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Abstract !!
Sphingosine kinase/sphingosine 1-phosphate (SK/S1P) signalling interacts with major 

cellular pathways controlling cell proliferation, migration, survival, and resistance to 

chemotherapeutics. Moreover, extensive research has shown that the SK/S1P signalling is 

up-regulated in numerous human cancers (e.g. stomach cancer, colon, rectal, glioblastoma, 

ovarian, renal, lung and breast) making S1P signalling an important candidate as a 

biomarker and a key player in promoting cancer progression. Several inhibitors of SK/S1P 

signalling pathway have been identified and have shown to inhibit cancer cell survival and 

resistance to chemo- and radio-therapies. 

!
In this study, human breast cancer tissue microarrays at various tissue histological grades 

of ERα negative breast tumours were analysed for the expression of S1P signalling 

proteins (e.g. SKs and S1P1-5 receptors) to identify the impact of expression level of these 

proteins on clinical outcomes. High SK1 and S1P4 receptor tumour expression is 

associated with poor cancer prognosis in ERα negative breast cancer patients. Moreover, 

high SK1 and S1P4 receptor expression in these tumours was also associated with cancer 

recurrence and this was dependent on the HER2 receptor expression. Indeed, the SK1/2 

dual inhibitor SKi (2-(p-hydroxyanilino)-4-(p-chlorophenyl)thiazole) abrogated the S1P-

stimulated ERK-1/2 activation in ERα-/HER2+ MDA-MB-453 cells suggesting that SK1 

activity is required for the S1P4/HER2-mediated ERK-1/2 activation that is known to 

promote cancer progression. 

!
In addition, a diverse array of kinases and transcription factors e.g. c-RAF-1, ERK-1/2, 

AKT, LYN, SRC family kinases (SFKs) and NFκB (p50 RelA) were analysed in 

combination with SK1 and S1P receptors to discover novel prognostic interactions that 

drive cancer progression in ERα positive breast cancer patients. High tumour SK1 

expression in combination with high expression of either S1P1 receptor or S1P3 receptor or 

phosphorylated ERK-1/2 or phosphorylated AKT or phosphorylated NFκB or 

phosphorylated RAF-1 or Y416 phosphorylated SFK or LYN is associated with shorter 

disease-specific patient survival and disease-free cancer recurrence. Similarly, high S1P1 

receptor tumour expression in combination with high expression of either Y216 

!14



Jan Ohotski

phosphorylated SRC or c-RAF-1 or ERK-1/2 or AKT kinase is associated with shorter 

disease-specific patient survival and disease-free cancer recurrence. High S1P2 receptor 

tumour expression is associated with prolonged patient survival and this is enhanced in 

combination with high expression of c-SRC and Y416 phosphorylated SFK in ERα 

positive breast cancer tumours. Finally, high tumour S1P3 receptor expression in 

combination with high expression of LYN or c-RAF-1 kinases is associated with shorter 

disease-specific patient survival and disease-free cancer recurrence.  

!
Lastly, a new signalling pathway involving SK2, Y416 phosphorylated c-SRC, S1P4 

receptor and S1P2 receptor was identified using pharmacological agents/gene silencing in 

ERα negative MDA-MB-231 breast cancer cells. In this pathway, SK2 possibly through 

‘inside out’ S1P signalling activates the S1P4 receptor that promotes cellular growth by 

preventing the nuclear accumulation of S1P2 receptor. Moreover, SK2 activity also 

prevents the accumulation of Y416 phosphorylated c-SRC into the nucleus that might be 

crucial for tumour growth.  

!
Thus, this study shows that the high tumour expression of S1P signalling proteins is 

associated with poor disease prognosis in both ERα positive and ERα negative breast 

cancer patients. However, cancer progression is mediated by distinct set of S1P signalling 

proteins in different types of breast cancer. Hence, different treatment regiments including 

SK inhibitors and S1P receptor antagonist must be employed in treatment of ERα positive 

and ERα negative breast cancer patients. 

!
! !
!!!!!!!!!!!!
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1.1. The sphingolipid metabolism !
Sphingolipids are one of the major components of both eukaryotic and prokaryotic cell 

membranes. Ceramide, sphingomyelin, glycosphingolipids and gangliosides are the most 

abundant plasma membrane sphingolipids. Besides their structural role involved in  

maintaining the integrity of cell membrane, these lipids have shown to be involved in cell 

signalling. Among all sphingolipids, sphingosine has the simplest molecular structure 

possessing a 2-aminooctadec-4-ene-1,3-diol (sphingosine) backbone (Claus et al., 2009) 

(Figure 1.1).  

!
Collective research has shown that sphingolipids are bioactive compounds involved in 

cellular processes such as cell proliferation, differentiation, migration, survival and 

apoptosis, that are major processes controlling cancer progression, neovasculogenesis, 

angiogenesis, metastasis, inflammation and drug resistance (Obeid et al., 1993, Mathias et 

al., 1998, Hannun et al., 2008, Weigert et al., 2009). Ceramide, sphingosine and 

sphingosine 1-phosphate (S1P) are the most prominently experimented sphingolipids, 

possessing opposing effects on biological systems (Hannun et al., 2008).  

!
1.1.1. The synthesis of sphingolipids 

!
Upon cell activation, sphingolipid synthesis is mediated by two distinct pathways. De novo 

synthesis of sphingolipids starts in the endoplasmic reticulum (ER) with condensation of 

serine and palmitoyl-CoA by serine palmitoyl transferase creating 3-keto-

dihydrosphingosine (Claus et al., 2009, Hannun et al., 2002). This product is then 

converted into sphinganine by 3-ketosphinganine reductase. Subsequently, sphinganine is 

acylated to dihydroceramide by ceramide synthase (also called dihydroceramide synthase) 

and eventually into ceramide by the enzyme dihydroceramide desaturase (Figure 1.2). Six 

different ceramide synthases (CerS1-6) have been characterised each selectively binding to 

acyl chains with varying length (C16-C26) linked to coenzyme A required for N-acylation of 

the sphinganine base (Venkataraman et al., 2002). Ceramide is transferred from ER to the 

Golgi apparatus by the ceramide transfer protein (CERT) for the synthesis of 

sphingomyelin. Sphingomyelin is synthesised and translocated into cell membrane (Claus 

!18
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et al., 2009, Fukasawa et al., 1999). Thus ceramide is further converted into sphingomyelin 

via sphingomyelin synthases and it is incorporated into target membranes. There are two 

isoforms of sphingomyelin synthases which differ in intracellular localisation: SMS1 

localises in the Golgi and SMS2 localises in both Golgi and plasma membrane (Yamaoka 

et al., 2004). Upon stimulus, sphingomyelin is hydrolysed back to ceramide via 

sphingomyelinases (Dai et al., 2004). Sphingomyelinases form a vast class of enzymes that 

are divided into various categories according to optimal pH for maximum catalytic activity 

and required cofactors for their catalytic activity (Goni and Alonso, 2002). Ceramide is 

phosphorylated or glycosylated to form ceramide 1-phosphate or glucosylceramide 

respectively (Liu et al., 2001) (Figure 1.3). Alternatively, ceramide is used as a substrate 

by ceramidase to synthesise sphingosine by hydrolysing the N-acyl fatty acid linked to 

sphingosine backbone. Following the activation of sphingosine kinases (SK1 and SK2), 

sphingosine is phosphorylated at the primary hydroxyl group to form S1P.  

!
1.1.2. The biological activity of ceramide and sphingosine 

!
Chemotherapeutic agents such as Paclitaxel (Taxol™) induce apoptosis by promoting 

ceramide generation in breast and prostate cancer cells (Charles et al., 2001, Gouaze et al., 

2005, Sumitomo et al., 2002). In addition, exposure to radiation or treatment with death 

ligands, such as tumour necrosis factor-alpha (TNFα) activates the enzyme 

sphingomyelinase, which hydrolyses sphingomyelin to form ceramide. Consequently, the 

increase in the level of intracellular ceramide initiates apoptosis (Birbes et al., 2002). 

Ceramide has been reported to bind and activate protein kinase C zeta (PKC𝜻) which 

activates stress-activated protein kinases, such as p38 mitogen-activated kinase (MAPK) 

and c-Jun N-terminal kinase (JNK) (Modrak et al., 2006). Ceramide also induces 

activation of protein phosphatases, such as PP2A and PP1 that inactivate AKT kinase 
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thereby inhibiting cell proliferation and survival (Wolff et al., 1994 and Dobrowsky et al., 

1993). Recently, p38 MAPK and JNK activation has been shown to promote BAX 

translocation to the mitochondria. This process is synergistic with ceramide accumulation 

leading to formation of channels at the mitochondrial membrane that result in the release 

of pro-apoptotic proteins, such as cytochrome C and pro-caspases (Colombini et al., 2010, 

Martinez-Abundis et al., 2009, Kong et al., 2005, Saelens et al., 2004). Furthermore, 

ceramide-mediated activation of PP2A and glycogen synthase kinase 3β leads to activation 

of cathepsin D that activates caspase-2 and caspase-8. Sphingosine also possesses pro-

apoptotic properties, inducing cell death. Indeed, sphingosine has been shown to activate 

BAX via PKCδ and activate caspase-3/9 to initiate apoptosis in various cell lines (Kanno et 

al., 2012, Phillips et al., 2007). Additionally, TNF-induced apoptosis is mediated through 

sphingosine accumulation on the lysosomal membrane that permeabilizes and releases 

lysosomal cathepsins in rat HTC hepatoma cells (Ullio et al., 2012). 

!
Cancer cells use various strategies to overcome ceramide/sphingosine-mediated apoptosis.  

These include down-regulation of ceramide synthesis via the de novo and sphingomyelin 

pathways and/or over-expression of enzymes that convert ceramide into non-apoptotic 

sphingolipids (Figure 1.3). Sphingomyelinase and serine palmitoyltransferase have been 

shown to be down-regulated in human colon cancer cell lines (Duan et al., 2005, Duan et 

al., 2009). In contrast, ceramide kinase, acid ceramidase, glucosylceramide synthase and 

sphingosine kinase 1 have been shown to be over-expressed in various cancer cell lines 

maintaining cell survival, proliferation and drug resistance (Malavaud et al., 2010, 

Ruckhaberle et al., 2008, Mitra et al., 2007, Morales et al., 2007).  

!
1.1.3. The activation of sphingosine kinases 

!
In contrast to the biological activity of ceramide and sphingosine, S1P inhibits apoptosis, 

and promotes survival, proliferation and migration of cells. For example, NGF protects 

cells from apoptosis via activation of SK1 upon serum withdrawal (Edsall et al., 2001). 

Indeed, over-expression of SK1 induces cell survival and chemoresistance in prostate, 

pancreatic and leukaemia cancer cell lines. Moreover, knock-down of SK1 expression was 

shown to induce apoptosis in these cell lines (Akao et al., 2006, Guillermet-Guibert et al., 
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Figure 1.2. The De novo sphingolipid synthesis. Following the reaction of palmitoyl-CoA 
with serine leads to the synthesis of ceramide catalysed by various enzymes. Subsequently, the 
pro-apoptotic ceramide can be processed into ceramide 1-phosphate, glucosylceramide, 
sphingomyelin and sphingosine.
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Figure 1.3. The conversion of pro-apoptotic ceramide into non-apoptotic lipids. 
Sphingomyelin synthase converts the ceramide into sphingomyelin which serves as a 
reservoir in production of bioactive lipids. The ceramidase converts ceramide into 
sphingosine that leads to the formation of S1P catalysed by sphingosine kinase. The 
glucosylceramide synthase catalyses the conversion of ceramide into glucosyl ceramide. The 
ceramide kinase catalyses the conversion of ceramide into ceramide 1-phosphate. These 
enzymes except sphingomyelin synthase are over-expressed in various cancers and inhibit 
apoptosis while maintaining tumour growth, while also conferring resistance to 
chemotherapeutics.
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2009, Baran et al., 2007). SK1 activity inhibits caspases and possibly JNK protein kinase, 

thereby inhibiting stress-induced apoptosis (Edsall et al., 2001). Therefore, opposing 

cellular effects of ceramide and S1P suggests a strict regulation of enzymes involved in 

metabolism of these two lipids.  

!
In mammalian cells, SK1 and SK2 are encoded by two genes SPHK1 and SPHK2 

respectively. These two proteins share 80% similarity in protein sequence (Liu et al., 

2000). Three splice isoforms of SK1 (termed SK1a, SK1b and SK1c) and SK2 (SK2a, 

SK2b and SK2c) are expressed in cells, each possessing distinct N-terminal sequences 

(Pitson et al., 2011). Genetic studies have shown that SK1 or SK2 homozygous mutant 

mice have regular longevity lacking any physical and physiological abnormality 

(Mizugishi et al., 2005). However, homologous deletion of both SK1 and SK2 was lethal 

and embryos die between days 11.5 and 13.5 due to undeveloped vasculature leading to 

haemorrhage. The ability of SK1 and SK2 to supplement each other functionally suggest 

that in development these two kinases exhibit overlapping functions. For example, SK1 

and SK2 modulate cell migration induced by epidermal growth factor (EGF) and 

transforming growth factor (TGF)-β in breast cancer and oesophageal cancer cells 

respectively (Hait et al., 2005, Miller et al., 2008). In addition, stimulation of IgE receptor 

leads to translocation of both SK1 and SK2 to the plasma membrane (Olivera et al., 2006, 

Olivera et al., 2007). However, Gao and Smith have shown that SK1 and SK2 have 

different downstream targets as siRNA-mediated knockdown of SK1 or SK2 have different 

effects on p53, pAKT, pERK1, pERK2, and p21 in A498 kidney carcinoma cells (Gao and 

Smith, 2011). Moreover, although both SK1 and SK2 isoforms synthesise S1P upon 

activation in ATP- and Mg++-dependent manner, various functional differences have also 

been determined. Initially, the two isoforms have been shown to possess different 

substrates preferences. SK1 has high affinity for D-erythrosphingosine, while SK2 has 

preference for D-erythrodihydrosphingosine, which paradoxically is an inhibitor of SK1 

(Liu et al., 2000 and Kohama et al., 1998). SK1 and SK2 also have diverse tissue-specific 

expression profiles and different subcellular localisation suggesting that each isoform have 

different cellular functions (Lai et al., 2009 and Oskeritzian et al., 2008). In this regard, 

over-expression of SK1 has been shown to induce proliferation and chemotherapeutic 

resistance against apoptosis, and its inhibition induced apoptosis and increased sensitivity 

of cells to chemotherapeutics (Pitman and Pitson, 2010). Over-expression of SK1 prevents 
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apoptosis while over-expression of SK2 enhances apoptosis upon serum withdrawal in 

NIH 3T3 cells (Liu et al., 2003). SK2 over-expression inhibits DNA synthesis and causes 

cell cycle arrest at G1/S phase in HeLa and NIH 3T3 cells respectively (Igarashi et al., 

2003). Moreover, Liu and coworkers have shown that SK2-mediated apoptosis involves 

the release of cytochrome c from mitochondria and the activation of caspase 3 (Liu et al., 

2003). In addition, SK2 has been reported to contain a BH3 domain that sequesters Bcl-xL, 

an anti-apoptotic protein, thereby inducing apoptosis (Liu et al., 2003). SK2 is also 

required for TNF-α induced apoptosis in mouse embryonic fibroblasts and HEK 293 cells, 

and siRNA-mediated down-regulation of SK2 inhibits apoptosis (Okada et al., 2005).  

!
Inhibition of SK2 expression induces apoptosis in various cancer cell lines. For example, 

siRNA-mediated knock-down of SK2 induces apoptosis in U-87 MG glioblastoma, A498 

kidney adenocarcinoma, Caki-1 kidney carcinoma and MDA-MB-231 breast 

adenocarcinoma cells (Gao and Smith, 2011, Van Brocklyn et al., 2005). Indeed, SK2 is 

also a preferable target over SK1 as induction of apoptosis via SK2-specific siRNA is more 

effective compared to inhibition of SK1. siRNA mediated knock-down or pharmaceutical 

inhibition delays the growth of MCF-7 human breast carcinoma, Bxpc-3 human pancreatic 

adenocarcinoma, A498 kidney carcinoma and chemoresistant MCF-7TN-R cells in mice 

xenograft model (Beljanski et al., 2011, Antoon et al., 2011, Weigert et al., 2009). In 

addition, SK2 promotes cell survival and resistance to doxorubicin-induced apoptosis in 

breast and colon cancer cells and down-regulation of SK2 recovered sensitivity to 

doxorubicin in these cell lines (Sankala et al., 2007). Thus, multiple studies have shown 

that SK2 can mediates apoptosis as well as cell proliferation. 

!
SK1 is activated by various stimuli, including growth factors such as platelet-derived 

growth factor (PDGF) (Pyne et al., 1996, Olivera et al., 1993), epidermal growth factor 

(EGF) (Meyer zu Heringdorf et al., 1999), vascular endothelial growth factor (VEGF) (Shu 

et al., 2002) and nerve growth factor (NGF) (Rius et al., 1997), cytokines, and 

immunoglobulin receptors (Spiegel and Milstien, 2003, Wang et al., 2010). SK1 is 

activated by phosphorylation at Ser225 by ERK-1/2, which results in its translocation to 

plasma membrane from the cytoplasm (Johnson et al., 2002, Pitson et al., 2003, Jolly et 

al., 2005, Olivera et al., 2006). At the plasma membrane, SK1 binds phosphatidylserine 

through Thr54 and Asn89 residues, and phosphatidic acid in Golgi apparatus (Figure 1.4) 
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(Stahelin et al., 2005, Delon et al., 2004). Recently, calcium and integrin binding protein 1 

(CIB1) has been shown to mediate the translocation of SK1 to plasma membrane via 

calcium-dependent mechanism involving interaction with calmodulin-binding site of SK1 

(Jarman et al., 2010). SK1 has also shown to possess protein kinase C (PKC) and protein 

kinase A (PKA) phosphorylation sites (Maceyka et al., 2002). Additionally, SK1 is  

acetylated at Lys27 and Lys29 via p300 and CBP acetyltransferases that inhibits ubiquitin-

mediated degradation of SK1 (Yu et al., 2012, Loveridge et al., 2010). 

!
SK2 is located in the plasma membrane, cytoplasm, ER and nucleus in a cell context-

dependent manner (Maceyka et al., 2005, Igarashi et al., 2003). Plasma membrane 

localisation is mediated by the N-terminal region of SK2 that binds either glycolipid 

sulfatide (3-O-sulfogalactosylceramide) or phosphatidylinositol monophosphates (e.g.  

phosphatidylinositol 4,5-bisphosphate, phosphatidylinositol 4-phosphate and phosphatidic 

acid). Binding of glycolipid sulfatide has been shown to inhibit the activity of SK2, 

whereas binding of phosphatidylinositol 4,5-bisphosphate activates catalytic activity of 

SK2 (Don and Rosen, 2009). In addition, SK2 is activated by various kinases downstream 

of IgE and EGF receptor (Olivera et al., 2006 and Hait et al., 2005). SK2 is phosphorylated 

at Ser351 and/or Thr578 by ERK-1/2 (Hait et al., 2007). Protein kinase D (PKD) has also 

been shown to phosphorylate SK2 at Ser383 and Ser385, leading to its export from the 

nucleus and promoting growth arrest (Figure 1.4) (Ding et al., 2007). Phosphorylation of 

SK2 by PKC is proposed to promote interaction of SK2 with histone deacetylase 1/2 

(HDAC1/2) and histone 3 (H3). S1P formed by SK2 inhibits HDAC1/2 and induce 

transcription of specific genes (Hait et al., 2009). SK2 has also been shown to interact with 

various proteins such as FHL-2, eEF1A and Lyn/Fyn kinases (Leclercq et al., 2008, 

Olivera et al., 2006, Sun et al., 2006).  

!
1.1.4. The inactivation of sphingosine kinases 

!
Inactivation of SK1 leads to accumulation of ceramide and sphingosine that induces cell 

cycle arrest and apoptosis (Taha et al., 2006). SK1 has been shown to be inactivated 

through dephosphorylation at Ser225 by protein phosphatase 2A (PP2A) (Barr et al., 2008). 

PP2A is a tumour suppressor that belongs to serine/threonine phosphatases that mediates 
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Figure 1.4. The sequence homology of SK1 and SK2. In comparison to SK1, SK2 has two 
additional structural domains, an N-terminal region and a central region. SK1 is activated 
either by phosphorylation or through protein-protein interaction. ERK-1/2 was shown to 
phosphorylate SK1 at Ser225 and SK2 at Ser351 and/or Thr578 (Stahelin et al., 2005, Jolly et 
al., 2005, Delon et al., 2004, Pitson et al., 2003, Johnson et al., 2002). SK1 also possesses 
binding sites for phosphatidylserine, CIB1, PP2A and TRAF2 (Pitman et al., 2011, Alvarez 
et al., 2010, Jarman et al., 2010, Barr et al., 2008, Stahelin et al., 2005). In addition, SK1 
has two acetylation sites at its N-terminal. The current knowledge on SK2 is more restricted 
compared to SK1. PKD catalyses the phosphorylation of SK2 at Ser383 and Ser385 leading to 
export from the nucleus (Ding et al., 2007). SK2 has a nuclear export sequence at its central 
region and a lipid binding site at its N-terminal (Maceyka et al., 2005). Both kinases possess 
an ATP binding site and a catalytic residue that mediate the phosphorylation of sphingosine 
(Wang et al., 2013) (Ac: Acetylation site, P: Phosphorylation site). 
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inactivation of pAKT, β-catenin, pERK-1/2, BAD and Bcl-2 inhibiting cellular 

proliferation and survival (Kuo et al., 2008, Li et al., 2001). PP2A activity is controlled by 

protein-protein interaction and post-transcriptional modification through methylation and 

phosphorylation. Type 2 A interacting protein (TIP), adenomatous polyposis coli (APC) 

protein and Rac1 have been shown to activate PP2A whereas phosphoprotein SET and 

cancerous inhibitor of PP2A (CIP2A) have been shown to inhibit PP2A activity (Li et al., 

2012, Junttila et al., 2007, McConnell et al., 2007, Neviani et al., 2005, Seeling et al., 

1999).  

!
Various compounds have been shown to activate PP2A. For example, sphingosine analog 

FTY720 (FingolimodTM, Novartis) which is an S1P1 receptor functional antagonist 

activates PP2A resulting in cell death in various cancer models (Yang et al., 2012, 

Saddoughi et al., 2012, Roberts et al., 2010). Activation of PP2A was induced through 

down-regulation of PP2A inhibitor SET in acute myeloid leukemia (AML) cells (Roberts 

et al., 2010). Moreover, FTY720 has been shown to bind to SET disrupting its interaction 

with PP2A mimicking the action of ceramide that results in activation of PP2A (Oaks et 

al., 2013, Saddoughi et al., 2012).  

!
Inhibition of SK1 activity is also mediated through interaction with inhibitory proteins 

such as SKIP protein. SKIP share 75-80% similarity in amino acid sequence with protein 

kinase A anchoring protein 110 (AKAP110). Protein kinase A anchoring proteins (AKAPs) 

are involved in localisation of proteins at specific sites within the cell, mediating the 

activation of signalling pathways at distinct cellular compartments. AKAPs interact with 

kinases, protein phosphatases and phosphodiesterases (e.g. protein kinase A and protein 

phosphatase 2B) to modulate cell proliferation, cell migration and membrane trafficking 

(Dell’Acqua et al., 2002, Colledge et al., 2000) Lacana and coworkers have shown that 

SKIP over-expression inhibits SK1 catalytic activity negating SK1-mediated cell 

proliferation and sensitising NIH 3T3 cells to apoptosis upon serum withdrawal (Lacana et 

al., 2002). Thus, SKIP might act as a direct inhibitor or a scaffolding protein mediating the 

interaction of SK1 with other inhibitory proteins such as protein phosphatases (e.g. PP2A). 

!
SK1 is degraded upon stimulation with TNF-α, disruption of DNA integrity or microtubule 

functioning (Taha et al., 2004, Pchejetski et al., 2005, Taha et al., 2005). TNF-α induces 
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apoptosis through activation of TNFR1 that activates caspase and cathepsin family of 

proteases (e.g. caspase-8/9, cathepsin B/D) (Foghsgaard et al., 2001). These proteases 

induce the release of cytochrome c from mitochondria through activation of BH3-only 

protein Bid that activates executioner caspases (e.g. caspase-3/7) (Stoka et al., 2001). 

Executioner caspases inactivate DNA repair mechanisms through cleavage of poly(ADP-

ribose) polymerase (PARP) and DNA-PK while inducing DNA degradation through 

activation of caspase-activated deoxyribonuclease (CAD) (Fan et al., 2005). Caspases also 

induce decomposition of nuclear and cytoplasmic membranes through cleavage of lamin A 

and α-fodrin (Cowling et al., 2002). Taha and coworkers have shown that the degradation 

of SK1 was mediated by cathepsin B in MCF-7 breast cancer cells upon stimulation with 

TNF-α (Taha et al., 2005). In addition, genotoxic stress-mediated downregulation of SK1 

is promoted by tumour suppressor protein p53. Upon DNA damage, p53 is activated which 

acts as a transcription factor promoting the expression of genes involved in DNA repair 

(e.g. PARP-1), cell cycle arrest (e.g. cdk1/2) and apoptosis (Riley et al., 2008). Taha and 

coworkers have reported that p53-mediated degradation of SK1 is through cathepsin B in 

human T-cell Molt-4 leukemia cells (Taha et al., 2006a, Taha et al., 2004). 

Pharmacological inhibition of SK1 also induces its degradation through various 

mechanisms. Ren and coworkers have reported that the degradation of SK1 is mediated by 

lysosomal pathway involving activation of cathepsin B in podocytes (Ren et al., 2010). In 

addition, Loveridge and coworkers have shown that the SKi-mediated SK1 degradation is 

insensitive to cathepsin B inhibitor and involves the ubiquitin/proteasomal pathway in 

human pulmonary artery smooth muscle (hPASMC), human prostate cancer (LNCaP) and 

human breast cancer (MCF7) cell lines (Loveridge et al., 2010). SKi treatment decreases 

intracellular SK1 expression while increasing ceramide (C22:0) levels and activating 

caspase-3 in LNCaP cells. The proteasomal degradation of SK1 is dependent on ceramide 

accumulation as inhibition of ceramide synthase using fumonisin B1 reduces the down-

regulation of SK1 expression in these cells. In addition, treatment of MCF-7 cells and 

astrocytes with ceramide activates the proteasome (Loveridge et al., 2010, Catalyud et al., 

2005). In contrast, SKi-induced caspase-3 activation is not required for degradation of SK1 

but is involved in promoting apoptosis of LNCaP cells (Loveridge et al., 2010). 

!
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1.1.5. The degradation of sphingosine 1-phosphate !
Besides the inactivation of sphingosine kinases, biological activity of S1P is inhibited 

through conversion of S1P back to sphingomyelin or through its degradation. S1P is 

degraded by two membrane-bound enzymes denoted as sphingosine 1-phosphate lyase 

(S1PL) and sphingosine 1-phosphate phosphatase (S1PP) (Pyne and Pyne, 2000). S1PL is 

encoded in SGPL1 gene and its transcription is controlled by Sp1 and GATA-4 

transcription factors. S1PL is an endoplasmic reticulum- and mitochondrial associated 

membrane (MAM)-localised enzyme that catalyses the irreversible cleavage of S1P at C2-

C3 carbon-carbon bond to produce phosphoethanolamine and fatty acid aldehyde 

(hexadecenal) (Ikeda et al., 2004, Oskouian et al., 2006, Van Veldhoven et al., 1993). The 

over-expression of S1PL results in increased sensitivity to apoptosis upon serum 

withdrawal, chemotherapy and irradiation (Oskouian et al., 2006, Min et al., 2005, Reiss et 

al., 2004). Oskouian and coworkers have shown that S1PL mediates apoptosis through 

activation of p38, p53, p53-inducible death domain protein (PIDD) and caspase-2 upon 

DNA damage in HEK293 cells (Oskouian et al., 2006). In addition, the over-expression of 

S1PL increases ceramide levels while decreasing S1P levels that enhances sensitivity to 

chemotherapy and radiotherapy in human C4-2B and PC-3 prostate cancer cell lines 

(Brizuela et al., 2012). The S1PL catalytic activity was also required for the S1PL-

mediated sensitisation of HEK293 cells to apoptosis. S1PL induces the activation of p38, a 

tumour suppressor protein that belongs to MAP kinase family responsible for activation of 

p53 and caspase-2 upon DNA damage (Olson et al., 2004). In addition, Brizuela and 

coworkers have shown that silencing S1PL expression induces SK1 expression 

accompanied by increase in the intracellular S1P levels that transforms murine embryonic 

fibroblasts into tumourigenic phenotype (Brizuela et al., 2012). 

!
The S1PL catalytic activity does not only prevent the accumulation of S1P but also other 

lipids such as sphingosine, ceramide, sphingomyelin, diacylglycerol and cholesterol in 

serum and in liver indicating its role in lipid metabolism (Bektas et al., 2010). In addition 

to the accumulation of lipids in liver, mice lacking the S1PL expression have reduced mass 

of adipose tissue. Microarray analysis of mRNA expression have revealed that the 

peroxisome proliferator-activated receptor (PPAR)γ expression was up-regulated in the 

liver of mice lacking S1PL expression. PPAR family of nuclear receptors are transcription 
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factors that control the expression of proteins involved in glucose and lipid metabolism 

(e.g. GLUT4, Adiponectin)  and adipocyte differentiation (Maeda et al., 2001, Wu et al., 

1998). PPARs are activated by fatty acid and cholesterol metabolites that results in 

heterodimerization with retinoid X receptors (RXRs) allowing the interaction with specific 

DNA response elements (Kliewer et al., 1997). PPARγ has a central role in diseases such 

as diabetes and liver steatosis. For example, PPARγ activation stimulates the glucose 

uptake and metabolism in adipose tissue and liver (Lemberger et al., 1996). However, the 

over-expression of PPARγ results in liver steatosis (Gavrilova et al., 2003). Moreover, 

PPARγ activation induces cell cycle arrest and apoptosis through inhibition of E2F/DP 

transcription factors and up-regulation of BAX and BAD proapoptotic proteins in NIH 3T3 

mouse embryonic fibroblasts and C6 glioma cells respectively (Zander et al., 2002, Altiok 

et al., 1997). In addition, Brockman and coworkers have shown that the PPARγ activation 

inhibits the transition from G1 to S phase in various colorectal cancer cell lines (Brockman 

et al., 1998).  

!
Bektas and coworkers have also reported that the expression of SPTLC1 mRNA encoding 

the serine palmitoyltransferase (SPT) was down-regulated in the liver of mice lacking the 

S1PL expression (Bektas et al., 2010). SPT belongs to α-oxoamine synthases that catalyses 

the formation of 3-ketodihydrosphingosine from L-serine and acyl-coenzyme A which is 

the initial step in de novo sphingolipid synthesis. The imatinib-mediated inhibition of 

BCR-ABL catalytic activity promotes the SPT activation that induces apoptosis in K562 

and LAMA-84 human myeloid leukemia cell lines (Taouji et al., 2013). In addition, the 

myroicin-mediated inhibition of SPT enhances the expression of p53 and p21 that inhibits 

cancer cell proliferation in melanoma mice. The inhibition of SPT activity was 

accompanied by the decrease in levels of ceramide, sphingomyelin and sphingosine-1-

phosphate in serum, liver and tumour tissue in melanoma mice (Lee et al., 2012, Lee et al., 

2011). Thus, the outcome of SPT activation on cell survival also depends on the expression 

and the activation of other proteins involved in sphingolipid metabolism. 

!
By the action of S1PP, S1P can be utilised to resynthesise the sphingolipid metabolites, 

such as sphingosine and ceramide thereby affecting the ceramide/S1P rheostat. There are 

two types of S1P-specific phosphatases that belong to the family of type 2 lipid phosphate 

phosphohydrolases. The S1P-specific S1PPs was shown to localise at the endoplasmic 
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reticulum, and the general lipid phosphatases (LPP) was shown to localise to the plasma 

membrane and the endoplasmic reticulum (Mandala et al., 2000, Alderton et al., 2001). 

The down-regulation of S1PP1 was shown to enhance the EGF-stimulated migration in 

HEK 293 cells, whereas the over-expression of S1PP1 inhibits the migratory response 

generated by the EGF through degradation of S1P required for the activation of S1P 

receptor (Stunff et al., 2004). Moreover, Johnson and coworkers have reported that the 

down-regulation of S1PP1 expression increases the intracellular and the extracellular S1P 

levels while decreasing the sphingosine levels. In addition, the down-regulation of S1PP1 

impairs the apoptotic response to TNF-α and daunorubicin in MCF-7 breast cancer cells 

(Johnson et al., 2003).  

!
In addition to the role of S1PP1 in cell migration and proliferation, S1PP2 is involved in 

pro-inflammatory signalling. Mechtcheriakova and coworkers have shown that 

inflammatory stimuli (e.g. TNF-α and LPS) induces the expression and the activation of 

S1PP2 in neutrophils and HUVEC cells (Mechtcheriakova et al., 2007). Indeed, the 

promoter region of S1PP2 gene contains NFκB binding site and the inhibition of 

expression of RelA subunit of NF𝜅B inhibits the expression of S1PP2 upon stimulation 

with TNF-α. In addition, siRNA mediated silencing of S1PP2 expression inhibits the TNF-

α-induced expression of IL-1β and IL-8 in HUVEC cells (Mechtcheriakova et al., 2007). 

!
!
!
!
!
!
!
!
!
!
!
!
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1.2. The extracellular receptors of sphingosine 1-phosphate !
The S1P is present in human plasma at a concentration of ~200 nM (Yatomi et al., 1997).   

Approximately 65% of the S1P in plasma is associated with lipoproteins (e.g. LDL, VLDL 

and HDL) and ~54% of the S1P in plasma is associated with high-density lipoproteins 

(Murata et al., 2000). Various studies have shown that erythrocytes synthesise and release 

S1P in the blood stream contributing to 90% of total S1P in plasma (Pappu et al., 2007, 

Hanel et al., 2007). Moreover, SK1 is secreted into the blood stream by endothelial cells 

and airway smooth muscle cells (SMCs) (Venkataraman et al., 2006, Ancellin et al., 2002, 

Waters et al., 2003). In addition, the intracellular S1P formed by SK1 is transported by 

specific transporters (e.g. ABCC1 and SPNS2) to the extracellular milieu, where it is in 

close vicinity to S1P receptors thereby maintaining so-called ‘inside-out’ signalling 

(Hisano et al., 2012, Takabe et al., 2010, Kawahara et al., 2009). Extracellular targets for 

S1P are five G protein-coupled receptors (GPCRs) denoted as S1P1-5 (Spiegel and 

Milstien, 2003). Gene symbols of SKs and S1P receptors are summarised in Table 1.1. The 

S1P receptors couple to various G-proteins such as Gi, G12/13 and Gq thereby inducing the 

activation of diverse intracellular signalling pathways (Figure 1.5) (Watterson et al., 2007, 

Pyne & Pyne, 2000). Although, these receptors bind S1P with comparable affinities, the 

final effect caused by S1P depends on cell-type specific expression of the S1P receptors 

and the specificity of G protein-coupling of these receptors.  

!
The knockout studies have shown that the S1P1 receptor is required for the maturation of 

blood vessels during embryonic development (Liu et al., 2000). In addition, the S1P1 
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Protein
Gene 

symbol
SK1 SPHK1

SK2 SPHK2

S1P1 S1PR1

S1P2 S1PR2

S1P3 S1PR3

S1P4 S1PR4

S1P5 S1PR5

Table 1.1. Protein names and corresponding gene symbols.
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receptor expression was crucial for neo-angiogenesis that mediates the extension of blood 

vasculature supporting tumour growth (Chae et al., 2004). The S1P1 receptor also mediates 

the migration of HT-1080 human fibrosarcoma cell in vitro (Fisher et al., 2006) and the 

migration of T- and B-lymphocytes through lymphoid tissue in vivo (Matloubian et al., 

2004). The S1P1 receptor was shown to couple to Gi resulting in the activation of Ras/

extracellular signal-regulated kinase (ERK) and the phosphatidylinositol-3 kinase (PI3K)/

AKT  pathways to promote cell survival and proliferation. In this regard, S1P was shown 

to protect intestinal epithelial cells and adult cardiac mouse myocytes from apoptosis via 

the S1P1 receptor/PI3K/AKT signalling pathway (Zhang et al., 2007 and Greenspon et al., 

2009). Indeed, the PI3K/AKT signalling pathway was shown to up-regulate the expression 

of anti-apoptotic proteins such as Bcl-2 and Mcl-1, and down-regulating pro-apoptotic 

proteins such as BAD and BAX (Limaye et al., 2005, Sauer et al., 2005, Li et al., 2008 and 

Avery et al., 2008). The PI3K/AKT signalling pathway is also involved in the activation of 

Rac1; a small molecular mass G protein involved in regulation of actin polymerisation and 

lamellipodia formation at the leading edge of cells that are migrating (Sanchez et al., 

2005). The S1P1 receptor also activates JAK2 tyrosine kinase that maintains the persistent 

activation of STAT3 to promote tumourigenesis, cancer progression and resistance to 

therapeutics through up-regulation of anti-apoptotic proteins (e.g. Bcl-xL, Survivin) and 

proteins involved in proliferation (e.g. Myc, cyclin D1/D2) (Catlett-Falcone et al., 1999, 

Gao et al., 2007, Hedvat et al., 2009). 

!
In contrast to the function of S1P1 in promoting cell migration, the S1P2 receptor 

expression is associated with reduced migratory phenotype in mouse melanoma cells, 

human glioblastoma cells, mast cells, endothelial cells and osteoblasts (Roelofsen et al., 

2008, Kono et al., 2007, Lepley et al., 2005, Arikawa et al., 2003). Okamoto and 

coworkers have shown that the insulin-like growth factor I (IGF-I)-mediated cell migration 

was inhibited through activation of GTPase-activating protein (GAP) that reduces the Rac 

activation in S1P2 over-expressing CHO cells (Okamoto et al., 2000). The S1P2 receptor 

also activates RhoA via G12/13 that induces the focal adhesion assembly and the stress fiber 

formation required for cell anchorage (Sanchez et al., 2005). Furthermore, G12/13 signalling 

activates phosphatase and tensin homologue (PTEN) that inhibits the activation of Rac1, 

thereby preventing cell migration (Sanchez et al., 2005). In addition, the S1P2 receptor 

expression reduced the proliferation of Wilms tumour cancer cells through RhoA/Rho-
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Figure 1.5. The G-protein coupling profile of S1P receptors. The S1P2-5 receptors couple G13 
that activates JNK, Rac-GAP and PTEN through Rho kinase. JNK activates the transcription 
factor AP1 that stimulates cell proliferation. PTEN and Rac-GAP inhibits the PI3K/AKT-
mediated migratory response. S1P1-4 receptors couple to Gi. Gi stimulates the activation of 
PI3K/AKT that in turn activates Rac and CDC42 inducing cellular migration. Gi also 
stimulates the activation of Raf kinase inducing cellular proliferation through ERK-1/2 
kinase. S1P2-3 receptors also couple to Gq that activates the PKC through PLC that stimulates 
the Raf kinase signalling. S1P5 receptor inhibits the ERK-1/2 activation however the 
mechanism is currently unknown. 
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associated kinase (ROCK)/PTEN and c-Jun NH2-terminal kinase pathways (Li et al., 

2008). Similarly, binding of S1P to the S1P2 receptor inhibits keratinocyte proliferation by 

inducing the dephosphorylation of AKT kinase (Schuppel et al., 2008). However, the S1P2 

receptor was also shown to inactivate protein phosphatase 2A (PP2A) and to down-

regulate breast carcinoma metastasis suppressor 1 (brms1) protein that enhances tumour 

growth and metastasis in various cancer models (Ponnusamy et al., 2012, Salas et al., 

2011). Thus, in addition to G12/13, the S1P2 receptor was shown to couple Gi and Gq that 

activates JNK, p38 MAPK, Rho, PLC and ERK (Taha et al., 2004).  

!
!
The S1P3 receptor is implicated in tumourigenesis and cancer progression. Yamashita and 

coworkers have demonstrated that the S1P-mediated cell migration was controlled by the 

S1P3 receptor expression in gastric cancer cell lines (Yamashita et al., 2006). Hsu and 

coworkers have shown that the S1P3 receptor increased the expression of epidermal growth 

factor receptor (EGFR) through Rho-associated kinase (ROCK) thereby maintaining the 

tumour growth in lung adenocarcinoma cells (Hsu et al., 2012). Furthermore, the 

oestrogen-mediated activation of SK1 was shown to activate the S1P3 receptor that in turn 

activates metalloproteinase (MMP). This induces the release of membrane-bound EGF, 

leading to the activation of EGFR in MCF-7 breast cancer cells (Sukocheva et al., 2006). 

Additionally, the S1P3 receptor enhances the survival of cardiomyocytes in myocardial 

ischemia/reperfusion model in mice (Theilmeier et al., 2006). The S1P3 receptor is also 

required for the neutrophil infiltration in mice zymosan-induced acute inflammation model 

(Roviezzo et al., 2011). Similar to S1P2 receptor, the S1P3 receptor couples to Gi, Gq and 

G12/13, and activates Rho, PLC and ERK (Taha et al., 2004, Sugimoto et al., 2003). 

!
The S1P4 receptor expression is limited to hematopoietic cells (Mayol et al., 2011). In 

murine knockout studies, the deletion of the S1P4 receptor results in impaired dendritic cell 

migration and cytokine secretion. Recently, the S1P-stimulated activation of ERK-1/2 was 

shown to be mediated by an S1P4-HER2 receptor functional complex in ERα negative 

MDA-MB-453 breast cancer cells (Long et al., 2010b). Thus, the S1P4 receptor might be 

involved in other pathophysiological processes. The S1P4 receptor was shown to couple Gi 

and G12/13 activating PLC, ERK, Cdc42, Rho and AC (Taha et al., 2004).  

!
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Similar to S1P4 receptor, the S1P5 receptor expression is limited to hematopoietic cells 

(e.g. natural killer (NK) cells). The S1P5 receptor mediates the egress of natural killer (NK) 

cells from lymphoid tissue (Mayol et al., 2011). The S1P5 receptor expression is also 

implicated in the functioning of blood-brain barrier. Its expression was shown to decrease 

the permeability of blood-brain barrier and restrain the transverse of leukocytes (Van 

Doorn et al., 2012). Furthermore, the expression of S1P5 receptor was shown to inhibit the 

S1P-stimulated proliferation and migration in human oesophageal squamous cell 

carcinoma cell line (Hu et al., 2010). The S1P5 receptor was shown to localise in 

centrosome together with SK1 and SK2 and might be involved in cell division. In addition, 

S1P-stimulation of S1P5 receptor inhibits its localisation to the centrosomes (Gillies et al., 

2009). The S1P5 receptor was shown to couple Gi and G12/13 activating PLC, JNK, Cdc42, 

Rho while inhibiting ERK and AC (Taha et al., 2004).  

!
Three orphan GPCRs; GPR3, GPR6 and GPR12 were also shown to bind S1P. These 

receptors couple to Gs and Gi signalling pathways (Uhlenbrock et al., 2002). Recently, S1P 

was shown to bind to cannabinoid receptor CB2 coupled to Gi and induce vasorelaxation 

(Mair et al., 2010).  

!!!!!!!!!!!!!!!!!!!!!!!!!
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1.3. The intracellular targets of SK1 and sphingosine 1-phosphate !!
1.3.1. The interaction of SK1 and S1P with the intracellular proteins !
The S1P receptor-independent regulation of intracellular calcium level provided the 

evidence for the existence of intracellular targets of S1P (Choi et al., 1996). For instance, 

components of sphingolipid signalling actively interact with oncoproteins and stimulate 

both the expression and the activation of these oncoproteins. Thus, the S1P synthesised by 

SK1 was shown to bind to TRAF2, an E3 ubiquitin ligase involved in polyubiquitination of 

receptor interacting protein 1 (RIP1) that masks the kinase binding domain on TNF 

receptor (Alvarez et al., 2010). The TNF receptor is activated upon proinflammatory 

signals, such as cytokines and pathogen/danger-associated molecular patterns (Kitamura et 

al., 2000). Upon activation of the TNF receptor by TNF-α, TRAF2/SK1 complex acts as a 

scaffold that enables the binding and the phosphorylation of IκB kinase (Lee et al., 2004). 

The IκB kinase inhibits the nuclear translocation of NF-κB where it acts as a transcription 

factor regulating the expression of proteins involved in immune response and cell survival 

(Mercurio et al., 1997, Muller et al., 1995). The phosphorylation of IκB kinase results in 

polyubiquitination and degradation of IκB kinase that activates NF-κB (Huang et al., 

2000). 

!
Delta-catenin/NPRAP (neural plakophilin-related armadillo repeat protein) is an 

oncoprotein that interacts with SK1. Delta-catenin has a well characterised role in cancer. 

For example, the over-expression of delta-catenin is associated with enhanced tumour 

growth in mouse xenografts, anchorage-independent growth in soft agar and migratory 

response (Zeng et al., 2009, Lu et al., 1999). Recently, Kim and coworkers have shown 

that PS-1/γ-secretase-mediated E-cadherin cleavage was dependent on delta-catenin (Kim 

et al., 2012). E-cadherin is a cell adhesion molecule that maintains the epithelial tissue 

integrity through formation of adherens junctions. The proteolytic fragments of E-cadherin 

activate diverse signalling pathways. For example, cleaved cytoplasmic domain of E-

cadherin in complex with p120 catenin interacts with DNA to induce the transcription of 

specific genes (Ferber et al., 2008). Moreover, cleaved extracellular domain of E-cadherin 

binds and activates the ErbB receptors (HER2 and HER3) that results in the activation of 

ERK-1/2 signalling pathway mediating E-cadherin-dependent cell migration and cell 
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proliferation (Najy et al., 2008). In addition to role of delta-catenin in E-cadherin-mediated 

cell migration and cell proliferation, the activation of SK1 was also required for delta-

catenin-mediated cell migration in Madin–Darby canine kidney (MDCK) cells. Moreover, 

the inhibition of SK1 activation reduces the delta-catenin-mediated cell migration. Using 

yeast two-hybrid screening, Fujita and coworkers have shown that delta-catenin binds to 

and activates SK1 in MDCK cells (Fujita et al., 2004). Furthermore, the activation of SK1/

S1P/S1PR signalling pathway was crucial in delta-catenin-mediated cell migration in 

MDCK cells.  

!
SK1 also interacts with RPK118 (RSK-like protein) recently renamed as RPS6KC1 

(ribosomal protein S6 kinase delta-1) (GeneID:26750). Ribosomal protein S6 kinases are 

serine/threonine kinases activated via various signalling pathways such as PI3K/AKT/

mTOR signalling pathway (Choo et al., 2008). Upon activation, ribosomal protein S6 

kinases phosphorylate and activate ribosomal protein S6 that result in the up-regulation of 

translation of genes involved in ribosomal biogenesis which drives cell proliferation 

(Chauvin et al., 2013, Pende et al., 2004, Shima et al., 1998). These genes encode 

ribosomal RNAs and proteins involved in pre-rRNA synthesis and processing, rDNA 

transcription, assembly of ribosome and rRNA methylation (De Marchis et al., 2005, Dosil 

et al., 2004, Liu et al., 2001, Gautier et al., 1997). The expression of RPS6KB1 was 

associated with increased tumour size and differentiation in hepatocellular carcinomas. 

Additionally, the patients with tumours expressing high levels of RPS6KB1 had 

significantly shorter disease-free survival (Li et al., 2012). The interaction between 

RPS6KC1 and SK1 does not alter the catalytic activity of SK1 in COS-7 monkey 

fibroblast-like cells. In addition, Hayashi and coworkers have shown that RPS6KC1 does 

not phosphorylate SK1. However, RPS6KC1 have also a microtubule interacting and 

trafficking (MIT) domain that is common to proteins involved in protein trafficking and 

sorting (e.g. sorting nexin 15). Moreover, RPS6KC1 possess a Phox (PX) homology 

domain that binds phosphoinositide 3-phosphate crucial for vesicular trafficking (Cantrell 

et al., 2001). Hayashi and coworkers have shown that RPS6KC1 and SK1 are co-localised 

in early endosomes and the expression of RPS6KC1 was required for the localisation of 

SK1 in early endosomes (Hayashi et al., 2002).  Thus, RPS6KC1 might act both as an 

adaptor protein and a ribosome protein S6 kinase. 

!
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SK1 also interacts with proteins involved in protein synthesis. Using two-hybrid screening, 

Leclercq and coworkers have shown that the eukaryotic elongation factor 1A1 (eEF1A1) 

directly binds to and activates SK1 and SK2 (Leclercq et al., 2008). The eEF1A1 is 

involved in protein translation carrying the aminoacyl-tRNA required for the elongation of 

the peptide chain in the ribosome (Moldave et al., 1985). The eEF1A is activated by 

ribosomal protein S6 kinase via phosphorylation upon insulin stimulation in 3T3-L1 mouse 

embryonic fibroblasts (Chang et al., 1997). Moreover, eEF1A is oncogenic as its over-

expression in NIH3T3 rodent fibroblast cells increases the proliferation rate and supports 

anchorage-independent growth (Anand et al., 2002). The eEF1A2 gene is also amplified in 

breast and ovarian cancers, resulting in poor prognosis (Diebold et al., 2000, Tanner et al., 

1995). The interaction of eEF1A1 with SK1 or SK2 increases the catalytic activity of these 

enzymes through direct interaction. The phosphorylation of eEF1A1 and SK1/2 is not 

required for changes in activity. 

!
The mast cell activation occurs upon antigen (IgE) binding to high-affinity receptor for 

immunoglobulin E (FcϵRI)-typo resulting in the degranulation that releases the mediators 

of allergic response (e.g. histamines and cytokines). The FcϵRI-typo activation enhances 

the catalytic activity of both SK1 and SK2 resulting in generation of S1P (Olivera et al., 

2005, Urtz et al., 2004). Subsequently, the S1P transported to extracellular milieu acts in 

autocrine manner to stimulate the chemotaxis towards antigen via an S1P1 receptor-

dependent mechanism (Jolly et al., 2004). The FcϵRI-typo activation stimulates the 

interaction of Lyn and Fyn tyrosine kinases with SK1 that enhances the catalytic activity of 

SK1 at the plasma membrane. The activation of SK1 is independent of tyrosine kinase 

activity. The SK2 also interacts with Lyn and Fyn kinases and this is required for the 

translocation of SK2 to the plasma membrane upon FcϵRI-typo activation in bone marrow-

derived mast cells. In contrast to SK1, the interaction of SK2 with Lyn and Fyn kinases 

does not alter its catalytic activity (Olivera et al., 2006, Urtz et al., 2004). 

!
The SKs regulate gene expression through interaction with proteins involved in epigenetic 

modifications. At the epigenetic level, the gene expression is controlled through 

posttranscriptional modification of histones (H2A, H2B, H3 and H4) that assemble into 

multimeric complexes with DNA forming nucleosomes (Khorasanizadeh et al., 2004). The 

acetylation of histones at C-terminal lysine residues reduces the positive charge on the 
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histones that loosens its interaction with DNA allowing transcription of genes (Haberland 

et al., 2009). In contrast, the deacetylation of histones enhances the interaction between 

histones and DNA which represses gene expression. The regulation of gene expression 

through acetylation is directed by two classes of enzymes named as histone 

acetyltransferases (HATs) and histone deacetylases (HDACs) (Bannister and Kouzarides, 

2011). Hait and coworkers have reported that S1P synthesized by SK2 binds and inhibits 

HDAC1/2 activity in MCF-7 breast cancer cells (Hait et al., 2009). Upon phosphorylation 

of SK2 by PKC (activation induced by phorbol 12-myristate 13-acetate), SK2 was reported 

to form a complex with HDAC1/2. The S1P formed by SK2 inhibits the HDAC1/2 activity, 

which inhibits the deacetylation of lysine residues on histones H2B/H3/H4. This enhances 

the transcription of tumour suppressors and protooncogenes such as p21 and c-fos 

respectively (Hait et al., 2009).  

!
Recently, prohibitin (PHB) 2, a tumour suppressor protein was shown to bind S1P. PHBs 

are associated with various processes and their function is controlled through 

phosphorylation and compartmental-specific localisation (Thuaud et al., 2013). 

Monomeric and dephosphorylated PHB1 and PHB2 was shown to inhibit transcription 

through direct interaction with HDAC1/2, transcription factor E2F and retinoblastoma 

protein (RB) (Wang et al., 1999a, Wang et al., 1999b). For example, the monomeric PHB2 

inhibits the transcription and activity of oestrogen receptor alpha (ERα) through direct 

interaction with oestrogen-regulated pS2 promoter and ERα in MCF-7 breast cancer cell 

(He et al., 2007). Furthermore, the inhibition of nuclear translocation of PHB2 fails to 

reduce the ERα-mediated transcriptional activity (Kim et al., 2009). Hence, the nuclear 

export of PHB1 and/or PHB2 was shown to promote cell survival and proliferation. 

Moreover, the phosphorylation of PHB1 and/or PHB2 was also associated with cell 

proliferation and survival. Phosphorylated PHB1 displaces the inhibitor protein 14-3-3 of 

c-Raf, thereby mediating the c-Raf activation and consequent stimulation of the ERK-1/2 

signalling pathway (Rajalingam et al., 2005). Mishra and coworkers have reported that 

PHB1-PHB2 complex also acts as a chaperon, stabilising OPA-1 protein to maintain 

mitochondrial integrity (Mishra et al., 2010). PHB2 was also shown to mediate the 

assembly of cytochrome-c oxidase by stabilising the interaction between subunits I and IV. 

Furthermore, the PHB2-mediated cytochrome-c assembly is dependent on the 

mitochondrial inner membrane associated SK2. In addition, Strub and coworkers have 
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shown that the S1P synthesised by SK2 binds to PHB2 and that is required for the correct 

assembly of the cytochrome-c oxidase complex. Thus, the down-regulation of expression 

of either SK2 or PHB2 results in partial depolarisation of mitochondrial membrane (Strub 

et al., 2011). 

!
1.3.2. The interaction of SK1 and S1P receptors with the tyrosine kinase receptors !
The cross-talk between S1P receptors and oncogenic membrane receptors provides another 

avenue by which cancer cells increase their survival, growth and metastatic potential. 

Indeed, various receptor tyrosine kinases were shown to interact with S1P receptors. For 

example, functional complexes formed between S1P1 receptor and PDGFβ receptor were 

reported in human embryonic kidney 293 cells, airway smooth muscle cells and mouse 

embryonic fibroblasts (Long et al., 2005, Waters et al., 2003). The PDGF receptor has a 

crucial role in regulating the vasculogenesis, organogenesis, and the growth/migration of 

mesenchymal cells (e.g. fibroblasts and vascular smooth muscle cells) (Kohler et al., 1974, 

Ross et al., 1974). PDGF and S1P activates a preformed S1P1-PDGFRβ complex to induce 

the phosphorylation of Gi, leading to stimulation of ERK-1/2 pathway that mediates the 

cellular migration (Long et al., 2005, Waters et al., 2003, Alderton et al., 2001). In this 

signalling platform, the S1P stimulation does not induce phosphorylation of the PDGFRβ 

receptor. However, the S1P1 receptor over-expression enhances the PDGF-induced 

ERK-1/2 phosphorylation indicating that PDGFRβ uses Gi coupled to S1P1 receptor to 

stimulate the activation of the ERK pathway and cell migration (Waters et al., 2006, 

Waters et al., 2003).  

!
The VEGF also regulates vasculogenesis and lymphangiogenesis. VEGF induces the 

proliferation and the migration of endothelial cells crucial for the formation, extension and 

maturation of vasculature in embryonic and post-embryonic development. The VEGF 

receptors interact with the S1P receptors to stimulate cell proliferation and migration. 

Indeed, the S1P induced activation of VEGFR-2 is required for the PI3K/AKT-and CrkII-

dependent cell migration in human umbilical vein endothelial cells. Tanimoto and 

coworkers have also shown that the S1P-mediated activation of the PI3K/AKT signalling 

pathway is sensitive to pertussis toxin and VEGFR tyrosine kinase inhibitor (Tanimoto et 
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al., 2002). Moreover, Endo and coworkers have shown that the S1P-induced activation of 

VEGFR involves the Gβ subunit of Gi and induces cell migration through activation of 

CrkII-DOCK180-Rac mediated signalling pathway (Endo et al., 2002). Interaction 

between VEGFR and S1P1 receptor is significant in cancer metastasis. Indeed, VEGF and 

S1P gradients are crucial for haptotaxis of follicular thyroid carcinoma cell line ML-1 

(Bergelin et al., 2010). Bergelin and coworkers have shown that S1P or VEGF-mediated 

activation of ERK-1/2 was sensitive to pertussis toxin and VEGFR tyrosine kinase 

inhibitor in FTC-133 human follicular thyroid carcinoma cells (Bergelin et al., 2010). 

Furthermore, S1P1 receptor forms a functional complex with VEGFR-2 to promote S1P- 

and VEGF-A-mediated ERK-1/2 activation. This activation was in part dependent on SK1 

and its inhibition attenuated both S1P- and VEGF-A-induced ERK-1/2 activation (Bergelin 

et al., 2010). In addition, S1P and VEGF signalling pathways function in positive feedback 

mechanism where S1P stimulation induces VEGF-A secretion and VEGFR-2 activation 

induces S1P1 expression in ML-1 cells (Bergelin et al., 2008).	



!
The S1P signalling pathway also functionally interacts with EGF signalling pathway. The 

EGFR is a member of the ErbB receptor tyrosine kinase family and upon activation forms 

homo- or hetero-dimers that induce the autophosphorylation of c-terminal tail. These 

phosphorylated tyrosine residues are recognised by adapter proteins such as  Src homology 

2 domain containing protein (SHC) and growth factor receptor-bound protein 2 (GRB2) 

inducing the activation of downstream signalling pathways (e.g. Ras/ERK-1/2, PI3K/

AKT). The EGFR deletion results in hemorrhagic vasculature and underdeveloped 

intestines and lungs in mice (Miettinen et al., 1995). Moreover, Marino and coworkers 

have shown that the EGFR expression was crucial for the development of lymphatic 

vessels in skin using in vivo mice model (Marino et al., 2013). 	



!
Sukocheva and coworkers have shown that the 17β-estradiol-induced ERK-1/2 activation 

was dependent on the activation of SK1, S1P3 receptor and EGFR in MCF-7 beast cancer 

cells (Sukocheva et al., 2006, Sukocheva et al., 2003).Oestrogen was shown to increase the 

SK1 activity through activation of ERα and G-protein coupled E2 receptors (GPR30). 

Furthermore, SK1 activates S1P3 receptor via ‘inside-out’ signalling that is required for the 

oestrogen induced EGFR activation. The activation of S1P3 receptor mediates the release 
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of membrane-bound EGF via matrix metalloproteases (MMP) that binds to EGFR and 

activates downstream effectors (e.g. ERK-1/2) (Sukocheva et al., 2006).  

!
The S1P receptors also interact with other ErbB receptor family members. The HER2 

receptor is an oncoprotein that is commonly mutated or hyper-activated through gene 

amplification in various cancers resulting in decreased patient survival. This occurs 

through induction of tumour growth and metastasis (Ross et al., 1998). The HER2 receptor 

functionally interacts with the S1P4 receptor to stimulate ERK-1/2 signalling pathway in 

MDA-MB-453 breast cancer cells (Long et al., 2010b). Long and coworkers have shown 

that the S1P-induced tyrosine phosphorylation of HER2 receptor was dependent on the 

S1P4 receptor activation. Additionally, the inhibition of HER2 receptor expression or 

activation via HER2 receptor ATP binding kinase inhibitor (ErB2 inhibitor II) inhibits the 

S1P-mediated ERK-1/2 activation. The HER2 receptor is an orphan receptor lacking an 

identified ligand. However, the ligand-mediated activation of other ErbB receptor family 

members induces their heterodimerisation with HER2 receptor (Klapper et al., 1999). The 

EGFR is a well characterised dimerisation partner of HER2 receptor. However, the S1P4-

HER2 receptor signalling does not require the EGF-mediated activation of EGFR. Thus, 

the activation of S1P4-HER2 signalling platform might depend on the MMPs-mediated 

release of other ErbB receptor ligands or the S1P4 receptor-induced phosphorylation of 

HER2 receptor through coupled G protein (Eguchi et al., 1999, Luttrell et al., 1997). 

!
The SK1/S1PR signalling pathway also interacts with HER3-HER4 heterodimer to direct 

cellular migration. Maceyka and coworkers have reported that heregulin-induced HER3 

(ErbB3)-HER4 (ErbB4) dimerisation orchestrates the cell movement though activation of 

SK1 in melanoma cells (Maceyka et al., 2008). Moreover, the S1P synthesized by SK1 

binds and activates serine/threonine kinase p21-activated kinase 1 (PAK1). PAK1 is 

anchored by Filamin A, which forms a complex with SK1 and S1P1 receptor in the 

membrane ruffles to promote cell migration. PAK1 is an oncogenic protein over-expressed 

in various cancers (Bostner et al., 2007, Carter et al., 2004, Ong et al., 2011, Davidson et 

al., 2008). Upon activation by Rho-family GTPases (e.g. Rac1 and Cdc42), PAK1 

promotes cell proliferation and survival through activation of Ras/Raf/MEK/ERK-1/2 and 

NF𝜅B signalling pathways (Dadke et al., 2003). PAK1 also promotes the cell migration 
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through activation of LIM kinase and ARP2/3 that promotes the formation and the 

extension of actin filaments through inhibition of cofilin (Edwards et al., 1999, Kiosses et 

al., 1999). PAK1 is also associated with HER2 receptor-induced breast cancer progression 

through phosphorylation of β-catenin. This results in the activation of the Wnt/β-catenin 

signalling pathway (Arias-Romero et al., 2013).  

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
!44



Jan Ohotski

1.4. The expression of SK1 and S1P receptors in human cancers ! !
Extensive studies have shown that the SK1 expression is up-regulated both at the mRNA 

and/or protein level in various cancers and that this is associated with poor clinical 

prognosis (French et al., 2003, Ruckhaberle et al., 2008, Erez-Roman et al., 2010, Watson 

et al., 2010). The analysis of SK1 expression in breast cancer tissue samples have shown 

that the SK1 expression was higher in ERα negative tumours compared to ERα positive 

tumours. In addition, high SK1 expression significantly reduced the patient survival from 

72.0% to 65.7% in 5 year disease-free survival (Ruckhaberle et al., 2008). In another 

study, high tumour expression of SK1 was associated with the reduced patients survival 

time and the development of tamoxifen resistance in ERα positive breast cancer patients 

(Long et al., 2010). However, the HER2 receptor positive tumours expressing high levels 

of SK1 in the tumour had significantly prolonged patient survival time compared to 

patients with tumours expressing low levels of SK1. Similarly, the expression of SK1 at 

high levels delayed the development of tamoxifen resistance in patients with HER2 

receptor positive tumours. Van Brocklyn and coworkers have assessed the prognostic 

outcome of SK1 expression in astrocytoma patients. The mean patient survival time was 

reduced from 12 months to 4 months in patients with tumours expressing high levels of 

SK1 compared to patients with tumours expressing low levels of SK1 (Van Brocklyn et al., 

2005). In gastric cancer patients, cumulative 5-year survival was 49.6% in patients with 

tumours expressing low SK1 expression group, whereas it was reduced to 23.8% in the 

high SK1 expression group (Li et al., 2009). In this cohort, the SK1 expression was higher 

in advanced tumours and in metastatic tumours. The prognostic significance of SK2 

expression has also been analysed. Wang and coworkers have shown that SK2 expression 

was higher in advanced tumours and in metastatic tumours in non-small-cell lung 

carcinoma (NSCLC) patients. The patient survival was decreased from 45.3% to 27.1% in 

patients with tumours expressing high SK2 compared to patients with tumours expressing 

low levels of SK2 in 5-year disease-free survival. Moreover, SK2 expression was an 

independent prognostic marker both in univariate and multivariate analysis (Wang et al., 

2013). In addition to prognostic significance of SK1 and SK2 expression, Watson and 

coworkers have shown that the high expression of S1P1 and S1P3 receptors were associated 

with poor prognosis in ERα positive breast cancer patients (Watson et al., 2010). The mean 
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disease-specific survival was reduced from 18.4 years to 10.3 years for patients with 

tumours expressing high S1P1 receptor. Moreover, the mean disease-specific survival was 

reduced from 17.5 to 14.7 years for patients with tumours expressing high level of S1P3 

receptor. The expression of S1P1 and S1P3 receptors was also higher in advanced breast 

tumours. 

!
The sphingolipid signalling is also involved in development of chemotherapeutic 

resistance in cancer cells. For example, the treatment of prostate cancer cells with 

camptothecin induces an increase in the expression of SK1 and S1P receptors that impairs 

the sensitivity of these cells to camptothecin (Pchejetski et al., 2005). In support of these 

findings, the SK1 over-expression prevents apoptosis induced by chemotherapeutics (e.g. 

camptothecin and docetaxel) in LNCaP and PC-3 prostate cancer cells (Pchejetski et al., 

2005). Moreover, prostate cancer cells sensitive to camptothecin exhibit a high ceramide/

S1P ratio compared with their drug resistant counterparts (Pchejetski et al., 2005, 

Guillermet-Guibert et al., 2009). Thus, sensitivity to chemotherapy is determined by the 

inhibition of SK1 and subsequent increase in ceramide level that triggers apoptosis.  

!
In leukemia cell line, doxorubicin or etoposide-induced apoptosis was also dependent on 

the SK1 inhibition and subsequent generation of ceramide. In addition, the over-expression 

of SK1 renders HL-60 cells resistant to doxorubicin or etoposide (Bonhoure et al., 2006). 

Song and coworkers have shown that the SK1 over-expression also confers resistance to 

docetaxel and doxorubicin in 95D and A549 non-small cell lung cancer (NSCLC) cells. 

Moreover, the SK1-mediated resistance to apoptosis was dependent on the activation of 

NF-κB via the PI3K/AKT signalling pathway resulting in up-regulation of anti-apoptotic 

proteins such as Bcl-xL, c-IAP1 and c-IAP2 (Song et al., 2011). 

!
The over-expression of SK1 is also associated with the development of tamoxifen 

resistance in MCF-7 breast cancer cells (Sukocheva et al., 2009). Sukocheva and 

coworkers have shown that the SK1 expression and the activity is increased in tamoxifen-

resistant MCF-7 cells. Moreover, the inhibition of SK1 activation or the expression 

restored the sensitivity to tamoxifen. In addition to NF-κB-mediated inhibition of 

apoptosis, the SK1 activation might induce the PAK1-catalysed phosphorylation of Ser305 

and the ERK-catalysed phosphorylation of Ser118 on ERα, resulting in resistance to 
!46



Jan Ohotski

tamoxifen through ligand-independent activation (Kok et al., 2009, Maceyka et al., 2008, 

Rayala et al., 2007).  

!
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1.5. The pharmacological inhibitors of sphingosine kinases and S1P receptors 
!

1.5.1. The inhibitors of SK1 and SK2 !!
Various inhibitors of SK1 and SK2 have been characterised. The SKi also referred as SKI-

II (2-(p-hydroxyanilino)-4-(p-chlorophenyl)thiazole) is a non-lipid inhibitor of SK1 and 

SK2 that was identified through screening a library of synthetic compounds (Figure 1.6) 

(French et al., 2003). SKi is a mixed inhibitor of SK1 that can occupy the sphingosine and 

ATP binding sites (Lim et al., 2011, Wang et al., 2013). Treatment of various cancer cells 

lines with micromolar concentration of SKi reduces SK1 activity and subsequently the S1P 

levels and inhibits cell proliferation and induces apoptosis (IC50=0.5 µM) (Chatzakos et al., 

2012, Lim et al., 2011, Loveridge et al., 2010, French et al., 2003). Furthermore, SKi 

induces proteasomal and lysosomal degradation of SK1 that is discussed in Section 1.4. 

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

ene-1,3-diol) is a sphingosine analogue that is a competitive inhibitor of SK1 (Figure 1.6)

(Paugh et al., 2008). The micromolar concentrations of SK1-I inhibits the cell growth of 

various leukemia and glioblastoma cell lines (e.g. U937, HL60, Molt-4, K566, LN229 and 

U373) (Paugh et al., 2008, Kapitonov et al., 2009). SK1-I also inhibits the cellular growth 

of U937 and LN229 cell xenografts in SCID/beige mice without any weight loss and 

muscular atrophy.  

!
Various natural inhibitors of SK1 were isolated from a variety of organisms. B-5354 series 

of benzoic acid derivatives with unsaturated alcohol chains were isolated from marine 

bacterium that belongs to genus Ruegeria (Kono et al., 2000a). F-12509A (2’-O-methyl 

hyatellaquinone) a hydroquinone derivative from Discomycetes fungi Trchopezizella 

barbata was characterised by Kono and coworkers (Kono et al., 2000b). S-15183 series of 

compounds are bicyclic azaphilones that was isolated from fungal strain of Zopfiella 

inermis. These compounds were shown to inhibit SK activity at micromolar concentrations 

in vitro (Kono et al.,2001).  

!
The FTY720 (2-amino-2-[2-(4-octylphenyl)ethyl]-1,3-propanediol hydrochloride) is a 

structural analogue of myroicin synthesised by Adachi and coworkers (Figure 1.6) (Adachi 
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et al., 1995). FTY720 is phosphorylated to (S)-FTY720 phosphate by SK2 which is an 

antagonist of S1P1,3-5 receptors and a functional antagonist of S1P1 receptor (Brinkman et 

al., 2002, Mandala et al., 2002). FTY720 acts as a immunosuppressant through down-

regulation of S1P receptors on T-lymphocytes required for egress from the lymphoid tissue 

(Mandala et al., 2002, Yanagawa et al., 1998, Chiba et al., 1998). Indeed, FTY720 has 

been approved by Food and Drug Administration (FDA) in treatment of relapsing remitting 

multiple sclerosis. In addition to the S1P receptors, FTY720 has intracellular targets. For 

example, FTY720 inhibits the activity of SK1 (and induces proteasomal degradation), the 

ceramide synthases and the S1PL in vitro (Lim et al., 2011, Berdyshev et al., 2009, Vessey 

et al., 2007, Bandhuvula et al., 2005).  

!
Moreover, FTY720 induces cell cycle arrest, apoptosis and/or necrosis in various cancer 

cell lines (e.g. breast, ovarian, prostate, leukemia, hepatoma and glioma cell lines) (Zheng 

et al., 2010, Lui et al., 2008, Lee et al., 2004, Azuma et al., 2002, Permpongkosol et al., 

2002, Sonoda et al., 2001, Matsuda et al., 1998, Shinomiya et al., 1997). Zheng and 

coworkers have shown that FTY720 induces caspase-dependent apoptosis through up-

regulation of PTEN and Bcl-2 family of proteins that inhibits the activation of AKT and 

MDM2 resulting in the accumulation of p53 in AGS and MGC803 gastric cancer cell lines 

(Zheng et al., 2010). FTY720 also induces the production of reactive oxygen species 

(ROS) by nicotinamide adenine dinucleotide phosphate-oxidase (NADPH oxidase) that 

induces the activation of PKCgamma initiating caspase-dependent apoptosis in HuH-7 

hepatoma cells (Hung et al., 2008).  

!
Baek and coworkers have synthesised various FTY720 analogs. RB-005 (1-(4-

octylphenethyl)piperidin-4-ol) is a selective SK1 inhibitor (Figure 1.6) (IC50=3.6 µM) 

synthesised through piperidination of terminal nitrile in FTY720. RB-005 also induces the 

proteasomal degradation of SK1 in PASMC cells (Baek et al., 2013). 

!
Various sphingoid based compounds have been shown to inhibit sphingosine kinases. L-

threo-dihydrosphingosine ((2S,3S)-2-amino-1,3-octadecanediol), also known as Safingol is 

a competitive inhibitor of SK1 (Ki: 5 µM) (Figure 1.6) (Olivera et al., 1998, Vessey et al., 

2007).  Phase I trials revealed that Safingol prevents cancer progression in patients with 

advanced solid tumours that was accompanied with significant reduction in S1P levels in 
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Figure 1.6. The structures of SKi, SK1-I, FTY720, RB-005, L-threo-dihydrosphingosine and 
compound 55-22.  
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blood stream within 4 hours after intravenous infusion (Dickson et al., 2011). Similarly, 

Byun and coworkers have shown that sphinganine analogues 55-21 (2S,3R)-2-

aminooctadecan-3-ol) and 55-22 (2S,3R)-2-(dimethylamino)octadecan-3-ol) are SK1 

specific inhibitors (Figure 1.6). Similar to other SK1 inhibitors, treatment of PASMC cells 

with 55-21 induces the proteasomal degradation of SK1 and inhibits DNA synthesis (Byun 

et al., 2013). 

!
Various SK2 selective inhibitors have also been characterised. Lim and coworkers have 

synthesised and tested various FTY720 analogues in vitro. (R)-FTY720 methyl ether 

((2R)-2-Amino-3-(O-methyl)-(2-(4′-n-octylphenyl)ethyl)propanol) is competitive inhibitor 

of SK2 (Ki: 16.5 µM) where a hydroxyl group is replaced by a methoxy group (Figure 

1.7). The treatment of HEK 293 cells with (R)-FTY720 methyl ether reduces the SK2 

protein level that induces PARP cleavage and apoptosis of HEK 293 cells (Lim et al., 

2011). (R)-FTY720 methyl ether also inhibits the S1P-stimulated assembly of filamentous 

actin in MCF-7 cells (Lim et al., 2011). Thus, inhibiting the formation of lamellipodia 

required for cell migration. Moreover, the treatment of LNCaP cells with (R)-FTY720 

methyl ether decreases the S1P levels while increasing the sphingosine levels but does not 

alter the C22:0 ceramide levels. Thus, (R)-FTY720 methyl ether does not induce apoptosis 

in these cells (Watson et al., 2013). 

!
ABC294640 (3-(4-chlorophenyl)- adamantane-1-carboxylic acid (pyridin-4-

ylmethyl)amide) is an adamantane derivative that is characterised as a competitive 

inhibitor of SK2 (Ki: 9.8 µM) (Figure 1.7). The treatments of MDA-MB-231 cells with 

ABC294640 increases the levels of ceramide species while decreasing the S1P levels 

(French et al., 2010). The inhibition of SK2 activity with ABC294640 also reduces the 

proliferation of various cell lines and migration of A-498 metastatic human kidney 

carcinoma cells. In addition, the ABC294640 treatment increases G-actin while decreasing 

F-actin resulting in reduction in number of stress fibers and lamellipodia generated by 

A-498 cells. Additionally, the intraperitoneal injection of ABC294640 (35 mg/kg) in mice 

with JC mammary adenocarcimona reduces tumour volume (French et al., 2010).  

!
ABC294640 induces autophagy that results in cell death through destruction of cellular 

organelles in A-498, PC-3 and MDA-MB-231 cells (Beljanski et al., 2010). Indeed, 
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ABC294640 induces formation of autophagosomes in A-498 cells. In support of these 

findings, ABC294640 (50 mg/kg) delays tumour growth of A-498 cells in mouse xenograft 

model. The inhibition of SK2 activity with ABC294640 also up-regulates the tumour 

suppressor beclin-1 and induces the dephosphorylation of ERK and AKT kinases that 

inhibits cell proliferation. Moreover, ABC294640 induces apoptosis upon inhibition of 

autophagy using 3-methyladenine in A-498 cells (Beljanski et al., 2010). 

!
1.5.2. The antagonists of S1P receptors !
VPC23019 (2-Amino-N-(3-octylphenyl)-3-(phosphonooxy)-propanamaide) is an S1P 

derivate containing aryl amide group and has been characterised as an S1P1 (Ki ≤ 50 nM) 

and S1P3 (Ki ≤ 100 nM) receptor antagonist (Figure 1.8). VPC23019 is an agonist of S1P4 

and S1P5 receptors (Davis et al., 2005). Zhou and coworkers have shown that the S1P1-

mediated ERK-1/2 activation was abrogated by VPC23019 in cultured hippocampal 

neurons (Zhou et al., 2013). In addition, the injection of VPC 20319 (0.5 mg/kg) prior to 

sevoflurane also abrogated the neuro-protective effects of S1P1 receptor in a sevoflurane-

induced neurotoxicity model in mice (Zhou et al., 2013). VPC23019 also inhibits the 

oxidative stress-induced activation of AKT and ERK-1/2 that is mediated by S1P1 and 

S1P3 receptors in cultured human luteinized granulosa cells (Nakahara et al., 2012). 

!
JTE-013 (N-(2,6-dichloro-4-pyridinyl)-2-[1,3-dimethyl-4-(1-methylethyl)-1H-pyrazolo[3, 

4-b]pyridin-6-yl]-hydrazinecarboxamide) is a pyrazolopyridine derivative characterised as 

an S1P2  specific antagonist by Central Pharmaceutical Research Institute in Japan (Figure 

1.8). Osada and coworkers have reported that JTE-013 reverses the S1P-mediated 

inhibition of human coronary smooth muscle cell migration (Osada et al., 2002). 

Moreover, the activation of RhoA and the inhibition of Rac was required for the S1P2 

receptor-mediated inhibition of B16 melanoma cell migration (Arikawa et al., 2003). 

JTE-013 also abrogates anti-proliferative effects mediated by S1P2-Rho signalling in rat 

hepatocytes (Ikeda et al., 2003). In vivo, JTE-013 protects islet β-cells from S1P2 receptor-

mediated apoptosis in mice streptozotocin-induced diabetes model (Imasawa et al., 2010). 

JTE-013 is also an S1P4 antagonist. Treatment of HTC4 cells over-expressing S1P4 

receptor with JTE-013 (10 µM) reduces the calcium mobilisation from intercellular stores 
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upon S1P stimulation (Long et al., 2010b). 

!
CAY10444 (BML-241) (2-undecyl-thiazolidine-4-carboxylic acid) is a thiozolidine 

derivative characterised as S1P3 receptor specific antagonist (Figure 1.8) (Koide et al., 

2002). Long and coworkers have shown that CAY10444 inhibited the S1P-stimulated 

increase in intracellular calcium levels in S1P3 over-expressing HTC4 cells (Long et al., 

2010a). Similarly, CAY10444 also inhibited the S1P-induced calcium increase in isolated 

human keratinocytes (Lichte et al., 2008). Moreover, the S1P3 receptor mediated ERK-1/2 

activation is also abrogated by both CAY10444 and S1P3 specific siRNA in MCF-7 cells 

(Long et al., 2010a). In vivo, CAY1044 (1 mg/kg) treatment inhibited zymosan-induced 

neutrophil recruitment in mouse air pouch (Roviezzo et al., 2011). 

!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
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1.6. Breast cancer 

!
Breast cancer is the most common cancer among women in the United Kingdom with 

approximately 55,000 women diagnosed solely in 2010. Identification of independent 

biomarkers have advanced the treatment of breast cancer such that 2 out of 3 women  that 

has been diagnosed with breast cancer survive beyond 20 years in UK. Despite of the 

successful treatments, breast cancer is the second leading cause of cancer-related death 

among women in UK after lung cancer. This is due to the vast heterogeneity of breast 

cancers. Hence, better understanding of the nature of different types of breast cancer can 

lead to development of sub type-specific treatment regimens. 

!
1.6.1. The classification of breast cancers 

!
World Health Organization recognises 18 distinct groups of breast cancer that are classified 

according to histopathological and genetic features of the tumour. Breast cancers are 

classified according to two features: the location of the tumour and the modality of 

carcinogenesis. The most common type of breast cancer is ductal carcinoma that originates 

from epithelium of the lactiferous ducts within the breast. The second most common type 

of breast cancer is lobular carcinoma that originates from lobular epithelium of the breast. 

These two types comprise 83% and 9% of the breast cancer cases determined between 

2008 and 2010 in the UK respectively. These groups are further sub-divided into two 

groups according to invasiveness beyond the basement membrane named as carcinoma in 

situ or invasive. The remaining 10% of the breast cancer cases comprise cancer types such 

as medullary and phylloides tumours that have distinct histopathological representation. 

!
Breast cancers are also classified according to molecular profile of the cancer cells. These 

classes are listed in Table 1.2. The expression of specific biomarkers such as estrogen 

receptor alpha (ERα), progesterone receptor (PgR), HER2 receptor, epidermal growth 

factor receptor (EGFR), Ki67, E-cadherin, cytokeratin 5/6, claudin-3 and claudinin-4/7 are 

used to divide the breast cancers into different classes (Perou et al., 2000). These classes 

determine the prognosis and responsiveness of the tumour to chemo- and endocrine  

!
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therapies that in turn allow the establishment of cancer-type specific treatment regimens 

(Perou et al., 2000).  

1.6.2. The role of ERα, PgR and HER2 receptor in breast cancer 

!
The expression of steroid hormone receptors such as ERα and PgR is common in breast 

cancers and these receptors promote cell proliferation and metastasis (Li et al., 2010, 

Harrington et al., 2006). ERα is activated by ovarian oestrogen hormone leading to its 

translocation from cytoplasm to nucleus where it acts as a transcription factor, inducing 

transcription of other transcription factors (ZNF9, BTF3), proteins involved in translation 

(EIF5A, EEF1A1) and cell cycle progression proteins (cyclin D1, RAN kinase, calmodulin 

2) (Carpentier et al., 2000). Cavalier and coworkers have shown that the administration of 

exogenous oestrogen (17β-estradiol) induced tumour formation in mice after 

oophorectomy. These findings provide evidence of the role of oestrogen hormone in breast 

carcinogenesis (Cavalieri et al., 2006). The ERα expression is strictly controlled in normal 

human breast throughout the menstrual cycle and it is expressed only in ~7% of the 

luminal cells in non-lactating breast (Clarke et al.,1997, Markopoulos et al., 1988, Petersen 

et al., 1987). In contrast to normal breast epithelial cells, breast cancer cells can express 

ERα independently of menstrual cycle (Markopoulos et al., 1988). Moreover, mutations 

and/or exon deletions have been detected in gene encoding ERα which result in 

constitutive activation and elevated expression of ERα (Fuqua et al., 2000, Leygue et al., 

1996). Thus, therapeutics such as tamoxifen, fulvestrant and letrozole are commonly used 
!57

Table 1.2. The classification of breast cancer according to the molecular profile of the cancer 
cells (Cancer Genome Atlas Network, 2012).



Jan Ohotski

in treatment of ERα positive breast cancers, targeting oestrogen/ERα signalling. However, 

the effectiveness of endocrine therapy is also determined by the expression of PgR receptor 

(Cui et al., 2005). PgR is a hormone receptor activated by progesterone hormone secreted 

by the ovaries. The expression of PgR is strictly controlled by ERα through an oestrogen 

response element (ERE) located in the promoter of the PGR gene (Wang et al., 1990). 

Upon activation, PgR translocates into the nucleus and activates the transcription of cyclin 

D1, WNT4 and RANKL (receptor activator of nuclear factor-κB ligand) that promotes cell 

proliferation (Beleut et al., 2010, Brisken et al., 2000). ERα and PgR are determined to be 

independent prognostic markers of patient survival in various studies (Bardou et al., 2003, 

Lamy et al., 2002, Ferno et al., 2000). In fact, patients with ERα+/PgR+ tumours have 

higher overall survival rates compared to ERα+/PgR- tumours after tamoxifen treatment 

(Coi et al., 2005, Baum et al., 2003). Thus, the PgR expression is utilised to assess the 

effectiveness of endocrine therapy in treatment of ERα positive breast cancers. 

!
Besides ERα and PgR, the expression of oncogene HER2/ErbB2 in breast tumours has a 

prognostic value and determines the responsiveness to specific therapies. HER2 receptor is 

a member of epidermal growth factor receptor family of tyrosine kinases. HER2 receptor 

forms dimers with HER1/3 and HER4 receptors in response to agents such as heregulin 

resulting in activation of PI3K/AKT/mTOR and Ras/Raf/MEK/ERK-1/2 signalling 

pathways that stimulate cell proliferation and migration (Roberts et al., 2012, She et al., 

2008, Kurokawa et al., 2012). HER2 receptor amplification comprises ~20% of breast 

cancers and this correlates with tumour size and lymph node metastasis that results in poor 

prognosis in breast cancer (Ross et al., 1998). In addition, HER2 receptor expression is 

associated with poor endocrine response in ERα+/PgR+/- tumours due to down-regulation 

of ERα (Creighton et al., 2006, Borg et al., 1994)). In contrast, breast tumours with HER2 

receptor amplification/over-expression are more responsive to chemotherapy (Horitz et al., 

2011, Gennari et al., 2008, Konecny et al., 2004). Thus, therapeutics such as herceptin, 

pertuzumab and lapatinib targeting HER2 receptor signalling are commonly used in 

addition to anthracyclines in treatment of HER2 receptor positive breast tumours. 

!
In contrast to tumours that express steroid and/or HER2 receptors, triple negative breast 

cancers (TNBC) lack the expression of these receptors. This group comprises ~15% of all 

breast cancers and characterised as highly aggressive with the median patient survival of 
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13 months  (Oakman et al., 2010, Dent et al., 2007). Currently, conventional chemotherapy 

is the only modality of treatment for these patients. These therapies include; nucleoside 

analogs (gemcitabine, capecitabine), microtubule interactors (docetaxel, vinorelbine, 

ixabepilone) and DNA interactors (cisplatin, carboplatin) (Andre et al., 2012). However, 

solely ~30% of tumours respond to combination therapies formed using these therapeutics. 

Moreover, these therapies represent adverse side effects due to un-specific nature of these 

therapeutics. Thus, the development of tumour-specific therapeutics for the treatment of 

TNBC is an unmet challenge. 

!
Development of novel therapeutics requires the identification of novel biomarkers. Thus, 

in this study, human breast cancer tissue microarrays at various tissue histological grades 

of ERα positive and ERα negative breast tumours were analysed for the expression of S1P 

signalling proteins (e.g. SKs and S1P1-5 receptors) to identify the impact of expression of 

these proteins on clinical outcomes. Moreover, the expression of these proteins were 

stratified  against the expression of diverse array of kinases and transcription factors e.g. c-

RAF-1, ERK-1/2, AKT, LYN, SRC family kinases (SFKs) and NFκB (p50 RelA) to 

discover novel associations that might be crucial for cancer progression in breast cancer 

patients. In deed, therapeutic potential of these findings was further assessed through 

characterisation of signalling pathway between SKs, c-SRC and S1P2 receptor. In addition, 

therapeutic potential of various SK1/2 inhibitors and S1P receptors was assessed in triple 

negative MDA-MB-231 breast cancer cells. Thus, this study provides insight into 

understanding the diversity of breast cancers and therapeutic potential of targeting 

sphingolipid signaling in breast cancer patients.  

!
!
!
!
!
!
!
!
!
!
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2.1. Materials 
!

All biochemicals were from Sigma-Aldrich (Poole, UK). Antibodies used in western 

blotting were anti-phosphorylated ERK-1/2 antibody, Santa Cruz (California, USA); anti-

ERK-2 antibody, BD Transduction Laboratories (Oxford, UK); anti-S1P2 antibody, Sigma 

(Poole, UK); anti-HA antibody, Santa Cruz (California, USA); anti-GAPDH antibody, 

Santa Cruz (California, USA); anti-PARP antibody, Cell Signaling Technology 

(Massachusetts, USA); anti-RAF-1 antibody, Santa Cruz (California, USA); anti-

phosphorylated-RAF-1 antibody, Cell Signaling Technology (Massachusetts, USA); anti-

Lamin A/C antibody, Cell Signaling Technology (Massachusetts, USA); anti-

phosphorylated-Src Family (Tyr416), Cell Signaling Technology (Massachusetts, USA); 

anti-SRC antibody, Santa Cruz (California, USA); anti-Actin antibody and conjugated anti-

IgG secondary antibodies, Sigma (Poole, UK). S1P was from Avanti Polar Lipids 

(Alabaster, USA). SKi (2-(p-hydroxyanilino)-4-(p-chlorophenyl)thiazole) was from Merck 

Biosciences (Nottingham, UK). CAY10444 was from Cayman Chemical Company 

(Michigan, USA). JTE 013 was from Tocris Bioscience (Abingdon, UK). ROMe, RB-005 

and 55-22 were gifts from R. Bittman. 

!
2.2. Cell culture 

!
Cell lines MDA-MB-453, MDA-MB-231 and HEK 293 were purchased from ATCC. Cells 

were grown in high glucose Dulbecco’s modified Eagle’s medium (Invitrogen, Paisley, 

UK) containing European fetal calf serum (10 % v/v) (Seralab, West Sussex, UK), 

penicillin G sodium (100 U/ml) and streptomycin sulfate (10 µg/ml) (Pen-Strep, Gibco, 

Paisley, UK). Cultures were grown at 37 degrees Celsius in 95% air and 5% CO2.  

!
2.3. siRNA treatment  

!
The expression of SK1, SK2, S1P3 receptor and S1P4 receptor was down-regulated using 

sequence-specific single interfering RNAs (L-004172-00-0005 ON-TARGETplus SPHK1 

siRNA, L-004831-00-0005 ON-TARGETplus SPHK2, L-005208-00-0005 ON-

TARGETplus S1P3 siRNA, L-005484-00-0005 ON-TARGETplus S1P4 siRNA). 
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Scrambled siRNA with no intracellular target was used as a control (D-001810-01-05 ON-

TARGETplus Non-targeting siRNA). Cells were grown up to 50% confluence in T-25 

flasks. DharmaFECT 2 reagent (Invitrogen, Paisley, UK) was used to transfect the cells. 

The cells were transfected for 24 hours and then serum starved for 24 hours prior to 

treatment with compounds.  

!
2.4. Transfection 

!
Cells were grown up to 80% confluence prior to experiment. Cells were transiently 

transfected with either HA (N-terminus)-tagged S1P2 receptor (purchased from UMR 

cDNA Resource Center, University of Missouri-Rolla, Montana, USA) or empty plasmid 

(pcDNA3.1, Life Technologies, Paisley, UK) constructs. Cells were transfected using 

Lipofectamine 2000 (Invitrogen, Paisley, UK) according to the manufacturer's instructions. 

Cell were transfected for 24 hours in serum-free high glucose Dulbecco’s modified Eagle’s 

medium, and treated with compounds as described previously. 

!
2.5. Cell lysate preparation 

!
Cells were lysed in the presence of sodium dodecyl sulfate (0.5% w/v) as a detergent in 

buffer containing tris (hydroxymethyl) aminomethane (125 mM, pH 6.7), 

ethylenediaminetetraacetic acid (1.25 mM), sodium pyrophosphate (0.5 mM), 

dithiothreitol (50 mM), bromophenol blue (0.06% w/v ) and glycerol (1.25% v/v). This 

buffer is referred as SDS-PAGE sample buffer. 

!
2.6. Nuclear isolation 

!
Cell were washed with phosphate buffered saline (PBS). Cells were scraped and pelleted at 

700×g for 5 minutes. FractionPREP Cell Fractionation kit (BioVision, California, USA) 

was used to isolate cellular nucleus. Proteins were denatured in SDS-PAGE sample buffer 

described in section 2.5 and processed for western blotting. 

!
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2.7. Western blotting 

!
Protein expression was analysed using sodium dodecyl sulfate containing polyacrylamide 

gel electrophoresis under reducing conditions. Subsequently, proteins from the gel were 

blotted onto nitrocellulose membrane (GE Healthcare, Buchinghamshire, UK). Non-

specific sites on the membrane were blocked using 2% (w/v) bovine serum albumin (BSA) 

(Thermo Fisher Scientific, Massachusetts, USA) in TBST buffer (0.1% v/v Tween 20, 48 

mM NaCl and 20 mM tris(hydroxymethyl) aminomethane (pH 7.5)) for 1 h at room 

temperature. Primary antibody was diluted in buffer specified by the manufacturer and the 

membrane was incubated at 4 degrees celsius overnight. HRP-conjugated anti-mouse or 

anti-rabbit antibodies (Sigma-Aldrich, Poole, UK) were used to detect the primary 

antibody. These antibodies were diluted in 5% w/v bovine serum albumin in TBST buffer 

and the membrane was incubated for an hour at room temperature. Luminol-based 

enhanced chemiluminescence method was used to visualise the proteins. 

!
2.8. Densitometry 

!
ScanImage (Scion Corporation, MD, USA) was used to quantify the signal generated on 

western blots. Measured signal was normalised according to ⍺-actin for whole cell lysates 

or lamin A/B for nuclear extracts. The statistical significance between different treatment 

groups was assessed using Unpaired Student’s t-Test. 

!
2.9. RT-PCR 

!
The expression of SK1, SK2, S1P3 and S1P4 mRNA was assessed using reverse 

transcription polymerase chain reaction (PCR). Total RNA was extracted from MDA-

MB-231 cells using ISOLATE II RNA mini kit (Bioline Reagents, London, UK). mRNA 

was transcribed into cDNA using BioScript (Bioline Reagents, London, UK). The 

synthesised cDNA was used in PCR amplification. The following primers were used: 

GAPDH (forward: TGAAGGTCGGAGTCAACGGATTTGGC, reverse: CATGTGGGCC 

ATGAGGTCCACCAC), SK1 (forward: CTGTCACCCATGAACCTGCTGTC, reverse: C 

ATGGCCAGGAA GAGGCGCAGCA), SK2 (forward: GCCTACTTCTGCATCTACACC 
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TACC, reverse: GA GGTTGAAGGACAGCCCAGCTTC), S1P3 (forward: GACTGCTCT 

ACCATCCTGCCC, reverse: GTAGATGACCGGGTTCATGGC) and S1P4 (forward: GGC  

ACAGCCGGCTCA TTGTT, reverse: AAGCTGAGCACGGCTCTGCACA). The 

amplification reaction was performed using the ABI Model 7300 PCR machine (Applied 

Biosciences, CA, USA). 

!
2.10. xCELLigence cell viability assay 

!
The viability of MDA-MB-231 cells were monitored using xCELLigence system (Roche 

Diagnostics Limited, West Sussex, UK). Cells were plated in E-plates (Acea Biosciences, 

CA, USA) and incubated for 24 hours at 37 degrees celsius. Cells were transfected as 

described previously. Cells were treated with compounds (10 µM) for 4 hours then 

stimulated with S1P (5 µM) for an hour. Cell index was monitored by xCELLigence 

software (Acea Biosciences, CA, USA). 

!
2.11. In situ apoptosis detection assay 

!
Apoptotic cells in paraffin-embedded tissue samples were determined using ApopTag® 

Plus Peroxidase In Situ Apoptosis Detection Kit (Millipore, Billerica, USA) TMAs were 

hydrated through progressive incubation in xylene and ethanol (Fisher Scientific, 

Leicestershire, UK). Proteinase K (20 µg/ml) (Millipore, Billerica, USA) solution in 

phosphate buffer saline (0.01 M phosphate buffer, 0.0027 M potassium chloride and 0.137 

M sodium chloride, pH 7.4) (Sigma-Aldrich, St. Louis, MO) was used for antigen retrieval. 

Endogenous peroxidases were inactivated using 3% H2O2 (Fisher Scientific, 

Leicestershire, UK). As a positive control, a TMA was treated with 0.1 U/µl of RQ1 

RNase-Free DNase (Promega, WI, USA) for 30 minutes at 37 degrees Celsius. Further 

steps were followed as described by the supplier. Apoptotic cells were visualised using 

3,3’-diaminobenzidine (DAB) peroxidase substrate detection kit (Vector Laboratories, 

Burlingame, CA). The sections were counterstained in Mayer’s hematoxylin, dehydrated in 

ethanol and xylene, and mounted. Apoptotic index represents the percentage of apoptotic 

cells to non-apoptotic cells. 

!
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2.12. Patient information and tissue microarray (TMA) construction 

!
The ERα negative cohort was formed from 140 patients diagnosed with operable invasive 

breast carcinoma between 1995 and 1998 in the Greater Glasgow area. Patients have 

received diverse treatment regimens; 36 patients (25.7%) have received chemotherapy, 17 

patents (12.1%) have received radiotherapy and 61 patients (43.6%) have received both 

chemotherapy and radiotherapy.  

!
The ERα positive cohort was formed from 304 patients diagnosed with operable invasive 

breast carcinoma between 1980 and 1999 in the Greater Glasgow area. Patients have 

received either single or combination of treatments; 155 patients have received tamoxifen 

(52%),  48 patients have received tamoxifen plus radiotherapy (16.1%), 49 patients have 

received tamoxifen plus chemotherapy (16.4%), 46 patients have received tamoxifen plus 

radiotherapy plus chemotherapy (15.4%). 

!
Formalin-fixed paraffin-embedded breast cancer tissue samples were used to construct the 

TMA blocks. 0.6mm2 cores were removed from the samples and inserted into a new 

paraffin block. All TMA blocks were constructed in triplicate containing three individual 

tumour cores taken from the same embedded tissue sample.   

!
2.13. Immunohistochemistry 

!
TMAs were stained for SK1 (Abgent, Oxfordshire, UK), S1P1 (Exalpha, Shirley, MA), 

S1P2 (Sigma Life Sciences, St. Louis, MO), S1P3 (Exalpha, Shirley, MA) and S1P4 

(Exalpha, Shirley, MA). All antibodies were polyclonal except monoclonal S1P2 antibody. 

Sections were dewaxed in xylene (Fisher Scientific, Leicestershire, UK) and rehydrated in 

ethanol (Fisher Scientific, Leicestershire, UK) and water. Antigen retrieval was performed 

by microwaving under pressure for 5-7 minutes in 10 mM citrate buffer (pH 6.0). 

Endogenous peroxidase was inactivated by incubating the sections in 3% H2O2 (Fisher 

Scientific, Leicestershire, UK) for 20 minutes. Blocking was performed by incubating 

slides in 1:10 casein (Vector Laboratories, Burlingame, CA) at room temperature for 30 

minutes. Sections were incubated with primary antibody in 1:75 (SK1), 1:300 (S1P1), 1:75  
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(S1P2), 1:25 (S1P3), 1:200 (S1P4), 1:300 (S1P5) dilution at 4 degrees Celsius for overnight. 

Concentration of these antibodies were determined experimentally. EnVision-HRP 

conjugate (Dako, Cambridgeshire, UK) was utilised to amplify the signal. Signal was 

visualised using 3,3’-diaminobenzidine (DAB) chromagen (Vector Laboratories, 

Burlingame, CA). The sections were counterstained in Mayer’s hematoxylin, dehydrated in 

ethanol and xylene, and mounted. Formalin-fixed paraffin-embedded HEK 293 cell pellets 

over-expressing S1P2 protein were used to confirm the specificity of S1P2 antibody. 

Specificity of SK1, S1P1, S1P3, S1P4, S1P5, phosphorylated ERK-1/2, ERK-1/2, 

phosphorylated AKT, phosphorylated RAF-1, LYN, Y216 phosphorylated c-SRC and 

Y416 phosphorylated SFK antibodies have been previously reported for the ERα positive 

and ERα negative breast cohorts. These studies are listed in Table 2.1. 

!
2.14. Scoring 

!
The protein expression was quantified by two independent observers using the weighted 

histoscore method determined by Tovey et al., 2004. The consistency of scoring between 

the observers was verified utilising Interclass correlation analysis (ICC) (Kirkegaard et al., 

2006). Quantification  method first grades the intensity of staining from 0 (negative) to 3 

(strong) and then multiplies the grade by the percentage of tumour cells within each 

category. The final histoscore is the average for the triplicate samples. 

!
2.15. Statistical analyses 

!
All statistical analyses were performed in SPSS 19.0 (Chicago, IL). Mann-Whitney test or 

Kruskal-Wallis One-way ANOVA test was utilised to analyse the relationship between 

clinical parameters and the specific marker (P<0.05). Kaplan-Meier method was used to 

obtain disease-specific survival or disease recurrence curves. The significance of disease-

specific survival or disease recurrence between different subgroups were assessed using 

Log-rank test. Cox regression model was utilised to investigate the relationship between 

disease-specific survival or cancer recurrence and expression of specific markers. A  

!
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Proteins
Specificity 
confirmed

SK1 Long et al., 
2010a

S1P1 Watson et al., 
2010

S1P2 Ohotski et al., 
2012

S1P3 Watson et al., 
2010

S1P4 Long et al., 
2010b

ERK-1/2 McGlynn et al., 
2009

pERK-1/2 McGlynn et al., 
2009

pAKT Kirkegaard et 
al., 2010

pRAF-1 McGlynn et al., 
2009

LYN Elsberger et al., 
2010

Y219 c-SRC Elsberger et al., 
2009

Y416 c-SRC Elsberger et al., 
2009

c-SRC Elsberger et al., 
2009

Table 2.1. Studies confirming the specificity of antibodies used to determine the levels of 
expression of specified proteins in TMAs.

Table 2.2. Studies confirming the specificity of antibodies used to determine the levels of 
expression of specified proteins in TMAs.
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multivariate cox regression model was used to determine independent prognostic markers 

(P<0.05). 

!
2.16. Patient Approval 
!

Ethical approval was obtained from the local ethics committee. Patient consent was not 

required for this study. 

!
!

!
!
!
!
!

!!!
!

!!!!!!!!!!!!!!!!!!!!!
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!!!!!!!!!!!!!!!!!!
!

CHAPTER III 

!
The expression of SK1 and S1P receptors in ERα positive 

breast cancer patients 
!!!!!!!!!!!!!!!!!!!!
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3.1. Introduction 
!

ERα positive breast cancer is the most common type of breast cancer comprising ~75% of 

cases (Early Breast Cancer Trialists’ Collaborative Group (EBCTCG), 2011). Endocrine 

therapy is a common treatment regimen used in patients with ERα positive tumours at all 

stages. Endocrine therapy consists of therapeutics targeting either the synthesis of 

oestrogen (aromatase inhibitors e.g. Anastrozole, Exemestane and Letrozole) or the 

oestrogen receptor signalling (selective oestrogen receptor modulators (SERMs) e.g. 

Tamoxifen and Fulvestrant). The SERMs in combination with the aromatase inhibitors are 

commonly used in the treatment of both early and advanced breast tumours (Johnston, 

2010). Despite the proven efficacy, the aromatase inhibitors cannot be used in the 

treatment of premenopausal women, thus the SERMs are the sole selective therapeutics 

available for these patients (Johnston, 2010). Moreover, single treatment with SERMs such 

as tamoxifen has poor efficacy, reducing the patient mortality by only 28% (Early Breast 

Cancer Trialists’ Collaborative Group (EBCTCG), 2011). In addition, cancer recurrence 

during the endocrine therapy is a common phenomenon. Thus, discovery of novel 

therapeutic targets are required for the treatment of ERα positive breast tumours. 

!
The SK/S1P signalling interacts with oncogene proteins to maintain cell proliferation, 

survival, and resistance to chemotherapeutics (Pyne and Pyne, 2010). For example, H-RAS 

induced tumourigenic transformation is mediated by the SK1 catalytic activity in NIH 3T3 

mouse embryonic fibroblasts (Xia et al., 2000). Furthermore, the inhibition of SK1 

catalytic activity by SK1 inhibitors or the over-expression of an SK1 mutant devoid of 

catalytic activity (G82D) abolishes H-RAS-dependent tumourigenesis. SK1 also interacts 

with the oncogenic eukaryotic elongation factor 1A1 (eEF1A1) required for protein 

translation (Leclercq et al., 2008). The eEF1A over-expression was shown to increase the 

proliferation rate and anchorage-independent growth in NIH3T3 rodent fibroblast cells 

(Anand et al., 2002). Moreover, the SK1 catalytic activity is required for the eEF1A1-

mediated tumourigenesis (Leclercq et al., 2011). In addition to SK1, the S1P receptors also 

interact with oncogene proteins. For example, the S1P4 receptor functionally interacts with  

HER2 receptor to stimulate the ERK-1/2 signalling pathway in MDA-MB-453 breast 

cancer cells (Long et al., 2010b). Furthermore, the S1P-induced ERK-1/2 activation was 

dependent on the activation of both HER2 and S1P4 receptor.  
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!
The SK/S1P signalling is up-regulated in various human cancers (e.g. colon, rectal, 

glioblastoma, ovarian, lung and breast) making the S1P signalling an important candidate 

as a therapeutic target (Liu et al., 2010, Van Brocklyn et al., 2005, Johnson et al., 2005, 

French et al., 2003, Watson et al., 2010). Various studies have assessed the outcome of 

expression of proteins involved in sphingolipid signalling on breast cancer patient. French 

and coworkers have shown that the SK1 mRNA expression was up-regulated in breast 

cancer tissue samples compared to the normal breast tissue (French et al., 2003). 

Moreover, SK1 mRNA expression was gradually enhanced from early tumours to 

advanced tumours, and associated with poor prognosis in ERα positive breast cancer 

patients (Ruchaberle et al., 2008, Ling et al., 2011). Similarly, Watson and coworkers have 

shown that the patients with ERα positive breast tumours expressing high levels of SK1 

had shorter disease-specific survival and cancer recurrence (Watson et al., 2010). 

!
In this chapter, tissue microarrays composed of ERα positive breast tumours were used to 

determine the impact of SK1/S1P1-3 receptor expression in combination with other 

signalling proteins (e.g. NFκB (p50 RelA), c-RAF-1, ERK-1/2, AKT, SRC family kinases 

(SFKs) and LYN kinase) on clinical outcome. This systematic analysis has allowed the 

determination of possible functional interactions between signalling pathways and SK1/

S1P1-3 receptors related to clinical prognosis. 

!
!
!
!
!
!
!
!
!
!

!
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3.2. Results 
!

3.2.1. The clinicopathological details of ERα positive breast cancer cohort 

!
A total of 304 ERα positive patients were involved in the study. The median age of the 

patients was 62 with inter-quartile range from 53 to 70. The tumours were classified as 

ductal (82.9%), lobular (6.9%) and medullary (6.6%) breast carcinomas. The pathological 

grading have shown that 63 (20.7%) cases were 1st grade, 139 (45.7%) cases were 2nd 

grade and 79 (26.0%) cases were 3rd grade tumour. The median tumour size was 20 mm 

with inter-quartile range from 15 mm to 30 mm. The examination of lymph nodes have 

shown that 135 patients (44.4%) had metastasis in comparison to 139 patients (45.7%) that 

had no metastasis in the lymph nodes. According to last patient follow-up date, 167 

(54.9%) patients were alive, 79 (26.0%) patients died of breast cancer and 57 (18.8%) 

patients died of another cause.  

!
3.2.2. The expression of SK1 and S1P receptors correlates with the clinical 

parameters in ERα positive breast cancer cohort 

!
The expression of SK1 and S1P1-3 receptors was analysed in ERα positive breast cancer 

patients. Images of tissues stained for SK1 and S1P1-3 receptors are presented in Figure 

3.1. Patients were divided into low and high expressing subgroups using a technique 

described by Ruckhaberle and coworkers (Ruckhaberle et al., 2007). The Mann-Whitney 

test or Kruskal-Wallis One-way ANOVA was used to analyse the correlation between 

protein expression and clinicopathological parameters (Table 3.1). In ERα positive 

tumours, the tumour type was correlated with the cytoplasmic and nuclear expression 

levels of S1P2 receptors. The analysis of distribution of nuclear S1P2 receptor expression 

within the patients with different cancer types have shown that the tumours originated from 

mammary lobular epithelium expressed the highest levels compared with ductal and 

medullary carcinoma (Figure 3.2A). The cytoplasmic S1P2 receptor expression showed a 

pattern similar to the nuclear S1P2 receptor expression within different cancer types. The 

nuclear expression of the S1P2 receptor was also correlated with tumour grade (Table 3.1). 

The analysis of distribution of the nuclear S1P2 receptor expression within tumours with 
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Negative breast tumor 
 staining 

SK1 

Low breast tumor 
 staining 

High breast tumor 
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S1P1 

S1P2 

S1P3 

Figure 3.1. Images of ERα positive breast cancer tissues stained for SK1 and S1P1-3 receptors. 
Panels from left to right present tissue samples with negative staining (left panel), low staining 
(middle panel) and high staining (right panel).
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different grades have shown that the S1P2 receptor expression levels were comparably 

similar in 1st and 2nd grade tumour, however the expression was significantly reduced in the 

3rd grade tumours (Figure 3.2B). The tumour size was correlated with the expression of 

nuclear S1P3 receptor. The tumours were grouped into three categories; the tumours 

smaller than 20 mm, the tumours bigger than 21 but smaller than 50 mm, and the tumours 

bigger than 50 mm. The analysis of distribution of the S1P3 receptor expression within the 

tumours with different sizes has shown that the expression of S1P3 receptor increased with 

tumour progression (Figure 3.2C). The lymph node metastasis was not correlated with the 

expression of proteins included in the analysis. The PgR and HER2 receptor expression 

was known for the tumours included in the cohort. The expression of plasma membrane-

bound S1P1 and S1P3 receptors, cytoplasmic S1P3 receptor and nuclear S1P2 receptor 
!74

Table 3.1. The Mann-Whitney test results showing the differences in protein expression 
within different subgroups in ERα positive cohort (yrs: years; Dc: ductal carcinoma; Lc: 
lobular carcinoma; Mc: medullary carcinoma; P: positive; N: negative; L: low; H: high; mem: 
plasma membrane; cyto: cytoplasm; nuc: nucleus).

Mann-Whitney P values

Variables Numbers SK1 
mem

SK1 
cyto

SK1 
nuc

S1P1 
mem

S1P1 
cyt

S1P1 
nuc

S1P2 
mem

S1P2 
cyto

S1P2 
nuc

S1P3 
mem

S1P3 
cyto

S1P3 
nuc

Age (<50yrs/ >50yrs) 62/242 NS NS NS NS NS NS NS NS NS NS NS NS

Tumour type (D/L/
M) 252/21/20 0.012 NS NS NS NS NS NS 0.04 0.007 NS NS NS

Tumour grade (1/2/3) 63/139/79 NS NS NS NS NS NS NS NS 0.03 NS NS NS

Tumour size (0/1/2) 144/130/12 NS NS NS NS NS NS NS NS NS NS NS 0.02

Lymph nodes (Y/N) 135/139 NS NS NS NS NS NS NS NS NS NS NS NS

PR status (P/N) 171/118 NS NS 0.046 0.002 NS NS NS NS 0.05 0.001 0.007 NS

Her2 status (P/N) 26/276 NS NS NS NS 0.002 0.001 NS NS NS NS NS NS

SK1 mem (L/H) 254/15 - NS NS 0.027 NS NS NS NS 0.001 0.022 NS NS

SK1 cyto (L/H) 249/20 0.004 - 0.015 0.02 0.023 NS NS NS NS NS NS NS

SK1 nuc (L/H) 174/95 NS 0 - 0 NS NS NS NS NS NS NS 0.024

S1P1 mem (L/H) 224/58 NS NS NS - 0 0.001 0.001 NS 0.017 NS NS 0.05

S1P1 cyto (L/H) 243/39 NS NS NS NS - 0 0.009 0.004 0 NS 0 NS

S1P1 nuc (L/H) 227/55 NS NS NS 0.022 0 - 0.031 0.008 0 NS 0 0.001

S1P2 mem (L/H) 195/86 NS NS NS 0 NS NS - 0 NS NS NS 0.009

S1P2 cyto (L/H) 198/82 NS 0.002 NS NS NS NS 0 - 0.002 NS NS NS

S1P2 nuc (L/H) 226/54 0.036 NS 0.002 0 0 0 0.031 0 - NS 0 NS

S1P3 mem (L/H) 247/37 NS NS NS 0.024 0.028 NS NS NS NS - 0 0.001

S1P3 cyto (L/H) 175/109 NS NS NS NS 0 0 NS 0.001 0 0 - 0

S1P3 nuc (L/H) 221/63 NS NS NS NS NS 0.017 NS NS 0.037 0 0 -
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Figure 3.2. The expression of SK1 and S1P1-3 receptors in different subgroups of 
clinicopathological parameters in ERα positive cohort. A shows the nuclear expression of 
S1P2 receptor in different tumour types; B shows the nuclear expression of S1P2 receptor in 
different tumour grades; C shows the nuclear expression of S1P3 receptor in tumours with 
different sizes; D shows the membrane expression of S1P1 receptor in progesterone receptor 
negative or positive tumours; E shows the nuclear expression of S1P2 receptor in 
progesterone receptor negative or positive tumours; F shows the cytoplasmic expression of 
S1P1 receptor in HER2 receptor negative or positive tumours.

A B

C D
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expression was correlated with PgR expression. The analysis of plasma membrane-bound 

S1P1 receptor expression within the PR positive or negative tumours has shown that the 

PgR positive tumours expressed lower levels of the plasma membrane-bound S1P1 

compared to the PgR negative tumours (Figure 3.2D). Similarly, the plasma membrane-

bound and cytoplasmic expression of S1P3 receptor was significantly lower in PgR 

positive tumours compared to PgR negative tumours. However, the analysis of nuclear 

S1P2 receptor expression has revealed that the PgR positive tumours expressed higher 

levels of nuclear S1P2 receptor compared to the PgR negative tumours (Figure 3.2E). The 

HER2 receptor expression was correlated with the cytoplasmic and nuclear expression 

levels of S1P1 receptor. Further analysis has shown that the HER2 receptor positive 

tumours expressed higher levels of cytoplasmic and nuclear S1P1 receptor (Figure 3.2F).  

!
The expression of all the proteins was positively correlated within different cellular 

compartments. For instance, the plasma membrane-bound SK1 expression was positively 

correlated with the cytoplasmic and nuclear SK1 expression (Table 3.1). Furthermore, the 

plasma membrane-bound SK1 expression was positively correlated with the expression of 

S1P1 and S1P3 receptors at the plasma membrane (Figure 3.3A, data not shown for S1P3 

receptor), and negatively correlated with the nuclear S1P2 receptor (Figure 3.3B). The 

cytoplasmic SK1 expression was correlated positively with the S1P1 receptor expression at 

the plasma membrane and in the cytoplasm (Table 3.1). The nuclear expression of SK1 

was positively correlated with the expression of membrane S1P1 and nuclear S1P3 receptor 

(Figure 3.3C). The expression of S1P1 receptor at the plasma membrane was positively 

correlated with the expression of S1P2 receptor at the plasma membrane (Figure 3.3D) and 

S1P3 receptor in the nucleus (Table 3.1). Moreover, there was a negative correlation with 

the nuclear S1P2 receptor expression (Figure 3.3E). The cytoplasmic expression of S1P1 

receptor was positively correlated with the expression of S1P2 receptor in the cytoplasm 

and nucleus (Figure 3.4A), and the cytoplasmic S1P3 receptor (Figure 3.4B). However, 

there was a negative correlation with the S1P2 receptor expression at the plasma membrane 

(Figure 3.3F). The nuclear expression of S1P1 receptor positively correlated with the 

expression of S1P2 and S1P3 receptors in the cytoplasm and nucleus (Figure 3.4C and 

Figure 3.4D). However, the S1P2 receptor expression at the plasma membrane was 

negatively correlated with the nuclear expression of S1P1 receptor. The expression of S1P2 

receptor at the plasma membrane was positively correlated with the S1P1 receptor 
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Figure 3.3. The expression of SK1 and S1P1-3 receptors in tissues expressing SK1 or S1P1-3 
receptors in ERα positive cohort. A shows the plasma membrane expression of S1P1 receptor 
within low or high SK1 expressing tumours at the plasma membrane; B shows the nuclear 
expression of S1P2 receptor within low or high SK1 expressing tumours at the plasma 
membrane; C shows the nuclear expression of S1P3 receptor within low or high SK1 
expressing tumours in the nucleus; D shows the plasma membrane expression of S1P2 
receptor within low or high S1P1 receptor expressing tumours at the plasma membrane; E 
shows the nuclear expression of S1P2 receptor within low or high S1P1 receptor expressing 
tumours at the plasma membrane; F shows the plasma membrane expression of S1P2 receptor 
within low or high S1P1 receptor expressing tumours in the cytoplasm.
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Figure 3.4. The expression of S1P1-3 receptors in tissues expressing other S1P1-3 receptors in 
ERα positive cohort. A shows the nuclear expression of S1P2 receptor within low or high S1P1 
receptor expressing tumours in the cytoplasm; B shows the cytoplasmic expression of S1P3 
receptor within low or high S1P1 receptor expressing tumours in the cytoplasm; C shows the 
nuclear expression of S1P2 receptor within low or high S1P1 receptor expressing tumours in the 
nucleus; D shows the cytoplasmic expression of S1P3 receptor within low or high S1P1 receptor 
expressing tumours in the nucleus.

A B

C D
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expression at the plasma membrane (Figure 3.5A) and S1P3 receptor expression in the 

nucleus (Figure 3.5B). The cytoplasmic expression of S1P2 receptor was positively 

correlated with the cytoplasmic SK1 expression. The nuclear expression of S1P2 receptor 

was negatively correlated with the nuclear SK1 (Figure 3.5C) and the plasma membrane 

S1P1 expression. However, the nuclear expression of S1P2 receptor was positively 

correlated with the expression of S1P1 receptor at the cytoplasm and nucleus (Figure 

3.5D), and S1P3 receptor in the cytoplasm. The expression of S1P3 receptor at the plasma 

membrane was positively correlated with the expression of S1P1 receptor at the plasma 

membrane and cytoplasm. The cytoplasmic expression of S1P3 receptor was positively 

correlated with the cytoplasmic and nuclear expression of both S1P1 and S1P2 receptors 

(Figure 3.4E). The nuclear expression of S1P3 receptor was positively correlated with the 

expression of both nuclear S1P1 and S1P2 receptors (Figure 3.5F).  

!
3.2.3. The effect of SK1 expression on disease-specific survival and disease-free cancer 

recurrence in ERα positive breast tumours 

!
Watson and coworkers have shown that the expression of SK1, S1P1 and S1P3 receptors 

was associated with reduced survival in ERα positive breast cancer patients (Watson et al., 

2010). Extending these findings, the effect of SK1 and S1P receptors on patient survival 

and cancer recurrence was further analysed by subdividing patients into sub groups 

according to the expression of specific proteins. This approach allowed further 

characterisation of the SK1- and S1P1-3 receptor-mediated effects in relation to expression 

and sub-cellular distribution of the S1P receptors. 

!
Watson and coworkers have shown that the high expression of SK1 in the nucleus or 

cytoplasm was associated with shorter disease-specific patient survival in ERα positive 

breast cancer (Watson et al., 2010). In the current analysis, low or high nuclear SK1 

expressing tumours were further classified according to the expression of plasma 

membrane-bound S1P1 receptor creating four different classes; the tumours expressing 

both SK1 and S1P1 receptor at high levels, the tumours expressing low levels of SK1 but 

high levels of S1P1 receptor, the tumours expressing high SK1 but low levels of S1P1 

receptor and the tumours expressing both SK1 and S1P1 receptor at low levels. High 
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Figure 3.5. The expression of SK1 and S1P1-3 receptors in tissues expressing other S1P1-3 
receptors in ERα positive cohort. A shows the membrane expression of S1P1 receptor within 
low or high S1P2 receptor expressing tumours on the membrane; B shows the nuclear 
expression of S1P3 receptor within low or high S1P2 receptor expressing tumours on the 
membrane; C shows the nuclear expression of SK1 within low or high S1P2 receptor 
expressing tumours in the nucleus; D shows the nuclear expression of S1P1 receptor within 
low or high S1P2 receptor expressing tumours in the nucleus; E shows the nuclear expression 
of S1P2 receptor within low or high S1P3 receptor expressing tumours in the cytoplasm; F 
shows the nuclear expression of S1P2 receptor within low or high S1P3 receptor expressing 
tumours in the nucleus.

A B
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expression of both nuclear SK1 and plasma membrane S1P1 receptor in the same tumour 

was associated with shorter disease-specific survival (Figure 3.6A). The mean disease-

specific survival time for these patients was 6.2 years compared with 8.3 years for patients 

with tumours expressing low levels of both nuclear SK1 and plasma membrane-bound 

S1P1 receptor (P=0.019). The disease-specific survival time for the patients with tumours 

that contained high expression levels of nuclear SK1 and low plasma membrane-bound 

S1P1 receptor or high plasma membrane-bound S1P1 receptor and low nuclear SK1 

expression were not significantly reduced compared to the patients whose tumours express 

low levels of both nuclear SK1 and plasma membrane-bound S1P1 receptor (Figure 3.6A). 

Thus, the expression of both SK1 and S1P1 receptor was required in the same tumour for 

observed shorter disease-specific survival of patients with ERα positive tumours. The 

effect of cytoplasmic SK1 on disease-specific survival could not be analysed due to small 

sample number in each sub group (n<10). 

!
The impact of S1P3 receptor expression on the association of nuclear SK1 with shorter 

disease-specific survival in the ERα positive patients was also analysed. Similarly, low or 

high nuclear SK1 expressing tumours were classified according to the expression of 

cytoplasmic S1P3 receptor creating four different sub groups. The mean disease-specific 

survival time for the patients with tumours expressing high levels of both nuclear SK1 and 

cytoplasmic S1P3 receptor was 6.1 years compared to 8.2 years for the patients with 

tumours expressing low levels of both nuclear SK1 and cytoplasmic S1P3 receptor 

(P=0.005) (Figure 3.6B). The disease-specific survival time for the patients with tumours 

expressing high levels of nuclear SK1 and low levels of cytoplasmic S1P3 receptor, or high 

levels of cytoplasmic S1P3 receptor and low levels of nuclear SK1 expression was not 

significantly reduced compared to the patients whose tumours expressed low levels of both 

nuclear SK1 and cytoplasmic S1P3 receptor (Figure 3.6B). Thus, the expression of both 

cytoplasmic S1P3 receptor and nuclear SK1 at high levels in the same tumour was required 

for shorter disease-specific patient survival. 

!
The effect of expression of various signalling proteins such as NFκB (p50 RelA), c-RAF-1, 

ERK-1/2, AKT, SRC family kinases (SFKs) and LYN on cancer prognosis and cancer 

recurrence in relation to the expression of SK1 or S1P receptors was assessed in ERα 

positive patients. The immunohistochemical staining of these proteins were available for 
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Figure 3.6. The Kaplan-Meier survival graphs showing the effect of S1P1 or S1P3 receptor 
expression on SK1 associated disease-specific patient survival. The tumours with low 
expression of SK1 and S1P1/S1P3 receptors were used as a control to calculate a P value for 
the other subgroups. A shows the effect of plasma membrane-bound S1P1 receptor and 
nuclear SK1 expression on disease-specific survival (SK1-/S1P1 +: n=18, P=0.235; SK1+/
S1P1-: n=44, P=0.167; SK1+/S1P1 +: n=20, P=0.019); B shows the effect of cytoplasmic S1P3 
receptor and nuclear SK1 expression on disease-specific survival (SK1-/S1P3 +: n=47, 
P=0.342; SK1+/ S1P3-: n=39, P=0.232; SK1+/S1P3 +: n=31, P=0.005). 
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this cohort. In this analysis, the patients with tumours expressing low or high nuclear SK1 

was further classified into distinct groups according to the expression of signalling protein 

of interest. 

!
The expression of phosphorylated NFκB (p-NFκB) and SK1 in ERα positive tumours was 

associated with shorter disease-specific patient survival and disease-free cancer recurrence 

(Figure 3.7A, Figure 3.8A). The patients with tumours expressing high levels of both 

nuclear phosphorylated NFκB and nuclear SK1 had the mean disease-specific survival 

time of 6.3 years compared to 8.1 years for the patients with tumours expressing low levels 

of both nuclear phosphorylated NFκB and nuclear SK1 (P=0.015) (Figure 3.7A). 

Similarly, the patients with tumours expressing high levels of both cytoplasmic 

phosphorylated NFκB and nuclear SK1 had the mean disease-free cancer recurrence time 

of 3.8 years compared to 6.8 years for the patients with tumours expressing low levels of 

both nuclear SK1 and cytoplasmic phosphorylated NFκB (P=0.023) (Figure 3.8A). The 

loss of high expression of either phosphorylated NFκB or SK1 annulled the effects on 

patient survival and cancer recurrence. Therefore, NFκB and SK1 might function together 

in the ERα positive tumours and this might account for shorter disease-specific survival 

and disease-free cancer recurrence in patients. 

!
The expression of phosphorylated c-RAF-1 (p-RAF) and SK1 was associated with shorter 

disease-specific patient survival and disease-free cancer recurrence. The patients with 

tumours expressing high levels of both cytoplasmic phosphorylated c-RAF-1 and nuclear 

SK1 had   the mean disease-specific survival time of 6.3 years compared to 8.2 years for 

the patients with tumours expressing low levels of both cytoplasmic phosphorylated c-

RAF-1 and nuclear SK1 (P=0.009) (Figure 3.7B). In terms of disease-free cancer 

recurrence, the patients with tumours expressing high levels of both cytoplasmic 

phosphorylated c-RAF-1 and nuclear SK1 had the mean cancer recurrence time of 4.6 

years compared to 7.2 years for the patients with tumours expressing low level of both 

cytoplasmic phosphorylated c-RAF-1 and nuclear SK1 (P=0.008) (Figure 3.8B). High 

expression of both cytoplasmic phosphorylated c-RAF-1 and nuclear SK1 was linked with 

shorter disease-specific patient survival and disease-free cancer recurrence. Thus, the loss 

of expression of either cytoplasmic phosphorylated c-RAF-1 or nuclear SK1 annulled these 

effects. 
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Figure 3.7. The Kaplan-Meier survival graphs showing the effect of nuclear p-NFKB, 
cytoplasmic p-RAF-1, nuclear ERK-1/2 or cytoplasmic p-AKT expression on SK1 associated 
disease-specific patient survival. The tumours expressing low levels of both proteins in each 
individual analysis were used as a control to calculate a P value for the other subgroups. A 
shows the effect of nuclear SK1 and nuclear phosphorylated NFκB expression on disease-
specific survival (SK1-/p-NFκB+: n=21, P=0.740; SK1+/p-NFκB-: n=48, P=0.353; SK1+/p-
NFκB+: n=23, P=0.015); B shows the effect of nuclear SK1 and cytoplasmic phosphorylated 
RAF-1 expression on disease-specific survival (SK1-/p-RAF-1+: n=34, P=0.617; SK1+/p-
RAF-1-: n=36, P=0.561; SK1+/p-RAF-1+: n=33, P=0.009); C shows the effect of 
cytoplasmic Y416SRC kinase and nuclear SK1 expression on disease-specific survival 
(SK1-/Y416SRC+: n=38, P=0.023; SK1+/Y416SRC-: n=38, P=0.520; SK1+/Y416SRC+: 
n=26, P=0.067); D shows the effect of cytoplasmic LYN and nuclear SK1 expression on 
disease-specific survival (SK1-/LYN+: n=60, P=0.030; SK1+/LYN-: n=32, P=0.184; SK1+/
LYN+: n=39, P=0.001).
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Figure 3.8. The Kaplan-Meier survival graphs showing the effect of cytoplasmic p-NFKB, 
cytoplasmic p-RAF-1, nuclear Y416SRC kinase or cytoplasmic LYN expression on SK1 
associated disease-free cancer recurrence. The tumours expressing low levels of both proteins 
in each individual analysis were used as a control to calculate a P value for the other 
subgroups. A shows the effect of nuclear SK1 and cytoplasmic phosphorylated NFκB 
expression on disease-free recurrence (SK1-/p-NFκB+: n=43, P=0.741; SK1+/p-NFκB-: 
n=52, P=0.153; SK1+/p-NFκB+: n=16, P=0.009); B shows the effect of nuclear SK1 and 
cytoplasmic phosphorylated RAF-1 expression on disease-free recurrence (SK1-/p-RAF-1+: 
n=34, P=0.626; SK1+/p-RAF-1-: n=36, P=0.180; SK1+/p-RAF-1+: n=32, P=0.008); C shows 
the effect of nuclear Y416SRC kinase and nuclear SK1 expression on disease-free recurrence 
on (SK1-/Y416SRC+: n=38, P=0.560; SK1+/Y416SRC-: n=38, P=0.028; SK1+/Y416SRC+: 
n=26, P=0.245); D shows the effect of cytoplasmic LYN and nuclear SK1 expression disease-
free recurrence (SK1-/LYN+: n=61, P=0.055; SK1+/LYN-: n=32, P=0.232; SK1+/LYN+: 
n=38, P=0.0001).
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!
The effect of expression of SRC family kinases phosphorylated at Y416 (Y416SFK) in 

relation to SK1 associated shorter disease-specific patient survival and disease-free cancer 

recurrence was also assessed in ERα positive tumours. High cytoplasmic Y416 

phosphorylated SFK expression prolongs the patient survival in tumours expressing low 

levels of nuclear SK1 (Figure 3.7C). The mean patient survival time was 8.9 years for the 

patients with tumours expressing high cytoplasmic Y416 phosphorylated SFK and low 

nuclear SK1 compared to 7.8 years for the patients with tumours expressing low 

cytoplasmic Y416 phosphorylated SFK and low nuclear SK1 (P=0.023). Moreover, the 

nuclear expression of SK1 shortens the mean survival from 8.9 years to 6.3 years reducing 

the effect of Y416 phosphorylated SFK (P=0.001). In disease-free cancer recurrence, high 

nuclear Y416 phosphorylated SFK expression inhibits the SK1-mediated cancer recurrence 

(Figure 3.8C). The mean cancer recurrence time for the patients with tumours expressing 

low levels of nuclear Y416 phosphorylated SFK and high levels of nuclear SK1 was 5.5 

years compared to 7.1 years for the patients with tumours expressing low levels of nuclear 

Y416 phosphorylated SFK and low levels of nuclear SK1 (P=0.028). However, the mean 

cancer recurrence time for the patients with tumours expressing high levels of both nuclear 

Y416 phosphorylated SFK and nuclear SK1 was 6.1 years compared to 7.1 years for the 

patients with tumours expressing low levels of both nuclear Y416 phosphorylated SFK and 

nuclear SK1 (P=0.245), thus the expression of nuclear Y416 phosphorylated SFK inhibited 

the cancer recurrence mediated by SK1. 

!
In disease-specific patient survival, high expression of phosphorylated LYN kinase in 

tumours expressing low nuclear SK1 was associated with reduced survival in ERα positive 

breast cancer patients (Figure 3.7D). The mean patient survival time was 7.7 years for  the 

patients expressing high cytoplasmic phosphorylated LYN and low nuclear SK1 expressing 

tumours compared to 8.6 years for the patients expressing low cytoplasmic phosphorylated 

LYN and low nuclear SK1 (P=0.030). High expression of nuclear SK1 in tumours 

expressing low levels of cytoplasmic phosphorylated LYN did not reduce the patient 

survival (P=0.184) however, the expression of both cytoplasmic phosphorylated LYN and 

nuclear SK1 reduced the patient survival to 6.4 years compared to 7.7 years for the patients 

with tumours expressing high cytoplasmic phosphorylated LYN and low nuclear SK1 

(P=0.001). In disease-free cancer recurrence, the expression of both phosphorylated LYN 
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kinase and nuclear SK1 was associated with shorter cancer recurrence time (Figure 3.8D). 

The mean cancer recurrence time was 5.3 years for the patients with tumours expressing 

high cytoplasmic phosphorylated LYN and high nuclear SK1 compared to 7.8 years for the 

patients expressing low cytoplasmic phosphorylated LYN and low nuclear SK1 

(P=0.0001). The loss of expression of either the cytoplasmic phosphorylated LYN or the 

nuclear SK1 annulled the effects of LYN and SK1 on disease prognosis. 

!
The effect of ERK-1/2 and phosphorylated AKT expression on SK1 associated disease-

specific patient survival and disease-free cancer recurrence was assessed in ERα positive 

tumours. The patients with tumours expressing high levels of both nuclear SK1 and nuclear 

ERK-1/2 had the mean disease-specific survival of 3.9 years compared to 7.3 years for the 

patients with tumours expressing low levels of both nuclear SK1 and nuclear ERK-1/2 

(P=0.0001) (Figure 3.9A). Moreover, the patients with tumours expressing high levels of 

nuclear SK1 and nuclear ERK-1/2 had the mean disease-free cancer recurrence time of 5.9 

years compared to 8.2 years for the patients with tumours expressing low levels of both 

nuclear SK1 and nuclear ERK-1/2 (P=0.001) (Figure 3.10A). Moreover, the loss of 

expression of either the SK1 or the ERK-1/2 annulled the effects on shorter disease-

specific patient survival and disease-free cancer recurrence. In case of phosphorylated 

AKT, the patients with tumours expressing high levels of nuclear SK1 and cytoplasmic 

phosphorylated AKT had the mean disease-specific survival time of 6.7 years compared to 

8.7 years for the patients with tumours expressing low levels of nuclear SK1 and 

cytoplasmic phosphorylated AKT (P=0.003) (Figure 3.9B). In addition, the mean survival 

time for the patients with tumours expressing high cytoplasmic AKT and low nuclear SK1 

was significantly shorter (P=0.046) compared to the patients with tumours expressing low 

levels of nuclear SK1 and cytoplasmic phosphorylated AKT, however additional 

expression of SK1 significantly reduced the mean patient survival time (Figure 3.9B). In 

disease-free cancer recurrence, the cancer recurrence time for the patients with tumours 

expressing high levels of nuclear SK1 and low levels of cytoplasmic phosphorylated AKT 

was 5.2 years compared to 7.7 years for the patients with tumours expressing low levels of 

both nuclear SK1 and cytoplasmic phosphorylated AKT (P=0.019) (Figure 3.10B). In 

addition, high expression of cytoplasmic phosphorylated AKT in combination with nuclear 

SK1 did not further reduce the mean disease-free cancer recurrence time. However, the 

mean disease-free recurrence time for patients with tumours expressing high levels of both 
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Figure 3.9. The Kaplan-Meier survival graphs showing the effect of nuclear ERK-1/2 or 
cytoplasmic phosphorylated AKT expression on SK1 associated disease-free cancer 
recurrence. The tumours expressing low levels of both proteins in each individual analysis 
were used as a control to calculate a P value for the other subgroups. A shows the effect of 
nuclear ERK-1/2 and nuclear SK1 expression on disease-specific survival (ERK-/SK1+: 
n=44, P=0.745; ERK+/SK1-: n=29, P=0.746; ERK+/SK1+: n=27, P=0.001); B shows the 
effect of cytoplasmic phosphorylated AKT and nuclear SK1 expression on disease-specific 
survival (p-AKT-/SK1+: n=33, P=0.091; p-AKT+/SK1-: n=64, P=0.046; p-AKT+/SK1+: 
n=36, P=0.003).
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Figure 3.10. The Kaplan-Meier survival graphs showing the effect of nuclear ERK-1/2 or 
cytoplasmic phosphorylated AKT expression on SK1 associated disease-free cancer 
recurrence. The tumours expressing low levels of both proteins in each individual analysis 
were used as a control to calculate a P value for the other subgroups. A shows the effect of 
nuclear ERK-1/2 and nuclear SK1 expression on disease-free recurrence (ERK-/SK1+: n=43, 
P=0.286; ERK+/SK1-: n=30, P=0.710; ERK+/SK1+: n=27, P=0.0001); B shows the effect of 
cytoplasmic phosphorylated AKT and nuclear SK1 expression on disease-free recurrence (p-
AKT-/SK1+: n=32, P=0.019; p-AKT+/SK1-: n=64, P=0.086; p-AKT+/SK1+: n=36, P=0.010).

A B



Jan Ohotski

nuclear SK1 and cytoplasmic phosphorylated AKT was 5.1 years compared to 7.7 years for 

the patients with tumours expressing low levels of both nuclear SK1 and cytoplasmic 

phosphorylated AKT (P=0.010) (Figure 3.10B). 

!
3.2.4. The effect of S1P1 receptor expression on disease-specific survival and disease-

free cancer recurrence in ERα positive breast tumours 

!
Watson and coworkers have shown that the cytoplasmic S1P1 receptor expression was 

associated with shorter disease-specific patient survival in ERα positive breast cancer 

patients (Watson et al., 2010). The effect of expression of various signalling proteins such 

as SK1, c-RAF-1, ERK-1/2 and AKT and c-SRC on cancer prognosis and cancer 

recurrence in relation to the expression of S1P1 receptor was assessed in ERα positive 

patients. In this analysis, the patients with tumours expressing low or high S1P1 receptor 

was further classified into distinct groups according to the expression of signalling protein 

of interest. 

!
The expression of phosphorylated c-RAF-1 (p-RAF) and S1P1 receptor was associated 

with shorter disease-specific patient survival and disease-free cancer recurrence. The mean 

disease-specific survival time was 6.5 years for the patients with tumours expressing high 

levels of both plasma membrane S1P1 receptor and cytoplasmic phosphorylated c-RAF-1 

compared to 8.3 years for the patients with tumours expressing low level of both plasma 

membrane S1P1 receptor and cytoplasmic phosphorylated c-RAF-1 (P=0.021) (Figure 

3.11A). The loss of expression of either the plasma membrane S1P1 receptor or the 

cytoplasmic phosphorylated c-RAF-1 annulled the effect on disease-specific patient 

survival. Diseases-free cancer recurrence time was 6.8 years for the patients with tumours 

expressing low levels of both plasma membrane S1P1 receptor and cytoplasmic 

phosphorylated c-RAF-1. This rate was reduced to 4.5 years in the patients with tumours 

expressing high levels of both plasma membrane S1P1 receptor and cytoplasmic 

phosphorylated c-RAF-1 (P=0.003) (Figure 3.12B). The loss of expression of either the 

plasma membrane S1P1 receptor or the cytoplasmic phosphorylated c-RAF-1 annulled the 

effects on disease-free cancer recurrence. 

!
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Figure 3.11. The Kaplan-Meier survival graphs showing the effect of P-RAF-1, ERK-1/2, P-
AKT expression on S1P1 receptor associated disease-specific patient survival. The tumours 
expressing low levels of both proteins in each individual analysis were used as a control to 
calculate a P value for the other subgroups. A shows the effect of cytoplasmic phosphorylated 
RAF-1 and plasma membrane S1P1 receptor expression on disease-specific survival (S1P1-/p-
RAF+: n=50, P=0.338; S1P1 +/p-RAF-: n=21, P=0.310; S1P1 +/p-RAF+: n=18, P=0.021); B 
shows the effect of cytoplasmic ERK-1/2 and cytoplasmic S1P1 receptor expression on 
disease-specific survival (ERK-/S1P1 +: n=16, P=0.436; ERK+/S1P1-: n=32, P=0.127; ERK+/
S1P1 +: n=16, P=0.025); C shows the effect of cytoplasmic phosphorylated AKT kinase and 
cytoplasmic S1P1 receptor on disease-specific survival (p-AKT-/S1P1 +: n=17, P=0.565; p-
AKT+/S1P1-: n=91, P=0.126; p-AKT+/S1P1 +: n=16, P=0.022).
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Figure 3.12. The Kaplan-Meier survival graphs showing the effect of SK1, P-RAF-1, 
Y216SRC expression on S1P1 receptor associated disease-free cancer recurrence. The tumours 
expressing low levels of both proteins in each individual analysis were used as a control to 
calculate a P value for the other subgroups. A shows the effect of membrane SK1 and plasma 
membrane S1P1 receptor expression on disease-free cancer recurrence (SK1-/S1P1-: n=137, 
SK1-/S1P1+: n=37; P=0.004); B shows the effect of cytoplasmic phosphorylated RAF-1 and 
plasma membrane S1P1 receptor expression on disease-free cancer recurrence (S1P1-/p-RAF+: 
n=49, P=0.948; S1P1+/p-RAF-: n=22, P=0.060; S1P1+/p-RAF+: n=18, P=0.003); C shows the 
effect of cytoplasmic Y216 phosphorylated c-SRC and plasma membrane S1P1 receptor 
expression on disease-free cancer recurrence (S1P1-/Y216SRC+: n=79, P=0.540; S1P1+/
Y216SRC-: n=15, P=0.070; S1P1+/Y216SRC+: n=23, P=0.037). 
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The effect of ERK-1/2 and AKT expression on S1P1 receptor associated shorter disease-

specific patient survival was also analysed. High expression of cytoplasmic ERK-1/2 and 

cytoplasmic S1P1 receptor in tumours reduced the mean disease-specific patient survival to 

5.8 years from 8.2 years for the patients with tumours expressing low levels of both 

cytoplasmic S1P1 receptor and cytoplasmic ERK-1/2 (P=0.025) (Figure 3.11B). The 

expression of both cytoplasmic ERK-1/2 and cytoplasmic S1P1 receptor was required for 

shorter survival time as the loss of expression of either one of these proteins annulled the 

effects on disease-specific survival. Moreover, high expression of both cytoplasmic S1P1 

receptor and cytoplasmic phosphorylated AKT reduced the mean disease-specific patient 

survival time to 6.4 years from 8.4 years for the patients with tumours expressing low 

levels of both cytoplasmic S1P1 receptor and cytoplasmic phosphorylated AKT (P=0.022) 

(Figure 3.11C). The loss of expression of either the cytoplasmic S1P1 receptor or the 

cytoplasmic phosphorylated AKT annulled the effect on disease-specific patient survival. 

!
Watson and coworkers have also shown that high expression of plasma membrane S1P1 

receptor was associated with shorter disease-free cancer recurrence (Watson et al., 2010). 

The effect of S1P1 receptor on disease-free cancer recurrence was independent of SK1 

expression in ERα positive patients (Figure 3.12A). High expression of S1P1 receptor in 

tumours reduced the mean cancer recurrence time to 5.3 years from 7.6 years for the 

patients with tumours expressing low levels of S1P1 receptor (P=0.004). Subsequently, the 

effect of phosphorylated RAF-1 or Y216 phosphorylated c-SRC expression on the ability 

of S1P1 receptor to affect the disease-free cancer recurrence was analysed. High expression 

of both cytoplasmic phosphorylated RAF-1 and plasma membrane S1P1 receptor in 

tumours reduced the mean cancer recurrence time to 4.5 years form 6.8 years for the 

patients with tumours expressing low levels of both cytoplasmic phosphorylated RAF-1 

and plasma membrane-bound S1P1 receptor (P=0.003) (Figure 3.12B). The expression of 

Y216 phosphorylated c-SRC was also required for the effect of S1P1 receptor on cancer 

recurrence. High expression of both cytoplasmic Y216 phosphorylated c-SRC and plasma 

membrane-bound S1P1 receptor in tumours reduced the mean cancer recurrence time to 4.8 

years from 7.9 years for the patients with tumours expressing low levels of both 

cytoplasmic Y216 phosphorylated c-SRC and plasma membrane-bound S1P1 receptor 

(P=0.037) (Figure 3.12C). The loss of expression of either the cytoplasmic phosphorylated 
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RAF-1 or the cytoplasmic Y216 phosphorylated c-SRC annulled the effect of S1P1 

receptor on cancer recurrence. 

!
3.2.5. The effect of S1P2  receptor expression on disease-specific patient survival and 

disease-free cancer recurrence in ERα positive breast tumours 

!
Watson and coworkers have previously reported that the S1P2 receptor expression was not 

associated with either disease-specific patient survival or disease-free cancer recurrence in 

ERα positive patients (Watson et al., 2010). In the current analysis, the effect of S1P2 

receptor expression on the ability of SK1 to affect disease-specific patient survival was 

analysed (Figure 3.13A). The patients with tumours expressing low levels of plasma 

membrane S1P2 receptor and high levels of nuclear SK1 had the mean disease-specific 

survival time of 6.7 years (P=0.011). Moreover, the expression of both nuclear SK1 and 

S1P2 receptor at the plasma membrane prolonged the mean patient survival time to 7.7 

years thus annulling the effect of SK1 on disease prognosis in ERα positive patients 

(P=0.477). 

!
In addition to ameliorated prognosis mediated by the S1P2 receptor, the impact of S1P2 

receptor expression on the expression of other proteins was analysed. High expression 

levels of S1P2 receptor in the nucleus was correlated with low expression levels of SK1 in 

the nucleus (P=0.002) (Figure 3.14A). In contrast, the expression of SK1 in the nucleus 

was not correlated with the expression of S1P2 receptor in the nucleus (P=0.922) (Figure 

3.14B). High expression levels of S1P2 receptor in the nucleus was also correlated with 

high expression levels of S1P1 receptor in the nucleus (P=0.0001) (Figure 3.14C). 

However, the expression levels of S1P3 receptor was not effected (P=0.080) (Figure 

3.14D). In contrast, the expression of SK1 in the nucleus was not correlated with the S1P1 

receptor expression in the nucleus (P=0.602) (Figure 3.15A). However, the expression of 

S1P3 receptor was significantly increased (P=0.024) (Figure 3.15B). 

!
In addition, high expression of both nuclear S1P2 receptor and c-SRC in tumours improved 

the disease prognosis (Figure 3.13B). The expression of nuclear S1P2 receptor and nuclear 

c-SRC prolonged the mean disease-specific patient survival time from 5.3 to 6.5 years in 

ERα positive breast cancer patients (P=0.0038). Moreover, the loss of expression of either 
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Figure 3.13. The Kaplan-Meier survival graph showing the impact of nuclear Y416 
phosphorylated SFK, nuclear c-SRC and nuclear SK1 expression in combination with the 
S1P2 receptor expression on disease-specific patient survival and disease-free cancer 
recurrence. The tumours expressing low levels of both plasma membrane/nuclear S1P2 and 
nuclear Y416 phosphorylated SFK/c-SRC/SK1 were used as a control to calculate a P value 
for the other subgroups. A shows the effect of plasma membrane S1P2 receptor and nuclear 
SK1 expression on disease-specific patient survival (SK1-/S1P2+: n=35, P=0.825; SK1+/
S1P2-: n=42, P=0.011; SK1+/S1P2+: n=27, P=0.477); B shows the effect of nuclear c-SRC 
and nuclear S1P2 receptor expression on disease-specific patient survival (S1P2-/c-SRC+: 
n=65, P=0.099; S1P2+/c-SRC-: n=9, P=0.099; S1P2+/c-SRC+: n=21, P=0.038); C shows the 
effect of nuclear Y416 phosphorylated SFK and membrane S1P2 receptor expression on 
disease-free cancer recurrence (S1P2-/Y416SFK+: n=31, P=0.098; S1P2+/Y416SFK-: n=37, 
P=0.472; S1P2 +/Y416SFK+: n=29, P=0.013). 
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Figure 3.14. The box plots showing the expression of SK1 and S1P1-3 receptors in tumours 
expressing low or high levels of SK1 or S1P2 receptor in ERα positive tumours. A shows the 
expression of nuclear SK1 in tumours expressing low or high levels of nuclear S1P2 receptor; 
B shows the expression of nuclear S1P2 receptor in tumours expressing low or high levels of 
nuclear SK1; C shows the expression of nuclear S1P1 receptor in tumours expressing low or 
high levels of nuclear S1P2 receptor; D shows the expression of nuclear S1P3 receptor in 
tumours expressing low or high levels of nuclear S1P2 receptor.
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Figure 3.15. The box plots showing the expression of S1P1 and S1P3 receptors in tumours 
expressing low or high levels of SK1. A shows the expression of nuclear S1P1 receptor in 
tumours expressing low or high levels of nuclear SK1; B shows the expression of nuclear 
S1P3 receptor in tumours expressing low or high levels of nuclear SK1.

A B



Jan Ohotski

the S1P2 receptor or the c-SRC annulled the effects on patient survival. In support of these 

findings, high expression of S1P2 receptor in the nucleus was associated with increased 

levels of c-SRC expression in the nucleus (P=0.0001) (Figure 3.16A). Similarly, high 

expression of c-SRC in the nucleus was associated with increased levels of S1P2 receptor 

expression in the nucleus (P=0.001) (Figure 3.16B). In contrast, the expression of c-SRC 

was not associated with SK1 expression (P=0.877, P=0.978) (Figure 3.16C, Figure 

3.16D). 

!
The expression of membrane S1P2 receptor and nuclear Y416 phosphorylated SFK also 

prolonged the mean disease-free cancer recurrence time from 5.9 years to 7.6 years in ERα 

positive breast cancer patients (P=0.013) (Figure 3.13C). Moreover, the loss of expression 

of either the S1P2 receptor or the Y416 phosphorylated SFK annulled the effects on 

disease-free cancer recurrence. Further analysis revealed that the expression of S1P2 

receptor was not correlated with the expression of Y416 phosphorylated SFK in ERα 

positive breast cancer patients (Data not shown). However, the expression of both S1P2 

receptor and Y416 phosphorylated SFK in the nucleus was associated with higher 

apoptotic index in ERα positive breast cancer patients (Figure 3.17A, Figure 3.17B) 

(P=0.023, P=0.001).  

!
3.2.6. The effect of S1P3 receptor on disease-specific patient survival and disease-free 

cancer recurrence in ERα positive breast tumours 

!
Watson and coworkers have shown that the S1P3 receptor expression was associated with 

disease-specific patient survival in ERα positive breast cancer patients (Watson et al., 

2010). In the current analysis, the effect of expression of SK1, LYN and RAF-1 and S1P3 

receptor on disease-specific patient survival and disease-free cancer recurrence was 

analysed. High expression of both nuclear S1P3 receptor and nuclear SK1 was associated 

with shorter disease-free cancer recurrence (Figure 3.18A). The expression of nuclear 

S1P3 receptor and nuclear SK1 reduced the mean cancer recurrence time to 4.6 years from 

6.9 years for the patients with tumours expressing low levels of both nuclear S1P3 receptor 

and nuclear SK1 (P=0.026). The loss of expression of either the nuclear S1P3 receptor or 

the nuclear SK1 annulled the effects on cancer recurrence. 
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Figure 3.16 The box plots showing the expression of c-SRC, S1P2 and SK1 in tumours 
expressing low or high levels of S1P2/c-SRC/SK1. A shows the expression of nuclear c-SRC 
in tumours expressing low or high levels of nuclear S1P2 receptor; B shows the expression of 
nuclear S1P2 receptor in tumours expressing low or high levels of nuclear c-SRC; C shows the 
expression of nuclear SK1 in tumours expressing low or high levels of nuclear c-SRC; D 
shows the expression of nuclear c-SRC in tumours expressing low or high levels of nuclear 
SK1.
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Figure 3.17. The expression of S1P2 and pY416 SFK in low or high levels of apoptotic 
index. A shows the expression of nuclear S1P2 receptor in low or high levels of apoptotic 
index; B shows the expression of nuclear pY416 SFK in low or high levels of apoptotic 
index.
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!
The expression of LYN kinase and S1P3 receptor was associated with shorter disease-free 

cancer recurrence (Figure 3.18B). The expression of both cytoplasmic S1P3 receptor and 

cytoplasmic LYN reduced the mean cancer recurrence time to 5.1 years from 6.8 years for 

the patients with tumours expressing low levels of both cytoplasmic S1P3 receptor and 

cytoplasmic LYN (P=0.015). High expression of either cytoplasmic S1P3 receptor or 

cytoplasmic LYN was not associated with disease-free cancer recurrence.  

!
The S1P3 receptor associated shorter disease-specific patient survival was dependent on the 

expression of LYN kinase and phosphorylated RAF-1 (Figure 3.18C, Figure 3.18D). The 

patients with tumours expressing high levels of both cytoplasmic S1P3 receptor and 

cytoplasmic LYN had the mean survival time of 7.2 years compared to 8.6 years for the 

patients with tumours expressing low levels of both cytoplasmic LYN and cytoplasmic 

SK1 (P=0.005). The loss of expression of either the cytoplasmic S1P3 receptor or the 

cytoplasmic LYN annulled the effects on disease-specific survival. Similarly, the patients 

expressing high levels of both nuclear S1P3 receptor and nuclear phosphorylated RAF-1 

had the mean survival time of  6.8 years compared to 8.1 years for the patients with 

tumours expressing low levels of both nuclear S1P3 receptor and nuclear phosphorylated c-

RAF-1 (P=0.043). Moreover, the loss of expression of either the nuclear S1P3 receptor or 

the nuclear phosphorylated c-RAF-1 annulled the effects on disease-specific patient 

survival. 

!
!
!
!
!
!
!
!
!
!
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Figure 3.18. The Kaplan-Meier survival graphs showing the effect of expression of SK1, LYN, 
phosphorylated RAF-1 on cytoplasmic/nuclear S1P3 receptor associated disease-specific patient 
survival and disease-free cancer recurrence. The tumours expressing low levels of both 
cytoplasmic S1P3 receptor and cytoplasmic LYN/nuclear phosphorylated RAF-1 were used as 
controls to calculate a P value for the rest of the subgroups. A shows the effect of nuclear SK1 
and nuclear S1P3 receptor expression on disease-free cancer recurrence (SK1-/S1P3+: n=28, 
P=0.672; SK1+/S1P3-: n=51, P=0.078; SK1+/S1P3+: n=19, P=0.026); B shows the effect of 
cytoplasmic LYN and cytoplasmic S1P3 receptor expression on disease-free cancer recurrence 
(S1P3-/LYN+: n=74, P=0.257; S1P3+/LYN-: n=42, P=0.807; S1P3+/LYN+: n=57, P=0.015); C 
shows the effect of cytoplasmic LYN and cytoplasmic S1P3 receptor expression on disease-
specific patient survival (S1P3-/LYN+: n=55, P=0.118; S1P3+/LYN-: n=38, P=0.710; S1P3 +/
LYN+: n=50, P=0.005); D shows the effect of nuclear phosphorylated RAF-1 and nuclear S1P3 
receptor expression on disease-specific patient survival (S1P3-/p-RAF+: n=29, P=0.154; S1P3 

+/p-RAF-: n=29, P=0.466; S1P3+/p-RAF+: n=20, P=0.043).  

!

A B

C D



Jan Ohotski

3.3. Discussion 
!

High expression of SK1, S1P1 and S1P3 receptors in ERα positive tumours was shown to 

reduce the patient survival (Watson et al., 2010). In this chapter, the effects of expression 

of proteins involved in sphingolipid signalling on patient survival and cancer recurrence 

was assessed through systematic classification of tumours regarding to the expression of 

NFκB (p50 RelA), c-RAF-1, ERK-1/2, AKT, SRC family kinases (SFKs) and LYN kinase. 

This methodology has allowed the determination of novel functional interactions or 

associations  between diverse signalling pathways that leads to poor disease prognosis in 

breast cancer patients.  

!
3.3.1. The expression of S1P1, S1P3, NFkB, RAF-1 and SRC family kinases are 

required for SK1 associated shorter disease-specific patient survival in ERα positive 

breast tumours 

!!
The effect of SK1 on shorter disease-specific patient survival was dependent on the 

expression of S1P1 and/or S1P3 receptors. Indeed, the loss of expression of either the S1P1 

receptor or the S1P3 receptor annuls the correlation between SK1 expression and patient 

survival. In support of these data, SK1 was shown to activate mitogenic (e.g. ERK-1/2) 

signalling pathways through the S1P receptors upon VEGF/TGFβ stimulation in various 

cancer cell lines (Miller et al., 2008, Wu et al., 2003). Thus, the expression of S1P 

receptors might be crucial for the SK1-driven cancer progression in ERα positive breast 

cancer tumours. 

!
The effect of SK1 on disease prognosis was also dependent on its nuclear localisation. 

Pitson and coworkers have reported that the ERK-1/2-mediated activation of SK1 induced 

the translocation of SK1 from cytoplasm to the plasma membrane (Pitson et al., 2003). 

Indeed, simultaneous analysis of cytoplasmic phosphorylated c-RAF-1 and nuclear 

ERK-1/2 expression with the nuclear SK1 expression has shown that the effect of SK1 on 

shorter disease-specific patient survival and disease-free cancer recurrence was dependent 

on the expression of both c-RAF-1 and ERK-1/2. In support of these data, phosphorylated 

ERK-1/2 was shown to accumulate into the nucleus upon S1P stimulation in MCF7 breast 

cancer cells (Long et al., 2010a). Thus, c-RAF-1/ERK-1/2 signalling might be involved in 
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nuclear translocation of SK1 that drives the disease progression in breast cancer patients. 

The role of S1P1 and S1P3 receptors in breast cancer prognosis will be discussed later in 

this chapter. 

!
The effect of SK1 on shorter disease-specific survival and cancer recurrence was enhanced 

in tumours expressing LYN, Y416 phosphorylated SFK and AKT kinases in ERα positive 

breast cancer patients. In support of these data, SK1 was shown to interact with these 

proteins in vitro. For example, the mast cell activation upon antigen (IgE) binding to high-

affinity receptor for immunoglobulin E (FcϵRI) was shown to stimulate the formation of 

complex between LYN kinase and SK1 that activates SK1 at the plasma membrane 

(Olivera et al., 2005, Urtz et al., 2004). Subsequently, the S1P transported to extracellular 

milieu acts in autocrine manner to stimulate the chemotaxis towards antigen via an S1P1 

receptor-dependent mechanism (Jolly et al., 2004). In cancer cells, LYN kinase activation 

was shown to promote cell proliferation and chemotherapeutic resistance in prostate and 

colon cancer cell lines respectively (Goldenberg-Furmanov et al., 2004, Bates et al., 2001). 

Moreover, LYN kinase expression was also associated with poor prognosis in breast cancer 

patients (Choi et al., 2010). Thus, the interaction between SK1 and LYN kinase might be 

crucial for the survival and the development of chemotherapeutic resistance in breast 

cancer cells. 

!
The expression of Y416 phosphorylated SRC family kinases (SFK) and AKT kinases were 

also required for the effect of SK1 on disease-specific patient survival and disease-free 

cancer recurrence. The interaction between c-SRC and PI3K/AKT signalling pathways is 

well documented in various studies (Liu et al., 1998, Datta et al., 1996). In addition, SK1 

was shown to activate the PI3K/AKT signalling pathway. Indeed, Guan and coworkers 

have shown that the survival of glioma cells was dependent on SK1-induced activation of 

the PI3K/AKT/FOXO3a/Bim pathway (Guan et al., 2011). Moreover, SK1 was shown to 

mediate the survival of non-small cell lung cancer cells through activation of the PI3K/

AKT/NF-κB pathway (Song et al., 2011). The SK1-mediated PI3K/AKT activation might 

also involve the interaction with LYN kinase. In support of these findings, various studies 

have shown that the activation of PI3K/AKT pathway was mediated by LYN kinase in 

cancer cell lines (Iqbal et al., 2010, Bates et al., 2001). Thus, the signalling between SK1, 
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LYN and Y416 phosphorylated SRC family kinases (SFK)/AKT kinases might be crucial 

for the survival of ERα positive breast cancer tumours. 

!
The effect of SK1 on shorter disease-specific patient survival and cancer recurrence was 

also enhanced in tumours expressing NFκB (p50 RelA) in ERα positive breast cancer 

tumours. NFκB family members are transcription factors that control the expression of 

anti-apoptotic proteins such as p53, Bcl-2, Bcl-xL and JNK (Shen et al., 2009). SK1 was 

shown to mediate the TNF-α-induced IκBα-degradation that activates p65 RelA in A549 

human epithelial lung carcinoma cells (Billich et al., 2005). Indeed, SK1 was shown to 

interact with tumour necrosis factor receptor-associated factors (TRAF2), an E3 ubiquitin-

protein ligase that induces the IκBα-degradation in HEK 293T cells (Xia et al., 2002). 

Moreover, the over-expression of SK1 was shown to induce chemotherapeutic resistance 

through activation of the PI3K/AKT/NFκB pathway in non-small cell lung cancer cells 

(Song et al., 2011). Thus, SK1 might interact with the NFκB signalling pathway at 

multiple levels to mediate cancer cell survival. 

!
3.3.3. The expression of RAF-1, ERK-1/2, AKT and SRC kinases are required for 

S1P1  associated shorter disease-specific patient survival and disease-free cancer 

recurrence in ERα positive breast tumours 

!
The association between high tumour expression of S1P1 receptor and breast cancer 

prognosis was reported previously (Watson et al., 2010). Indeed, the effect of S1P1 

receptor on disease-specific patient survival and disease-free cancer recurrence was 

dependent on the expression of Y216 phosphorylated SRC, c-RAF-1, ERK-1/2 and AKT 

kinases in ERα positive breast cancer patients. The S1P receptors were shown to activate 

diverse array of signalling pathways through interaction with small G proteins. The S1P1 

receptor coupled to Gi protein was shown to activate the c-RAS/c-RAF-1/ERK1/2 

signalling pathway (Khleif et al., 1999, Okamoto et al., 1998). Moreover, the c-RAS-

mediated activation of c-RAF-1 requires the activation of c-SRC that in turn activates the 

AKT signalling pathway (Rexer et al., 2009, Tran et al., 2003, Bakin et al., 2003). In 

support of these findings, the effects of S1P1 receptor on patient survival was annulled 

upon loss of expression of these kinases suggesting that the S1P1 receptor might mediate 
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the cell survival and proliferation through activation of c-RAS and c-SRC in ERα positive 

breast cancer tumours. 

!
3.3.4. The expression of S1P2  receptor was associated with longer disease-specific 

patient survival and disease-free cancer recurrence in ERα positive breast tumours 

!
In contrast to S1P1 and S1P3 receptors, the high tumour expression of S1P2 receptor is 

associated with prolonged patient survival in ERα positive breast cancer tumours. 

Moreover, the expression of c-SRC and Y416 phosphorylated SFK was required for longer 

disease-specific and recurrence-free survival respectively. The nuclear localisation of these 

proteins might be crucial as neither plasma membrane-bound nor cytoplasmic localisation 

have prolonged the patient survival. Supportingly, various research groups have shown that 

GPCRs such as S1P1 and LPA1 were localised into the nucleus (Liao et al., 2007, Gobeil et 

al., 2006).  

!
The SRC family kinases are involved in numerous cellular processes such as cell 

proliferation, survival and migration (Martin et al., 2001). Indeed, c-SRC is a proto-

oncogene up-regulated in breast, colon, pancreatic, leukemia and lymphoma cancer cells 

(Egan et al., 1999, Lutz et al., 1998, Nowak et al., 2007, Termuhlen et al., 1993). c-SRC 

activates various signalling pathways (e.g. ERK-1/2, PI3K/AKT and STAT3) that induces 

the cancer cell growth and metastasis (Martin et al., 2001). However, Webb and coworkers 

have shown that the expression of v-SRC induced apoptosis upon inhibition of RAS and 

PI3K signalling pathways in Rat-2 fibroblasts. Similarly, c-Myc oncogene was shown to 

induce apoptosis upon serum withdrawal in lymphoma cell line derived from CD2–MycER 

transgenic mice (Pelengaris et al., 2000). Indeed, cells expressing nuclear S1P2 receptor 

had significantly reduced levels of SK1 in the nucleus suggesting that SK1 and S1P2 

receptor might have opposing effects in the cell nucleus. Thus, the down-regulation of SK1 

in cell nucleus might be crucial for the activation of S1P2 receptor and SRC kinases. 

Moreover, the expression of S1P2 receptor and Y416 phosphorylated SFK was  associated 

with higher apoptotic index. This observation suggests that S1P2 receptor and SRC kinases 

might induce apoptosis of cancer cells thus prolonging the patient survival. 

!
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3.3.5. The expression of SK1, LYN and RAF-1 kinases are required for S1P3 receptor 

associated shorter disease-specific patient survival and disease-free cancer recurrence 

in ERα positive breast tumours 

!
The high tumour expression of S1P3 receptor was associated with shorter disease-specific 

patient survival and cancer recurrence in ERα positive breast cancer tumours. Indeed, the 

effect of S1P3 receptor on cancer prognosis was dependent on the expression of SK1. 

These findings suggest that the activation of S1P3 receptor in an SK1/S1P-mediated 

autocrine effect might be crucial for breast tumourigenesis. Moreover, the expression of 

LYN and c-RAF-1 kinases was essential for the effect of S1P3 receptor on disease-specific 

patient survival and cancer recurrence. Although S1P3 receptor-mediated activation of 

these kinases was not reported before, various cell surface receptors were shown to 

activate LYN and c-RAF-1 kinases. For example, the intercellular adhesion molecule 1 

(ICAM-1) cross-linking was shown to induce the activation of both LYN and c-RAF-1 in 

B lymphoma cell line A20 (Holland et al., 1997). Moreover, interleukin 5 (IL-5) was 

shown to activate the c-RAS/c-RAF-1/ERK-1/2 signalling pathway through LYN kinase 

that induces the eosinophil survival (Pazdrak et al., 1998, Alam et al., 1995). Thus, S1P3 

receptor might mediate the activation of LYN and c-RAF-1 kinase that induces cancer cell 

growth and survival in ERα positive breast cancer tumours. 

!
In summary, a number of potential functional interactions and/or associations between 

SK1/S1P receptor and other signalling proteins were identified that affect the disease-

specific patient survival and cancer recurrence in ERα positive breast cancer tumours. 

These signalling pathways involve NFκB, c-SRC/LYN, c-RAF-1, ERK-1/2 and AKT 

kinases. In addition, novel role for S1P2 receptor was identified being associated with 

favourable prognosis of breast cancer patients. 

! !
!
!
!
!
!
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!
CHAPTER IV 

!
The expression of SK1 and S1P receptors in ERα negative 

breast tumours 
!!!!!!!!!!!!!!!!!!!!!!
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4.1. Introduction 

!
Cancer research UK statistics estimates that breast cancer is the most common cancer type 

comprising 30% of all cancer cases diagnosed in women. Breast cancers are categorised 

according to the expression of ERα, PgR and HER2 receptors. ERα positive breast cancer 

is the most common type of breast cancer comprising ~75% of cases. These patients are 

subjected to endocrine therapy that inhibits the oestrogen-induced tumour growth. In 

addition, anti-HER2 treatment is an option for these patients determined by the HER2 

receptor expression in these tumours. Triple negative breast cancers have the poorest 

disease prognosis compared to other types of breast cancer. These tumours comprise 

15-20% of all breast cancer cases that are devoid of expression of ERα, PgR and HER2 

receptors. Current treatment regimens for this group of patients are limited to classical 

chemotherapy that includes therapeutics such as doxorubicin, paclitaxel and capecitabine 

(Brouckaert et al., 2012). However, these therapeutic approaches are not tumour selective 

and thus, have severe side effects on patients. Thus, understanding the nature of triple 

negative breast cancers might lead to development of cancer cell specific therapeutics. 

!
There is extensive evidence of oncogenic SK1/S1P signalling being involved in the 

formation and development of tumours. Indeed, the SK1/S1P signalling interacts with vast 

numbers of oncogenes (e.g. TRAF2, Delta-catenin/NPRAR, RPK118 and eEF1A1) to 

maintain tumour growth (Alvarez et al., 2010, Leclercq et al., 2008, Fujita et al., 2004, 

Hayashi et al., 2002). In support of these findings, the SK1 expression was up-regulated 

both at the mRNA and/or protein level in various cancers that was associated with poor 

clinical prognosis (Ohotski et al., 2013, Ohotski et al., 2012, Watson et al., 2010, Erez-

Roman et al., 2010, Ruckhaberle et al., 2008, French et al., 2003). In addition, the SK1 

expression was associated with the development of tamoxifen resistance in ERα positive 

breast cancer patients (Long et al., 2010a).  

!
The high tumour expression of S1P1 and S1P3 receptors were also associated with poor 

prognosis in ERα positive breast cancer patients (Watson et al., 2010). Indeed, S1P 

receptors activate downstream signalling pathways (e.g. ERK1/2 and AKT) through 

coupling to small G-proteins that induce the tumour growth and survival. The S1P 

receptors also interact with other plasma membrane-bound receptors. For example, HER2 
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receptor was shown to form a functional complex with the S1P4 receptor in ERα negative 

MDA-MB-453 breast cancer cells. Moreover, EGF or S1P-mediated activation of ERK1/2 

signalling pathway was dependent on the activation of both HER2 and S1P4 receptors 

(Long et al., 2010b). Thus, the interaction between S1P4 and HER2 receptors might be 

crucial in formation and development of breast tumours. 

!
In this chapter, tissue microarrays composed of ERα negative breast tumours were used to 

determine the associations between protein expression levels of SK1/S1P receptors and 

clinicopathological parameters. The expression of both SK1 and S1P4 receptor was 

associated with poor disease prognosis and cancer recurrence. Moreover, the effect of SK1 

and S1P4 receptor on recurrence-free survival was associated with the expression of HER2 

receptor. In addition, SK1/2 dual inhibitor SKi (2-(p-hydroxyanilino)-4-(p-

chlorophenyl)thiazole) inhibits the S1P-induced ERK-1/2 activation in MDA-MB-453 

cells suggesting that the S1P4/HER2 signalling is mediated by SK1/2. In addition, the 

predominant action of the SK1/2 inhibitor appears to be associated with proteasomal 

degradation of SK1. Thus, SK1 inhibitors and S1P4 receptor antagonists might represent 

novel therapeutics to be used in treatment of patients with ERα negative breast tumours. 

!!!!!!!!!!!!!!!!!!!!!
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4.2. Results 

4.2.1. The clinicopathological details of ERα negative breast cancer cohort 

!
A total of 140 patients with ERα negative tumours were involved in the study. The median 

age of the patients was 55 with inter-quartile range from 45 to 64. The tumours were 

classified into three groups as ductal (129, 90.7%), lobular (2, 2.9%) and medullary (9, 

6.3%) breast cancer. The pathological grading indicates that 4 (2.9%) cases were 1st grade, 

25 (22.9%) cases were 2nd grade and 107 (71.4%) cases were 3rd grade tumour. The 

median tumour size was 22 mm with inter-quartile range from 15 mm to 30 mm. The 

analysis of lymph nodes indicates that 70 patients (44.3%) had metastasis in comparison to 

67 patients (55.0%) that had no metastasis in the lymph nodes. Regarding to the last 

follow-up date of patients, 75 (57.1%) patients were alive, 41 (27.1%) patients were died 

of breast cancer and 18 (12.9%) patients died of another cause. 

!
4.2.2. The specificity of anti-S1P2 receptor antibody 

!
The specificity of monoclonal anti-S1P2 antibody was determined using formalin-fixed 

paraffin-embedded pellets of HEK 293 cell pellets over-expressing S1P2 receptor (Figure 

4.1). IHC staining of HEK 293 cells over-expressing S1P2 receptor is stronger compared to  

vector transfected HEK 293 cells. This demonstrates that anti-S1P2 antibody is specific for 

the S1P2 receptor. The specificity of anti-SK1, anti-S1P1 and anti-S1P4 antibodies were 

confirmed previously (Long et al., 2010a, Long et al., 2010b, Watson et al., 2010). 

!
4.2.3. The expression of SK1 and S1P receptors correlates with the clinical 

parameters in ERα negative breast cancer cohort  

!
The expression of SK1, S1P1, S1P2 and S1P4 receptor was analysed in ERα negative breast 

tumours. The protein levels in plasma membrane, cytoplasm and nucleus were individually 

quantified. Patients were divided into low and high expressing subgroups using a technique 

described by Ruckhaberle and coworkers (Ruckhaberle et al., 2007). The Mann-Whitney 

or Kruskal-Wallis One-way ANOVA tests was used to analyse the correlation between 
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Figure 4.1. The specificity of anti-S1P2 receptor antibody tested on formalin-fixed paraffin-
embedded HEK-293 cells. A shows the IHC staining for HEK-293 cells transfected with 
empty vector; B shows the IHC staining for HEK-293 cells transfected with S1P2 plasmid 
construct. 
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protein expression and clinicopathological parameters (Table 4.1). Results indicate a 

correlation between the age of the patients, and the SK1 and S1P4 receptor expression. The 

analysis of distribution of SK1 and S1P4 receptor expression within patients that are 

younger (48 patients) or older than 50 years old (92 patients) demonstrated that the patients 

younger than 50 years old have higher levels of expression of SK1 and S1P4 receptor in all 

three compartments compared with older patients (Figure 4.2A, data not shown for S1P4 

receptor). The expression of S1P4 receptor was also diverse within different types of 

breast tumours. The analysed patient cohort included three different types of breast tumour 

named as ductal, lobular and medullary. The analysis of S1P4 receptor expression in three 

different cellular compartments have shown that the S1P4 receptor expression was the 

highest in ductal carcinoma, followed by medullary carcinoma and lowest in lobular 

carcinoma (Figure 4.2B). In addition, the S1P4 receptor expression levels between these 

tumour subtypes were significantly different (Table 4.1). However, it must be noted that 

the number of lobular and medullary carcinomas included in the cohort are 2 and 9 

respectively, thus these results must be interpreted carefully. The S1P4 receptor expression 

at the plasma membrane was also correlated with tumour grade. The analysis of 

distribution of S1P4 receptor expression within the tumours at different grades have shown 

that the first grade tumours had the highest expression which was reduced in the second 

grade tumours and increased slightly in the third grade tumours (Figure 4.2C). The 

metastasis into lymph nodes in relation to the expression of SK1 and S1P receptors was 

also analysed. The cytoplasmic S1P2 receptor expression was significantly lower in 

metastatic tumours (73 samples) compared to non-metastatic tumours (67 samples) 

(Figure 4.2D). The expression of PgR and HER2 receptors was also known for the 

tumours included in the cohort. The PgR expression was correlated with the nuclear SK1 

expression (P=0.033). The distribution analysis have revealed that the PgR positive 

tumours (5 samples) expressed significantly higher levels of nuclear SK1 compared with 

PgR negative tumours (142 samples) (Figure 4.2E). However, the number of PgR positive 

samples is limited to 5 samples thus the significance of this correlation must be interpreted 

carefully. The HER2 receptor expression was correlated with the cytoplasmic S1P1 

receptor expression. The analysis of distribution of S1P1 receptor expression between the 

HER2 receptor positive (39 samples) and HER2 receptor negative (100 samples) have 

shown that the expression of cytoplasmic S1P1 receptor was significantly higher in 

tumours expressing HER2 compared with HER2 negative tumours (Figure 4.2F). 
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Table 4.1. Mann-Whitney test results showing the differences in protein expression within 

different subgroups of clinicopathological parameters in ERα negative cohort (yrs: years; Dc: 

ductal carcinoma; Lc: lobular carcinoma; Mc: medullary carcinoma; P: positive; N: negative; L: 

low; H: high; mem: plasma membrane; cyto: cytoplasm; nuc: nucleus).
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Figure 4.2. The expression of SK1 and S1P receptors in different subgroups of 
clinicopathological parameters in ERα negative cohort. A shows the cytoplasmic expression 
of SK1 in patients younger or older than 50 years; B shows the cytoplasmic expression of 
S1P4 receptor in different tumour types; C shows the plasma membrane-bound expression of 
S1P4 receptor in different tumour grades; D shows the cytoplasmic expression of S1P2 
receptor in lymph node negative or positive tumours; E shows the nuclear expression of SK1 
in progesterone receptor negative or positive tumours; F shows the cytoplasmic expression of 
S1P1 receptor in HER2 receptor negative or positive tumours.
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 The expression level of SK1 was correlated between different cellular compartments 

(Table 4.1). For example, the tumours expressing high plasma membrane-bound SK1 

expressed high levels of cytoplasmic SK1 (P=0.002). Similarly, the tumours expressing 

high levels of cytoplasmic SK1 expressed high levels of SK1 in the nucleus (P=0.001). 

Similarly, the expression levels of S1P1, S1P2 or S1P4 receptor were correlated between 

different cellular compartments (Table 4.1). The expression of SK1, S1P1, S1P2 and S1P4 

receptors were also analysed in combination in each cellular compartment. The high 

expression levels of plasma membrane-bound SK1 was correlated with high levels of  

cytoplasmic S1P4 receptor expression (P=0.006). Additionally, the tumours expressing 

high levels of SK1 in cytoplasm expressed high levels of S1P1 receptor (P=0.000, Figure 

4.3A) and S1P4 receptors (P=0.005, Figure 4.3B) in the cytoplasm. Similarly, the tumours 

expressing high levels of S1P1 receptor in cytoplasm expressed high levels of SK1 

(P=0.004, Figure 4.3E) and S1P4 receptor in the cytoplasm (P=0.015, Figure 4.3F). 

Moreover, the high expression levels of S1P4 receptor in the cytoplasm was correlated with 

the high expression levels of cytoplasmic SK1 (P=0.014). Furthermore, the tumours 

expressing high levels of SK1 in the nucleus expressed high levels of S1P1 receptor 

(P=0.001, Figure 4.3C), but expressed low levels of S1P2 receptor in the nucleus 

(P=0.021, Figure 4.3D). Although, the nuclear S1P2 receptor expression was not correlated 

with the SK1 expression in any compartment, the expression of cytoplasmic S1P2 receptor 

was correlated with the cytoplasmic expression of SK1, S1P1 and S1P4 receptors. 

According to the distribution analysis, tumours expressing high levels of S1P2 receptor in 

the cytoplasm expressed high levels of SK1, S1P1 and S1P4 receptors in the cytoplasm 

(P=0.000, P=0.001 and P=0.000 respectively). 

!
4.2.4. The SK1 and S1P4 receptor expression correlates with poor prognosis and 

cancer recurrence in ERα negative breast cancer  

!
The effect of SK1, S1P1, S1P2 and S1P4 receptor expression on disease-specific patient  

survival and disease-free cancer recurrence was analysed and quantified using Log-rank 

and Cox-regression analysis respectively. Images of tissues stained for SK1 and S1P4 

receptors are presented in Figure 4.5. On univariate analysis, the patients with tumours 

expressing high levels of plasma membrane-bound SK1 had shorter disease-free cancer 
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Figure 4.3. The expression of SK1 and S1P receptors within different clinicopathological 
parameters in ERα negative cohort. A shows the cytoplasmic expression of S1P1 receptor 
within the low or high cytoplasmic SK1 expressing tumours; B shows the cytoplasmic 
expression of S1P4 receptor within the low or high cytoplasmic SK1 expressing tumours; C 
shows the nuclear expression of S1P1 receptor within the low or high nuclear SK1 expressing 
tumours; D shows the nuclear expression of S1P2 receptor within the low or high nuclear SK1 
expressing tumours; E shows the cytoplasmic expression of SK1 within the low or high 
cytoplasmic S1P1 receptor expressing tumours; F shows the cytoplasmic expression of S1P4 
receptor within the low or high cytoplasmic S1P1 receptor expressing tumours.
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Figure 4.4. Images of ERα negative breast cancer tissues stained for SK1 and S1P4 receptors. 
Panels from left to right present tissue samples with negative staining (left panel), tissue 
samples with positive SK1 staining (middle panel) and tissue samples with positive S1P4 
receptor staining (right panel).
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recurrence time compared to the patients with tumours expressing low levels of plasma 

membrane-bound SK1 (P=0.005). The mean disease-free cancer recurrence time for 

patients with tumours expressing high levels of plasma membrane-bound SK1 was 4.0 

years (IQR 2.5-5.5) compared to 6.8 years (IQR 6.3-7.3) for the patients with tumours 

expressing low levels of plasma membrane-bound SK1 (Figure 4.5C). The expression of 

membrane-bound SK1 was not associated with patient survival (P=0.052, Figure 4.5A). 

However, increasing the patient number in this cohort might reduce the P value resulting in 

a significant value. On multivariate analysis, the effect of plasma membrane-bound SK1 

expression on disease-free cancer recurrence was not significant, indicating that SK1 is 

dependent on other prognostic markers included in the analysis. 

!
The expression of cytoplasmic S1P4 receptor was associated with shorter disease-specific 

patient survival and disease-free cancer recurrence. On univariate analysis, the patients 

with tumours expressing high levels of cytoplasmic S1P4 receptor had shorter disease-

specific survival and disease-free cancer recurrence compared to patients with tumours 

expressing low levels of cytoplasmic S1P4 receptor (P=0.004 and P=0.010). The mean 

disease-specific survival time for the patients with tumours expressing high levels of 

cytoplasmic S1P4 receptor was 8.0 years (IQR 5.5-10.4) compared to 11.7 years (IQR 

10.6-12.6) for the patients with tumours expressing low levels of cytoplasmic S1P4 

receptor (Table 4.2, Figure 4.5B). The mean disease-free cancer recurrence time for the 

patients with tumours expressing high levels of cytoplasmic S1P4 receptor was 5.0 years 

(IQR 3.5-6.6) compared to 6.5 years (IQR 6.0-7.0) for the patients with tumours 

expressing low levels of cytoplasmic S1P4 receptor (Table 4.3, Figure 4.5D). Multivariate 

analysis revealed that the effect of S1P4 receptor expression was independent of other 

prognostic markers.  

!
On univariate and multivariate analysis, the metastasis into lymph nodes was associated 

with shorter disease-specific patient survival and disease-free cancer recurrence (P=0.001 

and P=0.005 respectively). The expression of S1P1 and S1P2 receptors was not associated 

with patient survival or cancer recurrence (Table 4.2 and Table 4.3).  

!
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Figure 4.5. The Kaplan-Meier graphs showing the effect of SK1 and S1P4 receptor 
expression on disease-specific patient survival and disease-free cancer recurrence. A shows 
the impact of plasma-membrane bound SK1 expression on disease-specific patient survival; B 
shows the impact of cytoplasmic S1P4 receptor expression on disease-specific patient 
survival; C shows the impact of plasma-membrane bound SK1 expression on disease-free 
cancer recurrence; D shows the impact of cytoplasmic expression of S1P4 receptor on disease-
free cancer recurrence.
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Table 4.2. The influence of clinicopathological parameters and SK1/S1P receptor expression 
on disease-specific patient survival in ERα negative cohort (yrs: years; P: positive; N: 
negative; L: low; H: high; mem: plasma membrane; cyto: cytoplasm; nuc: nucleus).

Disease-specific survival
Univariate analysis Multivariate analysis

Numbers P value HR IQR P value HR IQR

Age (<50yrs/ 
>50yrs) 48/92 0.941 0.899 0.495-1.632

Tumour grade 
(1/2/3) 4/25/107 0.444 1.482 0.721-3.047

Tumour size (0/1/2) 64/69/2 0.088 1.615 0.913-2.854

Lymph nodes (P/N) 70/67 0.001 3.790 1.918-7.489 0.002 3.000 1.500-6.000

PR status (P/N) 5/142 0.352 0.047 0.000-29.793

Her2 status (P/N) 39/100 0.806 1.122 0.585-2.152

SK1 mem (L/H) 128/12 0.118 2.193 0.974-4.939

SK1 cyto (L/H) 116/24 0.559 1.338 0.644-2.778

SK1 nuc (L/H) 110/30 0.563 0.916 0.439-1.910

S1P1 mem (L/H) 110/30 0.652 0.845 0.407-1.755

S1P1 cyto (L/H) 121/28 0.551 0.782 0.349-1.755

S1P1 nuc (L/H) 108/42 0.470 0.778 0.394-1.536

S1P2 mem (L/H) 77/70 0.110 0.604 0.325-1.121

S1P2 cyto (L/H) 75/71 0.409 0.773 0.419-1.425

S1P2 nuc (L/H) 88/59 0.510 0.810 0.432-1.517

S1P4 mem (L/H) 114/26 0.539 1.135 0.547-2.357

S1P4 cyto (L/H) 120/20 0.004 2.617 1.371-4.993 0.031 2.270 1.100-4.500

S1P4 nuc (L/H) 118/22 0.392 0.651 0.257-1.649
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Table 4.3. The influence of clinicopathological parameters and SK1/S1P receptor expression 
on disease-free cancer recurrence in ERα negative breast cancer patients (yrs: years; P: 
positive; N: negative; L: low; H: high; mem: plasma membrane; cyto: cytoplasm; nuc: 
nucleus).

Recurrence-free survival
Univariate analysis Multivariate analysis

Numbers P value HR IQR P value HR IQR

Age (<50yrs/ 
>50yrs) 48/92 0.290 0.714 0.383-1.333

Tumour grade 
(1/2/3) 4/25/107 0.339 1.424 0.690-2.938

Tumour size (0/1/2) 64/69/2 0.056 1.818 0.985-3.353

Lymph nodes (P/N) 70/67 0.005 2.623 1.347-5.109 0.002 3.450 1.568-7.589

PR status (P/N) 5/142 0.363 0.046 0.000-34.647

Her2 status (P/N) 39/100 0.274 1.454 0.743-2.843

SK1 mem (L/H) 128/12 0.005 2.940 1.344-6.429

SK1 cyto (L/H) 116/24 0.296 1.487 0.707-3.125

SK1 nuc (L/H) 110/30 0.745 0.879 0.404-1.912

S1P1 mem (L/H) 110/30 0.764 0.888 0.409-1.928

S1P1 cyto (L/H) 121/28 0.435 0.708 0.297-1.686

S1P1 nuc (L/H) 108/42 0.318 0.685 0.326-1.440

S1P2 mem (L/H) 77/70 0.049 0.510 0.261-0.998

S1P2 cyto (L/H) 75/71 0.866 0.946 0.496-1.804

S1P2 nuc (L/H) 88/59 0.631 0.851 0.440-1.645

S1P4 mem (L/H) 114/26 0.803 1.110 0.489-2.516

S1P4 cyto (L/H) 120/20 0.010 2.435 1.215-4.879 0.004 3.627 1.520-8.652

S1P4 nuc (L/H) 118/22 0.181 0.447 0.138-1.452
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4.2.5. HER2 receptor expression is required for SK1 and S1P4 receptor associated 

shorter disease-free cancer recurrence in ERα negative breast cancer 

!
The effect of SK1 and S1P4 receptor expression on patient survival and cancer recurrence 

was further analysed by stratifying the data for the SK1, S1P4 and HER2 receptor 

expression. High plasma membrane-bound SK1 expression was associated with shorter 

disease-specific patient survival (Figure 4.6A, P=0.001) and disease-free cancer 

recurrence (Figure 4.6B, P=0.006) in tumours expressing low levels of cytoplasmic S1P4 

receptor. The mean disease-specific survival time for the patients with tumours expressing 

high levels of membrane-bound SK1 was 6.0 years (IQR 3.0-9.0) compared to 11.6 years 

(IQR 10.7-12.7) for the patients with tumours expressing low levels of membrane-bound 

SK1 (Figure 4.6A). The mean disease-free cancer recurrence time for the patients with 

tumours expressing high levels of membrane-bound SK1 was 4.0 years (IQR 2.3-5.8) 

compared to 6.8 years (IQR 6.3-7.3) for the patients with tumours expressing low levels of 

membrane-bound SK1 (Figure 4.6B). Similarly, high cytoplasmic S1P4 receptor 

expression was associated with shorter disease-specific patient survival (Figure 4.6C, 

P=0.001) and disease-free cancer recurrence in tumours expressing low levels of plasma 

membrane-bound SK1 (Figure 4.6D, P=0.005). The mean disease-free cancer recurrence 

time for the patients with tumours expressing high levels of cytoplasmic S1P4 receptor was 

5.0 years (IQR 3.2-6.8) compared to 6.8 years (IQR 6.3-7.3) for the patients with tumours 

expressing low levels of cytoplasmic S1P4 receptor (Figure 4.6C). Furthermore, high 

cytoplasmic S1P4 receptor expression was associated with shorter disease-free cancer 

recurrence in tumours expressing low levels of cytoplasmic SK1 (P=0.030). The mean 

disease-free cancer recurrence time for the patients with tumours expressing high levels of 

cytoplasmic S1P4 receptor was 5.1 years (IQR 3.2-7.1) compared to 6.6 years (IQR 

6.1-7.1) for the patients with tumours expressing low levels of cytoplasmic S1P4 receptor 

(Figure 4.6D).  

!
The effect of HER2 receptor expression on patient survival and cancer recurrence was also 

analysed. High expression of plasma membrane-bound SK1 was associated with shorter 

cancer recurrence solely in HER2 receptor positive tumours (Figure 4.7A). High 

expression of both plasma membrane-bound SK1 and HER2 receptor significantly reduced 

the mean recurrence-free survival rate from 6.8 years (IQR 6.2-7.4) to 2.6 years (IQR 
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Figure 4.6. The Kaplan-Meier graphs showing the effect of SK1/S1P4 receptor expression 
on SK1 and S1P4 receptor associated disease-specific patient survival and disease-free 
cancer recurrence in ERα negative breast cancer patients. A high plasma membrane-bound 
SK1 expression in a low cytoplasmic S1P4 receptor expression background is associated 
with shorter disease-specific patient survival; B high plasma membrane-bound SK1 
expression in a low cytoplasmic S1P4 receptor expression background is associated with 
shorter disease-free cancer recurrence; C high cytoplasmic S1P4 receptor expression in a low 
plasma membrane-bound SK1 expression background is associated with shorter disease-
specific patient survival; D high cytoplasmic S1P4 receptor expression in a low membrane-
bound SK1 expression background is associated with shorter disease-free cancer recurrence.
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0.9-4.2) (P=0.0001). Moreover, the loss of HER2 receptor expression annulled the 

association between membrane-bound SK1 expression and disease-free cancer recurrence 

(Figure 4.7A).  

!
Similarly, high expression of S1P4 receptor at the plasma membrane was associated with 

shorter disease-free cancer recurrence time solely in HER2 receptor positive tumours 

(Figure 4.7B). High expression of both S1P4 receptor and HER2 receptor significantly 

reduced the mean disease-free cancer recurrence time from 6.4 years (IQR 5.8-7.1) to 3.5 

years (IQR 1.0-5.9) (P=0.022). Moreover, the loss of HER2 receptor expression annulled 

the association between S1P4 receptor expression and disease-free cancer recurrence 

(Figure 4.7B). These findings suggest that HER2 receptor might functionally interact with 

SK1 and S1P4 receptor to mediate cancer recurrence in ERα negative breast cancer. 

!
4.2.6. SK1 is required for S1P4 receptor/HER2-mediated ERK-1/2 activation in ERα 

negative breast cancer 

!
Long and coworkers have demonstrated that the S1P-induced ERK-1/2 activation was 

mediated by S1P4 and HER2 receptors in MDA-MB-453 cells (Long et al., 2010b). 

However, the involvement of SK1 in S1P-mediated ERK1/2 activation was not assessed. 

The treatment of MDA-MB-453 cells with SK1 inhibitor SKi (2-(p-hydroxyanilino)-4-(p-

chlorophenyl) thiazole)) reduced the S1P-stimulated ERK-1/2 phosphorylation and 

activation (Figure 4.8). Indeed, Long and coworkers have shown that the siRNA-mediated 

down-regulation of SK1 expression reduced the S1P-stimulated ERK-1/2 activation in 

MCF-7 breast cancer cells (Long et al., 2010a). Thus, the S1P stimulated ERK-1/2 

activation was also mediated by SK1 in MDA-MB-453 cells. Furthermore, the SKi 

treatment induced a reduction in SK1 expression as well as basal ERK-1/2 activation in 

MDA-MB-453 cells. In support of this observation, Long and coworkers have shown that 

the basal ERK-1/2 phosphorylation was dependent on HER2 receptor but independent of 

S1P4 receptor suggesting that SK1 is involved in HER2-mediated regulation of basal 

ERK-1/2 phosphorylation (Long et al., 2010b) (Figure 4.8). 

!
!
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Figure 4.7. The Kaplan-Meier graphs showing the effect of HER2 receptor expression on SK1 
and S1P4 receptor associated disease-free cancer recurrence in ERα negative breast cancer 
patients. A high plasma membrane-bound SK1 expression in HER2 positive tumours is 
associated with shorter disease-free cancer recurrence; B high membrane expression of S1P4 
receptor in HER2  positive tumours is associated with shorter disease-free cancer recurrence.
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P-ERK-1
P-ERK-2

ERK-2

α-actin

S1P + +- -

SKi

Figure 4.7. Western blots showing the effect of SKi treatment on S1P-

stimulated ERK-1/2 activation in MDA-MB-453 cells. Cells were treated with 

SKi (10 µM) for 24h and stimulated with S1P (5 µM, 10 min). Ski treatment 

reduces both S1P-stimulated and the basal ERK-1/2 activation. α-actin was used 

to determine uniform protein loading. α-actin was used to compare amount of 

protein in each lane. Results are representative of three independent 

experiments. 

SK1

Figure 4.8. The western blots showing the effect of SKi treatment on S1P-stimulated 
ERK-1/2 activation in MDA-MB-453 cells. Cells were treated with SKi (10 µM) for 24h and 
stimulated with S1P (5 µM, 10 min). The SKi treatment reduces both basal and S1P-
stimulated ERK-1/2 activation. α-actin was used to determine uniform protein loading. 
Results are representative of three independent experiments. 
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4.3. Discussion 
!

The expression of SK1, S1P1 receptor, S1P2 receptor and S1P4 receptor was analysed in 

ERα negative breast cancer tissue samples. The expression of neither S1P1 receptor nor 

S1P2 receptor was associated with cancer prognosis in ERα negative breast cancer patients. 

However, S1P2 receptor expression was significantly reduced in metastatic tumours 

compared to non-metastatic tumours. Moreover, SK1 expression reduced the S1P2 receptor 

expression levels in the nuclear compartment of the cells. The role of S1P2 receptor 

expression in these tumours could not be analysed due to low number of patients. 

However, the role of S1P2 receptor signalling in MDA-MB-231 cells was further 

investigated in chapter 5. The association between hormone/growth factor receptor and the 

SK1/S1P receptors was also analysed. The PgR and HER2 receptor expression 

significantly enhanced the expression levels of SK1 and S1P1 receptor in ERα negative 

breast tumours respectively. Indeed, progesterone administration was shown to up-regulate 

the SK1 mRNA expression in rat endometrium (Jeng et al., 2007). Moreover, the up-

regulation of SK1 was associated with elevated levels of cyclin D1 expression required for 

the growth of Eker rat myometrial cell line (ELT3). Thus, the expression of SK1 and S1P1 

receptor might be crucial for PgR/HER2-mediated breast tumourigenesis and cancer 

progression. 

!
The expression of S1P4 receptor and metastasis into lymph nodes were independent 

prognostic markers that predict disease outcome in ERα negative breast cancer patients. 

Indeed, S1P4 receptor expression was associated with shorter disease-specific patient 

survival and disease-free cancer recurrence in ERα negative breast cancer. In addition to 

the role of S1P4 receptor in disease progression, first grade tumours expressed the highest 

levels of S1P4 receptor indicating that S1P4 receptor might be involved in tumourigenesis 

of breast tissue.  

!
The expression of SK1 was associated with shorter disease-free cancer recurrence in ERα 

negative breast cancer patients. Moreover, the effect of SK1 expression on patient survival  

was more pronounced in patients with tumours expressing low levels of S1P4 receptor. 

This suggests that the SK1 and S1P4 receptor activation might be partially independent in 

development of breast cancer. Supportingly, Long and coworkers have shown that the 
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ERK-1/2 activation stimulated by S1P was dependent on the activation of both HER2 and 

S1P4 receptors in MDA-MB-453 cells (Long et al., 2010b). Indeed, the loss of HER2 

receptor expression abrogated the effect of SK1 and S1P4 receptor on cancer recurrence in 

ERα negative breast cancer patients. Furthermore, the S1P4 receptor expression was 

correlated exclusively with the expression levels of SK1 in ERα negative breast tumours 

suggesting that the S1P4 receptor activation might be mediated by SK1 through ‘inside-out’ 

signalling. Indeed, SK1/2 dual inhibitor SKi abrogated S1P-stimulated ERK-1/2 activation 

in MDA-MB-453 cells suggesting that SK1 activity was required for the S1P4/HER2-

mediated ERK-1/2 activation. Thus, SK1 inhibitors and S1P4 receptor antagonists might 

represent novel therapeutics for the treatment of patients with HER2 positive/ERα negative 

breast cancer. 

!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
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CHAPTER V 

!
The role of S1P2 receptor in triple negative breast cancer 

!!!!!!!!!!!!!!!!!!!!!!!!!
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5.1. Introduction 
!

S1P activates diverse array of signalling pathways through S1P receptors. Moreover, cell 

type-specific expression of the S1P receptors determines the effect of S1P on cell function. 

For example, the S1P-induced migration of KM-H2 and SUP-HD1 Hodgkin lymphoma 

cell lines was mediated through an S1P1 receptor/Gi/PI3K signalling pathway (Kluk et al., 

2013). In contrast, the activation of S1P2 receptor signalling inhibited the migration of 

these cells. Indeed, Yamashita and coworkers have shown that the S1P-induced chemotaxis 

was determined by the expression of S1P receptor subtypes (Yamashita et al., 2006). For 

example, S1P stimulation of MKN1 and HCG-27 gastric cancer cell lines expressing 

exclusively S1P3 receptor had an enhanced migratory phenotype. However, the S1P 

stimulation of AZ-521 gastric cancer cells expressing exclusively S1P2 receptor inhibited 

the migration of these cells (Yamashita et al., 2006). In support of these findings, the S1P2 

receptor signalling was shown to inhibit cell migration through activation of Rho kinase 

that prevents the Rac kinase activation required for migration of B16 melanoma cells 

(Arikawa et al., 2003).  

!
In contrast, the S1P2 receptor activation enhanced the invasiveness of glioblastoma 

multiforme cell lines through up-regulation of CCN1/Cyr61 expression, a matricellular 

protein crucial for cell adhesion (Young et al., 2007). Moreover, Ponnusamy and 

coworkers have shown that the activation of S1P2 receptor inhibits the expression of 

Brms1 (breast carcinoma metastasis suppressor 1), a suppressor of metastasis in MB49 

murine bladder cancer cells (Ponnusamy et al., 2012). In addition, S1P2 receptor signalling 

induces the activation of ezrin, radixin and moesin (ERM) proteins required for cancer 

metastasis through formation of filopodia upon S1P stimulation in HeLa cells (Gandy et 

al., 2013). 

!
In addition, the S1P2 receptor signalling regulates cell survival and proliferation. For 

example, the S1P-mediated activation of S1P2 receptor inhibited the proliferation of 

WiT49 Wilms tumour cells through induction of Connective Tissue Growth Factor (CTGF) 

expression (Li et al., 2008). CTGF expression was regulated by Rho/ROCK and JNK 

signalling pathways in these cells. Moreover, CTGF expression was down-regulated in 

Wilms tumour tissue samples indicating that the suppression of S1P2 receptor signalling 
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might be crucial for cancer progression. In contrast, the S1P2 receptor signalling was 

shown to stabilise the Bcr-Abl1 tyrosine kinase through inhibition of PP2A in human 

chronic myeloid leukemia cell lines. The dephosphorylation of Bcr-Abl1 induces its 

proteasomal degradation (Salas et al., 2011). In addition, the inhibition of Bcr-Abl1 

degradation leads to development of imatinib resistance in chronic myeloid leukemia cell 

lines (Salas et al., 2011). Thus, the role of S1P2 receptor in cancer is not fully understood. 

!
Triple negative breast cancer comprises 15-20% of breast cancer cases. These tumours are 

devoid of ERα, PgR and HER2 receptor expression, thus the treatment of these tumours   

comprise solely classical chemotherapy. Moreover, triple negative breast cancers have the 

worst survival outcome when compared to other types of breast cancer (Rouzier et al., 

2005). Classical chemotherapy comprised of anthracyclines (doxorubicin, epirubicin), 

taxanes (paclitaxel, docetaxel), nucleoside analogs (capecitabine, gemcitabine) and 

epothilone analogs are commonly used in treatment of triple negative breast cancer 

(Brouckaert et al., 2012). However, these cytotoxic agents are not tumour-selective, hence 

pharmaceuticals selective for tumours are in demand.  

!
In this chapter, the role of S1P2 receptor signalling in MDA-MB-231 cells was investigated 

using pharmacological SK1 and SK2 selective inhibitors (SKi, ROMe, RB-005 and 

compound 55-22), S1P receptor antagonists (JTE-013, CAY10444, and CYM50367) and 

siRNA approach. MDA-MB-231 cells are triple negative human breast cancer cell line 

isolated from 56 years old female caucasian (Cailleau et al., 1974). The transient 

expression of HA-tagged S1P2 receptor in MDA-MB-231 cells did not inhibit cell 

proliferation determined using xCELLigence assay. However, inhibition of either SK2 and/

or S1P4 signalling induced the accumulation of S1P2 receptor into the nucleus and this was 

associated with inhibition of cellular growth. Thus, SK2 inhibitors and S1P4 receptor 

antagonists represent novel therapeutics for the treatment of triple negative breast cancer 

patients. 

!
!
!
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5.2. Results 
!

5.2.1. The effect of the SK1/SK2 dual inhibitor SKi on the nuclear accumulation of 

the HA-S1P2 receptor 

!
MDA-MB-231 cells were transfected with HA-S1P2 receptor plasmid construct and nuclei 

was isolated (Figure 5.1A). The S1P2 receptor was detected using anti-HA antibody. The 

HA-S1P2 receptor was present in the nucleus of untreated cells (Figure 5.1B). Moreover, 

the level of HA-S1P2 receptor in the nucleus was significantly enhanced upon SKi 

treatment, a dual inhibitor of SK1 and SK2 activity (Figure 5.1B/C). Furthermore, SKi 

treatment also increased the levels of c-SRC and Y416 phosphorylated c-SRC in the 

nucleus (Figure 5.1B/D/E). SKi treatment of cells transfected with empty vector also 

significantly increased c-SRC levels in the nucleus. However, the Y416 phosphorylation 

state of nuclear c-SRC was not altered (Figure 5.2A/B/C). Thus, the phosphorylation of c-

SRC might be dependent on the expression of S1P2 receptor in these cells. In addition, 

HA-S1P2 receptor, c-SRC and Y416 phosphorylated c-SRC levels were not altered upon 

SKi treatment in total cell lysates suggesting that the observed increase in the levels of 

these proteins in the nucleus was not due to cellular up-regulation of expression (Figure 

5.3A/B).  

!
The S1P stimulation prevents the effect of SKi on nuclear accumulation of HA-S1P2 

receptor, c-SRC and Y416 phosphorylated c-SRC in cells over-expressing HA-S1P2 

receptor (Figure 5.1B/C/D/E). Indeed, the pharmacological inhibition or siRNA-mediated 

down-regulation of S1P4 receptor induces the accumulation of HA-S1P2 receptor into the 

nucleus (Figure 5.10B/F/G). Thus, the S1P4 receptor activation by S1P might inhibit the 

nuclear accumulation of HA-S1P2 receptor. However, the inhibition of S1P4 receptor 

activation did not induce the nuclear accumulation of c-SRC or Y416 phosphorylated c-

SRC. This suggests that the nuclear accumulation of these proteins were independent of 

S1P4 receptor. Thus, the nuclear accumulation of c-SRC and Y416 phosphorylated c-SRC 

in response to inhibition of SK1/2 might involve the alteration in activity of an intracellular 

target that binds S1P. The role of S1P receptors in nuclear accumulation of the S1P2 

receptor is further discussed in Section 5.2.4 and Section 5.2.5. 

!
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Figure 5.1. Western blots and densitometric quantifications showing the effect of SKi treatment on nuclear accumulation of S1P2 receptor, 

Y416 phosphorylated c-SRC and c-SRC in HA-S1P2 transfected MDA-MB-231 cells. MDA-MB-231 cells were treated with SKi (10 µM) 

for 4 hours before stimulation with or without S1P (5 µM, 1 hour). A Western blots showing the purity of cytoplasmic and nuclear 

fractions probed with anti-GAPDH and anti-Lamin A/B antibodies; B Western blots showing the change in nuclear levels of  c-SRC, Y416 

phosphorylated c-SRC and HA-tagged S1P2 upon treatment with SKi and/or S1P; C Densitometric quantification of blot probed with anti-

HA TAG antibody; D Densitometric quantifications of blot probed with anti-c-SRC antibody; E Densitometric quantification of blot 

probed with anti-Y419 phosphorylated c-SRC antibody. Results from three separate experiments were standardised against lamin A/B 
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Figure 5.1. The western blots and densitometric quantifications showing the effect of SKi 
treatment on the nuclear accumulation of HA-S1P2 receptor, Y416 phosphorylated c-SRC and 
c-SRC in HA-S1P2 transfected MDA-MB-231 cells. MDA-MB-231 cells were treated with 
SKi (10 µM) for 4 hours before stimulation with or without S1P (5 µM, 1 hour). A The western 
blots showing the purity of cytoplasmic and nuclear fractions probed with anti-GAPDH and 
anti-Lamin A/B antibodies; B The western blots showing the change in the nuclear levels of c-
SRC, Y416 phosphorylated c-SRC and HA-S1P2 upon treatment with SKi and/or S1P; C 
Densitometric quantification of blot probed with anti-HA TAG antibody; D The densitometric 
quantifications of blot probed with anti-c-SRC antibody; E The densitometric quantification of 
blot probed with anti-Y416 phosphorylated c-SRC antibody. Results from three separate 
experiments were standardised against lamin A/B expression and expressed in percentages 
relative to control +/- relative standard deviation. Unpaired Student’s t-Test was used to assess 
the significance between different subgroups. 
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Figure 5.2. Western blots and densitometric quantifications showing the effect of SKi treatment on nuclear 

accumulation of S1P2 receptor, Y416 phosphorylated c-SRC and c-SRC in empty vector transfected MDA-MB-231 

cells. MDA-MB-231 cells were treated with SKi (10 µM) for 4 hours before stimulation with or without S1P (5 µM, 1 

hour). A Western blots showing the change in nuclear levels of  c-SRC and Y416 phosphorylated c-SRC upon 

treatment with SKi and/or S1P; B Densitometric quantification of blot probed with anti-c-SRC antibody; C 

Densitometric quantification of blot probed with anti-Y419 phosphorylated c-SRC antibody. Results from three 

separate experiments were standardised against lamin A/B expression and expressed in percentages relative to control 

+/- relative standard deviation. Unpaired Student’s t-Test was used to assess the significance between different 

subgroups. 
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Figure 5.2. The western blots and densitometric quantifications showing the effect of SKi 
treatment on the nuclear accumulation of HA-S1P2 receptor, Y416 phosphorylated c-SRC and 
c-SRC in empty vector transfected MDA-MB-231 cells. MDA-MB-231 cells were treated with 
SKi (10 µM) for 4 hours before stimulation with or without S1P (5 µM, 1 hour). A The western 
blots showing the change in the nuclear levels of  c-SRC and Y416 phosphorylated c-SRC 
upon treatment with SKi and/or S1P; B The densitometric quantification of blot probed with 
anti-c-SRC antibody; C The densitometric quantification of blot probed with anti-Y416 
phosphorylated c-SRC antibody. Results from three separate experiments were standardised 
against lamin A/B expression and expressed in percentages relative to control +/- relative 
standard deviation. Unpaired Student’s t-Test was used to assess the significance between 
different subgroups. 
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Figure 5.3. Western blots and densitometric quantifications showing the effect of SKi treatment on cellular expression 

levels of S1P2 receptor, Y416 phosphorylated c-SRC and c-SRC in empty vector or HA-tagged S1P2 transfected 

MDA-MB-231 cells. MDA-MB-231 cells were treated with SKi (10 µM) for 4 hours before stimulation with or 

without S1P (5 µM, 1 hour). A Western blots showing the change in cellular levels of S1P2 receptor, c-SRC and Y416 

phosphorylated c-SRC upon treatment with SKi and/or S1P; B Densitometric quantification of blot probed with anti-

Y419 phosphorylated c-SRC antibody. Results from three separate experiments were standardised against actin 

expression and expressed in percentages relative to control +/- relative standard deviation. 
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Figure 5.3. The western blots and densitometric quantifications showing the effect of SKi 
treatment on the cellular expression levels of HA-S1P2 receptor, Y416 phosphorylated c-SRC 
and c-SRC in empty vector or HA-S1P2 transfected MDA-MB-231 cells. MDA-MB-231 cells 
were treated with SKi (10 µM) for 4 hours before stimulation with or without S1P (5 µM, 1 
hour). A The western blots showing the change in cellular levels of HA-S1P2 receptor, c-SRC 
and Y416 phosphorylated c-SRC upon treatment with SKi and/or S1P; B The densitometric 
quantification of blot probed with anti-Y416 phosphorylated c-SRC antibody. Results from 
three separate experiments were standardised against actin expression and expressed in 
percentages relative to control +/- relative standard deviation. 
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5.2.2. The effect of the SK1 selective inhibitors on the nuclear accumulation of the 

HA-S1P2 receptor 

!
The effect of SK1 and SK2 selective inhibitors was also tested on the nuclear accumulation 

of S1P2 receptor. SK1 selective inhibitors RB-005 (Baek et al., 2013) and compound 55-22 

(Byun et al., 2013) did not induce the nuclear accumulation of S1P2 receptor (Figure 5.4A/

B). Moreover, these compounds did not induce the nuclear accumulation of c-SRC or 

Y416 phosphorylated c-SRC in cells transfected with empty vector or HA-S1P2 receptor 

plasmid construct. In support of these findings, SK1 siRNA mediated down-regulation of 

SK1 did not induce the nuclear accumulation of HA-S1P2 receptor or Y416 phosphorylated 

c-SRC (Figure 5.5A/C/D). In addition, the levels of c-SRC and Y416 phosphorylated c-

SRC were not altered in cells transfected with empty vector or HA-S1P2 receptor plasmid 

construct. SK1 mRNA levels were successfully down-regulated in these cells using SK1 

siRNA compared to scrambled siRNA (Figure 5.5B).  

5.2.3. The effect of the SK2 selective inhibitors on the nuclear accumulation of the 

HA-S1P2 receptor 

!
The treatment of MDA-MB-231 cells with the SK2 selective inhibitor ROMe induced the 

nuclear accumulation of both HA-S1P2 receptor and Y416 phosphorylated c-SRC (Figure 

5.6A/D/E). Moreover, S1P stimulation prevents the nuclear accumulation of HA-S1P2 

receptor in ROMe treated cells. In support of these findings, SK2 siRNA mediated down-

regulation of SK2 expression induced the nuclear accumulation of both HA-S1P2 receptor 

and Y416 phosphorylated c-SRC (Figure 5.6B/F/G). However, S1P stimulation did not 

prevent this effect. The treatment of cells transfected with empty vector with ROMe or 

SK2 siRNA did not promote the nuclear accumulation of Y416 phosphorylated c-SRC 

(Figure 5.6A/B). In addition, the expression levels of HA-S1P2 receptor or Y416 

phosphorylated c-SRC in total lysate were not altered in cells treated with ROMe (Figure 

5.7A/B/C). Thus, the increase in levels of these proteins in the nucleus was not due to up-

regulation of protein expression. In addition, HA-S1P2 receptor levels were not altered 

upon S1P stimulation in total cell lysates. The SK2 expression was successfully down-

regulated in MDA-MB-231 cells treated with SK2 siRNA compared to scrambled siRNA 

(Figure 5.6C). 
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Figure 5.4. The western blots and densitometric quantifications showing the effect of SK1 
inhibitors on the nuclear levels of HA-S1P2 receptor, Y416 phosphorylated c-SRC and c-SRC 
in empty vector or HA-S1P2 transfected MDA-MB-231 cells. MDA-MB-231 cells were 
treated with inhibitors (10 µM) for 4 hours before stimulation with or without S1P (5 µM, 1 
hour). A The western blots showing the change in nuclear levels of HA-S1P2 receptor, c-SRC 
and Y416 phosphorylated c-SRC upon treatment with RB-005 and/or S1P; B The western blots 
showing the change in nuclear levels of HA-S1P2 receptor, c-SRC and Y416 phosphorylated c-
SRC upon treatment with 55-22 and/or S1P; C, E The densitometric quantification of blot 
probed with anti-HA TAG antibody; D, F The densitometric quantification of blot probed with 
anti-Y416 phosphorylated c-SRC antibody. Results from three separate experiments were 
standardised against lamin A/B expression and expressed in percentages relative to control +/- 
relative standard deviation. 
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Figure 5.4. Western blots and densitometric quantifications showing the effect of SK1 inhibitors on nuclear levels of S1P2 receptor, Y416 phosphorylated c-SRC and c-SRC in empty vector or HA-tagged S1P2 

transfected MDA-MB-231 cells. MDA-MB-231 cells were treated with inhibitors (10 µM) for 4 hours before stimulation with or without S1P (5 µM, 1 hour). A Western blots showing the change in nuclear 

levels of S1P2 receptor, c-SRC and Y416 phosphorylated c-SRC upon treatment with RB-005 and/or S1P; B Western blots showing the change in nuclear levels of S1P2 receptor, c-SRC and Y416 

A

B

C

D

E

F



Jan Ohotski

!139

Figure 5.5. Western blots and densitometric quantifications showing the effect of SK1 down-regulation on nuclear levels of S1P2 receptor, Y416 phosphorylated c-SRC 

and c-SRC in empty vector or HA-tagged S1P2 transfected MDA-MB-231 cells. A Western blots showing the change in nuclear levels of S1P2 receptor, c-SRC and 

Y416 phosphorylated c-SRC upon SK1 down-regulation and/or S1P; B RT-PCR mediated analysis of SK1 expression upon treatment with either scrambled (Scr) or 

SK1-selective siRNA; C, D Densitometric quantification of blot probed with anti-HA TAG antibody and anti-Y419 phosphorylated c-SRC antibody. Results from three 

separate experiments were standardised against lamin A/B expression and expressed in percentages relative to control +/- relative standard deviation. 
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Figure 5.5. The western blots and densitometric quantifications showing the effect of SK1 

down-regulation on the nuclear levels of HA-S1P2 receptor, Y416 phosphorylated c-SRC 

and c-SRC in empty vector or HA-S1P2 transfected MDA-MB-231 cells. A The western 

blots showing the change in nuclear levels of S1P2 receptor, c-SRC and Y416 

phosphorylated c-SRC upon SK1 down-regulation and/or stimulated with/without S1P; B 

The RT-PCR mediated analysis of SK1 expression upon treatment with either scrambled 

(Scr) or SK1-selective siRNA; C, D The densitometric quantification of blot probed with 

anti-HA TAG antibody and anti-Y416 phosphorylated c-SRC antibody. Results from three 

separate experiments were standardised against lamin A/B expression and expressed in 

percentages relative to control +/- relative standard deviation. 
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Figure 5.6. The western blots and densitometric quantifications showing the effect of 
inhibition or SK2 siRNA mediated down-regulation of SK2 on the nuclear levels of HA-S1P2 
receptor, Y416 phosphorylated c-SRC and c-SRC in empty vector or HA-S1P2 transfected 
MDA-MB-231 cells. A The western blots showing the change in nuclear levels of HA-S1P2 
receptor, c-SRC and Y416 phosphorylated c-SRC upon treatment with SK2 inhibitor and/or 
S1P; B The western blots showing the change in nuclear levels of HA-S1P2 receptor, c-SRC 
and Y416 phosphorylated c-SRC upon SK2 down-regulation and/or stimulation with S1P; C 
The RT-PCR mediated analysis of SK2 expression upon treatment with either scrambled (Scr) 
or SK2-selective siRNA; D, F The densitometric quantification of blot probed with anti-HA 
TAG antibody. E, G The densitometric quantification of blot probed with anti-Y416 
phosphorylated c-SRC antibody. Results from three separate experiments were standardised 
against lamin A/B expression and expressed in percentages relative to control +/- relative 
standard deviation. 

Figure 5.6. Western blots and densitometric 

quantifications showing the effect of inhibition or 

SK2 siRNA mediated down-regulation of SK2 on 

nuclear levels of S1P2 receptor, Y416 

phosphorylated c-SRC and c-SRC in empty 

vector or HA-tagged S1P2 transfected MDA-

MB-231 cells. A Western blots showing the 

change in nuclear levels of S1P2 receptor, c-SRC 

and Y416 phosphorylated c-SRC upon treatment 

with SK2 inhibitor and/or S1P; B Western blots 

showing the change in nuclear levels of S1P2 

receptor, c-SRC and Y416 phosphorylated c-SRC 

upon SK2 down-regulation and/or stimulation 

with S1P; C RT-PCR mediated analysis of SK2 

expression upon treatment with either scrambled 

( S c r ) o r S K 2 - s e l e c t i v e s i R N A ; D , F 

Densitometric quantification of blot probed with 

anti-HA TAG antibody. E, G Densitometric 

quantification of blot probed with anti-Y419 

phosphorylated c-SRC antibody. Results from 

three separate experiments were standardised 

against lamin A/B expression and expressed in 

percentages relative to control +/- relative 

standard deviation. 

De
ns

ity
 (H

A-
S1

P2
)

0

100

200

De
ns

ity
 (P

-S
RC

)

0

100

200

De
ns

ity
 (H

A-
S1

P2
)

0

100

200

De
ns

ity
 (P

-S
RC

)

0

100

200

S1P -     +     -    +     -     +     -     +

ROMe -     -     +    +     -     -     +     +

VECTOR S1P2 PLASMID

S1P -         +           -            +

ROMe -           -           +           +
S1P + +- -

ROMe
+ +- -

- - + + - - + +

Vector HA-S1P2

c-SRC

Y416P-c-SRC

HA-S1P2

LAMIN A/B

S1P + +- -
SK2 siRNA

+ +- -
- - + + - - + +

Vector HA-S1P2

c-SRC

Y416P-c-SRC

HA-S1P2

LAMIN A/B

S1P -         +           -            +

SK2 siRNA -           -           +           +

S1P -     +     -    +     -     +     -     +

SK2 siRNA -     -     +    +     -     -     +     +

VECTOR S1P2 PLASMID

SK2 (315 bp)

GAPDH (983 bp)

Scr -+

SK2 siRNA - +

P<0.01

P<0.01

P<0.01

P<0.01

A

B

C

D

E

F

G



Jan Ohotski

!141

Figure 5.7. Western blots and densitometric 

quantifications showing the effect of ROMe on 

cellular expression levels of S1P2 receptor and 

Y416 phosphorylated c-SRC in empty vector or 

HA-tagged S1P2 transfected MDA-MB-231 cells. 

A Western blots showing the change in cellular 

levels of S1P2 receptor and Y416 phosphorylated 

c-SRC upon treatment with SK2 inhibitor and/or 

S1P; B Densitometric quantification of blot 

probed with anti-HA TAG antibody; C 

Densitometric quantification of blot probed with 

anti-Y419 phosphorylated c-SRC antibody. 

Results from three separate experiments were 

standardised against actin expression and 

expressed in percentages relative to control +/- 

relative standard deviation. 

D

E

Lamin

HA-S1P2

Y416P-c-Src

c-Src

S1P         - +     - +    - +     - +
ROMe    - - +   +   - - +   +

Vector            HA-S1P2

Scr    +    -
SK2 siRNA    - +

SK2 (315 bp)

GAPDH 
(983 bp)S1P              - +     - +     - +     - +

SK2 siRNA - - +   +    - - +   +
Vector            HA-S1P2

Lamin

HA-S1P2

Y416P-c-Src

c-Src

C

Lamin

HA-S1P2

Y416P-c-Src

c-Src

S1P              - +     - +     - +     - +
SK1 siRNA - - +   +    - - +   +

Vector            HA-S1P2

Scr    +    -
SK1 siRNA    - +

SK1 
(480 bp)
GAPDH 
(983 bp)

A

Lamin

HA-S1P2

Y416P-c-Src

c-Src

S1P          - +     - +    - +     - +
RB-005 - - +   +   - - +   +

Vector            HA-S1P2

B

Lamin

HA-S1P2

Y416P-c-Src

c-Src

S1P          - +     - +    - +     - +
55-22 - - +   +   - - +   +

Vector            HA-S1P2

F

Actin

Y416P-c-Src

S1P         - +     - +    - +     - +
ROMe    - - +   +   - - +   +

Vector            HA-S1P2

HA-S1P2

1043J. Ohotski et al. / Cellular Signalling 26 (2014) 1040–1047

Y416P-c-SRC

HA-S1P2

ACTIN

S1P + +- -
ROMe

+ +- -
- - + + - - + +

Vector HA-S1P2

D
en

si
ty

 (P
-S

R
C

)

0

100

200

S1P -     +     -    +     -     +     -     +

ROMe -     -     +    +     -     -     +     +

VECTOR S1P2 PLASMID

D
en

si
ty

 (H
A-

S1
P2

)

0

100

200

S1P -         +           -            +

ROMe -           -           +           +

Figure 5.7. The western blots and densitometric quantifications showing the effect of ROMe 
on the cellular expression levels of HA-S1P2 receptor and Y416 phosphorylated c-SRC in 
empty vector or HA-S1P2 transfected MDA-MB-231 cells. A The western blots showing the 
change in cellular levels of HA-S1P2 receptor and Y416 phosphorylated c-SRC upon 
treatment with SK2 inhibitor and/or S1P; B The densitometric quantification of blot probed 
with anti-HA TAG antibody; C The densitometric quantification of blot probed with anti-
Y416 phosphorylated c-SRC antibody. Results from three separate experiments were 
standardised against actin expression and expressed in percentages relative to control +/- 
relative standard deviation. 
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5.2.4. The effect of the S1P receptor antagonists on the nuclear accumulation of the 

HA-S1P2 receptor 

!
The S1P stimulation prevents the nuclear accumulation of HA-S1P2 receptor upon 

treatment with SKi or ROMe. Thus, the role of other S1P receptors in nuclear 

accumulation of HA-S1P2 receptor was tested. The treatment of MDA-MB-231 cells with 

JTE-013, an antagonist of S1P2 and S1P4 receptors, did not induce the nuclear 

accumulation of HA-S1P2 receptor or Y416 phosphorylated c-SRC (Figure 5.8A/C/D). 

Similarly, the treatment with CAY10444, an antagonist of S1P3 receptor did not induce the 

nuclear accumulation of HA-S1P2 receptor or Y416 phosphorylated c-SRC (Figure 5.8B/

E/F). In support of these data, the treatment of cells with S1P3 siRNA did not induce the 

nuclear accumulation of HA-S1P2 receptor or Y416 phosphorylated c-SRC (Figure 5.9A/

C/D). The S1P3 receptor expression was successfully down-regulated in MDA-MB-231 

cells treated with S1P3 siRNA compared to scrambled siRNA (Figure 5.9B). 

!
The treatment of MDA-MB-231 cells with S1P4 receptor antagonist CYM50367 induced 

the nuclear accumulation of HA-S1P2 receptor. However, the expression levels of Y416 

phosphorylated c-SRC in the nucleus was not altered (Figure 5.10A/D/E). Moreover, the 

S1P stimulation prevented the nuclear accumulation of HA-S1P2 receptor. Similarly, S1P4 

siRNA induced the nuclear accumulation of HA-S1P2 receptor (Figure 5.10B/F/G). 

Interestingly, the S1P stimulation did not prevent the nuclear accumulation of HA-S1P2 

receptor suggesting that the nuclear accumulation of HA-S1P2 receptor is normally 

restrained by S1P binding to S1P4 receptor. The expression levels of HA-S1P2 receptor was 

not altered upon down-regulation of S1P4 receptor in total cell lysates indicating that the 

increase in nuclear levels of HA-S1P2 was not due to up-regulation of HA-S1P2 receptor 

expression (Figure 5.11A/B/C). Moreover, the levels of HA-S1P2 receptor were not 

altered upon S1P stimulation in total cell lysates. The S1P4 receptor expression was 

successfully down-regulated in MDA-MB-231 cells treated with S1P4 siRNA compared to 

scrambled siRNA (Figure 5.10C). 

!
!
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Figure 5.8. Western blots and densitometric 

quantifications showing the effect of S1P2 receptor 

antagonist or S1P3 receptor antagonist on nuclear levels 

of S1P2 receptor, Y416 phosphorylated c-SRC and c-SRC 

in empty vector or HA-tagged S1P2 transfected MDA-

MB-231 cells. MDA-MB-231 cells were treated with 

antagonists (10 µM) for 4 hours before stimulation with 

or without S1P (5 µM, 1 hour). A Western blots showing 

the change in nuclear levels of S1P2 receptor, c-SRC and 

Y416 phosphorylated c-SRC upon treatment with 

JTE-013 and/or S1P; B Western blots showing the 

change in nuclear levels of S1P2 receptor, c-SRC and 

Y416 phosphorylated c-SRC upon treatment with 

CAY10444 and/or S1P; C, E Densi tometr ic 

quantification of blot probed with anti-HA TAG 

antibody; D, F Densitometric quantification of blot 

probed with anti-Y419 phosphorylated c-SRC antibody. 

Results from three separate experiments were 

standardised against lamin A/B expression and expressed 

in percentages relative to control +/- relative standard 

deviation. 

Figure 5.8. The western blots and densitometric quantifications showing the effect of S1P2 
receptor antagonist or S1P3 receptor antagonist on the nuclear levels of HA-S1P2 receptor, 
Y416 phosphorylated c-SRC and c-SRC in empty vector or HA-S1P2 transfected MDA-
MB-231 cells. MDA-MB-231 cells were treated with antagonists (10 µM) for 4 hours before 
stimulation with or without S1P (5 µM, 1 hour). A The western blots showing the change in 
nuclear levels of HA-S1P2 receptor, c-SRC and Y416 phosphorylated c-SRC upon treatment 
with JTE-013 and/or S1P; B The western blots showing the change in nuclear levels of HA-
S1P2 receptor, c-SRC and Y416 phosphorylated c-SRC upon treatment with CAY10444 and/
or S1P; C, E The densitometric quantification of blot probed with anti-HA TAG antibody; D, 
F The densitometric quantification of blot probed with anti-Y416 phosphorylated c-SRC 
antibody. Results from three separate experiments were standardised against lamin A/B 
expression and expressed in percentages relative to control +/- relative standard deviation. 
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Figure 5.9. Western blots and densitometric 

quantifications showing the effect of S1P3 receptor 

down-regulation on nuclear levels of S1P2 receptor, 

Y416 phosphorylated c-SRC and c-SRC in empty 

vector or HA-tagged S1P2 transfected MDA-

MB-231 cells. A Western blots showing the change 

in nuclear levels of S1P2 receptor, c-SRC and Y416 

phosphorylated c-SRC upon S1P3 receptor down-

regulation and/or stimulation with S1P; B RT-PCR 

mediated analysis of S1P3 receptor expression upon 

treatment with either scrambled (Scr) or S1P3 

receptor-selective siRNA; C Densitometric 

quantification of blot probed with anti-HA TAG 

antibody; D  Densitometric quantification of blot 

probed with anti-Y419 phosphorylated c-SRC 

antibody. Results from three separate experiments 

were standardised against lamin A/B expression and 

expressed in percentages relative to control +/- 

relative standard deviation. 
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Figure 5.9. The western blots and densitometric quantifications showing the effect of S1P3 
receptor down-regulation on the nuclear levels of HA-S1P2 receptor, Y416 phosphorylated c-
SRC and c-SRC in empty vector or HA-S1P2 transfected MDA-MB-231 cells. A The western 
blots showing the change in nuclear levels of HA-S1P2 receptor, c-SRC and Y416 
phosphorylated c-SRC upon S1P3 receptor down-regulation and/or stimulation with S1P; B 
The RT-PCR mediated analysis of S1P3 receptor expression upon treatment with either 
scrambled (Scr) or S1P3 receptor-selective siRNA; C The densitometric quantification of blot 
probed with anti-HA TAG antibody; D The densitometric quantification of blot probed with 
anti-Y416 phosphorylated c-SRC antibody. Results from three separate experiments were 
standardised against lamin A/B expression and expressed in percentages relative to control +/- 
relative standard deviation. 
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Figure 5.10. Western blots and densitometric 

quantifications showing the effect of S1P4 receptor 

inhibition or down-regulation on nuclear levels of 

S1P2 receptor, Y416 phosphorylated c-SRC and c-

SRC in empty vector or HA-tagged S1P2 transfected 

MDA-MB-231 cells. A Western blots showing the 

change in nuclear levels of S1P2 receptor, c-SRC and 

Y416 phosphorylated c-SRC upon treatment with 

S1P4 receptor antagonist and/or S1P; B Western 

blots showing the change in nuclear levels of S1P2 

receptor, c-SRC and Y416 phosphorylated c-SRC 

upon S1P4 receptor down-regulation and/or 

stimulation with S1P; C RT-PCR mediated analysis 

of S1P4 receptor expression upon treatment with 

either scrambled (Scr) or S1P4 receptor-selective 

siRNA; D, F Densitometric quantification of blot 

probed with anti-HA TAG antibody; E, G 

Densitometric quantification of blot probed with 

anti-Y419 phosphorylated c-SRC antibody. Results 

from three separate experiments were standardised 

against lamin A/B expression and expressed in 

percentages relative to control +/- relative standard 

deviation. 
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Figure 5.10. The western blots and densitometric quantifications showing the effect of S1P4 
receptor inhibition or down-regulation on the nuclear levels of HA-S1P2 receptor, Y416 
phosphorylated c-SRC and c-SRC in empty vector or HA-S1P2 transfected MDA-MB-231 
cells. A The western blots showing the change in nuclear levels of HA-S1P2 receptor, c-
SRC and Y416 phosphorylated c-SRC upon treatment with S1P4 receptor antagonist and/or 
S1P; B The western blots showing the change in nuclear levels of HA-S1P2 receptor, c-SRC 
and Y416 phosphorylated c-SRC upon S1P4 receptor down-regulation and/or stimulation 
with S1P; C The RT-PCR mediated analysis of S1P4 receptor expression upon treatment 
with either scrambled (Scr) or S1P4 receptor-selective siRNA; D, F The densitometric 
quantification of blot probed with anti-HA TAG antibody; E, G The densitometric 
quantification of blot probed with anti-Y416 phosphorylated c-SRC antibody. Results from 
three separate experiments were standardised against lamin A/B expression and expressed in 
percentages relative to control +/- relative standard deviation. 
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Figure 5.11. Western blots and densitometric 

quantifications showing the effect of S1P4 receptor 

down-regulation on cellular expression levels of 

S1P2 receptor, and Y416 phosphorylated c-SRC in 

empty vector or HA-tagged S1P2 transfected MDA-

MB-231 cells. A  Western blots showing the change 

in cellular levels of S1P2 receptor, c-SRC and Y416 

phosphorylated c-SRC upon S1P4 receptor down-

regulation and/or stimulation with S1P; B 

Densitometric quantification of blot probed with 

ant i-HA TAG antibody; C Densi tometr ic 

quantification of blot probed with anti-Y419 

phosphorylated c-SRC antibody. Results from three 

separate experiments were standardised against actin 

expression and expressed in percentages relative to 

control +/- relative standard deviation. 
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Figure 5.11. The western blots and densitometric quantifications showing the effect of S1P4 
receptor down-regulation on the cellular expression levels of HA-S1P2 receptor, and Y416 
phosphorylated c-SRC in empty vector or HA-S1P2 transfected MDA-MB-231 cells. A  The 
western blots showing the change in cellular levels of HA-S1P2 receptor, c-SRC and Y416 
phosphorylated c-SRC upon S1P4 receptor down-regulation and/or stimulation with S1P; B 
The densitometric quantification of blot probed with anti-HA TAG antibody; C The 
densitometric quantification of blot probed with anti-Y416 phosphorylated c-SRC antibody. 
Results from three separate experiments were standardised against actin expression and 
expressed in percentages relative to control +/- relative standard deviation. 
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5.2.5. The effect of nuclear accumulation of HA-S1P2 receptor and Y416 

phosphorylated c-SRC on cell growth 

!
The effect of nuclear accumulation of HA-S1P2 receptor and Y416 phosphorylated c-SRC 

on cellular growth was measured using xCELLigence system. MDA-MB-231 cells 

transfected with either HA-S1P2 receptor plasmid construct or empty vector was separately 

treated with SKi, RB-005, compound 55-22, ROMe, CAY10444, JTE-013, CYM50367 or 

siRNA targeting SK1 or SK2. The expression of HA-S1P2 receptor had no effects on 

cellular growth compared to cells transfected with empty vector (Figure 5.12). In all cases, 

the growth of MDA-MB-231 cells was reduced compared to cells transfected with either 

empty vector or HA-S1P2 receptor plasmid construct. Moreover, the treatment of MDA-

MB-231 cells expressing HA-S1P2 receptor with SKi, ROMe, CYM50367 or SK2 siRNA 

exhibited a more significant reduction in cellular growth compared to vector transfected 

counterparts treated with these agents. The reduction in cellular growth upon treatment 

with RB-005, compound 55-22, CAY10444, JTE-013 or siRNA SK1 siRNA was 

comparable between HA-S1P2 receptor and empty vector transfected MDA-MB-231 cells. 

!
!

!!!!!!!!!
!
!
!
!
!
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Figure 5.12. The effect of SKi, RB-005, compound 

55-22, ROMe, CAY10444, JTE-003, CYM50367, 

FTY720, SK1 siRNA and SK2 siRNA treatment on 

the growth of MDA-MB-231 cells transfected with 

vector or HA-S1P2 plasmid construct. Cells were 

treated with the inhibitors/receptor antagonist (10 

uM) or SK1/SK2-specific siRNA for 4 hours. 

Cellular growth was monitored by xCELLigence 

system software. Results were expressed in 

percentages relative to control +/- relative standard 

deviation. Each treatment was prepared in triplicates 

(n=3). 
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treated with the inhibitors/receptor antagonist (10 
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Cellular growth was monitored by xCELLigence 
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Figure 5.12. The effect of SKi, RB-005, compound 55-22, ROMe, CAY10444, JTE-003, 
CYM50367, FTY720, SK1 siRNA and SK2 siRNA treatment on the growth of MDA-MB-231 
cells transfected with vector or HA-S1P2 plasmid construct. Cells were treated with the 
inhibitors/receptor antagonist (10 uM) or SK1/SK2-specific siRNA for 4 hours. Cellular 
growth was monitored by xCELLigence system software. Results were expressed in 
percentages relative to control +/- relative standard deviation. Each treatment was prepared in 
triplicates (n=3). 
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5.3. Discussion 
!

The treatment of MDA-MB-231 cells transiently over-expressing HA-S1P2 receptor with 

dual SK1/2 inhibitor SKi or SK2 selective inhibitor ROMe or siRNA-mediated down-

regulation of SK2 expression induced the nuclear accumulation of HA-S1P2 receptor and 

this was associated with reduced cellular growth. Indeed, the nuclear accumulation of 

GPCRs were previously reported in various studies e.g. S1P1, AT1 and LPA1 (Liao et al., 

2007, Waters et a., 2006, Lee et al., 2004). Moreover, SK2 inhibitor ROMe was more 

effective in inhibiting cell growth compared to SK1 selective inhibitors in cells over-

expressing HA-S1P2 receptor. Supporting these findings, Antoon and coworkers have 

shown that the inhibition of SK2 activity reduced the proliferation and viability of MDA-

MB-231 cells (Antoon et al., 2011). Similarly, Gao and Smith (2011) have shown that the 

siRNA-mediated down-regulation of SK2 expression was more effective in inhibiting cell 

proliferation compared to down-regulation of SK1 expression in MDA-MB-231 cells. In 

the same study, the inhibition of SK2 expression reduced the AKT and ERK2 kinase 

activation suggesting that the SK2/S1P-induced cell proliferation was mediated by these 

kinases (Gao and Smith, 2011).  

!
The nuclear accumulation of HA-S1P2 receptor was also regulated by other S1P receptors. 

Indeed, S1P stimulation prevented the SKi/ROMe-induced nuclear accumulation of HA-

S1P2 receptor. The S1P receptors involved in nuclear accumulation of HA-S1P2 receptor 

was identified using pharmacological inhibitors and siRNA-mediated down-regulation of 

receptor expression. The treatment of MDA-MB-231 cells with S1P4 receptor antagonist 

CYM50367 induced the nuclear accumulation of HA-S1P2 receptor. Moreover, S1P 

stimulation prevented the nuclear accumulation of HA-S1P2 receptor induced by the S1P4 

receptor antagonist. Similarly, siRNA-mediated down-regulation of S1P4 receptor 

expression also induced the nuclear accumulation of HA-S1P2 receptor. The S1P 

stimulation of the cells transfected with S1P4 siRNA did not prevent the nuclear 

accumulation of HA-S1P2 receptor. Similar to SKi and ROMe, the inhibition of S1P4 

receptor activation was more effective in inhibiting cell growth in HA-S1P2 receptor over-

expressing cells compared to cells transfected with the empty vector. 

!
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These findings suggest a possible functional interaction between SK2, S1P4 and S1P2 

receptor. Indeed, S1P synthesised by SK2 might activate the S1P4 receptor through ‘inside-

out’ signalling that might induce its heterodimerisation with the S1P2 receptor to prevent 

the nuclear accumulation of S1P2 receptor into the nucleus. Interestingly, S1P stimulation 

did not prevent the nuclear accumulation of S1P2 receptor in cells transfected with SK2 

siRNA suggesting that the down-regulation of SK2 expression might affect the expression 

of S1P4 receptors required for the nuclear export of S1P2 receptor. Although this 

hypothesis requires further investigation, the down-regulation of SK1 expression was 

previously shown to diminish the expression of S1P3 receptor in MCF-7 breast cancer cells 

(Long et al., 2010a). 

!
The treatment of MDA-MB-231 cells transiently over-expressing HA-S1P2 receptor with 

SKi or ROMe also induced the nuclear accumulation of Y416 phosphorylated c-SCR. 

Indeed, siRNA mediated down-regulation of SK2 expression also enhanced the nuclear 

accumulation of Y416 phosphorylated c-SCR in these cells. In contrast, the treatment of 

cells transfected with empty vector with SKi induced the nuclear accumulation of c-SRC. 

However the levels of Y416 phosphorylated c-SRC was not altered suggesting that the 

phosphorylation of c-SRC was mediated by over-expressed S1P2 receptor. The nuclear 

accumulation of Y416 phosphorylated c-SRC upon ROMe treatment might be crucial in 

inhibition of cell growth. Indeed, various studies have shown that apoptosis induced by 

oestrogen or anticancer drug taxotere was mediated by c-SRC in MCF-7:5C breast cancer 

cells and HAG-1 human gallbladder cancer cells respectively (Fan et al., 2013, Boudny 

and Nakano, 2002). 

!
The S1P stimulation of MDA-MB-231 cells expressing HA-S1P2 receptor prevented the 

SKi-induced nuclear accumulation of Y416 phosphorylated c-SRC. However, S1P 

stimulation did not prevent the nuclear accumulation of Y416 phosphorylated c-SRC in 

ROMe-treated cells suggesting that the SKi-induced nuclear accumulation of Y416 

phosphorylated c-SRC might involve other cellular mechanisms. Moreover, the nuclear 

accumulation of Y416 phosphorylated c-SRC was independent of S1P4 receptor. 

!
In summary, a new signalling pathway between SK2, S1P4, S1P2 and Y416 phosphorylated 

c-SRC was identified in MDA-MB-231 cells. In these pathways, S1P synthesised by SK2 
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might activate the S1P4 receptor to promote cellular growth by preventing the nuclear 

accumulation of S1P2 receptor. However, the loss of SK2 catalytic activity impedes the 

S1P4 receptor signalling that allows the accumulation of S1P2 receptor into the nucleus. 

Moreover, the loss of SK2 catalytic activity allows the accumulation of Y416 

phosphorylated c-SRC into the nucleus. However, the role of Y416 phosphorylated c-SRC 

accumulation requires further investigation. Supporting these findings, the expression of 

S1P4 receptor was associated with poor prognosis in patients with ERα negative breast 

tumours (Ohotski et al., 2012). Moreover, the S1P4 receptor expression was correlated with 

cancer metastasis into lymph nodes (Pyne et al., 2012). In addition, the nuclear S1P2 

receptor expression was associated with prolonged patient survival in ERα positive breast 

cancer tumours (Ohotski et al., 2012). Thus, SK2 and S1P4 receptor might represent novel 

therapeutic targets for the treatment of patients with ERα negative tumours. 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
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Breast cancer is the most common type of cancer diagnosed in women in UK and is 

responsible for the highest death rate after lung cancer (CRUK cancer incidence statistics 

2011). Despite the therapies developed over the last decade, understanding the nature of 

different breast cancer subtypes is critical for development of successful treatment 

regimens. For example, the expression of ERα, PgR and HER2 receptors is a valuable 

prognostic marker in breast cancer. Thus, targeting the activation of these receptors is the 

primary strategy for treatment of hormone-dependent breast cancers. However, acquired 

resistance to endocrine therapy is a common phenomenon upon long-term treatment. 

Moreover, the classical chemotherapy is the sole option for these patients despite the 

severe side effects. Thus, novel therapeutics selectively targeting tumour cells are in 

demand.  

!
SK1 and S1P-binding proteins are involved in various cellular processes such as cell 

proliferation, survival, migration and chemotherapeutic resistance (Pyne and Pyne, 2010). 

Moreover, research over the last two decades have shown that SK/S1P signalling is up-

regulated in various human cancers (e.g. colon, rectal, glioblastoma, ovarian, lung and 

breast) making S1P signalling an important candidate as a therapeutic target (Liu et al., 

2010, Van Brocklyn et al., 2005, Johnson et al., 2005, French et al., 2003, Watson et al., 

2010). In this study, the expression of SK1 and S1P-related proteins was analysed in ERα 

negative and ERα positive tumours in order to enhance our understanding on the 

mechanism of action of these proteins in breast carcinogenesis and progression that is 

crucial for the development of potential therapeutics.  

!
The expression of SK1 was associated with the expression of S1P receptors in both ERα 

positive and negative cohorts. For example, SK1 expression was associated with the 

expression of S1P1 and S1P3 receptors in ERα positive cohort. Similarly, SK1 expression 

was associated with the expression of S1P1 and S1P4 receptors in ERα negative cohort. 

Indeed, SK1 was shown to maintain the activation of S1P receptors through ‘inside-out’ 

signalling (Hisano et al., 2012, Takabe et al., 2010, Kawahara et al., 2009). The functional 

interaction between SK1 and S1P receptors was also identified using patient survival 

analysis. Watson and coworkers have reported that the expression of SK1, S1P1 and S1P3 

receptors was associated with poor cancer prognosis in ERα positive breast cancer patients 

(Watson et al., 2010). Moreover, the current study shows that the association between SK1 
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and cancer prognosis was dependent on the expression of S1P1 and S1P3 receptors. 

Similarly, the expression of SK1 and S1P4 receptor was associated with poor cancer 

prognosis in ERα negative breast cancer patients. However, the association between SK1 

and cancer prognosis was not dependent on the expression of S1P4 receptor suggesting that 

other SK1-dependent signalling pathways might also be involved. Indeed, HER2 receptor 

expression was necessary to maintain the association between SK1/S1P4 receptor and ERα 

negative cancer prognosis. In support of these findings, Long and coworkers have shown 

that the HER2 receptor-mediated ERK1/2 activation was dependent on the S1P4 receptor 

activation in MDA-MB-453 breast cancer cells (Long et al., 2010b). Moreover, the current 

study shows that the S1P/S1P4 receptor-mediated ERK1/2 is also dependent on the SK1 

activation in MDA-MB-453 breast cancer cells. Thus, SK1 functionally interacts with the 

HER2/S1P4 receptor signalling pathway in ERα negative breast cancer cells. These 

findings show that the ERα positive breast cancer cells utilise different set of S1P receptors 

compared to ERα negative breast cancer cells to maintain tumour growth. Thus, distinct set 

of S1P receptors must be targeted depending on the molecular profile of the tumour for 

successful treatment of breast cancer patients using S1P receptor antagonists.  

!
The ERK-1/2-dependent phosphorylation and activation of SK1 induces its localisation to 

the plasma membrane (Johnson et al., 2002, Pitson et al., 2003). The current study shows 

that  the membrane-bound SK1 expression is negatively correlated with the S1P2 receptor 

expression in the nucleus of the cells in ERα positive cohort. Moreover, the nuclear 

expression of S1P2 receptor annuls the association between SK1 and poor cancer 

prognosis. Thus, the nuclear expression of S1P2 receptor prolongs the survival of ERα 

positive breast cancer patients. The current study also shows that the association between 

S1P2 receptor and cancer prognosis is dependent on the expression of c-SRC/Y416 

phosphorylated SFK. However, the sole expression of c-SRC/Y416 phosphorylated SFK in 

these tumours does not prolong the patient survival suggesting that the expression of both 

S1P2 receptor and c-SRC/Y416 phosphorylated SFK is required. Indeed, v-SRC was 

shown to induce apoptosis upon inhibition of ERK-1/2 and PI3K/AKT signalling pathways 

in Rat-2 fibroblasts (Webb et al., 2000). Similarly, the down-regulation of SK1 expression 

might be required for the activation of S1P2 receptor. Moreover, the expression of S1P2 

receptor and Y416 phosphorylated SFK is associated with higher apoptotic index 

suggesting that the S1P2 receptor and SRC kinases might induce apoptosis of cancer cells 
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hence prolong the patient survival. In addition to these findings, 3rd grade tumours express 

significantly lower expression levels of S1P2 receptor compared to 1st and 2nd grade 

tumours suggesting that the down-regulation of S1P2 receptor might allow the rapid 

growth of the ERα positive cancer cells. Similar to ERα positive cohort, the nuclear SK1 

expression negatively correlates with the S1P2 receptor expression in ERα negative cohort. 

Moreover, metastatic tumours express lower levels of S1P2 receptor compared to non-

metastatic tumours suggesting that the S1P2 receptor might inhibit the growth and 

metastasis of breast cancer cells. 

!
Further investigation of the role of interaction between SKs and S1P2 receptor have 

revealed that the SK2 signalling through the S1P4 receptor prevents the nuclear localisation 

of S1P2 receptor in ERα negative MDA-MB-231 breast cancer cells. Moreover, the 

accumulation of S1P2 receptor in the nucleus inhibits cellular growth. Thus, SK2 and S1P4 

receptor signalling promotes cellular growth by maintaining the exclusion of S1P2 receptor 

from the nucleus. In support of these findings, Gao and coworkers have shown that the 

down-regulation of SK2 expression inhibited the growth and migration/invasion of various 

cancer cell lines including MDA-MB-231, A498 and Caki-1 (Gao et al., 2011). Moreover, 

the down-regulation of SK2 expression reduced the levels of phosphorylated AKT and 

phosphorylated ERK-2 and this might provide part of the mechanism of action for  

inhibition of cellular growth in A498 kidney carcinoma cells (Gao et al., 2011). Similarly, 

the S1P2 receptor was shown to inhibit the PDGF-induced cell proliferation in mouse 

embryonic fibroblasts (Goparaju et al., 2005). In the current study, the siRNA-mediated 

down-regulation of SK2 expression or inhibition of SK2 activity (using SK2-selective 

inhibitor ROMe) induces the nuclear accumulation of Y416 phosphorylated c-SRC. 

However, the treatment with the S1P4 receptor antagonist does not induce the nuclear 

accumulation of Y416 phosphorylated c-SRC indicating that different SK2-mediated 

mechanisms were regulating the nuclear accumulation of Y416 phosphorylated c-SRC and 

S1P2 receptor. Thus, the role of c-SRC accumulation into cell nucleus requires further 

investigation. Moreover, the analysis of SK2 expression in breast cancer cohorts might 

provide further insight into understanding SK2/S1P4 signalling. In conclusion, SK2 

inhibitors and S1P4 receptor antagonists might represent novel therapeutics for the 

treatment of ERα negative breast cancer patients.  

!
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PgR is a nuclear hormone receptor that is a ligand-dependent transcription factor 

functioning by binding to progesterone response elements (Mangelsdorf et al., 1995, 

Kastner et al., 1990). Various downstream elements of the PgR signalling includes Wnt4 

and receptor activator of NFκB ligand (RANKL), the latter being a secreted cytokine 

binding TNFα and activating NFκB (Gonzalez-Suarez 2011, Mulac-Jericevic et al., 2003, 

Brisken et al., 2000). Anderson and coworkers have shown that progesterone, a ligand of 

PgR is a risk factor for breast cancer (Anderson et al., 2002, Clarke et al., 2006). However, 

the involvement of PgR in breast carcinogenesis and tumour progression is not fully 

understood. Studies on MDA-MB-231 breast cancer cells that lack the expression of both 

ERα and PgR expression have shown that the PgR expression down-regulates the 

expression of genes required for cell proliferation and metastasis (Leo et al., 2005). 

Furthermore, Skildum and coworkers have shown that the progesterone induced cell 

proliferation in a transient way that was followed by induction of cell cycle inhibitors in 

ERα+/PgR+ T47D breast cancer cells (Skildum et al., 2005). Furthermore, Bardou and 

coworkers have shown that the expression of PgR in ERα positive breast tumours was 

associated with improved patient survival and responsiveness to endocrine therapy 

(Bardou et al., 2003). In support of these findings, the current study shows that the 

expression of PgR is associated with reduced S1P1 and S1P3 receptor expression in ERα 

positive breast tumours. Moreover, the PgR expression enhances the nuclear S1P2 receptor 

expression in these tumours. Indeed, Purdie and coworkers have shown that the loss of 

PgR expression was associated with poor prognosis in ERα positive breast tumours (Purdie 

et al., 2013). Thus, the PgR expression might prevent breast cancer progression through 

down-regulation of the S1P1/3 receptors and up-regulation of the S1P2 receptor expression. 

In contrast, the PgR expression was associated with increased SK1 expression in ERα 

negative breast tumours. Thus, the expression of PgR might have diverse effects on 

pathophysiology of breast cancer that requires further investigation. 

!
The over-expression of HER2 receptor was shown to induce tumour growth and tamoxifen 

resistance in breast cancer (Benz et al., 1992). Moreover, the HER2 receptor signalling 

interacts with sphingolipid signalling. For example, Maceyka and coworkers have shown 

that the S1P1 receptor activity was required for the heregulin-induced migration in 

melanoma cell lines (Maceyka et al., 2008). In support of these findings, the current study 

shows that the HER2 receptor expression correlates with enhanced S1P1 receptor 
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expression in both ERα positive and ERα negative breast tumours. Moreover, the 

expression of S1P1 receptor is associated with poor cancer prognosis in ERα positive 

breast tumours. Thus, the role of HER2/S1P1 receptor signalling requires further 

investigation. 

!
In addition to interaction of SK1/S1P receptor with PgR and HER2 receptors, a diverse 

array of kinases and transcription factors e.g. c-RAF-1, ERK-1/2, AKT, LYN, SRC family 

kinases (SFKs) and NFκB (p50 RelA) were evaluated with SK1 and S1P receptors to 

discover novel interactions that drive cancer progression in ERα positive breast cancer 

patients. These associations are summarised in Table 6.1. For example, the SK1 expression  

correlates with the expression of S1P1 receptor, S1P3 receptor, phosphorylated ERK-1/2, 

phosphorylated AKT, phosphorylated NFκB, phosphorylated RAF-1, Y416 phosphorylated 

SFK and LYN in shorter disease-specific patient survival and disease-free cancer 

recurrence. Indeed, the loss of expression of either SK1 or any of these kinases abolishes 

the association with disease-specific patient survival and disease-free cancer recurrence. 
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Thus, these proteins might be interacting at multiple levels to maintain tumour cell growth, 

survival and migration. 

!
There are significant functional interactions between the proteins studied. For instance, the 

LYN kinase activation via cell surface receptors such as intercellular adhesion molecule 1 

(ICAM-1) or interleukin 5 (IL-5) activates the c-RAS/c-RAF/ERK-1/2 signalling pathway 

(Holland et al., 1997, Pazdrak et al., 1998). Similarly, LYN kinase and c-SRC was shown 

to activate the PI3K/AKT/NFκB signalling pathway (Iqbal et al., 2010, Bates et al., 2001, 

Liu et al., 1998, Datta et al., 1996). Moreover, LYN kinase also activates the SK1 (Olivera 

et al., 2005, Pitson et al., 2003). Interestingly, SK1 is linked to these proteins through 

‘inside-out’ signalling involving the activation of S1P receptors (Guan et al., 2011, Song et 

al., 2011). Indeed, S1P1 receptor coupled to Gi protein was shown to activate the c-RAS/c-

RAF-1/ERK1/2 signalling pathway (Khleif et al., 1999, Okamoto et al., 1998). 

Furthermore, c-RAS-mediated activation of c-RAF-1 requires the activation of c-SRC that 

in turn activates the AKT signalling pathway (Rexer et al., 2009, Tran et al., 2003, Bakin et 

al., 2003). Similarly, S1P2 and S1P3 receptor signalling was shown to activate the AKT 

signalling pathway (Means et al., 2007, Baudhuin et al., 2004). Thus, the functional 

interaction of these receptors with LYN, c-SRC and p-RAF-1 kinases are possibilities. The 

functional interaction of SK1 and S1P1-3 receptors with these signalling pathways is 

summarised in Figure 6.1. 

!
In conclusion, the high tumour expression of S1P signalling proteins is associated with 

poor disease prognosis in both ERα positive and ERα negative breast cancer patients. 

However, disease progression is governed by distinct set of proteins in different types of 

breast cancer. Indeed, targeting the right set of proteins might exhibit more   selectivity 

towards cancer cells. For example, SK1 inhibitors and S1P1/3 receptor antagonist might 

improve the survival of ERα positive breast cancer patients, while SK1/2 inhibitors and 

S1P4 receptor antagonists might improve the survival of ERα negative breast cancer 

patients. Indeed, S1P1 receptor functional antagonist Fingolimod is approved by US Food 

and Drug Administration (FDA) in 2010 for the treatment of patients with relapsing–

remitting multiple sclerosis. Similarly, the SK1 inhibitor Safingol was shown to enhance 

the anti-tumour activity of cisplatin in advanced solid tumours in Phase I clinical trial 
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(NCT00084812) (Dickson et al., 2011). Thus, SK inhibitors and S1P receptor antagonists 

might present novel therapeutics for the treatment of breast cancer patients. 

!
!
!
!
!
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Figure 6.1. The interaction of SK1 and S1P1/3 receptors with other signalling proteins. 



Jan Ohotski

VI. References 
!
1.      Akao Y, Banno Y, Nakagawa Y, Hasegawa N, Kim TJ, Murate T, Igarashi Y, Nozawa Y. High 

expression of sphingosine kinase 1 and S1P receptors in chemotherapy-resistant prostate 

cancer PC3 cells and their camptothecin-induced up-regulation. Biochem Biophys Res 

Commun 2006;342:1284-1290. 

2. Alvarez SE, Harikumar KB, Hait NC, Allegood J, Strub GM, Kim EY, Maceyka M, Jiang H,       

Luo C, Kordula T, Milstien S, Spiegel S. Sphingosine-1-phosphate is a missing cofactor for 

the E3 ubiquitin ligase TRAF2. Nature 2010;465:1084-1088. 

3. Avery K, Avery S, Shepherd J, Heath PR, Moore H. Sphingosine-1-phosphate mediates       

transcriptional regulation of key targets associated with survival, proliferation, and 

pluripotency in human embryonic stem cells. Stem Cells Dev 2008;17:1195-1205. 

4. Balthasar S, Bergelin N, Lof C, Vainio M, Andersson S, Tornquist K. Interactions between       

sphingosine-1-phosphate and vascular endothelial growth factor signalling in ML-1 follicular 

thyroid carcinoma cells. Endocr Relat Cancer 2008;15:521-534. 

5. Baran Y, Salas A, Senkal CE, Gunduz U, Bielawski J, Obeid LM, Ogretmen B. Alterations of       

ceramide/sphingosine 1-phosphate rheostat involved in the regulation of resistance to 

imatinib-induced apoptosis in K562 human chronic myeloid leukemia cells. J Biol Chem 

2007;282:10922-10934. 

6. Baudhuin LM, Cristina KL, Lu J, Xu Y. Akt activation induced by lysophosphatidic acid and       

sphingosine-1-phosphate requires both mitogen-activated protein kinase kinase and p38 

mitogen-activated protein kinase and is cell-line specific. Mol Pharmacol 2002;62:660-671. 

7. Bergelin N, Lof C, Balthasar S, Kalhori V, Tornquist K. S1P1 and VEGFR-2 form a signaling       

complex with extracellularly regulated kinase 1/2 and protein kinase C-alpha regulating ML-1 

thyroid carcinoma cell migration. Endocrinology 2010;151:2994-3005. 

8. Birbes H, El Bawab S, Obeid LM, Hannun YA. Mitochondria and ceramide: intertwined roles       

in regulation of apoptosis. Adv Enzyme Regul 2002;42:113-129. 

9. Boily G, Larose J, Langlois S, Sinnett D. Identification of transcripts modulated by ETV6       

expression. Br J Haematol 2007;136:48-62. 

10. Brizuela L, Dayon A, Doumerc N, Ader I, Golzio M, Izard JC, Hara Y, Malavaud B, Cuvillier     

O. The sphingosine kinase-1 survival pathway is a molecular target for the tumor-suppressive 

tea and wine polyphenols in prostate cancer. FASEB J 2010;24:3882-3894. 

!160



Jan Ohotski

11. Charles AG, Han TY, Liu YY, Hansen N, Giuliano AE, Cabot MC. Taxol-induced ceramide     

generation and apoptosis in human breast cancer cells. Cancer Chemother Pharmacol 

2001;47:444-450. 

12. Cheng C, Kong X, Wang H, Gan H, Hao Y, Zou W, Wu J, Chi Y, Yang J, Hong Y, Chen K, Gu     

J. Trihydrophobin 1 Interacts with PAK1 and Regulates ERK/MAPK Activation and Cell 

Migration. J Biol Chem 2009;284:8786-8796. 

13. Choi OH, Kim JH, Kinet JP. Calcium mobilization via sphingosine kinase in signalling by the     

Fc epsilon RI antigen receptor. Nature 1996;380:634-636. 

14. Chumanevich AA, Poudyal D, Cui X, Davis T, Wood PA, Smith CD, Hofseth LJ. Suppression     

of colitis-driven colon cancer in mice by a novel small molecule inhibitor of sphingosine 

kinase. Carcinogenesis 2010;31:1787-1793. 

15. Claus RA, Dorer MJ, Bunck AC, Deigner HP. Inhibition of sphingomyelin hydrolysis:     

targeting the lipid mediator ceramide as a key regulator of cellular fate. Curr Med Chem 

2009;16:1978-2000. 

16. Colombini M. Ceramide channels and their role in mitochondria-mediated apoptosis. Biochim     

Biophys Acta 2010;1797:1239-1244. 

17. Dai Q, Liu J, Chen J, Durrant D, McIntyre TM, Lee RM. Mitochondrial ceramide increases in     

UV-irradiated HeLa cells and is mainly derived from hydrolysis of sphingomyelin. Oncogene 

2004;23:3650-3658. 

18. Dayon A, Brizuela L, Martin C, Mazerolles C, Pirot N, Doumerc N, Nogueira L, Golzio M,     

Teissie J, Serre G, Rischmann P, Malavaud B, Cuvillier O. Sphingosine kinase-1 is central to 

androgen-regulated prostate cancer growth and survival. PLoS One 2009;4:e8048. 

19. Delon C, Manifava M, Wood E, Thompson D, Krugmann S, Pyne S, Ktistakis NT.     

Sphingosine kinase 1 is an intracellular effector of phosphatidic acid. J Biol Chem 

2004;279:44763-44774. 

20. Diehl F, Schmidt K, Durkee KH, Moore KJ, Goodman SN, Shuber AP, Kinzler KW,     

Vogelstein B. Analysis of mutations in DNA isolated from plasma and stool of colorectal 

cancer patients. Gastroenterology 2008;135:489-498. 

21. Ding G, Sonoda H, Yu H, Kajimoto T, Goparaju SK, Jahangeer S, Okada T, Nakamura S.     

Protein kinase D-mediated phosphorylation and nuclear export of sphingosine kinase 2. J Biol 

Chem 2007;282:27493-27502. 

22. Dobrowsky RT, Kamibayashi C, Mumby MC, Hannun YA. Ceramide activates heterotrimeric     

protein phosphatase 2A. J Biol Chem 1993;268:15523-15530. 
!161



Jan Ohotski

23. Dove WF, Cormier RT, Gould KA, Halberg RB, Merritt AJ, Newton MA, Shoemaker AR.     

The intestinal epithelium and its neoplasms: genetic, cellular and tissue interactions. Philos 

Trans R Soc Lond B Biol Sci 1998;353:915-923. 

24. Edsall LC, Cuvillier O, Twitty S, Spiegel S, Milstien S. Sphingosine kinase expression     

regulates apoptosis and caspase activation in PC12 cells. J Neurochem 2001;76:1573-1584. 

25. Erez-Roman R, Pienik R, Futerman AH. Increased ceramide synthase 2 and 6 mRNA levels in     

breast cancer tissues and correlation with sphingosine kinase expression. Biochem Biophys 

Res Commun 2010;391:219-223. 

26. Filardo EJ. Epidermal growth factor receptor (EGFR) transactivation by estrogen via the G-    

protein-coupled receptor, GPR30: a novel signaling pathway with potential significance for 

breast cancer. J Steroid Biochem Mol Biol 2002;80:231-238. 

27. French KJ, Schrecengost RS, Lee BD, Zhuang Y, Smith SN, Eberly JL, Yun JK, Smith CD.     

Discovery and evaluation of inhibitors of human sphingosine kinase. Cancer Res 

2003;63:5962-5969. 

28. Fujita T, Okada T, Hayashi S, Jahangeer S, Miwa N, Nakamura S. Delta-catenin/NPRAP     

(neural plakophilin-related armadillo repeat protein) interacts with and activates sphingosine 

kinase 1. Biochem J 2004;382:717-723. 

29. Fukuda Y, Aoyama Y, Wada A, Igarashi Y. Identification of PECAM-1 association with     

sphingosine kinase 1 and its regulation by agonist-induced phosphorylation. Biochim Biophys 

Acta 2004;1636:12-21. 

30. Gillies L, Lee SC, Long JS, Ktistakis N, Pyne NJ, Pyne S. The sphingosine 1-phosphate     

receptor 5 and sphingosine kinases 1 and 2 are localised in centrosomes: possible role in 

regulating cell division. Cell Signal 2009;21:675-684. 

31. Gouaze V, Liu YY, Prickett CS, Yu JY, Giuliano AE, Cabot MC. Glucosylceramide synthase     

blockade down-regulates P-glycoprotein and resensitizes multidrug-resistant breast cancer 

cells to anticancer drugs. Cancer Res 2005;65:3861-3867. 

32. Greenspon J, Li R, Xiao L, Rao JN, Marasa BS, Strauch ED, Wang JY, Turner DJ.     

Sphingosine-1-phosphate protects intestinal epithelial cells from apoptosis through the Akt 

signaling pathway. Dig Dis Sci 2009;54:499-510. 

33. Guillermet-Guibert J, Davenne L, Pchejetski D, Saint-Laurent N, Brizuela L, Guilbeau-    

Frugier C, Delisle MB, Cuvillier O, Susini C, Bousquet C. Targeting the sphingolipid 

metabolism to defeat pancreatic cancer cell resistance to the chemotherapeutic gemcitabine 

drug. Mol Cancer Ther 2009;8:809-820. 
!162



Jan Ohotski

34. Hait NC, Sarkar S, Le Stunff H, Mikami A, Maceyka M, Milstien S, Spiegel S. Role of     

sphingosine kinase 2 in cell migration toward epidermal growth factor. J Biol Chem 

2005;280:29462-29469. 

35. Hait NC, Bellamy A, Milstien S, Kordula T, Spiegel S. Sphingosine kinase type 2 activation     

by ERK-mediated phosphorylation. J Biol Chem 2007;282:12058-12065. 

36. Hait NC, Allegood J, Maceyka M, Strub GM, Harikumar KB, Singh SK, Luo C, Marmorstein     

R, Kordula T, Milstien S, Spiegel S. Regulation of histone acetylation in the nucleus by 

sphingosine-1-phosphate. Science 2009;325:1254-1257. 

37. Hannun YA, Obeid LM. The Ceramide-centric universe of lipid-mediated cell regulation:     

stress encounters of the lipid kind. J Biol Chem 2002;277:25847-25850. 

38. Hannun YA, Obeid LM. Principles of bioactive lipid signalling: lessons from sphingolipids.     

Nat Rev Mol Cell Biol 2008;9:139-150. 

39. Hertervig E, Nilsson A, Cheng Y, Duan RD. Purified intestinal alkaline sphingomyelinase     

inhibits proliferation without inducing apoptosis in HT-29 colon carcinoma cells. J Cancer 

Res Clin Oncol 2003;129:577-582. 

40. He B, Feng Q, Mukherjee A, Lonard DM, DeMayo FJ, Katzenellenbogen BS, Lydon JP,     

O’Malley BW. A repressive role for prohibitin in estrogen signaling. Mol Endocrinol 

2008;22:344-360. 

41. Hisano Y, Kobayashi N, Kawahara A, Yamaguchi A, Nishi T. The sphingosine 1-phosphate     

transporter, SPNS2, functions as a transporter of the phosphorylated form of the 

immunomodulating agent FTY720. J Biol Chem 2011;286:1758-1766. 

42. Hofmann LP, Ren S, Schwalm S, Pfeilschifter J, Huwiler A. Sphingosine kinase 1 and 2     

regulate the capacity of mesangial cells to resist apoptotic stimuli in an opposing manner. Biol 

Chem 2008;389:1399-1407. 

43. Hsieh HL, Wu CB, Sun CC, Liao CH, Lau YT, Yang CM. Sphingosine-1-phosphate induces     

COX-2 expression via PI3K/Akt and p42/p44 MAPK pathways in rat vascular smooth muscle 

cells. J Cell Physiol 2006;207:757-766. 

44. Huynh N, Liu KH, Baldwin GS, He H. P21-activated kinase 1 stimulates colon cancer cell     

growth and migration/invasion via ERK- and AKT-dependent pathways. Biochim Biophys 

Acta 2010;1803:1106-1113. 

45. Igarashi J, Erwin PA, Dantas AP, Chen H, Michel T. VEGF induces S1P1 receptors in     

endothelial cells: Implications for cross-talk between sphingolipid and growth factor 

receptors. Proc Natl Acad Sci U S A 2003;100:10664-10669. 
!163



Jan Ohotski

46. Jarman KE, Moretti PA, Zebol JR, Pitson SM. Translocation of sphingosine kinase 1 to the     

plasma membrane is mediated by calcium- and integrin-binding protein 1. J Biol Chem 

2010;285:483-492. 

47. Jemal A, Center MM, DeSantis C, Ward EM. Global patterns of cancer incidence and     

mortality rates and trends. Cancer Epidemiol Biomarkers Prev 2010;19:1893-1907. 

48. Johnson KR, Becker KP, Facchinetti MM, Hannun YA, Obeid LM. PKC-dependent activation     

of sphingosine kinase 1 and translocation to the plasma membrane. Extracellular release of 

sphingosine-1-phosphate induced by phorbol 12-myristate 13-acetate (PMA). J Biol Chem 

2002;277:35257-35262. 

49. Johnson KR, Johnson KY, Crellin HG, Ogretmen B, Boylan AM, Harley RA, Obeid LM.     

Immunohistochemical distribution of sphingosine kinase 1 in normal and tumor lung tissue. J 

Histochem Cytochem 2005;53:1159-1166. 

50. Jolly PS, Bektas M, Watterson KR, Sankala H, Payne SG, Milstien S, Spiegel S. Expression     

of SphK1 impairs degranulation and motility of RBL-2H3 mast cells by desensitizing S1P 

receptors. Blood 2005;105:4736-4742. 

51. Kapitonov D, Allegood JC, Mitchell C, Hait NC, Almenara JA, Adams JK, Zipkin RE, Dent     

P, Kordula T, Milstien S, Spiegel S. Targeting sphingosine kinase 1 inhibits Akt signaling, 

induces apoptosis, and suppresses growth of human glioblastoma cells and xenografts. 

Cancer Res 2009;69:6915-6923. 

52. Kawahara A, Nishi T, Hisano Y, Fukui H, Yamaguchi A, Mochizuki N. The sphingolipid     

transporter spns2 functions in migration of zebrafish myocardial precursors. Science 

2009;323:524-527. 

53. Kawamori T, Osta W, Johnson KR, Pettus BJ, Bielawski J, Tanaka T, Wargovich MJ, Reddy     

BS, Hannun YA, Obeid LM, Zhou D. Sphingosine kinase 1 is up-regulated in colon 

carcinogenesis. FASEB J 2006;20:386-388. 

54. Kawamori T, Kaneshiro T, Okumura M, Maalouf S, Uflacker A, Bielawski J, Hannun YA,     

Obeid LM. Role for sphingosine kinase 1 in colon carcinogenesis. FASEB J 2009;23:405-414. 

55. Kohama T, Olivera A, Edsall L, Nagiec MM, Dickson R, Spiegel S. Molecular cloning and     

funct ional character izat ion of murine sphingosine kinase. J Biol Chem 

1998;273:23722-23728. 

56. Kohno M, Momoi M, Oo ML, Paik JH, Lee YM, Venkataraman K, Ai Y, Ristimaki AP, Fyrst     

H, Sano H, Rosenberg D, Saba JD, Proia RL, Hla T. Intracellular role for sphingosine kinase 

1 in intestinal adenoma cell proliferation. Mol Cell Biol 2006;26:7211-7223. 
!164



Jan Ohotski

57. Kok M, Zwart W, Holm C, Fles R, Hauptmann M, Van’t Veer LJ, Wessels LF, Neefjes J, Stal     

O, Linn SC, Landberg G, Michalides R. PKA-induced phosphorylation of ERalpha at serine 

305 and high PAK1 levels is associated with sensitivity to tamoxifen in ER-positive breast 

cancer. Breast Cancer Res Treat 2011;125:1-12. 

58. Kolmakova A, Rajesh M, Zang D, Pili R, Chatterjee S. VEGF recruits lactosylceramide to     

induce endothelial cell adhesion molecule expression and angiogenesis in vitro and in vivo. 

Glycoconj J 2009;26:547-558. 

59. Kono M, Belyantseva IA, Skoura A, Frolenkov GI, Starost MF, Dreier JL, Lidington D, Bolz     

SS, Friedman TB, Hla T, Proia RL. Deafness and stria vascularis defects in S1P2 receptor-

null mice. J Biol Chem 2007;282:10690-10696. 

60. Lacana E, Maceyka M, Milstien S, Spiegel S. Cloning and characterization of a protein kinase     

A anchoring protein (AKAP)-related protein that interacts with and regulates sphingosine 

kinase 1 activity. J Biol Chem 2002;277:32947-32953. 

61. Lai WQ, Irwan AW, Goh HH, Melendez AJ, McInnes IB, Leung BP. Distinct roles of     

sphingosine kinase 1 and 2 in murine collagen-induced arthritis. J Immunol 

2009;183:2097-2103. 

62. Leclercq TM, Moretti PA, Vadas MA, Pitson SM. Eukaryotic elongation factor 1A interacts     

with sphingosine kinase and directly enhances its catalytic activity. J Biol Chem 

2008;283:9606-9614. 

63. Lee MJ, Thangada S, Claffey KP, Ancellin N, Liu CH, Kluk M, Volpi M, Sha’afi RI, Hla T.     

Vascular endothelial cell adherens junction assembly and morphogenesis induced by 

sphingosine-1-phosphate. Cell 1999;99:301-312. 

64. Lee MJ, Thangada S, Paik JH, Sapkota GP, Ancellin N, Chae SS, Wu M, Morales-Ruiz M,     

Sessa WC, Alessi DR, Hla T. Akt-mediated phosphorylation of the G protein-coupled receptor 

EDG-1 is required for endothelial cell chemotaxis. Mol Cell 2001;8:693-704. 

65. Lewin J, Plum A, Hildmann T, Rujan T, Eckhardt F, Liebenberg V, Lofton-Day C, Wasserkort     

R. Comparative DNA methylation analysis in normal and tumour tissues and in cancer cell 

lines using differential methylation hybridisation. Int J Biochem Cell Biol 

2007;39:1539-1550. 

66. Li J, Guan HY, Gong LY, Song LB, Zhang N, Wu J, Yuan J, Zheng YJ, Huang ZS, Li M.     

Clinical significance of sphingosine kinase-1 expression in human astrocytomas progression 

and overall patient survival. Clin Cancer Res 2008;14:6996-7003. 

!165



Jan Ohotski

67. Li QF, Wu CT, Guo Q, Wang H, Wang LS. Sphingosine 1-phosphate induces Mcl-1     

upregulation and protects multiple myeloma cells against apoptosis. Biochem Biophys Res 

Commun 2008;371:159-162. 

68. Li W, Yu CP, Xia JT, Zhang L, Weng GX, Zheng HQ, Kong QL, Hu LJ, Zeng MS, Zeng YX,     

Li M, Li J, Song LB. Sphingosine kinase 1 is associated with gastric cancer progression and 

poor survival of patients. Clin Cancer Res 2009;15:1393-1399. 

69. Limaye V, Li X, Hahn C, Xia P, Berndt MC, Vadas MA, Gamble JR. Sphingosine kinase-1     

enhances endothelial cell survival through a PECAM-1-dependent activation of PI-3K/Akt 

and regulation of Bcl-2 family members. Blood 2005;105:3169-3177. 

70. Liu H, Sugiura M, Nava VE, Edsall LC, Kono K, Poulton S, Milstien S, Kohama T, Spiegel S.     

Molecular cloning and functional characterization of a novel mammalian sphingosine kinase 

type 2 isoform. J Biol Chem 2000;275:19513-19520. 

71. Liu L, Yang C, Yuan J, Chen X, Xu J, Wei Y, Yang J, Lin G, Yu L. RPK118, a PX domain-    

containing protein, interacts with peroxiredoxin-3 through pseudo-kinase domains. Mol Cells 

2005;19:39-45. 

72. Liu Y, Wada R, Yamashita T, Mi Y, Deng CX, Hobson JP, Rosenfeldt HM, Nava VE, Chae SS,     

Lee MJ, Liu CH, Hla T, Spiegel S, Proia RL. Edg-1, the G protein-coupled receptor for 

sphingosine-1-phosphate, is essential for vascular maturation. J Clin Invest 

2000;106:951-961. 

73. Long J, Darroch P, Wan KF, Kong KC, Ktistakis N, Pyne NJ, Pyne S. Regulation of cell     

survival by lipid phosphate phosphatases involves the modulation of intracellular 

phosphatidic acid and sphingosine 1-phosphate pools. Biochem J 2005;391:25-32. 

74. Long JS, Natarajan V, Tigyi G, Pyne S, Pyne NJ. The functional PDGFbeta receptor-S1P1     

receptor signaling complex is involved in regulating migration of mouse embryonic 

fibroblasts in response to platelet derived growth factor. Prostaglandins Other Lipid Mediat 

2006;80:74-80. 

75. Long JS, Fujiwara Y, Edwards J, Tannahill CL, Tigyi G, Pyne S, Pyne NJ. Sphingosine 1-    

phosphate receptor 4 uses HER2 (ERBB2) to regulate extracellular signal regulated 

kinase-1/2 in MDA-MB-453 breast cancer cells. J Biol Chem 2010;285:35957-35966. 

76. Lucki NC, Sewer MB. The interplay between bioactive sphingolipids and steroid hormones.     

Steroids 2010;75:390-399. 

77. Maceyka M, Payne SG, Milstien S, Spiegel S. Sphingosine kinase, sphingosine-1-phosphate,     

and apoptosis. Biochim Biophys Acta 2002;1585:193-201. 
!166



Jan Ohotski

78. Maceyka M, Nava VE, Milstien S, Spiegel S. Aminoacylase 1 is a sphingosine kinase 1-    

interacting protein. FEBS Lett 2004;568:30-34. 

79. Maceyka M, Alvarez SE, Milstien S, Spiegel S. Filamin A links sphingosine kinase 1 and     

sphingosine-1-phosphate receptor 1 at lamellipodia to orchestrate cell migration. Mol Cell 

Biol 2008;28:5687-5697. 

80. Maceyka M, Milstien S, Spiegel S. Sphingosine-1-phosphate: the Swiss army knife of     

sphingolipid signaling. J Lipid Res 2009;50 Suppl:S272-S276. 

81. Mair KM, Robinson E, Kane KA, Pyne S, Brett RR, Pyne NJ, Kennedy S. Interaction     

between anandamide and sphingosine-1-phosphate in mediating vasorelaxation in rat 

coronary artery. Br J Pharmacol 2010;161:176-192. 

82. Mandala SM, Thornton R, Galve-Roperh I, Poulton S, Peterson C, Olivera A, Bergstrom J,     

Kurtz MB, Spiegel S. Molecular cloning and characterization of a lipid phosphohydrolase that 

degrades sphingosine-1- phosphate and induces cell death. Proc Natl Acad Sci U S A 

2000;97:7859-7864. 

83. Mathias S, Pena LA, Kolesnick RN. Signal transduction of stress via ceramide. Biochem J     

1998;335:465-480. 

84. Matloubian M, Lo CG, Cinamon G, Lesneski MJ, Xu Y, Brinkmann V, Allende ML, Proia     

RL, Cyster JG. Lymphocyte egress from thymus and peripheral lymphoid organs is dependent 

on S1P receptor 1. Nature 2004;427:355-360. 

85. Melendez AJ, Carlos-Dias E, Gosink M, Allen JM, Takacs L. Human sphingosine kinase:     

molecular cloning, functional characterization and tissue distribution. Gene 2000;251:19-26. 

86. Meyer zu Heringdorf D, Lass H, Kuchar I, Alemany R, Guo Y, Schmidt M, Jakobs KH. Role     

of sphingosine kinase in Ca(2+) signalling by epidermal growth factor receptor. FEBS Lett 

1999;461:217-222. 

87. Miller AV, Alvarez SE, Spiegel S, Lebman DA. Sphingosine kinases and sphingosine-1-    

phosphate are critical for transforming growth factor beta-induced extracellular signal-

regulated kinase 1 and 2 activation and promotion of migration and invasion of esophageal 

cancer cells. Mol Cell Biol 2008;28:4142-4151. 

88. Mishra S, Ande SR, Nyomba BL. The role of prohibitin in cell signaling. FEBS J     

2010;277:3937-3946. 

89. Modrak DE, Gold DV, Goldenberg DM. Sphingolipid targets in cancer therapy. Mol Cancer     

Ther 2006;5:200-208. 

!167



Jan Ohotski

90. Nemoto S, Nakamura M, Osawa Y, Kono S, Itoh Y, Okano Y, Murate T, Hara A, Ueda H,     

Nozawa Y, Banno Y. Sphingosine kinase isoforms regulate oxaliplatin sensitivity of human 

colon cancer cells through ceramide accumulation and Akt activation. J Biol Chem 

2009;284:10422-10432. 

91. Obeid LM, Linardic CM, Karolak LA, Hannun YA. Programmed cell death induced by     

ceramide. Science 1993;259:1769-1771. 

92. Okada T, Ding G, Sonoda H, Kajimoto T, Haga Y, Khosrowbeygi A, Gao S, Miwa N,     

Jahangeer S, Nakamura S. Involvement of N-terminal-extended form of sphingosine kinase 2 

in serum-dependent regulation of cell proliferation and apoptosis. J Biol Chem 

2005;280:36318-36325. 

93. Olivera A, Spiegel S. Sphingosine-1-phosphate as second messenger in cell proliferation     

induced by PDGF and FCS mitogens. Nature 1993;365:557-560. 

94. Olivera A, Urtz N, Mizugishi K, Yamashita Y, Gilfillan AM, Furumoto Y, Gu H, Proia RL,     

Baumruker T, Rivera J. IgE-dependent activation of sphingosine kinases 1 and 2 and secretion 

of sphingosine 1-phosphate requires Fyn kinase and contributes to mast cell responses. J Biol 

Chem 2006;281:2515-2525. 

95. Olivera A, Mizugishi K, Tikhonova A, Ciaccia L, Odom S, Proia RL, Rivera J. The     

sphingosine kinase-sphingosine-1-phosphate axis is a determinant of mast cell function and 

anaphylaxis. Immunity 2007;26:287-297. 

96. Oskeritzian CA, Alvarez SE, Hait NC, Price MM, Milstien S, Spiegel S. Distinct roles of     

sphingosine kinases 1 and 2 in human mast-cell functions. Blood 2008;111:4193-4200. 

97. Oskouian B, Sooriyakumaran P, Borowsky AD, Crans A, Dillard-Telm L, Tam YY,     

Bandhuvula P, Saba JD. Sphingosine-1-phosphate lyase potentiates apoptosis via p53- and 

p38-dependent pathways and is down-regulated in colon cancer. Proc Natl Acad Sci U S A 

2006;103:17384-17389. 

98. Park KS, Kim MK, Lee HY, Kim SD, Lee SY, Kim JM, Ryu SH, Bae YS. S1P stimulates     

chemotactic migration and invasion in OVCAR3 ovarian cancer cells. Biochem Biophys Res 

Commun 2007;356:239-244. 

99. Paugh BS, Paugh SW, Bryan L, Kapitonov D, Wilczynska KM, Gopalan SM, Rokita H,     

Milstien S, Spiegel S, Kordula T. EGF regulates plasminogen activator inhibitor-1 (PAI-1) by 

a pathway involving c-Src, PKCdelta, and sphingosine kinase 1 in glioblastoma cells. FASEB 

J 2008;22:455-465. 

!168



Jan Ohotski

100. Paugh BS, Bryan L, Paugh SW, Wilczynska KM, Alvarez SM, Singh SK, Kapitonov D,   

Rokita H, Wright S, Griswold-Prenner I, Milstien S, Spiegel S, Kordula T. Interleukin-1 

regulates the expression of sphingosine kinase 1 in glioblastoma cells. J Biol Chem 

2009;284:3408-3417. 

101. Pchejetski D, Golzio M, Bonhoure E, Calvet C, Doumerc N, Garcia V, Mazerolles C,   

Rischmann P, Teissie J, Malavaud B, Cuvillier O. Sphingosine kinase-1 as a chemotherapy 

sensor in prostate adenocarcinoma cell and mouse models. Cancer Res 2005;65:11667-11675. 

102. Pchejetski D, Doumerc N, Golzio M, Naymark M, Teissie J, Kohama T, Waxman J, Malavaud   

B, Cuvillier O. Chemosensitizing effects of sphingosine kinase-1 inhibition in prostate cancer 

cell and animal models. Mol Cancer Ther 2008;7:1836-1845. 

103. Pchejetski D, Bohler T, Brizuela L, Sauer L, Doumerc N, Golzio M, Salunkhe V, Teissie J,   

Malavaud B, Waxman J, Cuvillier O. FTY720 (fingolimod) sensitizes prostate cancer cells to 

radiotherapy by inhibition of sphingosine kinase-1. Cancer Res 2010;70:8651-8661. 

104. Phillips DC, Martin S, Doyle BT, Houghton JA. Sphingosine-induced apoptosis in   

rhabdomyosarcoma cell lines is dependent on pre-mitochondrial Bax activation and post-

mitochondrial caspases. Cancer Res 2007;67:756-764. 

105. Phillips DC, Hunt JT, Moneypenny CG, Maclean KH, McKenzie PP, Harris LC, Houghton   

JA. Ceramide-induced G2 arrest in rhabdomyosarcoma (RMS) cells requires p21Cip1/Waf1 

induction and is prevented by MDM2 overexpression. Cell Death Differ 2007;14:1780-1791. 

106. Pitman MR, Pitson SM. Inhibitors of the sphingosine kinase pathway as potential   

therapeutics. Curr Cancer Drug Targets 2010;10:354-367. 

107. Pitson SM, Moretti PA, Zebol JR, Lynn HE, Xia P, Vadas MA, Wattenberg BW. Activation of   

sphingosine kinase 1 by ERK1/2-mediated phosphorylation. EMBO J 2003;22:5491-5500. 

108. Pitson SM. Regulation of sphingosine kinase and sphingolipid signaling. Trends Biochem Sci   

2011;36:97-107. 

109. Pyne NJ, Long JS, Lee SC, Loveridge C, Gillies L, Pyne S. New Aspects of Sphingosine 1-  

phosphate Signaling in Mammalian Cells. Adv Enzyme Regul 2009 

110. Pyne S, Chapman J, Steele L, Pyne NJ. Sphingomyelin-derived lipids differentially regulate   

the extracellular signal-regulated kinase 2 (ERK-2) and c-Jun N-terminal kinase (JNK) signal 

cascades in airway smooth muscle. Eur J Biochem 1996;237:819-826. 

111. Pyne S, Pyne NJ. Sphingosine 1-phosphate signalling in mammalian cells. Biochem J   

2000;349:385-402. 

!169



Jan Ohotski

112. Pyne S, Lee SC, Long J, Pyne NJ. Role of sphingosine kinases and lipid phosphate   

phosphatases in regulating spatial sphingosine 1-phosphate signalling in health and disease. 

Cell Signal 2009;21:14-21. 

113. Rajalingam K, Rudel T. Ras-Raf signaling needs prohibitin. Cell Cycle 2005;4:1503-1505.   

114. Rayala SK, Kumar R. Sliding p21-activated kinase 1 to nucleus impacts tamoxifen sensitivity.   

Biomed Pharmacother 2007;61:408-411. 

115. Rius RA, Edsall LC, Spiegel S. Activation of sphingosine kinase in pheochromocytoma PC12   

neuronal cells in response to trophic factors. FEBS Lett 1997;417:173-176. 

116. Rivera J, Olivera A. Src family kinases and lipid mediators in control of allergic   

inflammation. Immunol Rev 2007;217:255-268. 

117. Roelofsen T, Akkers R, Beumer W, Apotheker M, Steeghs I, van de Ven J, Gelderblom C,   

Garritsen A, Dechering K. Sphingosine-1-phosphate acts as a developmental stage specific 

inhibitor of platelet-derived growth factor-induced chemotaxis of osteoblasts. J Cell Biochem 

2008;105:1128-1138. 

118. Ruckhaberle E, Rody A, Engels K, Gaetje R, von Minckwitz G, Schiffmann S, Grosch S,   

Geisslinger G, Holtrich U, Karn T, Kaufmann M. Microarray analysis of altered sphingolipid 

metabolism reveals prognostic significance of sphingosine kinase 1 in breast cancer. Breast 

Cancer Res Treat 2008;112:41-52. 

119. Saelens X, Festjens N, Vande Walle L, van Gurp M, van Loo G, Vandenabeele P. Toxic   

proteins released from mitochondria in cell death. Oncogene 2004;23:2861-2874. 

120. Sanchez T, Thangada S, Wu MT, Kontos CD, Wu D, Wu H, Hla T. PTEN as an effector in the   

signaling of antimigratory G protein-coupled receptor. Proc Natl Acad Sci U S A 

2005;102:4312-4317. 

121. Sankala HM, Hait NC, Paugh SW, Shida D, Lepine S, Elmore LW, Dent P, Milstien S, Spiegel   

S. Involvement of sphingosine kinase 2 in p53-independent induction of p21 by the 

chemotherapeutic drug doxorubicin. Cancer Res 2007;67:10466-10474. 

122. Sauer B, Gonska H, Manggau M, Kim DS, Schraut C, Schafer-Korting M, Kleuser B.   

Sphingosine 1-phosphate is involved in cytoprotective actions of calcitriol in human 

fibroblasts and enhances the intracellular Bcl-2/Bax rheostat. Pharmazie 2005;60:298-304. 

123. Schuppel M, Kurschner U, Kleuser U, Schafer-Korting M, Kleuser B. Sphingosine 1-  

phosphate restrains insulin-mediated keratinocyte proliferation via inhibition of Akt through 

the S1P2 receptor subtype. J Invest Dermatol 2008;128:1747-1756. 

!170



Jan Ohotski

124. Schwalm S, Doll F, Romer I, Bubnova S, Pfeilschifter J, Huwiler A. Sphingosine kinase-1 is a   

hypoxia-regulated gene that stimulates migration of human endothelial cells. Biochem 

Biophys Res Commun 2008;368:1020-1025. 

125. Shida D, Kitayama J, Yamaguchi H, Yamashita H, Mori K, Watanabe T, Yatomi Y, Nagawa H.   

Sphingosine 1-phosphate transactivates c-Met as well as epidermal growth factor receptor 

(EGFR) in human gastric cancer cells. FEBS Lett 2004;577:333-338. 

126. Shida D, Kitayama J, Yamaguchi H, Yamashita H, Mori K, Watanabe T, Nagawa H.   

Lysophospholipids transactivate HER2/neu (erbB-2) in human gastric cancer cells. Biochem 

Biophys Res Commun 2005;327:907-914. 

127. Shu X, Wu W, Mosteller RD, Broek D. Sphingosine kinase mediates vascular endothelial   

growth factor-induced activation of ras and mitogen-activated protein kinases. Mol Cell Biol 

2002;22:7758-7768. 

128. Sobue S, Nemoto S, Murakami M, Ito H, Kimura A, Gao S, Furuhata A, Takagi A, Kojima T,   

Nakamura M, Ito Y, Suzuki M, Banno Y, Nozawa Y, Murate T. Implications of sphingosine 

kinase 1 expression level for the cellular sphingolipid rheostat: relevance as a marker for 

daunorubicin sensitivity of leukemia cells. Int J Hematol 2008;87:266-275. 

129. Song L, Xiong H, Li J, Liao W, Wang L, Wu J, Li M. Sphingosine kinase-1 enhances   

resistance to apoptosis through activation of PI3K/Akt/NF-kappaB pathway in human non-

small cell lung cancer. Clin Cancer Res 2011;17:1839-1849. 

130. Spiegel S, Milstien S. Sphingosine-1-phosphate: an enigmatic signalling lipid. Nat Rev Mol   

Cell Biol 2003;4:397-407. 

131. Stahelin RV, Hwang JH, Kim JH, Park ZY, Johnson KR, Obeid LM, Cho W. The mechanism   

of membrane targeting of human sphingosine kinase 1. J Biol Chem 2005;280:43030-43038. 

132. Sukocheva OA, Wang L, Albanese N, Pitson SM, Vadas MA, Xia P. Sphingosine kinase   

transmits estrogen signaling in human breast cancer cells. Mol Endocrinol 

2003;17:2002-2012. 

133. Sumitomo M, Ohba M, Asakuma J, Asano T, Kuroki T, Asano T, Hayakawa M. Protein kinase   

Cdelta amplifies ceramide formation via mitochondrial signaling in prostate cancer cells. J 

Clin Invest 2002;109:827-836. 

134. Taha TA, Argraves KM, Obeid LM. Sphingosine-1-phosphate receptors: receptor specificity   

versus functional redundancy. Biochim Biophys Acta 2004;1682:48-55. 

135. Taha TA, Mullen TD, Obeid LM. A house divided: ceramide, sphingosine, and sphingosine-1-  

phosphate in programmed cell death. Biochim Biophys Acta 2006;1758:2027-2036. 
!171



Jan Ohotski

136. Takabe K, Kim RH, Allegood JC, Mitra P, Ramachandran S, Nagahashi M, Harikumar KB,   

Hait NC, Milstien S, Spiegel S. Estradiol induces export of sphingosine 1-phosphate from 

breast cancer cells via ABCC1 and ABCG2. J Biol Chem 2010;285:10477-10486. 

137. Uhlenbrock K, Gassenhuber H, Kostenis E. Sphingosine 1-phosphate is a ligand of the human   

gpr3, gpr6 and gpr12 family of constitutively active G protein-coupled receptors. Cell Signal 

2002;14:941-953. 

138. Van Brocklyn JR, Jackson CA, Pearl DK, Kotur MS, Snyder PJ, Prior TW. Sphingosine   

kinase-1 expression correlates with poor survival of patients with glioblastoma multiforme: 

roles of sphingosine kinase isoforms in growth of glioblastoma cell lines. J Neuropathol Exp 

Neurol 2005;64:695-705. 

139. van Veldhoven PP, Mannaerts GP. Sphingosine-phosphate lyase. Adv Lipid Res   

1993;26:69-98. 

140. Wang L, Chiang ET, Simmons JT, Garcia JG, Dudek SM. FTY720-Induced Human   

Pulmonary Endothelial Barrier Enhancement is Mediated by c-Abl. Eur Respir J 2010 

141. Waters C, Sambi B, Kong KC, Thompson D, Pitson SM, Pyne S, Pyne NJ. Sphingosine 1-  

phosphate and platelet-derived growth factor (PDGF) act via PDGF beta receptor-sphingosine 

1-phosphate receptor complexes in airway smooth muscle cells. J Biol Chem 

2003;278:6282-6290. 

142. Watterson KR, Lanning DA, Diegelmann RF, Spiegel S. Regulation of fibroblast functions by   

lysophospholipid mediators: potential roles in wound healing. Wound Repair Regen 

2007;15:607-616. 

143. Weigert A, Schiffmann S, Sekar D, Ley S, Menrad H, Werno C, Grosch S, Geisslinger G,   

Brune B. Sphingosine kinase 2 deficient tumor xenografts show impaired growth and fail to 

polarize macrophages towards an anti-inflammatory phenotype. Int J Cancer 

2009;125:2114-2121. 

144. Wolff RA, Dobrowsky RT, Bielawska A, Obeid LM, Hannun YA. Role of ceramide-activated   

protein phosphatase in ceramide-mediated signal transduction. J Biol Chem 

1994;269:19605-19609. 

145. Wu W, Shu X, Hovsepyan H, Mosteller RD, Broek D. VEGF receptor expression and   

signaling in human bladder tumors. Oncogene 2003;22:3361-3370. 

146. Xia P, Wang L, Moretti PA, Albanese N, Chai F, Pitson SM, D’Andrea RJ, Gamble JR, Vadas   

MA. Sphingosine kinase interacts with TRAF2 and dissects tumor necrosis factor-alpha 

signaling. J Biol Chem 2002;277:7996-8003. 
!172



Jan Ohotski

147. Yamashita H, Kitayama J, Shida D, Yamaguchi H, Mori K, Osada M, Aoki S, Yatomi Y,   

Takuwa Y, Nagawa H. Sphingosine 1-phosphate receptor expression profile in human gastric 

cancer cells: differential regulation on the migration and proliferation. J Surg Res 

2006;130:80-87. 

148. Zhang J, Honbo N, Goetzl EJ, Chatterjee K, Karliner JS, Gray MO. Signals from type 1   

sphingosine 1-phosphate receptors enhance adult mouse cardiac myocyte survival during 

hypoxia. Am J Physiol Heart Circ Physiol 2007;293:H3150-H3158. 

149. Zhong Y, Onuki J, Yamasaki T, Ogawa O, Akatsuka S, Toyokuni S. Genome-wide analysis   

identifies a tumor suppressor role for aminoacylase 1 in iron-induced rat renal cell carcinoma. 

Carcinogenesis 2009;30:158-164. 

150. Long JS, Edwards J, Watson C, Tovey S, Mair KM, Schiff R, Natarajan V, Pyne NJ, Pyne S.   

Sphingosine kinase 1 induces tolerance to human epidermal growth factor receptor 2 and 

prevents formation of a migratory phenotype in response to sphingosine 1-phosphate in 

estrogen receptor-positive breast cancer cells. Mol Cell Biol 2010;30:3827-3841. 

151. Estrada R, Wang L, Jala VR, Lee JF, Lin CY, Gray RD, Haribabu B, Lee MJ. Ligand-induced   

nuclear translocation of S1P(1) receptors mediates Cyr61 and CTGF transcription in 

endothelial cells. Histochem Cell Biol 2009;131:239-249. 

152. Takabe K, Paugh SW, Milstien S, Spiegel S. “Inside-out” signaling of sphingosine-1-  

phosphate: therapeutic targets. Pharmacol Rev 2008;60:181-195. 

153. Valdehita A, Bajo AM, Fernandez-Martinez AB, Arenas MI, Vacas E, Valenzuela P, Ruiz-  

Villaespesa A, Prieto JC, Carmena MJ. Nuclear localization of vasoactive intestinal peptide 

(VIP) receptors in human breast cancer. Peptides 2010;31:2035-2045. 

154. Vaniotis G, Del Duca D, Trieu P, Rohlicek CV, Hebert TE, Allen BG. Nuclear beta-adrenergic   

receptors modulate gene expression in adult rat heart. Cell Signal 2011;23:89-98. 

155. Zhu T, Gobeil F, Vazquez-Tello A, Leduc M, Rihakova L, Bossolasco M, Bkaily G, Peri K,   

Varma DR, Orvoine R, Chemtob S. Intracrine signaling through lipid mediators and their 

cognate nuclear G-protein-coupled receptors: a paradigm based on PGE2, PAF, and LPA1 

receptors. Can J Physiol Pharmacol 2006;84:377-391. 

156. Tovey SM, Witton CJ, Bartlett JM, Stanton PD, Reeves JR, Cooke TG. Outcome and human   

epidermal growth factor receptor (HER) 1-4 status in invasive breast carcinomas with 

proliferation indices evaluated by bromodeoxyuridine labelling. Breast Cancer Res 

2004;6:R246-R251. 

157. Pyne NJ, Pyne S. Sphingosine 1-phosphate and cancer. Nat Rev Cancer 2010;10:489-503.   
!173



Jan Ohotski

158. Mulac-Jericevic B, Lydon JP, DeMayo FJ, Conneely OM. Defective mammary gland   

morphogenesis in mice lacking the progesterone receptor B isoform. Proc Natl Acad Sci U S 

A 2003;100:9744-9749. 

159. Ohotski J, Long JS, Orange C, Elsberger B, Mallon E, Doughty J, Pyne S, Pyne NJ, Edwards   

J. Expression of sphingosine 1-phosphate receptor 4 and sphingosine kinase 1 is associated 

with outcome in oestrogen receptor-negative breast cancer. Br J Cancer 2012;106:1453-1459. 

160. Mangelsdorf DJ, Thummel C, Beato M, Herrlich P, Schutz G, Umesono K, Blumberg B,   

Kastner P, Mark M, Chambon P, Evans RM. The nuclear receptor superfamily: the second 

decade. Cell 1995;83:835-839. 

161. McGlynn LM, Kirkegaard T, Edwards J, Tovey S, Cameron D, Twelves C, Bartlett JM, Cooke   

TG. Ras/Raf-1/MAPK pathway mediates response to tamoxifen but not chemotherapy in 

breast cancer patients. Clin Cancer Res 2009;15:1487-1495. 

162. Loveridge C, Tonelli F, Leclercq T, Lim KG, Long JS, Berdyshev E, Tate RJ, Natarajan V,   

Pitson SM, Pyne NJ, Pyne S. The sphingosine kinase 1 inhibitor 2-(p-hydroxyanilino)-4-(p-

chlorophenyl)thiazole induces proteasomal degradation of sphingosine kinase 1 in 

mammalian cells. J Biol Chem 2010;285:38841-38852. 

163. Kastner P, Krust A, Turcotte B, Stropp U, Tora L, Gronemeyer H, Chambon P. Two distinct   

estrogen-regulated promoters generate transcripts encoding the two functionally different 

human progesterone receptor forms A and B. EMBO J 1990;9:1603-1614. 

164. Kirkegaard T, Witton CJ, McGlynn LM, Tovey SM, Dunne B, Lyon A, Bartlett JM. AKT   

activation predicts outcome in breast cancer patients treated with tamoxifen. J Pathol 

2005;207:139-146. 

165. Leo JC, Wang SM, Guo CH, Aw SE, Zhao Y, Li JM, Hui KM, Lin VC. Gene regulation   

profile reveals consistent anticancer properties of progesterone in hormone-independent 

breast cancer cells transfected with progesterone receptor. Int J Cancer 2005;117:561-568. 

166. Anderson E. The role of oestrogen and progesterone receptors in human mammary   

development and tumorigenesis. Breast Cancer Res 2002;4:197-201. 

167. Bardou VJ, Arpino G, Elledge RM, Osborne CK, Clark GM. Progesterone receptor status   

significantly improves outcome prediction over estrogen receptor status alone for adjuvant 

endocrine therapy in two large breast cancer databases. J Clin Oncol 2003;21:1973-1979. 

168. Baum M, Buzdar A, Cuzick J, Forbes J, Houghton J, Howell A, Sahmoud T. Anastrozole   

alone or in combination with tamoxifen versus tamoxifen alone for adjuvant treatment of 

postmenopausal women with early-stage breast cancer: results of the ATAC (Arimidex, 
!174



Jan Ohotski

Tamoxifen Alone or in Combination) trial efficacy and safety update analyses. Cancer 

2003;98:1802-1810. 

169. Brisken C, Heineman A, Chavarria T, Elenbaas B, Tan J, Dey SK, McMahon JA, McMahon   

AP, Weinberg RA. Essential function of Wnt-4 in mammary gland development downstream 

of progesterone signaling. Genes Dev 2000;14:650-654. 

170. Clarke RB. Ovarian steroids and the human breast: regulation of stem cells and cell   

proliferation. Maturitas 2006;54:327-334. 

171. Gonzalez-Suarez E. RANKL inhibition: a promising novel strategy for breast cancer   

treatment. Clin Transl Oncol 2011;13:222-228. 

172. Lim KG, Tonelli F, Li Z, Lu X, Bittman R, Pyne S, Pyne NJ. FTY720 analogues as   

sphingosine kinase 1 inhibitors: enzyme inhibition kinetics, allosterism, proteasomal 

degradation, and actin rearrangement in MCF-7 breast cancer cells. J Biol Chem 

2011;286:18633-18640. 

173. Skildum A, Faivre E, Lange CA. Progesterone receptors induce cell cycle progression via   

activation of mitogen-activated protein kinases. Mol Endocrinol 2005;19:327-339. 

174. Okamoto H, Takuwa N, Gonda K, Okazaki H, Chang K, Yatomi Y, Shigematsu H, Takuwa Y.   

EDG1 is a functional sphingosine-1-phosphate receptor that is linked via a Gi/o to multiple 

signaling pathways, including phospholipase C activation, Ca2+ mobilization, Ras-mitogen-

activated protein kinase activation, and adenylate cyclase inhibition. J Biol Chem 

1998;273:27104-27110. 

175. Bakin RE, Gioeli D, Sikes RA, Bissonette EA, Weber MJ. Constitutive activation of the Ras/  

mitogen-activated protein kinase signaling pathway promotes androgen hypersensitivity in 

LNCaP prostate cancer cells. Cancer Res 2003;63:1981-1989. 

176. Bates RC, Edwards NS, Burns GF, Fisher DE. A CD44 survival pathway triggers   

chemoresistance via lyn kinase and phosphoinositide 3-kinase/Akt in colon carcinoma cells. 

Cancer Res 2001;61:5275-5283. 

177. Biswas DK, Shi Q, Baily S, Strickland I, Ghosh S, Pardee AB, Iglehart JD. NF-kappa B   

activation in human breast cancer specimens and its role in cell proliferation and apoptosis. 

Proc Natl Acad Sci U S A 2004;101:10137-10142. 

178. Brady RR, Loveridge CJ, Dunlop MG, Stark LA. c-Src dependency of NSAID-induced   

effects on NF-kappaB-mediated apoptosis in colorectal cancer cells. Carcinogenesis 

2011;32:1069-1077. 

!175



Jan Ohotski

179. Choi JW, Gardell SE, Herr DR, Rivera R, Lee CW, Noguchi K, Teo ST, Yung YC, Lu M,   

Kennedy G, Chun J. FTY720 (fingolimod) efficacy in an animal model of multiple sclerosis 

requires astrocyte sphingosine 1-phosphate receptor 1 (S1P1) modulation. Proc Natl Acad Sci 

U S A 2011;108:751-756. 

180. Elsberger B, Tan BA, Mallon EA, Brunton VG, Edwards J. Is there an association with   

phosphorylation and dephosphorylation of Src kinase at tyrosine 530 and breast cancer patient 

disease-specific survival. Br J Cancer 2010;103:1831-1834. 

181. Goldenberg-Furmanov M, Stein I, Pikarsky E, Rubin H, Kasem S, Wygoda M, Weinstein I,   

Reuveni H, Ben-Sasson SA. Lyn is a target gene for prostate cancer: sequence-based 

inhibition induces regression of human tumor xenografts. Cancer Res 2004;64:1058-1066. 

182. Guan H, Liu L, Cai J, Liu J, Ye C, Li M, Li Y. Sphingosine kinase 1 is overexpressed and   

promotes proliferation in human thyroid cancer. Mol Endocrinol 2011;25:1858-1866. 

183. Helbig G, Christopherson KW, Bhat-Nakshatri P, Kumar S, Kishimoto H, Miller KD,   

Broxmeyer HE, Nakshatri H. NF-kappaB promotes breast cancer cell migration and 

metastasis by inducing the expression of the chemokine receptor CXCR4. J Biol Chem 

2003;278:21631-21638. 

184. Iqbal MS, Tsuyama N, Obata M, Ishikawa H. A novel signaling pathway associated with Lyn,   

PI 3-kinase and Akt supports the proliferation of myeloma cells. Biochem Biophys Res 

Commun 2010;392:415-420. 

185. Khleif SN, Abrams SI, Hamilton JM, Bergmann-Leitner E, Chen A, Bastian A, Bernstein S,   

Chung Y, Allegra CJ, Schlom J. A phase I vaccine trial with peptides reflecting ras oncogene 

mutations of solid tumors. J Immunother 1999;22:155-165. 

186. Leiber D, Banno Y, Tanfin Z. Exogenous sphingosine 1-phosphate and sphingosine kinase   

activated by endothelin-1 induced myometrial contraction through differential mechanisms. 

Am J Physiol Cell Physiol 2007;292:C240-C250. 

187. Radeff-Huang J, Seasholtz TM, Chang JW, Smith JM, Walsh CT, Brown JH. Tumor necrosis   

factor-alpha-stimulated cell proliferation is mediated through sphingosine kinase-dependent 

Akt activation and cyclin D expression. J Biol Chem 2007;282:863-870. 

188. Rexer BN, Ghosh R, Arteaga CL. Inhibition of PI3K and MEK: it is all about combinations   

and biomarkers. Clin Cancer Res 2009;15:4518-4520. 

189. Schmidt M, Hovelmann S, Beckers TL. A novel form of constitutively active farnesylated   

Akt1 prevents mammary epithelial cells from anoikis and suppresses chemotherapy-induced 

apoptosis. Br J Cancer 2002;87:924-932. 
!176



Jan Ohotski

190. Summy JM, Gallick GE. Src family kinases in tumor progression and metastasis. Cancer   

Metastasis Rev 2003;22:337-358. 

191. Urtz N, Olivera A, Bofill-Cardona E, Csonga R, Billich A, Mechtcheriakova D, Bornancin F,   

Woisetschlager M, Rivera J, Baumruker T. Early activation of sphingosine kinase in mast 

cells and recruitment to FcepsilonRI are mediated by its interaction with Lyn kinase. Mol Cell 

Biol 2004;24:8765-8777. 

192. Waters CM, Long J, Gorshkova I, Fujiwara Y, Connell M, Belmonte KE, Tigyi G, Natarajan   

V, Pyne S, Pyne NJ. Cell migration activated by platelet-derived growth factor receptor is 

blocked by an inverse agonist of the sphingosine 1-phosphate receptor-1. FASEB J 

2006;20:509-511. 

193. Yeh LH, Park YJ, Hansalia RJ, Ahmed IS, Deshpande SS, Goldschmidt-Clermont PJ, Irani K,   

Alevriadou BR. Shear-induced tyrosine phosphorylation in endothelial cells requires Rac1-

dependent production of ROS. Am J Physiol 1999;276:C838-C847. 

194. Liao JJ, Huang MC, Graler M, Huang Y, Qiu H, Goetzl EJ. Distinctive T cell-suppressive   

signals from nuclearized type 1 sphingosine 1-phosphate G protein-coupled receptors. J Biol 

Chem 2007;282:1964-1972. 

195. Campbell EJ, McDuff E, Tatarov O, Tovey S, Brunton V, Cooke TG, Edwards J.   

Phosphorylated c-Src in the nucleus is associated with improved patient outcome in ER-

positive breast cancer. Br J Cancer 2008;99:1769-1774. 

196. Gao P, Smith CD. Ablation of sphingosine kinase-2 inhibits tumor cell proliferation and   

migration. Mol Cancer Res 2011;9:1509-1519. 

197. Gobeil F, Fortier A, Zhu T, Bossolasco M, Leduc M, Grandbois M, Heveker N, Bkaily G,   

Chemtob S, Barbaz D. G-protein-coupled receptors signalling at the cell nucleus: an emerging 

paradigm. Can J Physiol Pharmacol 2006;84:287-297. 

198. Goparaju SK, Jolly PS, Watterson KR, Bektas M, Alvarez S, Sarkar S, Mel L, Ishii I, Chun J,   

Milstien S, Spiegel S. The S1P2 receptor negatively regulates platelet-derived growth factor-

induced motility and proliferation. Mol Cell Biol 2005;25:4237-4249. 

199. Maceyka M, Sankala H, Hait NC, Le Stunff H, Liu H, Toman R, Collier C, Zhang M, Satin   

LS, Merrill AHJ, Milstien S, Spiegel S. SphK1 and SphK2, sphingosine kinase isoenzymes 

with opposing functions in sphingolipid metabolism. J Biol Chem 2005;280:37118-37129. 

200. Tran NH, Frost JA. Phosphorylation of Raf-1 by p21-activated kinase 1 and Src regulates   

Raf-1 autoinhibition. J Biol Chem 2003;278:11221-11226. 

!177



Jan Ohotski

201. Liu H, Toman RE, Goparaju SK, Maceyka M, Nava VE, Sankala H, Payne SG, Bektas M,   

Ishii I, Chun J, Milstien S, Spiegel S. Sphingosine kinase type 2 is a putative BH3-only 

protein that induces apoptosis. J Biol Chem 2003;278:40330-40336. 

202. Liu G, Zheng H, Zhang Z, Wu Z, Xiong H, Li J, Song L. Overexpression of sphingosine   

kinase 1 is associated with salivary gland carcinoma progression and might be a novel 

predictive marker for adjuvant therapy. BMC Cancer 2010;10:495. 

203. Liu YY, Han TY, Giuliano AE, Cabot MC. Ceramide glycosylation potentiates cellular   

multidrug resistance. FASEB J 2001;15:719-730. 

204. Verma S, Provencher L, Dent R. Emerging trends in the treatment of triple-negative breast   

cancer in Canada: a survey. Curr Oncol 2011;18:180-190. 

205. Yamaoka S, Miyaji M, Kitano T, Umehara H, Okazaki T. Expression cloning of a human   

cDNA restoring sphingomyelin synthesis and cell growth in sphingomyelin synthase-

defective lymphoid cells. J Biol Chem 2004;279:18688-18693. 

206. Watson C, Long JS, Orange C, Tannahill CL, Mallon E, McGlynn LM, Pyne S, Pyne NJ,   

Edwards J. High expression of sphingosine 1-phosphate receptors, S1P1 and S1P3, 

sphingosine kinase 1, and extracellular signal-regulated kinase-1/2 is associated with 

development of tamoxifen resistance in estrogen receptor-positive breast cancer patients. Am 

J Pathol 2010;177:2205-2215. 

207. Ullio C, Casas J, Brunk UT, Sala G, Fabrias G, Ghidoni R, Bonelli G, Baccino FM, Autelli R.   

Sphingosine mediates TNFalpha-induced lysosomal membrane permeabilization and ensuing 

programmed cell death in hepatoma cells. J Lipid Res 2012;53:1134-1143. 

208. Antoon JW, White MD, Driver JL, Burow ME, Beckman BS. Sphingosine kinase isoforms as   

a therapeutic target in endocrine therapy resistant luminal and basal-A breast cancer. Exp Biol 

Med (Maywood) 2012;237:832-844. 

209. Duan RD. Anticancer compounds and sphingolipid metabolism in the colon. In Vivo   

2005;19:293-300. 

210. Duan RD, Nilsson A. Metabolism of sphingolipids in the gut and its relation to inflammation   

and cancer development. Prog Lipid Res 2009;48:62-72. 

211. Fukasawa M, Nishijima M, Hanada K. Genetic evidence for ATP-dependent endoplasmic   

reticulum-to-Golgi apparatus trafficking of ceramide for sphingomyelin synthesis in Chinese 

hamster ovary cells. J Cell Biol 1999;144:673-685. 

212. Goni FM, Alonso A. Sphingomyelinases: enzymology and membrane activity. FEBS Lett   

2002;531:38-46. 
!178



Jan Ohotski

213. Kanno T, Nishimoto T, Fujita Y, Gotoh A, Nakano T, Nishizaki T. Sphingosine induces   

apoptosis in MKN-28 human gastric cancer cells in an SDK-dependent manner. Cell Physiol 

Biochem 2012;30:987-994. 

214. Kong JY, Klassen SS, Rabkin SW. Ceramide activates a mitochondrial p38 mitogen-activated   

protein kinase: a potential mechanism for loss of mitochondrial transmembrane potential and 

apoptosis. Mol Cell Biochem 2005;278:39-51. 

215. Malavaud B, Pchejetski D, Mazerolles C, de Paiva GR, Calvet C, Doumerc N, Pitson S,   

Rischmann P, Cuvillier O. Sphingosine kinase-1 activity and expression in human prostate 

cancer resection specimens. Eur J Cancer 2010;46:3417-3424. 

216. Martinez R, Navarro R, Lacort M, Ruiz-Sanz JI, Ruiz-Larrea MB. Doxorubicin induces   

ceramide and diacylglycerol accumulation in rat hepatocytes through independent routes. 

Toxicol Lett 2009;190:86-90. 

217. Marvaso G, Barone A, Amodio N, Raimondi L, Agosti V, Altomare E, Scotti V, Lombardi A,   

Bianco R, Bianco C, Caraglia M, Tassone P, Tagliaferri P. Sphingosine analog fingolimod 

(FTY720) increases radiation sensitivity of human breast cancer cells in vitro. Cancer Biol 

Ther 2014;15:797-805. 

218. Mitra P, Payne SG, Milstien S, Spiegel S. A rapid and sensitive method to measure secretion   

of sphingosine-1-phosphate. Methods Enzymol 2007;434:257-264. 

219. Mizugishi K, Yamashita T, Olivera A, Miller GF, Spiegel S, Proia RL. Essential role for   

sphingosine kinases in neural and vascular development. Mol Cell Biol 2005;25:11113-11121. 

220. Morales A, Fernandez-Checa JC. Pharmacological modulation of sphingolipids and role in   

disease and cancer cell biology. Mini Rev Med Chem 2007;7:371-382. 

221. Kuo YC, Huang KY, Yang CH, Yang YS, Lee WY, Chiang CW. Regulation of   

phosphorylation of Thr-308 of Akt, cell proliferation, and survival by the B55alpha regulatory 

subunit targeting of the protein phosphatase 2A holoenzyme to Akt. J Biol Chem 

2008;283:1882-1892. 

222. Antoon JW, Meacham WD, Bratton MR, Slaughter EM, Rhodes LV, Ashe HB, Wiese TE,   

Burow ME, Beckman BS. Pharmacological inhibition of sphingosine kinase isoforms alters 

estrogen receptor signaling in human breast cancer. J Mol Endocrinol 2011;46:205-216. 

223. Altiok S, Xu M, Spiegelman BM. PPARgamma induces cell cycle withdrawal: inhibition of   

E2F/DP DNA-binding activity via down-regulation of PP2A. Genes Dev 1997;11:1987-1998. 

224. Barr RK, Lynn HE, Moretti PA, Khew-Goodall Y, Pitson SM. Deactivation of sphingosine   

kinase 1 by protein phosphatase 2A. J Biol Chem 2008;283:34994-35002. 
!179



Jan Ohotski

225. Bektas M, Allende ML, Lee BG, Chen W, Amar MJ, Remaley AT, Saba JD, Proia RL.   

Sphingosine 1-phosphate lyase deficiency disrupts lipid homeostasis in liver. J Biol Chem 

2010;285:10880-10889. 

226. Beljanski V, Lewis CS, Smith CD. Antitumor activity of sphingosine kinase 2 inhibitor   

ABC294640 and sorafenib in hepatocellular carcinoma xenografts. Cancer Biol Ther 

2011;11:524-534. 

227. Yu H, Shao Y, Gao L, Zhang L, Guo K, Wu C, Hu X, Duan H. Acetylation of sphingosine   

kinase 1 regulates cell growth and cell-cycle progression. Biochem Biophys Res Commun 

2012;417:1242-1247. 

228. Zander T, Kraus JA, Grommes C, Schlegel U, Feinstein D, Klockgether T, Landreth G,   

Koenigsknecht J, Heneka MT. Induction of apoptosis in human and rat glioma by agonists of 

the nuclear receptor PPARgamma. J Neurochem 2002;81:1052-1060. 

229. Yatomi Y, Igarashi Y, Yang L, Hisano N, Qi R, Asazuma N, Satoh K, Ozaki Y, Kume S.   

Sphingosine 1-phosphate, a bioactive sphingolipid abundantly stored in platelets, is a normal 

constituent of human plasma and serum. J Biochem 1997;121:969-973. 

230. Yang YL, Ji C, Cheng L, He L, Lu CC, Wang R, Bi ZG. Sphingosine kinase-1 inhibition   

sensitizes curcumin-induced growth inhibition and apoptosis in ovarian cancer cells. Cancer 

Sci 2012;103:1538-1545. 

231. Lee SY, Kim JR, Hu Y, Khan R, Kim SJ, Bharadwaj KG, Davidson MM, Choi CS, Shin KO,   

Lee YM, Park WJ, Park IS, Jiang XC, Goldberg IJ, Park TS. Cardiomyocyte specific 

deficiency of serine palmitoyltransferase subunit 2 reduces ceramide but leads to cardiac 

dysfunction. J Biol Chem 2012;287:18429-18439. 

232. Lee YS, Choi KM, Choi MH, Ji SY, Lee S, Sin DM, Oh KW, Lee YM, Hong JT, Yun YP, Yoo   

HS. Serine palmitoyltransferase inhibitor myriocin induces growth inhibition of B16F10 

melanoma cells through G(2) /M phase arrest. Cell Prolif 2011;44:320-329. 

233. Holland J, Owens T. Signaling through intercellular adhesion molecule 1 (ICAM-1) in a B   

cell lymphoma line. The activation of Lyn tyrosine kinase and the mitogen-activated protein 

kinase pathway. J Biol Chem 1997;272:9108-9112. 

234. Pazdrak K, Olszewska-Pazdrak B, Stafford S, Garofalo RP, Alam R. Lyn, Jak2, and Raf-1   

kinases are critical for the antiapoptotic effect of interleukin 5, whereas only Raf-1 kinase is 

essential for eosinophil activation and degranulation. J Exp Med 1998;188:421-429. 

!180



Jan Ohotski

235. Alam R, Pazdrak K, Stafford S, Forsythe P. The interleukin-5/receptor interaction activates   

Lyn and Jak2 tyrosine kinases and propagates signals via the Ras-Raf-1-MAP kinase and the 

Jak-STAT pathways in eosinophils. Int Arch Allergy Immunol 1995;107:226-227. 

236. Alderton F, Darroch P, Sambi B, McKie A, Ahmed IS, Pyne N, Pyne S. G-protein-coupled   

receptor stimulation of the p42/p44 mitogen-activated protein kinase pathway is attenuated by 

lipid phosphate phosphatases 1, 1a, and 2 in human embryonic kidney 293 cells. J Biol Chem 

2001;276:13452-13460. 

237. Anand N, Murthy S, Amann G, Wernick M, Porter LA, Cukier IH, Collins C, Gray JW,   

Diebold J, Demetrick DJ, Lee JM. Protein elongation factor EEF1A2 is a putative oncogene 

in ovarian cancer. Nat Genet 2002;31:301-305. 

238. Ancellin N, Colmont C, Su J, Li Q, Mittereder N, Chae SS, Stefansson S, Liau G, Hla T.   

Extracellular export of sphingosine kinase-1 enzyme. Sphingosine 1-phosphate generation 

and the induction of angiogenic vascular maturation. J Biol Chem 2002;277:6667-6675. 

239. Antoon JW, White MD, Slaughter EM, Driver JL, Khalili HS, Elliott S, Smith CD, Burow   

ME, Beckman BS. Targeting NFkB mediated breast cancer chemoresistance through selective 

inhibition of sphingosine kinase-2. Cancer Biol Ther 2011;11:678-689. 

240. Arikawa K, Takuwa N, Yamaguchi H, Sugimoto N, Kitayama J, Nagawa H, Takehara K,   

Takuwa Y. Ligand-dependent inhibition of B16 melanoma cell migration and invasion via 

endogenous S1P2 G protein-coupled receptor. Requirement of inhibition of cellular RAC 

activity. J Biol Chem 2003;278:32841-32851. 

241. Bannister AJ, Kouzarides T. Regulation of chromatin by histone modifications. Cell Res   

2011;21:381-395. 

242. Baudhuin LM, Jiang Y, Zaslavsky A, Ishii I, Chun J, Xu Y. S1P3-mediated Akt activation and   

cross-talk with platelet-derived growth factor receptor (PDGFR). FASEB J 2004;18:341-343. 

243. Benz CC, Scott GK, Sarup JC, Johnson RM, Tripathy D, Coronado E, Shepard HM, Osborne   

CK. Estrogen-dependent, tamoxifen-resistant tumorigenic growth of MCF-7 cells transfected 

with HER2/neu. Breast Cancer Res Treat 1992;24:85-95. 

244. Billich A, Bornancin F, Mechtcheriakova D, Natt F, Huesken D, Baumruker T. Basal and   

induced sphingosine kinase 1 activity in A549 carcinoma cells: function in cell survival and 

IL-1beta and TNF-alpha induced production of inflammatory mediators. Cell Signal 

2005;17:1203-1217. 

245. Boudny V, Nakano S. Src tyrosine kinase augments taxotere-induced apoptosis through   

enhanced expression and phosphorylation of Bcl-2. Br J Cancer 2002;86:463-469. 
!181



Jan Ohotski

246. Brizuela L, Ader I, Mazerolles C, Bocquet M, Malavaud B, Cuvillier O. First evidence of   

sphingosine 1-phosphate lyase protein expression and activity downregulation in human 

neoplasm: implication for resistance to therapeutics in prostate cancer. Mol Cancer Ther 

2012;11:1841-1851. 

247. Brockman JA, Gupta RA, Dubois RN. Activation of PPARgamma leads to inhibition of   

anchorage-independent growth of human colorectal cancer cells. Gastroenterology 

1998;115:1049-1055. 

248. Brouckaert O, Wildiers H, Floris G, Neven P. Update on triple-negative breast cancer:   

prognosis and management strategies. Int J Womens Health 2012;4:511-520. 

249. Cailleau R, Young R, Olive M, Reeves WJJ. Breast tumor cell lines from pleural effusions. J   

Natl Cancer Inst 1974;53:661-674. 

250. Cantrell DA. Phosphoinositide 3-kinase signalling pathways. J Cell Sci 2001;114:1439-1445.   

251. Catlett-Falcone R, Dalton WS, Jove R. STAT proteins as novel targets for cancer therapy.   

Signal transducer an activator of transcription. Curr Opin Oncol 1999;11:490-496. 

252. Chae SS, Paik JH, Furneaux H, Hla T. Requirement for sphingosine 1-phosphate receptor-1 in   

tumor angiogenesis demonstrated by in vivo RNA interference. J Clin Invest 

2004;114:1082-1089. 

253. Chang YW, Traugh JA. Phosphorylation of elongation factor 1 and ribosomal protein S6 by   

multipotential S6 kinase and insulin stimulation of translational elongation. J Biol Chem 

1997;272:28252-28257. 

254. Chauvin C, Koka V, Nouschi A, Mieulet V, Hoareau-Aveilla C, Dreazen A, Cagnard N,   

Carpentier W, Kiss T, Meyuhas O, Pende M. Ribosomal protein S6 kinase activity controls 

the ribosome biogenesis transcriptional program. Oncogene 2014;33:474-483. 

255. Choi YL, Bocanegra M, Kwon MJ, Shin YK, Nam SJ, Yang JH, Kao J, Godwin AK, Pollack   

JR. LYN is a mediator of epithelial-mesenchymal transition and a target of dasatinib in breast 

cancer. Cancer Res 2010;70:2296-2306. 

256. Choo AY, Yoon SO, Kim SG, Roux PP, Blenis J. Rapamycin differentially inhibits S6Ks and   

4E-BP1 to mediate cell-type-specific repression of mRNA translation. Proc Natl Acad Sci U S 

A 2008;105:17414-17419. 

257. Colledge M, Dean RA, Scott GK, Langeberg LK, Huganir RL, Scott JD. Targeting of PKA to   

glutamate receptors through a MAGUK-AKAP complex. Neuron 2000;27:107-119. 

!182



Jan Ohotski

258. Cowling V, Downward J. Caspase-6 is the direct activator of caspase-8 in the cytochrome c-  

induced apoptosis pathway: absolute requirement for removal of caspase-6 prodomain. Cell 

Death Differ 2002;9:1046-1056. 

259. Datta K, Bellacosa A, Chan TO, Tsichlis PN. Akt is a direct target of the phosphatidylinositol   

3-kinase. Activation by growth factors, v-src and v-Ha-ras, in Sf9 and mammalian cells. J 

Biol Chem 1996;271:30835-30839. 

260. De Marchis ML, Giorgi A, Schinina ME, Bozzoni I, Fatica A. Rrp15p, a novel component of   

pre-ribosomal particles required for 60S ribosome subunit maturation. RNA 2005;11:495-502. 

261. Dell’Acqua ML, Dodge KL, Tavalin SJ, Scott JD. Mapping the protein phosphatase-2B   

anchoring site on AKAP79. Binding and inhibition of phosphatase activity are mediated by 

residues 315-360. J Biol Chem 2002;277:48796-48802. 

262. Dickson MA, Carvajal RD, Merrill AHJ, Gonen M, Cane LM, Schwartz GK. A phase I   

clinical trial of safingol in combination with cisplatin in advanced solid tumors. Clin Cancer 

Res 2011;17:2484-2492. 

263. Diebold J, Mosinger K, Peiro G, Pannekamp U, Kaltz C, Baretton GB, Meier W, Lohrs U.   

20q13 and cyclin D1 in ovarian carcinomas. Analysis by fluorescence in situ hybridization. J 

Pathol 2000;190:564-571. 

264. Don AS, Rosen H. A lipid binding domain in sphingosine kinase 2. Biochem Biophys Res   

Commun 2009;380:87-92. 

265. Dosil M, Bustelo XR. Functional characterization of Pwp2, a WD family protein essential for   

the assembly of the 90 S pre-ribosomal particle. J Biol Chem 2004;279:37385-37397. 

266. Egan C, Pang A, Durda D, Cheng HC, Wang JH, Fujita DJ. Activation of Src in human breast   

tumor cell lines: elevated levels of phosphotyrosine phosphatase activity that preferentially 

recognizes the Src carboxy terminal negative regulatory tyrosine 530. Oncogene 

1999;18:1227-1237. 

267. Fan P, Griffith OL, Agboke FA, Anur P, Zou X, McDaniel RE, Creswell K, Kim SH,   

Katzenellenbogen JA, Gray JW, Jordan VC. c-Src modulates estrogen-induced stress and 

apoptosis in estrogen-deprived breast cancer cells. Cancer Res 2013;73:4510-4520. 

268. Fan TJ, Han LH, Cong RS, Liang J. Caspase family proteases and apoptosis. Acta Biochim   

Biophys Sin (Shanghai) 2005;37:719-727. 

269. Ferber EC, Kajita M, Wadlow A, Tobiansky L, Niessen C, Ariga H, Daniel J, Fujita Y. A role   

for the cleaved cytoplasmic domain of E-cadherin in the nucleus. J Biol Chem 

2008;283:12691-12700. 
!183



Jan Ohotski

270. Fisher KE, Pop A, Koh W, Anthis NJ, Saunders WB, Davis GE. Tumor cell invasion of   

collagen matrices requires coordinate lipid agonist-induced G-protein and membrane-type 

matrix metalloproteinase-1-dependent signaling. Mol Cancer 2006;5:69. 

271. Foghsgaard L, Wissing D, Mauch D, Lademann U, Bastholm L, Boes M, Elling F, Leist M,   

Jaattela M. Cathepsin B acts as a dominant execution protease in tumor cell apoptosis induced 

by tumor necrosis factor. J Cell Biol 2001;153:999-1010. 

272. Gandy KA, Canals D, Adada M, Wada M, Roddy P, Snider AJ, Hannun YA, Obeid LM.   

Sphingosine 1-phosphate induces filopodia formation through S1PR2 activation of ERM 

proteins. Biochem J 2013;449:661-672. 

273. Gao SP, Mark KG, Leslie K, Pao W, Motoi N, Gerald WL, Travis WD, Bornmann W, Veach   

D, Clarkson B, Bromberg JF. Mutations in the EGFR kinase domain mediate STAT3 

activation via IL-6 production in human lung adenocarcinomas. J Clin Invest 

2007;117:3846-3856. 

274. Gautier T, Berges T, Tollervey D, Hurt E. Nucleolar KKE/D repeat proteins Nop56p and   

Nop58p interact with Nop1p and are required for ribosome biogenesis. Mol Cell Biol 

1997;17:7088-7098. 

275. Gavrilova O, Haluzik M, Matsusue K, Cutson JJ, Johnson L, Dietz KR, Nicol CJ, Vinson C,   

Gonzalez FJ, Reitman ML. Liver peroxisome proliferator-activated receptor gamma 

contributes to hepatic steatosis, triglyceride clearance, and regulation of body fat mass. J Biol 

Chem 2003;278:34268-34276. 

276. Haberland M, Montgomery RL, Olson EN. The many roles of histone deacetylases in   

development and physiology: implications for disease and therapy. Nat Rev Genet 

2009;10:32-42. 

277. Hanel P, Andreani P, Graler MH. Erythrocytes store and release sphingosine 1-phosphate in   

blood. FASEB J 2007;21:1202-1209. 

278. Hayashi S, Okada T, Igarashi N, Fujita T, Jahangeer S, Nakamura S. Identification and   

characterization of RPK118, a novel sphingosine kinase-1-binding protein. J Biol Chem 

2002;277:33319-33324. 

279. Hedvat M, Huszar D, Herrmann A, Gozgit JM, Schroeder A, Sheehy A, Buettner R, Proia D,   

Kowolik CM, Xin H, Armstrong B, Bebernitz G, Weng S, Wang L, Ye M, McEachern K, 

Chen H, Morosini D, Bell K, Alimzhanov M, Ioannidis S, McCoon P, Cao ZA, Yu H, Jove R, 

Zinda M. The JAK2 inhibitor AZD1480 potently blocks Stat3 signaling and oncogenesis in 

solid tumors. Cancer Cell 2009;16:487-497. 
!184



Jan Ohotski

280. Hisano Y, Kobayashi N, Yamaguchi A, Nishi T. Mouse SPNS2 functions as a sphingosine-1-  

phosphate transporter in vascular endothelial cells. PLoS One 2012;7:e38941. 

281. Hobson JP, Rosenfeldt HM, Barak LS, Olivera A, Poulton S, Caron MG, Milstien S, Spiegel   

S. Role of the sphingosine-1-phosphate receptor EDG-1 in PDGF-induced cell motility. 

Science 2001;291:1800-1803. 

282. Hsu A, Zhang W, Lee JF, An J, Ekambaram P, Liu J, Honn KV, Klinge CM, Lee MJ.   

Sphingosine-1-phosphate receptor-3 signaling up-regulates epidermal growth factor receptor 

and enhances epidermal growth factor receptor-mediated carcinogenic activities in cultured 

lung adenocarcinoma cells. Int J Oncol 2012;40:1619-1626. 

283. Hu WM, Li L, Jing BQ, Zhao YS, Wang CL, Feng L, Xie YE. Effect of S1P5 on proliferation   

and migration of human esophageal cancer cells. World J Gastroenterol 2010;16:1859-1866. 

284. Huang Y, Johnson KR, Norris JS, Fan W. Nuclear factor-kappaB/IkappaB signaling pathway   

may contribute to the mediation of paclitaxel-induced apoptosis in solid tumor cells. Cancer 

Res 2000;60:4426-4432. 

285. Ikeda M, Kihara A, Igarashi Y. Sphingosine-1-phosphate lyase SPL is an endoplasmic   

reticulum-resident, integral membrane protein with the pyridoxal 5’-phosphate binding 

domain exposed to the cytosol. Biochem Biophys Res Commun 2004;325:338-343. 

286. Jeng YJ, Suarez VR, Izban MG, Wang HQ, Soloff MS. Progesterone-induced sphingosine   

kinase-1 expression in the rat uterus during pregnancy and signaling consequences. Am J 

Physiol Endocrinol Metab 2007;292:E1110-E1121. 

287. Johnson KR, Johnson KY, Becker KP, Bielawski J, Mao C, Obeid LM. Role of human   

sphingosine-1-phosphate phosphatase 1 in the regulation of intra- and extracellular 

sphingosine-1-phosphate levels and cell viability. J Biol Chem 2003;278:34541-34547. 

288. Jolly PS, Bektas M, Olivera A, Gonzalez-Espinosa C, Proia RL, Rivera J, Milstien S, Spiegel   

S. Transactivation of sphingosine-1-phosphate receptors by FcepsilonRI triggering is required 

for normal mast cell degranulation and chemotaxis. J Exp Med 2004;199:959-970. 

289. Junttila MR, Puustinen P, Niemela M, Ahola R, Arnold H, Bottzauw T, Ala-aho R, Nielsen C,   

Ivaska J, Taya Y, Lu SL, Lin S, Chan EK, Wang XJ, Grenman R, Kast J, Kallunki T, Sears R, 

Kahari VM, Westermarck J. CIP2A inhibits PP2A in human malignancies. Cell 

2007;130:51-62. 

290. Khorasanizadeh S. The nucleosome: from genomic organization to genomic regulation. Cell   

2004;116:259-272. 

!185



Jan Ohotski

291. Kim H, He Y, Yang I, Zeng Y, Kim Y, Seo YW, Murnane MJ, Jung C, Lee JH, Min JJ, Kwon   

DD, Kim KK, Lu Q, Kim K. delta-Catenin promotes E-cadherin processing and activates 

beta-catenin-mediated signaling: implications on human prostate cancer progression. Biochim 

Biophys Acta 2012;1822:509-521. 

292. Kim JW, Akiyama M, Park JH, Lin ML, Shimo A, Ueki T, Daigo Y, Tsunoda T, Nishidate T,   

Nakamura Y, Katagiri T. Activation of an estrogen/estrogen receptor signaling by BIG3 

through its inhibitory effect on nuclear transport of PHB2/REA in breast cancer. Cancer Sci 

2009;100:1468-1478. 

293. Kitamura N, Nishinarita S, Takizawa T, Tomita Y, Horie T. Cultured human monocytes secrete   

fibronectin in response to activation by proinflammatory cytokines. Clin Exp Immunol 

2000;120:66-70. 

294. Kliewer SA, Sundseth SS, Jones SA, Brown PJ, Wisely GB, Koble CS, Devchand P, Wahli W,   

Willson TM, Lenhard JM, Lehmann JM. Fatty acids and eicosanoids regulate gene expression 

through direct interactions with peroxisome proliferator-activated receptors alpha and gamma. 

Proc Natl Acad Sci U S A 1997;94:4318-4323. 

295. Kluk MJ, Ryan KP, Wang B, Zhang G, Rodig SJ, Sanchez T. Sphingosine-1-phosphate   

receptor 1 in classical Hodgkin lymphoma: assessment of expression and role in cell 

migration. Lab Invest 2013;93:462-471. 

296. Kohler N, Lipton A. Platelets as a source of fibroblast growth-promoting activity. Exp Cell   

Res 1974;87:297-301. 

297. Le Stunff H, Mikami A, Giussani P, Hobson JP, Jolly PS, Milstien S, Spiegel S. Role of   

sphingosine-1-phosphate phosphatase 1 in epidermal growth factor-induced chemotaxis. J 

Biol Chem 2004;279:34290-34297. 

298. Lee DK, Lanca AJ, Cheng R, Nguyen T, Ji XD, Gobeil FJ, Chemtob S, George SR, O’Dowd   

BF. Agonist-independent nuclear localization of the Apelin, angiotensin AT1, and bradykinin 

B2 receptors. J Biol Chem 2004;279:7901-7908. 

299. Lee WJ, Yoo HS, Suh PG, Oh S, Lim JS, Lee YM. Sphingosine mediates FTY720-induced   

apoptosis in LLC-PK1 cells. Exp Mol Med 2004;36:420-427. 

300. Lemberger T, Desvergne B, Wahli W. Peroxisome proliferator-activated receptors: a nuclear   

receptor signaling pathway in lipid physiology. Annu Rev Cell Dev Biol 1996;12:335-363. 

301. Lepley D, Paik JH, Hla T, Ferrer F. The G protein-coupled receptor S1P2 regulates Rho/Rho   

kinase pathway to inhibit tumor cell migration. Cancer Res 2005;65:3788-3795. 

!186



Jan Ohotski

302. Li J, Gorospe M, Hutter D, Barnes J, Keyse SM, Liu Y. Transcriptional induction of MKP-1   

in response to stress is associated with histone H3 phosphorylation-acetylation. Mol Cell Biol 

2001;21:8213-8224. 

303. Li MH, Sanchez T, Pappalardo A, Lynch KR, Hla T, Ferrer F. Induction of antiproliferative   

connective tissue growth factor expression in Wilms’ tumor cells by sphingosine-1-phosphate 

receptor 2. Mol Cancer Res 2008;6:1649-1656. 

304. Liu AX, Testa JR, Hamilton TC, Jove R, Nicosia SV, Cheng JQ. AKT2, a member of the   

protein kinase B family, is activated by growth factors, v-Ha-ras, and v-src through 

phosphatidylinositol 3-kinase in human ovarian epithelial cancer cells. Cancer Res 

1998;58:2973-2977. 

305. Lu Q, Paredes M, Medina M, Zhou J, Cavallo R, Peifer M, Orecchio L, Kosik KS. delta-  

catenin, an adhesive junction-associated protein which promotes cell scattering. J Cell Biol 

1999;144:519-532. 

306. Lutz MP, Esser IB, Flossmann-Kast BB, Vogelmann R, Luhrs H, Friess H, Buchler MW,   

Adler G. Overexpression and activation of the tyrosine kinase Src in human pancreatic 

carcinoma. Biochem Biophys Res Commun 1998;243:503-508. 

307. Maeda N, Takahashi M, Funahashi T, Kihara S, Nishizawa H, Kishida K, Nagaretani H,   

Matsuda M, Komuro R, Ouchi N, Kuriyama H, Hotta K, Nakamura T, Shimomura I, 

Matsuzawa Y. PPARgamma ligands increase expression and plasma concentrations of 

adiponectin, an adipose-derived protein. Diabetes 2001;50:2094-2099. 

308. Martin GS. The hunting of the Src. Nat Rev Mol Cell Biol 2001;2:467-475.   

309. Mayol K, Biajoux V, Marvel J, Balabanian K, Walzer T. Sequential desensitization of CXCR4   

and S1P5 controls natural killer cell trafficking. Blood 2011;118:4863-4871. 

310. McConnell JL, Gomez RJ, McCorvey LR, Law BK, Wadzinski BE. Identification of a PP2A-  

interacting protein that functions as a negative regulator of phosphatase activity in the ATM/

ATR signaling pathway. Oncogene 2007;26:6021-6030. 

311. Means CK, Xiao CY, Li Z, Zhang T, Omens JH, Ishii I, Chun J, Brown JH. Sphingosine 1-  

phosphate S1P2 and S1P3 receptor-mediated Akt activation protects against in vivo 

myocardial ischemia-reperfusion injury. Am J Physiol Heart Circ Physiol 2007;292:H2944-

H2951. 

312. Mechtcheriakova D, Wlachos A, Sobanov J, Kopp T, Reuschel R, Bornancin F, Cai R,   

Zemann B, Urtz N, Stingl G, Zlabinger G, Woisetschlager M, Baumruker T, Billich A. 

!187



Jan Ohotski

Sphingosine 1-phosphate phosphatase 2 is induced during inflammatory responses. Cell 

Signal 2007;19:748-760. 

313. Mercurio F, Zhu H, Murray BW, Shevchenko A, Bennett BL, Li J, Young DB, Barbosa M,   

Mann M, Manning A, Rao A. IKK-1 and IKK-2: cytokine-activated IkappaB kinases essential 

for NF-kappaB activation. Science 1997;278:860-866. 

314. Min J, Van Veldhoven PP, Zhang L, Hanigan MH, Alexander H, Alexander S. Sphingosine-1-  

phosphate lyase regulates sensitivity of human cells to select chemotherapy drugs in a p38-

dependent manner. Mol Cancer Res 2005;3:287-296. 

315. Moldave K. Eukaryotic protein synthesis. Annu Rev Biochem 1985;54:1109-1149.   

316. Muller CW, Rey FA, Sodeoka M, Verdine GL, Harrison SC. Structure of the NF-kappa B p50   

homodimer bound to DNA. Nature 1995;373:311-317. 

317. Murata N, Sato K, Kon J, Tomura H, Yanagita M, Kuwabara A, Ui M, Okajima F. Interaction   

of sphingosine 1-phosphate with plasma components, including lipoproteins, regulates the 

lipid receptor-mediated actions. Biochem J 2000;352 Pt 3:809-815. 

318. Najy AJ, Day KC, Day ML. The ectodomain shedding of E-cadherin by ADAM15 supports   

ErbB receptor activation. J Biol Chem 2008;283:18393-18401. 

319. Neviani P, Santhanam R, Trotta R, Notari M, Blaser BW, Liu S, Mao H, Chang JS, Galietta A,   

Uttam A, Roy DC, Valtieri M, Bruner-Klisovic R, Caligiuri MA, Bloomfield CD, Marcucci 

G, Perrotti D. The tumor suppressor PP2A is functionally inactivated in blast crisis CML 

through the inhibitory activity of the BCR/ABL-regulated SET protein. Cancer Cell 

2005;8:355-368. 

320. Nowak D, Boehrer S, Hochmuth S, Trepohl B, Hofmann W, Hoelzer D, Hofmann WK,   

Mitrou PS, Ruthardt M, Chow KU. Src kinase inhibitors induce apoptosis and mediate cell 

cycle arrest in lymphoma cells. Anticancer Drugs 2007;18:981-995. 

321. Oaks JJ, Santhanam R, Walker CJ, Roof S, Harb JG, Ferenchak G, Eisfeld AK, Van Brocklyn   

JR, Briesewitz R, Saddoughi SA, Nagata K, Bittman R, Caligiuri MA, Abdel-Wahab O, 

Levine R, Arlinghaus RB, Quintas-Cardama A, Goldman JM, Apperley J, Reid A, Milojkovic 

D, Ziolo MT, Marcucci G, Ogretmen B, Neviani P, Perrotti D. Antagonistic activities of the 

immunomodulator and PP2A-activating drug FTY720 (Fingolimod, Gilenya) in Jak2-driven 

hematologic malignancies. Blood 2013;122:1923-1934. 

322. Ohotski J, Edwards J, Elsberger B, Watson C, Orange C, Mallon E, Pyne S, Pyne NJ.   

Identification of novel functional and spatial associations between sphingosine kinase 1, 

!188



Jan Ohotski

sphingosine 1-phosphate receptors and other signaling proteins that affect prognostic outcome 

in estrogen receptor-positive breast cancer. Int J Cancer 2013;132:605-616. 

323. Okamoto H, Yatomi Y, Ohmori T, Satoh K, Matsumoto Y, Ozaki Y. Sphingosine 1-phosphate   

stimulates G(i)- and Rho-mediated vascular endothelial cell spreading and migration. Thromb 

Res 2000;99:259-265. 

324. Olson MO. Sensing cellular stress: another new function for the nucleolus? Sci STKE   

2004;2004:pe10. 

325. Pappu R, Schwab SR, Cornelissen I, Pereira JP, Regard JB, Xu Y, Camerer E, Zheng YW,   

Huang Y, Cyster JG, Coughlin SR. Promotion of lymphocyte egress into blood and lymph by 

distinct sources of sphingosine-1-phosphate. Science 2007;316:295-298. 

326. Pelengaris S, Rudolph B, Littlewood T. Action of Myc in vivo - proliferation and apoptosis.   

Curr Opin Genet Dev 2000;10:100-105. 

327. Pende M, Um SH, Mieulet V, Sticker M, Goss VL, Mestan J, Mueller M, Fumagalli S, Kozma   

SC, Thomas G. S6K1(-/-)/S6K2(-/-) mice exhibit perinatal lethality and rapamycin-sensitive 

5’-terminal oligopyrimidine mRNA translation and reveal a mitogen-activated protein kinase-

dependent S6 kinase pathway. Mol Cell Biol 2004;24:3112-3124. 

328. Ponnusamy S, Selvam SP, Mehrotra S, Kawamori T, Snider AJ, Obeid LM, Shao Y, Sabbadini   

R, Ogretmen B. Communication between host organism and cancer cells is transduced by 

systemic sphingosine kinase 1/sphingosine 1-phosphate signalling to regulate tumour 

metastasis. EMBO Mol Med 2012;4:761-775. 

329. Purdie CA, Quinlan P, Jordan LB, Ashfield A, Ogston S, Dewar JA, Thompson AM.   

Progesterone receptor expression is an independent prognostic variable in early breast cancer: 

a population-based study. Br J Cancer 2014;110:565-572. 

330. Pyne S, Edwards J, Ohotski J, Pyne NJ. Sphingosine 1-phosphate receptors and sphingosine   

kinase 1: novel biomarkers for clinical prognosis in breast, prostate, and hematological 

cancers. Front Oncol 2012;2:168. 

331. Reiss U, Oskouian B, Zhou J, Gupta V, Sooriyakumaran P, Kelly S, Wang E, Merrill AHJ,   

Saba JD. Sphingosine-phosphate lyase enhances stress-induced ceramide generation and 

apoptosis. J Biol Chem 2004;279:1281-1290. 

332. Ren S, Xin C, Pfeilschifter J, Huwiler A. A novel mode of action of the putative sphingosine   

kinase inhibitor 2-(p-hydroxyanilino)-4-(p-chlorophenyl) thiazole (SKI II): induction of 

lysosomal sphingosine kinase 1 degradation. Cell Physiol Biochem 2010;26:97-104. 

!189



Jan Ohotski

333. Riley T, Sontag E, Chen P, Levine A. Transcriptional control of human p53-regulated genes.   

Nat Rev Mol Cell Biol 2008;9:402-412. 

334. Roberts KG, Smith AM, McDougall F, Carpenter H, Horan M, Neviani P, Powell JA, Thomas   

D, Guthridge MA, Perrotti D, Sim AT, Ashman LK, Verrills NM. Essential requirement for 

PP2A inhibition by the oncogenic receptor c-KIT suggests PP2A reactivation as a strategy to 

treat c-KIT+ cancers. Cancer Res 2010;70:5438-5447. 

335. Rouzier R, Perou CM, Symmans WF, Ibrahim N, Cristofanilli M, Anderson K, Hess KR, Stec   

J, Ayers M, Wagner P, Morandi P, Fan C, Rabiul I, Ross JS, Hortobagyi GN, Pusztai L. Breast 

cancer molecular subtypes respond differently to preoperative chemotherapy. Clin Cancer Res 

2005;11:5678-5685. 

336. Roviezzo F, Brancaleone V, De Gruttola L, Vellecco V, Bucci M, D’Agostino B, Cooper D,   

Sorrentino R, Perretti M, Cirino G. Sphingosine-1-phosphate modulates vascular permeability 

and cell recruitment in acute inflammation in vivo. J Pharmacol Exp Ther 2011;337:830-837. 

337. Saddoughi SA, Gencer S, Peterson YK, Ward KE, Mukhopadhyay A, Oaks J, Bielawski J,   

Szulc ZM, Thomas RJ, Selvam SP, Senkal CE, Garrett-Mayer E, De Palma RM, Fedarovich 

D, Liu A, Habib AA, Stahelin RV, Perrotti D, Ogretmen B. Sphingosine analogue drug 

FTY720 targets I2PP2A/SET and mediates lung tumour suppression via activation of PP2A-

RIPK1-dependent necroptosis. EMBO Mol Med 2013;5:105-121. 

338. Salas A, Ponnusamy S, Senkal CE, Meyers-Needham M, Selvam SP, Saddoughi SA, Apohan   

E, Sentelle RD, Smith C, Gault CR, Obeid LM, El-Shewy HM, Oaks J, Santhanam R, 

Marcucci G, Baran Y, Mahajan S, Fernandes D, Stuart R, Perrotti D, Ogretmen B. 

Sphingosine kinase-1 and sphingosine 1-phosphate receptor 2 mediate Bcr-Abl1 stability and 

drug resistance by modulation of protein phosphatase 2A. Blood 2011;117:5941-5952. 

339. Seeling JM, Miller JR, Gil R, Moon RT, White R, Virshup DM. Regulation of beta-catenin   

signaling by the B56 subunit of protein phosphatase 2A. Science 1999;283:2089-2091. 

340. Shen HM, Tergaonkar V. NFkappaB signaling in carcinogenesis and as a potential molecular   

target for cancer therapy. Apoptosis 2009;14:348-363. 

341. Shima H, Pende M, Chen Y, Fumagalli S, Thomas G, Kozma SC. Disruption of the p70(s6k)/  

p85(s6k) gene reveals a small mouse phenotype and a new functional S6 kinase. EMBO J 

1998;17:6649-6659. 

342. Stoka V, Turk B, Schendel SL, Kim TH, Cirman T, Snipas SJ, Ellerby LM, Bredesen D,   

Freeze H, Abrahamson M, Bromme D, Krajewski S, Reed JC, Yin XM, Turk V, Salvesen GS. 

!190



Jan Ohotski

Lysosomal protease pathways to apoptosis. Cleavage of bid, not pro-caspases, is the most 

likely route. J Biol Chem 2001;276:3149-3157. 

343. Strub GM, Paillard M, Liang J, Gomez L, Allegood JC, Hait NC, Maceyka M, Price MM,   

Chen Q, Simpson DC, Kordula T, Milstien S, Lesnefsky EJ, Spiegel S. Sphingosine-1-

phosphate produced by sphingosine kinase 2 in mitochondria interacts with prohibitin 2 to 

regulate complex IV assembly and respiration. FASEB J 2011;25:600-612. 

344. Sugimoto N, Takuwa N, Okamoto H, Sakurada S, Takuwa Y. Inhibitory and stimulatory   

regulation of Rac and cell motility by the G12/13-Rho and Gi pathways integrated 

downstream of a single G protein-coupled sphingosine-1-phosphate receptor isoform. Mol 

Cell Biol 2003;23:1534-1545. 

345. Sukocheva O, Wadham C, Xia P. Role of sphingolipids in the cytoplasmic signaling of   

estrogens. Steroids 2009;74:562-567. 

346. Sukocheva O, Wadham C, Holmes A, Albanese N, Verrier E, Feng F, Bernal A, Derian CK,   

Ullrich A, Vadas MA, Xia P. Estrogen transactivates EGFR via the sphingosine 1-phosphate 

receptor Edg-3: the role of sphingosine kinase-1. J Cell Biol 2006;173:301-310. 

347. Sun J, Yan G, Ren A, You B, Liao JK. FHL2/SLIM3 decreases cardiomyocyte survival by   

inhibitory interaction with sphingosine kinase-1. Circ Res 2006;99:468-476. 

348. Taha TA, Kitatani K, Bielawski J, Cho W, Hannun YA, Obeid LM. Tumor necrosis factor   

induces the loss of sphingosine kinase-1 by a cathepsin B-dependent mechanism. J Biol Chem 

2005;280:17196-17202. 

349. Tanner MM, Tirkkonen M, Kallioniemi A, Holli K, Collins C, Kowbel D, Gray JW,   

Kallioniemi OP, Isola J. Amplification of chromosomal region 20q13 in invasive breast 

cancer: prognostic implications. Clin Cancer Res 1995;1:1455-1461. 

350. Taouji S, Higa A, Delom F, Palcy S, Mahon FX, Pasquet JM, Bosse R, Segui B, Chevet E.   

Phosphorylation of serine palmitoyltransferase long chain-1 (SPTLC1) on tyrosine 164 

inhibits its activity and promotes cell survival. J Biol Chem 2013;288:17190-17201. 

351. Termuhlen PM, Curley SA, Talamonti MS, Saboorian MH, Gallick GE. Site-specific   

differences in pp60c-src activity in human colorectal metastases. J Surg Res 

1993;54:293-298. 

352. Theilmeier G, Schmidt C, Herrmann J, Keul P, Schafers M, Herrgott I, Mersmann J, Larmann   

J, Hermann S, Stypmann J, Schober O, Hildebrand R, Schulz R, Heusch G, Haude M, von 

Wnuck Lipinski K, Herzog C, Schmitz M, Erbel R, Chun J, Levkau B. High-density 

lipoproteins and their constituent, sphingosine-1-phosphate, directly protect the heart against 
!191



Jan Ohotski

ischemia/reperfusion injury in vivo via the S1P3 lysophospholipid receptor. Circulation 

2006;114:1403-1409. 

353. Thuaud F, Ribeiro N, Nebigil CG, Desaubry L. Prohibitin ligands in cell death and survival:   

mode of action and therapeutic potential. Chem Biol 2013;20:316-331. 

354. van Doorn R, Lopes Pinheiro MA, Kooij G, Lakeman K, van het Hof B, van der Pol SM,   

Geerts D, van Horssen J, van der Valk P, van der Kam E, Ronken E, Reijerkerk A, de Vries 

HE. Sphingosine 1-phosphate receptor 5 mediates the immune quiescence of the human brain 

endothelial barrier. J Neuroinflammation 2012;9:133. 

355. Venkataraman K, Thangada S, Michaud J, Oo ML, Ai Y, Lee YM, Wu M, Parikh NS, Khan F,   

Proia RL, Hla T. Extracellular export of sphingosine kinase-1a contributes to the vascular S1P 

gradient. Biochem J 2006;397:461-471. 

356. Wang S, Nath N, Fusaro G, Chellappan S. Rb and prohibitin target distinct regions of E2F1   

for repression and respond to different upstream signals. Mol Cell Biol 1999;19:7447-7460. 

357. Webb BL, Jimenez E, Martin GS. v-Src generates a p53-independent apoptotic signal. Mol   

Cell Biol 2000;20:9271-9280. 

358. Wu Z, Xie Y, Morrison RF, Bucher NL, Farmer SR. PPARgamma induces the insulin-  

dependent glucose transporter GLUT4 in the absence of C/EBPalpha during the conversion of 

3T3 fibroblasts into adipocytes. J Clin Invest 1998;101:22-32. 

359. Young N, Van Brocklyn JR. Roles of sphingosine-1-phosphate (S1P) receptors in malignant   

behavior of glioma cells. Differential effects of S1P2 on cell migration and invasiveness. Exp 

Cell Res 2007;313:1615-1627. 

360. Zeng Y, Abdallah A, Lu JP, Wang T, Chen YH, Terrian DM, Kim K, Lu Q. delta-Catenin   

promotes prostate cancer cell growth and progression by altering cell cycle and survival gene 

profiles. Mol Cancer 2009;8:19. 

!192


