibody showing
the expression of FLAG-tagged hSK1 and FLAG-tagged G82D hSK1.
Anti-ERK-2 antibody was used to establish equal protein loading. Each
lane of the Western blots represents a separate cell sample, some of which
have been run on the two separate Western blots, such that ERK-2
loading in all of the lanes is equal. (B) Histogram showing the effect of
G82D hSK1 compared to vector on the migration of BT474 cells in
scratch injury assays. The results are from two random views of three
scratches for each treatment.

FIG. 12. Role of S1P3 and SK1 in regulating redistribution of phos-
phorylated ERK-1/2 and actin into membrane ruffles/lamellipodia to
produce a migratory phenotype in MCF-7 Neo cells.
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sensitivity to S1P in terms of producing a migratory phenotype
in MCF-7 HER2 cells. This is supported by results showing
that the enforced overexpression of recombinant p65 PAK1
rescues the actin migratory phenotype of MCF-7 HER2 cells in
response to S1P.

We have also demonstrated that SK1 might regulate the
interconversion of p65 PAK1 to p70 and p59 forms in MCF-7
HER2 cells. The p70 form might be derived from p65 PAK1 by
an SK1-induced hyperactivation of p65 PAK1 which results in
its mobility shift on SDS-PAGE. In addition, the increase in
HER2 expression in MCF-7 HER2 cells in which SK1 has been
knocked down with siRNA might contribute to the hyperacti-
vation of p65 PAK1 via a phosphorylation-dependent mecha-
nism. Recently, Spiegel and coworkers showed that S1P can
activate PAK1 directly (19). Similar binding of lipids such as
diaclyglycerol to protein kinase C (PKC) can lead to an imme-
diate activation of PKC, followed by its proteolytic degrada-
tion. Therefore, it is possible that intracellular S1P, formed by
SK1, binds to and hyperactivates p65 PAK1 to form p70, fol-
lowed by the degradation of p70 to p59, and that this occurs in
MCF-7 HER2 cells because of the HER2-dependent increase
in SK1 expression. SK1 also functions in a metabolic pathway
that is linked to the production of other bioactive lipids, and
the role of these in the posttranslational regulation of HER2/
p65 PAK1/ERK-1/2 therefore requires further investigation.
The SK1-dependent regulation of HER2/p65 PAK1/ERK-1/2
observed in MCF-7 HER2 cells was also recapitulated in
BT474 cells. We were also able to detect p70 in BT474 cells
which, in common with MCF-7 HER2 cells, is posttranslation-
ally regulated by SK1. However, we were unable to detect p59
in these cells, suggesting that this form might be further pro-
cessed and eliminated in BT474 cells.

Notably, basal ERK-1/2 activation is also increased by
siRNA knockdown of SK1 and additive stimulation with S1P is
produced in MCF-7 HER2 cells. The higher levels of ERK-1/2
activation might therefore contribute to the S1P-stimulated
formation of the migratory phenotype in SK1-depleted MCF-7
HER2 cells. The role of SK1 in inducing a refractory migratory
phenotype in response to S1P in MCF-7 HER2 cells is shown
in Fig. 13. Therefore, whereas SK1 is normally required for
formation of a migratory phenotype in MCF-7 Neo cell, the
HER2-dependent increase in SK1 expression appears to de-
sensitize the formation of a migratory phenotype in response
to S1P in MCF-7 HER2 cells.

The predicted significance of this novel mechanistic pathway
involving SK1 is demonstrated by the finding that highly ex-
pressed SK1 in primary ER� breast tumors is associated with
reduced breast cancer-specific patient survival and increased
tamoxifen resistance. However, SK1 functionality is altered in
ER�/HER2� breast cancer patients, such that SK1 is protec-
tive against mortality and reduces tamoxifen resistance. The
complex interplay between HER2/SK1 demonstrated in the
present study and HER1/SK1 expression in MCF-7 cells sug-
gests that the key factor in inducing tolerance and protection
against HER-dependent malignancy is the ratio of HER1-3 to
SK1. Indeed, we have also demonstrated that patients with a
low HER1-3/SK1 ratio, have a better prognosis than those
patients with a high HER1-3/SK1 ratio. The implication of
these findings is that patients with tumors that have relatively
low HER1-3 expression and lower SK1 expression might have

a poorer prognosis compared to patients with relatively high
HER1-3 and higher SK1 expression. Therefore, the dual func-
tion of SK1 in breast cancer might be of significant therapeutic
importance in terms of defining new strategies for targeting
SK1 in the treatment of ER�/HER2� breast cancer.
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