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Abstract In this chapter, we review the latest developments concerning the role of

sphingosine 1-phosphate (S1P) in cancer. Particular focus is paid to the role of

sphingosine kinases 1 and 2, S1P lyase and S1P-dependent signalling networks in

both solid tumours and haematological cancer. The potential of this S1P-dependent

pathophysiology as a therapeutic target for the treatment of cancer is also discussed.

Keywords sphingosine 1-phosphate • sphingosine kinase • cancer

1 Introduction

There are six major hallmarks of cancer. These are (1) enhanced proliferation,

(2) evasion of growth suppression, (3) enhanced cell survival/reduced apoptosis,

(4) acquisition of replicative immortality/reduced senescence, (5) angiogenesis and

S. Pyne (*) • N.J. Pyne (*)

Cell Biology Group, SIPBS, University of Strathclyde, 161 Cathedral St, Glasgow, UK

e-mail: susan.pyne@strath.ac.uk; n.j.pyne@strath.ac.uk

E. Gulbins and I. Petrache (eds.), Sphingolipids in Disease,
Handbook of Experimental Pharmacology 216,

DOI 10.1007/978-3-7091-1511-4_3, # Springer-Verlag Wien 2013

55

mailto:susan.pyne@strath.ac.uk
mailto:n.j.pyne@strath.ac.uk


creation of a tumour microenvironment and (6) increased invasiveness and metas-

tasis. These hallmarks can be initiated by genetic instability including activating or

inactivating mutations of oncogenes and tumour suppressors, respectively. Sphin-

gosine 1-phosphate (S1P) is a bioactive lipid that has been implicated in cancer.

S1P is formed by the phosphorylation of sphingosine, catalysed by sphingosine

kinase (two isoforms termed SK1 and SK2) and is degraded by S1P lyase or

dephosphorylated by S1P phosphatase. Extracellular S1P activates a family of

G-protein-coupled S1P receptors that couple to various cellular signalling pathways

(Pyne and Pyne 2000), whereas intracellular S1P directly binds to intracellular

protein targets such as the E3 ligase, TRAF2. The role of S1P in cancer has recently

been extensively reviewed (Pyne and Pyne 2010), and therefore, the purpose of this

chapter is to update progress in this area in the last 2 years. We describe recent

advances which demonstrate that S1P, S1P receptors, sphingosine kinase and S1P

lyase are involved in aberrant cellular processes that contribute to the hallmarks of

cancer. Strategies targeting SK1 are described which provide impetus for the

development of novel SK1 inhibitors that might be used for therapeutic treatment

of cancer in the future and that might offer better disease management options.

2 Sphingosine Kinase and Cancer

There is substantial evidence of a role for SK1 in numerous cancers (Pyne and Pyne

2010). For instance, there is increased SK1 expression in stomach, lung, brain,

colon, kidney and breast cancers and non-Hodgkins lymphoma (Pyne and Pyne

2010). Many factors influence SK1 expression, such as hypoxia, growth factors and

cytokines, and this has a clear indication concerning prognosis. Thus, high expres-

sion of SK1 in the tumours of ER+ breast cancer patients is associated with reduced

patient survival and increased disease recurrence (Long et al. 2010a; Watson et al.

2010). One of the reasons for poor prognosis might be because SK1 is a sensor for

S1P binding to S1P receptors that enables tuning of the migratory response to S1P in

ER+ breast cancer cells (Long et al. 2010a). In this regard, the binding of S1P to

S1P3 receptors promotes the translocation of SK1 from the cytoplasm to the plasma

membrane of ER+ MCF-7 breast cancer cells, and this is a key step in promoting

migration. This is exemplified by the finding that siRNA knockdown of SK1

reduces the ability of S1P to induce activation of ERK-1/2, which involves EGF

receptor transactivation (Sukocheva et al. 2006; Long et al. 2010a, b) and is required

for migration (Long et al. 2010a). Moreover, siRNA knockdown of SK1 reduces the

expression of S1P3 in these cells (Long et al. 2010a). Thus, SK1 appears to

modulate responsiveness of these cancer cells to S1P by regulating the expression

of the S1P3 receptor (Fig. 1). A poor prognosis of grade 4 astrocytoma patients also

correlates with high expression of SK1 in tumours (Van Brocklyn et al. 2005).

Additional evidence highlighting a key role for SK1 in cancer progression is

the finding that the genetic deletion of SK1 in mice significantly reduced

4-nitroquinoline-1-oxide (4-NQO)-induced head and neck squamous cell
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Fig. 2 Schematic showing how genotoxic stress activates p53 which induces a possible caspase-2

catalysed proteolysis of SK1. The downregulation of SK1 perturbs the ceramide-sphingosine-S1P

rheostat leading to ceramide-dependent induction of p21 and p16 which are involved in promoting

tumour senescence

Fig. 1 Schematic showing how SK1 acts as a sensor that governs responsiveness of oestrogen

receptor-positive breast cancer cells to S1P in terms of regulating the formation of a

migratory phenotype. SK1 regulates the expression of S1P3, which binds S1P to activate the

ERK-1/2 pathway. Phosphorylated ERK-1/2 accumulates in actin-enriched lamellipodia and the

nucleus where it can regulate metalloproteinase expression, both of which are required for

allowing these cells to migrate in response to S1P
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carcinogenesis, associated with decreased cell proliferation, activation of caspase-3

and ablated AKT pro-survival signalling (Shirai et al. 2011).

One of the most significant recent advances relating to SK1 and cancer has been

made by Heffernan-Stroud et al. who have demonstrated a functional interaction

between SK1 and the tumour suppressor p53. Mice lacking both p53 tumour-

suppressor alleles develop thymic lymphoma, while mice lacking only one p53

allele develop osteosarcomas and soft tissue sarcoma (Donehower et al. 1992; Jacks

et al. 1994; Lozano 2010). Genotoxic stress has been shown to increase ceramide

levels via a p53-dependent mechanism leading to apoptosis. Indeed, the treatment

of Molt-4 leukaemia cells with actinomycin D induces the degradation of SK1,

while over-expression of the papilloma virus E6 protein, which targets p53 itself for

degradation, prevents the removal of SK1 (Taha et al. 2004). Heffernan-Stroud

et al. have now demonstrated that genotoxic stress (actinomycin, etoposide, UV)

induces the degradation of SK1 in MCF-7 breast cancer cells (Heffernan-Stroud

et al. 2011). This appears to be via a p53-dependent activation of caspase-2.

Significantly, deletion of SK1 in p53 deficient mice completely abrogates thymic

lymphomas and prolongs survival by 30 %. The tumour suppression by p53 is

linked with the elevation of sphingosine and ceramide levels and increased expres-

sion of cell cycle inhibitors p21 and p16 resulting in tumour cell senescence (Fig. 2).

Therefore, certain cancers might be driven by p53-inactivating mutations that

increase SK1 stability and expression. The role of SK1 in cancer is also exemplified

by its regulation by other tumour suppressors. In this regard, various extracellular

stimuli can activate SK1 via its phosphorylation by ERK-1/2 at Ser225 which

increases its activity and promotes its translocation to the plasma membrane (Pitson

et al. 2003). Deactivation of SK1 occurs via its dephosphorylation by protein

phosphatase 2A (PP2A) (Barr et al. 2008), facilitated by the B’α (B56α/PR61α/
PPP2R5A) regulatory subunit of PP2A (Pitman et al. 2011), a well-defined tumour-

suppressor protein (Arnold and Sears 2008).

3 Interaction of Sphingosine 1-Phosphate Receptors
and Sphingosine Kinase 1 with Oncogenes

There is now evidence for several functional partnerships between SK1, S1P

receptors and oncogenes. For instance, H-RAS has been shown to increase SK1

activity in NIH3T3 fibroblasts (Xia et al. 2000). Indeed, transformation of these cells

into fibrosarcoma is inhibited by SK1 inhibitors and by over-expression of the G82D

dominant negative SK1 mutant (Xia et al. 2000). SK1 is also activated by the GDP

bound form of eukaryotic elongation factor 1A (eEF1A) (Leclercq et al. 2011).

Translationally controlled tumour protein (TCTP) is an eEF1A guanine nucleotide

dissociation inhibitor which when over-expressed in cells also activates

SK1. Intriguingly, an oncogenic form of eEF1A1 called prostate tumour inducer-1

(PTI-1) which lacks the GDP–GTP-binding domain activates SK1, and this is

required for PTI-1-induced neoplastic transformation (Leclercq et al. 2011).

HER2/ErbB2 also functionally interacts with S1P4 in ER� MDA-MB-453 breast

cancer cells to promote enhanced ERK-1/2 signalling (Long et al. 2010b), and S1P
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stimulates the tyrosine phosphorylation of HER2 in MKN28 and MKN74 gastric

cancer cells (Shida et al. 2005). Paradoxically, SK1 can negate the function of HER2

in ER+ breast cancer cells (Long et al. 2010a). This involves a process in which

HER2 increases SK1 expression, which results in a negative feedback reduction in

HER2 expression and ablated migration of these cells in response to S1P. High

levels of SK1 in a HER2/ER+ background induce a deregulation of p21-activated

protein kinase 1 which normally functions to promote migration of these cells in

response to S1P. Therefore, SK1 can induce tolerance to HER2 in ER+ breast cancer

cells, and this might have clinical significance as high cytoplasmic SK1 expression

in HER2+/ER+ breast tumours is associated with increased patient survival and

reduced disease recurrence in patients treated with tamoxifen (Long et al. 2010a).

4 Advances in Sphingosine Kinase Inhibitors

In the past 10 years, a number of SK1 inhibitors have been synthesised.

SK1-I (BML-258; (2R,3S,4E)-N-methyl-5-(40-pentylphenyl)-2-aminopent-4-ene-

1,3-diol) is a water-soluble sphingosine analogue that is specific for SK1 and

enhances survival of mice in an orthotopic intracranial tumour model (Kapitonov

et al. 2009). SKi (or SKI-II, 2-(p-hydroxyanilino)-4-(p-chlorophenyl) thiazole)

inhibits both SK1 and SK2 and reduces S1P levels, inhibits proliferation and

induces apoptosis in various cancer cell lines (French et al. 2003). Several natural

products, B-5354c (Kono et al. 2000a), F-12509A (Kono et al. 2000b) and

S-15183a,b (Kono et al. 2001), have been isolated, which inhibit SK activity

in vitro. More recently, FTY720 (2-amino-2-[2-(4-octylphenyl)ethyl]-

1,3-propanediol hydrochloride) has been identified as a SK1 inhibitor (Tonelli

et al. 2010; Lim et al. 2011a). Indeed, the inhibition of SK1 activity by FTY720

induces prostate cancer cell apoptosis in a manner independent of S1P receptors

(Pchejetski et al. 2010). Moreover, γ irradiation, which does not affect SK1 activity
alone, synergised with FTY720 in inhibiting SK1 activity and inducing apoptosis.

This can be reverted by over-expression of SK1, which protects the cancer cells

from FTY720-induced apoptosis. These findings have translational significance

because FTY720 also increases the sensitivity of prostate tumours to radiation

in vivo without toxic side effects (Pchejetski et al. 2010).

There are also other examples expanding the utility of FTY720 as an anticancer

agent. For example, FTY720 has been shown to reduce gastric cancer cell prolifer-

ation, and this is associated with G1 phase cell cycle arrest and apoptosis (Zheng

et al. 2010). This involves an increase in the expression of PTEN, which subse-

quently ablates the phosphorylation of AKT and MDM2 (Zheng et al. 2010).

MDM2 is an E3 ubiquitin ligase that catalyses the ubiquitination of p53, which

enables its proteasomal degradation and which maintains low levels of p53 in cells.

Therefore, FTY720 induces a post-translational increase in p53 stability and

expression, which is associated with the induction of p53-regulated genes involved

in growth arrest and apoptosis, such as Cip1/p21, p27 and BH3-only proteins.
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FTY720 is also cytotoxic in human ovarian cancer cells (Zhang et al. 2010). This

occurs via a mechanism that is independent of caspase-3 activity and involves

cellular swelling and cytoplasmic vacuolisation, typical of necrotic cell death

(Zhang et al. 2010). FTY720 also promotes autophagy in these cells as evidenced

by formation of autophagosomes and the accumulation of LC3-II. Interestingly, the

siRNA knockdown of Beclin 1 or LC3 leads to enhanced necrotic cell death in

response to FTY720, suggesting that stimulation of autophagy is a rebound survival

response that impedes FTY720-induced necrotic death. Thus, targeting autophagy

might augment the necrotic death promoting activity of FTY720 in ovarian cancer.

FTY720 also has marked inhibitory effects on hepatocellular carcinoma (Omar

et al. 2011). In this case, FTY720 induces apoptosis by activating reactive oxygen

species and PKCδ. In addition, the compound OSU-2S has been synthesised from

FTY720. This compound lacks S1P1 receptor activity, thereby excluding the

potential side effect of lymphopenia (as seen with FTY720, once phosphorylated)

that might compromise anticancer activity. OSU-2S exhibits higher potency

than FTY720 and is also active in vivo, reducing tumour growth in both ectopic

and orthotopic models of hepatocellular carcinoma without significant toxicity

(Omar et al. 2011).

Structural modification of the FTY720 scaffold has produced (S)-FTY720
vinylphosphonate, which is also an SK1 inhibitor (Tonelli et al. 2010). The treat-

ment of MCF-7 breast cancer cells with FTY720, (S)-FTY720 vinylphosphonate or
SKi prevents the formation of actin-enriched lamellipodia in response to S1P (Lim

et al. 2011a), suggesting that these inhibitors block formation of the migratory

phenotype, and which might have application for preventing metastasis. Indeed,

treatment of MCF-7 cells with SKi reduces their migration to S1P (Long et al.

2010a). Furthermore, siRNA knockdown of SK1 similarly prevents actin rearrange-

ment into lamellipodia (Long et al. 2010a) (Fig. 1). This is reminiscent of the action

of FTY720 in vivo where it decreases metastasis in a mouse model of breast cancer

and which is associated with impaired formation of filopodia (Azuma et al. 2002).

Remarkably, the treatment of MCF-7 breast cancer and LNCaP prostate cancer

cells with FTY720, (S)-FTY720 vinylphosphonate or SKi also induces a novel

ubiquitin-proteasomal degradation of SK1 (Tonelli et al. 2010; Loveridge et al.

2010; Lim et al. 2011a), and this results in apoptosis, thereby offering additional

enhanced efficacy options for the treatment of cancer. Recently, Macdonald et al.

have synthesised amidine-based SK1 inhibitors which exhibit nanomolar potency

and reduce intracellular S1P levels in human leukaemia U937 cells (Kennedy et al.

2011), thereby providing evidence for the first time that it is possible to achieve

high, clinically relevant potency.

There is also new emerging evidence for an important role of SK2 in cancer.

This is exemplified by the finding that the siRNA knockdown of SK2 enhances

doxorubicin-induced apoptosis of breast or colon cancer cells (Sankala et al. 2007).

Surprisingly, siRNA knockdown of SK2 elevates SK1 expression and increases

intracellular S1P in A498, Caki-1 or MDA-MB-231 cells (Gao and Smith 2011).

However, knockdown of SK2 in these cells reduces cell proliferation and migra-

tion/invasion, and this is actually more effective than knockdown of SK1, which
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results in reduced intracellular S1P and has no effect on SK2 expression. The

knockdown of SK1 or SK2 also have differential effects on p53, p21, ERK-1,

ERK-2, FAK and VCAM1 indicating that SK1 and SK2 have non-overlapping

functions. These studies provide evidence that loss of SK2 has a stronger anticancer

effect in these cell lines compared with loss of SK1 (Gao and Smith 2011) although

this is unexpected given the widely documented pro-cancerous role of SK1-derived

S1P. The increase in intracellular S1P upon loss of SK2 together with reduced

proliferation suggests that SK2 regulates a discrete intracellular pool of S1P that is

functionally compartmentalised from S1P formed by SK1 in the cancer cell types

studied (see Pyne et al. 2009 for a review of spatial aspects of S1P signalling). The

reduction in SK2-derived S1P upon knockdown of SK2 might then be masked by

the net increase in intracellular S1P levels caused by the compensatory elevation in

SK1 expression. Alternatively, it is possible that unidentified non-catalytic

functions of SK2 regulate some of the effectors. This is not without foundation as

SK2 interacts with Bcl2 via its BH3 domain, although this interaction promotes

apoptosis (Liu et al. 2003). Nevertheless, these studies strongly support the idea that

the synthesis of SK2 inhibitors might be a strategy for the development of anticancer

agents. In this regard, two new SK2-selective inhibitors, namely (R)-FTY720
methyl ether ((R)-FTY720-OMe) and ABC294640, have been synthesised and

characterised (Lim et al. 2011b; French et al. 2010).

(R)-FTY720-OMe has one of the prochiral hydroxyl groups of FTY720 replaced

by a methoxy group, thereby blocking the site of phosphorylation by SK2.

(R)-FTY720-OMe is a selective, competitive (with sphingosine) inhibitor of SK2.

The treatment of MCF-7 cells with (R)-FTY720-OMe prevents actin enrichment

into lamellipodia in response to S1P suggesting application to inhibit metastasis (Lim

et al. 2011b). The aryladamantane compound, ABC294640 [3-(4-chlorophenyl)-

adamantane-1-carboxylic acid (pyridin-4-ylmethyl)amide] is a competitive inhibitor

(with sphingosine) of SK2 activity and reduces intracellular S1P formation in cancer

cells (French et al. 2010). The Ki values for inhibition of SK2 by both (R)-FTY720-
OMe and ABC294640 are very similar (16.5 vs. 10 μM, respectively). ABC294640

suppresses the proliferation of several tumour cell lines and inhibits tumour cell

migration associated with the loss of actin microfilaments. In addition, ABC294640

has significant in vivo activity and inhibits tumour progression in mice with

mammary adenocarcinoma xenografts (French et al. 2010).

More recent studies have demonstrated that ABC294640 induces autophagy in

A-498 kidney carcinoma, PC-3 prostate and MDA-MB-231 breast cancer cells

(Beljanski et al. 2010). Interestingly, combined treatment of A-498 cells with

ABC294640 and an autophagy inhibitor (3-methyladenine) induces apoptosis,

demonstrating a close balance between autophagic and apoptotic processes. In

this regard, Smith et al. proposed a model for the action of ABC294640 (Beljanski

et al. 2010): in normal conditions, tumour cells operate under conditions of a low

autophagic flux. This enables balancing the energy demand for growth, which is

high and is driven by the ERK pathway. In contrast, the apoptotic rate is low due to

high AKT pro-survival signalling. When the cells are treated with ABC294640,

there is a marked reduction in ERK and AKT signalling leading to the inhibition of
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proliferation and pro-survival signalling. However, the inhibition of SK2 activity

by ABC294640 results in the accumulation of ceramide which, in turn, stimulates

autophagic death and which predominates over apoptotic death. However,

autophagy induced by ABC294640 is blocked in the presence of 3-methyladenine,

and therefore, ABC294640 induces apoptosis as the predominant mechanism. In

this respect, it is interesting to note that (R)-FTY720-OMe induces apoptosis in

HEK 293 cells (Lim et al. 2011b). Smith et al. have also found that ABC294640

delays tumour growth and increases autophagy markers in severe combined immu-

nodeficient mice with A-498 xenografts, albeit the number of apoptotic cells did not

increase (Beljanski et al. 2010).

ABC294640 has also been shown to decrease ER-regulated gene expression, and

this is accounted for by the ability of ABC294640 to also bind to the antagonist

ligand-binding domain of the oestrogen receptor, ERα. In this case, ABC294640

functions as a partial antagonist similar to tamoxifen (Antoon et al. 2010). This

property of ABC294640 might be physiologically relevant as ABC294640 inhibits

ER+ breast cancer tumour formation in vivo. Similarly, SKi has also been reported

to function as an ER antagonist (Antoon et al. 2011). These additional activities of

ABC294640 and SKi enable a multipronged attack on breast cancer. In this regard,

(S)-FTY720 vinylphosphonate might also be exploited to launch a multipronged

attack on cancer as it can affect multiple targets. With regard to S1P-related targets,

(S)-FTY720 vinylphosphonate inhibits both SK1 and SK2 activities (Lim et al.

2011a). It is also a full antagonist of S1P1,3,4 (Ki 208, 15 and 1,190 nM, respec-

tively) and a partial antagonist of S1P2 and S1P5 (Valentine et al. 2010). Addition-

ally, (S)-FTY720 vinylphosphonate reduces the expression of the androgen receptor
in androgen-independent LNCaP-AI cells (Tonelli et al. 2010), which might pro-

vide additional anti-proliferative activity.

The importance of S1P receptors in cancer is highlighted by several studies. For

instance, S1P stimulates the migration of fibrosarcoma cells through S1P1 (Fisher

et al. 2006) and gastric cancer cells through S1P3 (Yamashita et al. 2006). High

membrane S1P1 expression in the ER+ breast cancer tumours is associated with

shorter time to disease recurrence on tamoxifen, and high cytoplasmic S1P1 and

S1P3 tumour expression is linked with reduced disease specific survival times

(Watson et al. 2010). In addition, IL-6/Jak2 signalling is linked with S1P1, and

this is required for the sustained activation of Stat3, which promotes cancer

progression (Lee et al. 2010). A positive feedback loop exists, whereby Stat3

increases the expression of S1P1 resulting in further activation of Stat3 and up-

regulation of IL-6 expression, which enhances tumour growth and metastasis.

Taking all these findings together, it is logical to propose that the combined

inhibition of SK1 and/or SK2 and/or the antagonism of S1P receptors in cancer

might provide better efficacy options compared with agents that inhibit each of

these targets alone.
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5 Advances on the Role of S1P Lyase in Cancer

The human SGPL1 gene, which encodes S1P lyase (SPL), maps to chromosomal

regions that are commonly mutated in cancer, and one can consider SPL as having

tumour-suppressor activity. Expression of SPL is regulated principally by Sp1 and a

Sp1/GATA-4 complex which bind to the SGPL1 gene promoter (Ito et al. 2011).

However, SPL expression is not directly correlated with cellular S1P levels in lung

cancer cell lines (Ito et al. 2011). Nevertheless, deficiency in SPL induces resistance

to etoposide and doxorubicin. Moreover, the reduction in doxorubicin-induced

apoptosis in Sgpl-/- cells is associated with up-regulation of the anti-apoptotic

proteins, Bcl2 and Bcl-xl. The deficiency of SPL is also linked with increased

proliferation, anchorage-independent growth and formation of tumours in mice.

Importantly, SPL expression is decreased in human melanoma cell lines, thereby

suggesting reduced tumour-suppressor activity that might contribute to the progres-

sion of this cancer (Colié et al. 2009).

6 Advances in Other Specific Cancers

Several recent significant advances have been made concerning the role of S1P in

haematological cancers:

6.1 Myeloid Leukaemia

The BCR/ABL1 oncogene is produced by the Philadelphia chromosome transloca-

tion t(9;22)(q34;q11) and is a linked to poor prognosis in chronic myelogenous

leukaemia (CML). It is also present in 20 % of adult acute lymphoblastic

leukaemias (ALL). BCR/ABL1 encodes a 210 kDa constitutively active tyrosine

kinase that is present in CML patients, where it enhances survival of myeloid

progenitors leading to myeloproliferative disease. The p190-encoded Bcr/Abl has

similar transforming ability but stimulates proliferation of lymphoid progenitors.

The Bcr/Abl oncoprotein activates signalling pathways that result in increased

survival and ablated differentiation of hematopoietic progenitors.

The Bcr/Abl tyrosine kinase has been shown to increase SK1 expression, and

this appears necessary for regulating the level of Mcl-1 and other anti-apoptotic

Bcl-2 family members that enhance cell survival (Li et al. 2007; Bonhoure et al.

2008). In CML cells, Bcr/Abl increases SK1 expression through its activation of the

ERK-1/2, PI3K and Janus kinase 2 pathways (Li et al. 2007) and AKT2/mTOR in

imatinib-resistant CML cells (Marfe et al. 2011). The major treatment option for

CML involves the use of the Bcr/Abl tyrosine kinase inhibitor, imatinib, which

reduces SK1 expression, and this appears to contribute to the therapeutic efficacy of
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imatinib (Bonhoure et al. 2008). However, CML and Ph1 ALL patients develop

resistance dependent on the over-expression or mutation of Bcr/Abl. Moreover,

SK1 confers resistance of CML cells to imatinib (Baran et al. 2007). Indeed, the

knockdown of SK1 expression by small interference RNA increases the sensitivity

of resistant cells to imatinib in terms of the induction of apoptosis (Marfe et al.

2011) and enforced expression of SK1 in K562 cells increases the S1P/C18-

ceramide ratio and prevents apoptosis to imatinib (Baran et al. 2007). These

findings have been replicated in other CML cells. For instance, the ceramide:S1P

ratio is increased in response to imatinib in imatinib-sensitive LAMA84 cells, while

the ratio is unaltered in imatinib-resistant cells. Additionally, over-expression of

SK1 in imatinib-sensitive cells impairs apoptosis by inhibiting caspase-3 activation

and cytochrome C/Smac release. This involves the SK1-dependent modulation of

Bim, Bcl-xL and Mcl-1 expression (Bonhoure et al. 2008). Furthermore,

daunorubicin-sensitive but not insensitive leukaemia cells (CML, AML and ALL)

exhibit an elevated ceramide:S1P ratio when treated with daunorubicin and sensi-

tivity to daunorubicin is restored by inhibiting SK1 activity (Sobue et al. 2008).

Taken together, these findings identify SK1 as having a very important role in

regulating the sensitivity of leukaemic cells to chemotherapeutic agents. Indeed,

Ogretman et al. have recently provided a molecular explanation for the role of SK1

in the acquisition of resistance to imatinib in CML (Salas et al. 2011). They

demonstrated that increased SK1/S1P enhances Bcr/Abl1 protein stability. This

involves S1P formed by SK1 being released to act on S1P2 receptor which

inactivates PP2A and thereby prevents Bcr/Abl1 degradation (Fig. 3). This is

Fig. 3 Schematic showing how SK1 catalyses formation of S1P which is released to act on S1P2.

S1P bound to S1P2 inhibits PP2A/SHP-1-induced degradation of Bcr/Abl, thereby increasing its

stability and conferring resistance of CML to imatinib
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consistent with the fact that the proteasomal degradation of Bcr/Abl1 requires its

dephosphorylation by PP2A/SHP-1. Moreover, pharmacological inhibition or

siRNA knockdown of SK1 restores dephosphorylation and proteasomal degrada-

tion of Bcr/Abl1 and enhances the inhibition of growth by imatinib or nilotinib in

primary CD34+ mononuclear cells obtained from chronic phase and blast crisis

CML patients, imatinib-insensitive CML cells and murine progenitor cells

expressing the wild-type or mutant (Y253H or T315I) Bcr/Abl1. SK1 inhibition

also enhances the sensitivity of 32D/T315I-Bcr/Abl1-derived mouse allografts to

growth inhibition by nilotinib (Salas et al. 2011).

Interestingly, Bcr/Abl1 inactivates the tumour suppressor PP2A by enhancing

the expression of the PP2A inhibitor SET (Neviani et al. 2005). The effect of the

functional loss of PP2A in chronic phase and blast crisis CML patient cells has been

assessed using FTY720, which is an activator of PP2A (Neviani et al. 2007). The

recent findings made by Salas et al. (2011) and Tonelli et al. (2010) can now be used

to elaborate the mechanism of action of FTY720. Neviani et al. (2007) showed that

whilst normal CD34+ or CD34+/CD19+ bone marrow cells were unaffected,

FTY720 induced apoptosis of CML-BCCD34+ and Ph1 ALLCD34+/CD19+ progenitors

and impaired clonogenicity of imatinib/dasatinib-sensitive and -resistant Bcr/Abl

myeloid and lymphoid cell lines. These workers proposed that the restoration of

PP2A activity by FTY720 reduces Bcr/Abl expression by inducing its proteasomal

degradation. In addition, exogenous S1P counteracts the effect of FTY720 on Bcr/

Abl stability, which is consistent with a role for extracellular S1P in preventing Bcr/

Abl degradation, as reported by Salas et al. (2011). Moreover, SK inhibitors reduce

the phosphorylation and stability of Bcr/Abl suggesting that inhibition of SK1 is

sufficient to prevent the SK1-S1P2 autocrine loop that functions to inactivate PP2A.

As mentioned previously, we have shown that FTY720 is a competitive inhibitor of

SK1 (Lim et al. 2011a). In addition, FTY720 promotes the ubiquitin-proteasomal

degradation of SK1 to create SK1 null cancer cells (Tonelli et al. 2010). It is

therefore possible that the effect of FTY720 on Bcr/Abl stability is mediated not

only by the direct activation of PP2A but also by inhibition/downregulation of SK1,

which would theoretically restore PP2A activity by interrupting the S1P/S1P2
functional loop (Fig. 4). Alternatively, the activation of PP2A activity by

FTY720 might function in a negative feedback loop to inactivate SK1 (Barr et al.

2008) that has been phosphorylated by ERK-1/2 on S225 (Pitson et al. 2003),

thereby providing an additional route for reducing SK1 activity. FTY720 also

suppresses Bcr/Abl-dependent (including mutated p210/p190Bcr/Abl (T315I)) leu-

kaemogenesis without exerting any toxicity. Therefore, the action of FTY720 on

SK1 inhibition/downregulation and restoration of PP2A activity might represent a

clear example of where modulation of ceramide-sphingosine-S1P rheostat has a

well-defined clinical translational potential.

ALL is the most common form of childhood cancer. Notably, FTY720 reduces

survival of Ph(+) and Ph(�) ALL cell lines. However, this occurs by a mechanism

that is independent of PP2A and caspase-3 (Wallington-Beddoe et al. 2011).

FTY720 also induces autophagy as evidenced by increased LC3II expression and

autophagic flux. Interestingly, FTY720 stimulates reactive oxygen species (ROS),
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and therefore, the antioxidant N-acetyl-cysteine (NAC) partially reverses the cyto-

toxic effects of this compound. In this respect, it is noteworthy that shRNA

knockdown of SK1 or an SK1 inhibitor induces ROS formation in carcinoma

(Huwlier et al. 2011), suggesting close coupling between SK1 and ROS formation.

6.2 Multiple Myeloma

Multiple myeloma cell lines and cells isolated from patients that are unresponsive

to conventional therapeutics undergo apoptosis in response to FTY720. This is

mediated by activation of caspase-8, -9 and -2 and altered BAX cleavage and

mitochondrial potential (Yasui et al. 2005). However, FTY720 also reduced IL-6-

stimulated Akt phosphorylation, Stat3 and ERK-1/2 activation, IGF-I-stimulated

Akt activation and TNFα-stimulated IKB and NFκB phosphorylation in these cells.

A Mcl-1-dependent pathway is involved in the FTY720-induced apoptosis of B cell

malignancies and primary B cells from chronic lymphocytic leukaemia (CLL)

patients (Liu et al. 2008). FTY720 can also induce prolonged survival of mice

with disseminated B cell lymphoma/leukaemia (Liu et al. 2008).

Lymphoma: The oncogenic activity of Runx (Runx1, 2 and 3) genes has been

demonstrated in transgenic mice that develop lymphoma and which display marked

synergism with over-expressed Myc. Interestingly, three genes involved in

Fig. 4 Schematic showing how FTY720-dependent inhibition/degradation of SK1 might perturb

the ceramide-sphingosine-S1P rheostat to prevent the inhibitory effect of S1P/S1P2 on PP2A/SHP-1,

thereby enhancing Bcr/Abl degradation and improving sensitivity of CML to imatinib. This might

represent an additional mechanism to direct activation of PP2A by FTY720
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sphingolipid metabolism have been identified as direct targets for Runx-dependent

transcriptional regulation (Kilbey et al. 2010). Sgpp1 (which encodes S1P

phosphatase-1) is decreased, whereas Ugcg (which encodes UDP–glucose cer-

amide galactosyltransferase) and St3gal5/Siat9 (which encodes GM3 synthase)

are both increased. This is in line with the finding that ectopic over-expression of

Runx reduces intracellular long-chain ceramides and elevates extracellular S1P in

NIH3T3 fibroblasts. Runx expression also reduces the activation JNK and p38

MAPK, which are essential proteins involved in ceramide-induced death.

7 Summary and Future Directions

There is now ample evidence that sphingosine kinase has tumour-promoting activ-

ity via direct or functional interaction with oncogenes. Cancer progression might

occur because positive selection and clonal expansion are consequences of SK1

conferring a significant survival and growth advantage to the cancer cells. S1P lyase

is pro-apoptotic and therefore exhibits tumour-suppressing activity. This highlights

the key role for regulating the position of the ceramide-sphingosine-S1P rheostat in

cancer. The release of S1P from cells or its partitioning into the plasma membrane

and close proximity association with S1P receptors in addition to its binding to

intracellular targets such as HDAC1/2 (Hait et al. 2009) and TRAF2 (Alvarez et al.

2010) might influence ubiquitination, phosphorylation, methylation, glycosylation

and redox pathways conducive to enhanced survival and invasiveness of cancer

cells. The functional interaction between S1P receptors and oncogenes is an

additional level of complexity that might contribute to cancer and is worthy of

further investigation. These processes are therefore viable targets for therapeutic

intervention as exemplified by the effectiveness of SK inhibitors in in vivo cancer

models (Pyne and Pyne 2010). Indeed, the SK inhibitor L-threo-dihydrosphingosine
(safingol) in combination with the DNA cross-linking agent, cisplatin is effective in

phase I clinical trials for the treatment of advanced solid phase tumours (Dickson

et al. 2011). More successful translation to the clinic requires the development of

compounds with nanomolar potency, enhanced efficacy (e.g. exemplified by

inhibitor-induced proteasomal degradation of SK1) and improved bioavailability.

In addition, we believe that a major focus of future research will be in the identifi-

cation and characterisation of new intracellular targets that bind S1P. Indeed, it is

possible that the activation/inhibition of subsets of intracellular targets might, in

concert with oncogenes, confer a particular phenotype to the cancer. Identification

of these S1P-dependent signalling pathways will open up new translational

possibilities for therapeutically targeting cancer using personalised medicines so

that this disease can be treated more effectively than is currently the case.
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