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ABSTRACT 

 

 

Sphingosine kinase 1 and 2 (SK1 and SK2) catalyse the formation of the bioactive 

lipid sphingosine 1-phosphate. Alterations in SK1 function have been implicated in 

human prostate cancer, being involved in the acquisition of therapy resistance and 

progression to androgen independence, two major issues in the clinical management 

of this disease.  

This study investigated the effect of down-regulating SK1 in androgen-dependent 

(LNCaP) and androgen-independent (LNCaP-AI) prostate cancer cells. The SK1 

inhibitor, 2-(p-hydroxyanilino)-4-(p-chlorophenyl)thiazole (SKi) activates the 

proteasome by acutely inhibiting SK1 activity. Consequently, SKi induces the 

proteasomal degradation of SK1 isoforms, SK1a and SK1b, in LNCaP cells, which is 

associated with the accumulation of the pro-apoptotic lipid C22:0 ceramide and the 

induction of apoptosis. In contrast, SK1b is resistant to SKi-induced proteasomal 

degradation in LNCaP-AI cells, and this is associated with the failure to elevate 

ceramide levels and to induce apoptosis. However, a different SK1 inhibitor, (S)-

FTY720 vinylphosphonate overcomes this resistance to induce the proteasomal 

degradation of both SK1a and SK1b in LNCaP-AI cells, resulting in C16:0 ceramide 

accumulation and activation of apoptosis. The analysis of the effects of a selective 

inhibitor of SK2 revealed that SK1 and SK2 might regulate distinct functional pools 

of sphingolipids in prostate cancer cells. Additionally, SK1 inhibitors markedly 

reduce androgen receptor (AR) expression in prostate cancer cells. In particular, SKi 

down-regulates AR via a reactive oxygen species-dependent mechanism. Indeed, SKi 

treatment induces a pronounced oxidative stress response in LNCaP and LNCaP-AI 

cells.  

Thus, this study highlights a significant role of SK1 in promoting androgen receptor-

dependent signalling and maintaining the survival of prostate cancer cells. This study 

also provides the first documented evidence of increased stability of SK1b compared 

with SK1a, which is associated with resistance to apoptosis. Taken together, these 

findings provide useful information regarding SK1-targeted therapeutic intervention 

for the treatment of (prostate) cancer. 
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1. GENERAL INTRODUCTION 

 

 

1.1 Sphingolipid metabolism 

 

First discovered as structural components of cellular membranes, it is now well 

established that sphingolipids are signalling molecules that play key roles in the 

regulation of many fundamental cellular processes, including cell proliferation, 

survival, senescence, migration and differentiation, under both physiological and 

pathological conditions (Hannun and Obeid, 2008).  

Sphingolipids are structurally characterised by the presence of a sphingoid backbone, 

a long-chain (mainly C18 in mammalian cells) amino alcohol (Figure 1.1).  

 

Sphingolipid metabolism (Figure 1.1) is a complex network of reactions catalysed by 

enzymes that are localized to different sub-cellular compartments, leading to the 

generation of a multitude of lipids with signalling functions (Gault et al., 2010). 

Ceramide is the key hub of sphingolipid metabolism (Hannun and Obeid, 2008). 

Ceramide can be formed by two distinct metabolic pathways, termed de novo and 

salvage pathway. The de novo synthesis of ceramide occurs at the cytoplasmic 

surface of endoplasmic reticulum (ER) and is initiated by the condensation of serine 

and fatty acyl CoA to form 3-ketosphinganine catalysed by serine 

palmitoyltransferase (Mandon et al., 1992). 3-ketosphinganine is then reduced by 3-

ketosphinganine reductase to form dihydrosphingosine, which is then acylated at the 

C2-amino group to dihydroceramide in a reaction catalysed by (dihydro)ceramide 

synthase. Six distinct (dihydro)ceramide synthases exist in mammals that use various 

fatty acyl CoA molecules to generate distinct dihydroceramide/ceramide species that 

differ for the acyl chain they are composed of (varying in length from C14 to C28) 

(Gault et al., 2010). 

In the last step of the de novo pathway, dihydroceramide desaturase converts 

dihydroceramide into ceramide (Michel et al., 1997). Ceramide formed at the ER is 

transported to the Golgi apparatus either through vesicular trafficking or through a 

transport protein (CERT) (Hanada et al., 2003). 
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In the salvage pathway, ceramide is formed by the hydrolysis of plasma membrane 

sphingomyelin which is catalysed by sphingomyelinase (Okazaki et al., 1989; Liu et 

al., 1998). This enables the synthesis of ceramide via a less energetically exhaustive 

route compared with the de novo pathway. 

 

Besides being a signalling molecule itself, ceramide is also the precursor of other 

bioactive sphingolipids. Ceramide can be deacylated by ceramidase to generate 

sphingosine (el Bawab et al., 2002) which can be further metabolised to sphingosine 

1-phosphate (S1P) by the action of sphingosine kinase (see below). Alternatively, 

ceramide can be glycosylated by glucosylceramide synthase to form 

glucosylceramides, that are employed for the synthesis of complex 

glycosphingolipids (Ichikawa et al., 1996). Ceramide can also be converted back to 

sphingomyelin by the action of sphingomyelin synthase (Tafesse et al., 2006). 

Complex glycosphingolipids and sphingomyelin generated from ceramide at the 

Golgi can then be transferred to the plasma membrane by vesicular transport. Finally, 

ceramide can be phosphorylated by ceramide kinase to generate ceramide 1-

phosphate (Kolesnick and Hemer, 1990). 
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Figure 1.1 Sphingolipid metabolism: synthetic and catabolic pathways (adapted 

from Pitson, 2011). The enzymes that catalyse each reaction are reported in italics. 

Also shown are the chemical structures of sphingosine (the sphingoid backbone) and 

sphingosine 1-phosphate (S1P). 
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Most of the reactions described above are reversible, so that sphingolipid metabolism 

is a highly dynamic process. In addition, since virtually all of the molecules that are 

formed by these reactions are biologically active (i.e. with signalling functions), their 

levels are tightly regulated by the balance between their synthesis and degradation. 

This is accomplished by a fine modulation of the activity of the enzymes involved in 

sphingolipid metabolism. 

 

Among the bioactive sphingolipids, ceramide, sphingosine and S1P are the most 

well-characterised. Interestingly, while S1P promotes cell proliferation and 

suppresses apoptosis, its precursors ceramide and sphingosine have been widely 

associated with the inhibition of cell growth and activation of apoptosis (Ogretmen 

and Hannun, 2004). Since these opposing acting lipids are interconvertible, a 

“sphingolipid rheostat” model has been proposed whereby the intracellular levels of 

ceramide/sphingosine and S1P are in a dynamic balance and alterations in this 

balance determine whether a cell survives and proliferates or undergoes apoptosis, 

depending on the relative amounts of these three lipids (Cuvillier et al., 1996) (Figure 

1.3). Indeed, published reports demonstrate that the pro-survival function of S1P is in 

part due to its ability to antagonize ceramide action, i.e. S1P protects cells against 

ceramide-induced apoptosis (Cuvillier et al., 1996; Cuvillier et al., 1998; Xia et al., 

1999). The function of the sphingolipid rheostat in the regulation of cell survival will 

be discussed in section 1.2.3. 

 

Although several enzymes are potentially involved in the regulation of the 

sphingolipid rheostat (Figure 1.3), SK has a crucial role (Spiegel and Milstien, 2003), 

being able to reduce the intracellular levels of pro-apoptotic ceramide/sphingosine 

while simultaneously generating pro-survival S1P (section 1.3.3). In particular, a 

number of studies have demonstrated that SK1 activity inversely correlates with the 

intracellular content of ceramide in a variety of cell systems (Olivera et al., 1999; Xia 

et al., 2000; Nava et al., 2002; French et al., 2003; Pitson et al., 2003; Taha et al., 

2004; Maceyka et al., 2005), providing evidence that SK1 is a key regulator of cell 

fate. 
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1.2 Sphingosine 1-phosphate (S1P) metabolism and signalling 

 

1.2.1 S1P biosynthesis and degradation 

 

Sphingosine formed from ceramide (synthesized either de novo or via the salvage 

pathway) can be phosphorylated on its primary hydroxyl group to generate 

sphingosine 1-phosphate (S1P) in an ATP-dependent reaction catalysed by the 

enzyme sphingosine kinase (SK) (Figure 1.1). Two isoforms of SK1 have been 

identified so far: SK1 (Olivera et al., 1998; Kohama et al., 1998; Melendez et al., 

2000; Nava et al., 2000a) and SK2 (Liu et al., 2000a), that will be described in details 

in section 1.3. The chemical structure of S1P is reported in Figure 1.1. 

 

The removal of S1P may occur via different routes: reversible dephosphorylation or 

irreversible cleavage (Figure 1.1). S1P can be reversibly dephosphorylated to 

sphingosine by the action of lipid phosphate phosphatases (LPP1, LPP2 and LPP3) 

or S1P-specific phosphatases (SPP1 and SPP2) localized to the ER (Pyne et al., 

2005). Sphingosine localized at the ER can then be converted to ceramide by the 

action of ceramide synthase and re-utilized for the synthesis of complex 

sphingolipids, which allows cells to minimize the energetically exhaustive de novo 

synthesis of ceramide. In this regard, a number of studies provided evidence that 

sphingosine kinase and S1P phosphatase act in concert to regulate sphingosine 

recycling into the sphingolipid metabolic pathway (Maceyka et al., 2005; Le Stunff 

et al., 2007; Siow et al., 2010). Location of LPPs at the plasma membrane has also 

been reported (Pyne et al., 2005). The catalytic site of these enzymes is predicted to 

face the extracellular side of the plasma membrane (Pyne et al., 2005). Thus, LPPs 

have the potential to regulate not only the intracellular levels of S1P, but also S1P 

extracellular pool via their ecto-activity, thereby modulating the availability of S1P 

at its cognate membrane receptors (see below). 

Alternatively, S1P can be cleaved at the C2-C3 bond by ER-localized S1P lyase to 

generate trans-2-hexadecenal and ethanolamine phosphate (Van Veldhoven and 

Mannaerts, 1993). The irreversible cleavage of the sphingosine backbone by S1P 

lyase is the only “exit point” from the sphingolipid metabolic pathway.  
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Interestingly, the degradative fate of S1P does not depend on the subcellular 

localization where S1P is produced. In particular, S1P generated at the plasma 

membrane is equally accessible to ER-localized degradative enzymes as S1P 

generated at the ER (Siow et al., 2010). This suggests that S1P can move from the 

site where it is produced to other intracellular compartments (Siow et al., 2010), 

although the mechanisms involved in S1P intracellular transport are unknown.  

 

It is important to appreciate that trans-2-hexadecenal is not simply an end-product of 

the sphingolipid pathway. In fact, it has been recently shown that trans-2-

hexadecenal is a biologically active molecule, being able to induce cytoskeletal 

reorganization thereby leading to cell detachment and cell death by apoptosis via a c-

Jun N-terminal kinase (JNK)-dependent signalling pathway in various mammalian 

cell lines (Kumar et al., 2011). Thus, according to this study, S1P lyase may function 

not only to attenuate S1P-dependent signalling but also to generate a bioactive 

molecule. 

 

As for other signalling molecules, the cellular level of S1P is tightly regulated (by the 

balance between its formation and degradation) and is low under basal conditions 

(Spiegel et al., 1998), although S1P levels can rapidly increase upon activation of SK 

by a variety of extracellular stimuli (section 1.3.2). Significantly, alterations in the 

balance between S1P synthesis and removal result in various pathological conditions, 

including cancer (section 1.4). 

 

1.2.2 Biological activities of S1P 

 

S1P is a pleiotropic mediator that regulates a wide range of biological activities 

including cell proliferation and survival, cytoskeletal rearrangement and cell motility, 

cell adhesion and Ca
2+

 homeostasis (Taha et al., 2006a). By regulating these cellular 

processes, S1P contributes to a variety of physiological functions, such as embryonic 

development, regulation of the immune system and homeostasis of the 

cardiovascular system, whereas aberrant S1P signalling is implicated in the 
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pathogenesis and progression of various diseases, including cancer and autoimmune 

disorders (Taha et al., 2006a; Takabe et al., 2008). 

 

The first reports on S1P showed that various mitogens stimulate SK activity and S1P 

synthesis to induce cell proliferation, which raised the concept that S1P was an 

intracellular second messenger (Zhang et al., 1991; Olivera and Spiegel, 1993). It 

was only afterwards that cell surface receptors with high affinity for S1P were 

identified, revealing the complexity of S1P signalling and function. It is now well 

established that S1P has a dual modality of action, being able to act both as an 

intracellular second messenger and an extracellular agonist to activate specific G 

protein-coupled receptors (GPCRs), as described in the following sections. 

 

The process by which intracellularly generated S1P acts on cell surface receptors is 

defined as “inside-out” signalling (Takabe et al., 2008) (Figure 1.3). To bind to its 

receptors on the outer leaflet of plasma membrane, S1P generated inside cells must 

be released in the extracellular space. Given the hydrophilic nature of S1P, its release 

from cells cannot occur via spontaneous diffusion through the bilayer but has to be 

mediated by a transporter. In this regard, several transporter proteins have been 

implicated in S1P export from mammalian cells, based on the evidence that 

manipulating the expression of these proteins affects S1P release. These include 

members of the ATP-Binding Cassette family (Mitra et al., 2006; Sato et al., 2007; 

Takabe et al., 2010) and the recently identified SPNS2 (spinster homologue 2) 

(Hisano et al., 2012).  

S1P released from cells can act on the receptors present both on the same cells and 

on the neighbouring cells, i.e. via an autocrine and paracrine manner (Alvarez et al., 

2007). 

 

Interestingly, S1P can be also produced directly in the extracellular environment. 

Indeed, it has been reported that a variety of cell types release enzymatically active 

SK1 into the extracellular space, either constitutively (Ancellin et al., 2002; Waters 

et al., 2003; Venkataraman et al., 2006) or under stimulation (Hammad et al., 2006; 

Soldi et al., 2007). SK1 lacks a conventional secretory signal sequence and the 
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mechanism that mediates SK1 secretion is currently unknown (Rigogliuso et al., 

2010). Significantly, SK1 constitutively secreted by vascular endothelial cells is a 

major contributor of S1P present in plasma (Venkataraman et al., 2006). 

 

The release of a catalytically active truncated form of SK2 into the extracellular 

milieu has been reported to occur in apoptotic cells, which is dependent on caspase-

1-mediated cleavage of SK2 (Weigert et al., 2010).  

 

Extracellular SKs may utilize sphingosine present at the outer leaflet of the plasma 

membrane (derived from sphingomyelin degradation) (Tani et al., 2007) and ATP 

released by cells (Elliott et al., 2009) to generate S1P. 

 

A recent study reported the presence of active SK1 and sphingosine in vesicles shed 

by tumour cells, providing evidence of an additional mechanism for extracellular 

production of S1P by cancer cells (Rigogliuso et al., 2010). 

 

It may be speculated that S1P generated directly in the extracellular space might 

allow its privileged binding to cell surface receptors. Additionally, Natarajan and 

colleagues reported that extracellular S1P can be used as a source for generating 

intracellular S1P (Zhao et al., 2007). In particular, these authors demonstrated that 

extracellular S1P can be dephosphorylated to sphingosine by the ecto-activity of 

plasma membrane LPP1; sphingosine is then able to cross the plasma membrane and 

is converted back to S1P by intracellular SK1 (Zhao et al., 2007). 

 

1.2.2.1 S1P as a receptor agonist 

 

The majority of the known cellular effects elicited by S1P are due to the ability of 

this lipid to bind to and activate specific GPCRs. Five related membrane receptors 

for S1P (termed S1P1-5) have been identified so far, for which S1P exhibits low 

nanomolar affinity (Chun et al., 2002). These receptors share approximately 50% 

sequence similarity (Chun et al., 2002). S1P1, S1P2 and S1P3 are expressed 

ubiquitously, while S1P4 and S1P5 show a more restricted expression pattern, 

localizing predominantly in lymphoid tissues and central nervous system, 
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respectively (Chun et al., 2002). As S1P receptors are widely expressed in human 

tissues, virtually every cell is able to respond to S1P. 

 

GPCRs are seven-transmembrane domain receptors that mediate signal transduction 

from extracellular ligands via their coupling with heterotrimeric G proteins (guanine 

nucleotide-binding proteins) which consist of three subunits named Gα, Gβ and Gγ 

(Berg et al., 2002). G proteins exist in an inactive state (bound to guanosine 

diphosphate, GDP) and in an active state (bound to guanosine triphosphate, GTP). 

Upon binding by its extracellular agonist, GPCR activates the Gα subunit by 

promoting the switch from GDP to GTP via its guanine nucleotide exchange factor 

activity. This results in the dissociation of the G proteins from the receptor and of the 

GTP-bound Gα subunit from the Gβγ complex. Both Gα-GTP and Gβγ can then act 

on their specific downstream effectors, resulting in the modulation of intracellular 

signalling pathways (Berg et al., 2002). Different types of G proteins exist (termed 

Gs, Gi, Gq and G12/13) which act on distinct downstream effectors to control different 

signalling cascades. Each GPCR can couple to and activate more than one type of G 

protein (Berg et al., 2002). 

 

S1P receptor subtypes regulate different cellular processes via their coupling with 

distinct G proteins, as diagrammatically described in Figure 1.2. The ability of S1P 

receptors to modulate different intracellular cascades accounts for the variety of 

biological effects elicited by S1P, as detailed below. Interestingly, through the 

modulation of distinct signalling pathways S1P receptors may exert opposing effects 

on cells. This is exemplified by the differential effects of S1P1, S1P2 and S1P3 on cell 

motility (see below). These characteristics provide a molecular explanation as to why 

cellular responses to S1P are cell-type specific, depending on the receptor expression 

pattern. Indeed, S1P receptor subtypes are differentially expressed in distinct cell 

types.  

Interestingly, S1P receptors are also involved in “cross-talk” phenomena with other 

membrane receptors, as will be detailed in section 1.2.4. 
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Figure 1.2 S1P receptor subtypes: G protein coupling and down-stream effectors 

(adapted from Brinkmann, 2007; Pyne and Pyne, 2010). Other signalling pathways 

initiated by S1P receptors have been omitted for clarity. PLC, phospholipase C. 
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A few examples of actions of S1P that are mediated by its binding to membrane 

receptors are described below. With relevance to the current study, the functions of 

S1P that are relevant to its role in cancer development and progression will be 

discussed herein.  

 

Proliferation 

S1P exerts mitogenic effects in a wide variety of cell types, including normal and 

cancer cells (Spiegel et al., 1998). Indeed, numerous mitogens, including foetal calf 

serum, promote cell proliferation through the activation of SK and production of S1P 

(Olivera and Spiegel, 1993).  

A number of studies have shown that S1P1 positively regulates proliferation in many 

different cell types via the activation of the extracellular signal-regulated kinase 

(ERK) pathway, the principal pathway involved in promoting cell proliferation (Kluk 

and Hla, 2002). Thus, over-expression of S1P1 results in enhanced S1P-stimulated, 

Gi-dependent activation of ERK-1/2 in various cell types (Lee et al., 1996; Okamoto 

et al., 1998). 

Additional receptor subtypes and intracellular pathways are involved in mediating 

the mitogenic effect of S1P, at least in some cell types. For instance, inhibition of Gi-

mediated signalling only partially inhibits S1P-stimulated activation of ERK-1/2 and 

cell proliferation in fibroblasts and astrocytes (Wu et al., 1995; Pébay et al., 2001). 

Indeed, stimulation of ERK-1/2 activity can also occur via the S1P-induced 

activation of Gq-coupled receptors (Radeff-Huang et al., 2004). Furthermore, over-

expression of S1P2 and S1P3 results in enhanced cell proliferation via Gi- and Rho-

dependent pathways in Jurkat T cells (An et al., 2000). Indeed, evidence exists that 

G12/13-dependent activation of Rho may contribute to the nuclear translocation and/or 

sustained activation of ERK-1/2 to promote cell proliferation (Radeff-Huang et al., 

2004).  

Phosphatidylinositol 3-kinase (PI3K) might also mediate the pro-proliferative effect 

of S1P, as suggested by the finding that pharmacological inhibition of PI3K 

suppresses S1P-stimulated activation of ERK-1/2 and proliferation in astrocytes 

(Pébay et al., 2001). Similarly, a PI3K-dependent activation of ERK-1/2 has been 

reported in smooth muscle cells (Rakhit et al., 1999). 
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It is important to appreciate that the mitogenic effect of S1P also involves 

intracellular actions, e.g. via the activation of the transcription factor NF-κB (Alvarez 

et al., 2010) (section 1.2.2.2). 

 

Intriguingly, a recent study demonstrated that S1P5 co-localises with SK1/SK2 in the 

centrosome of mammalian cells, suggesting a role for this signalling system in 

mitotic spindle formation and cell division (Gillies et al., 2009). Thus, this study 

provides evidence for a novel mechanism by which S1P may regulate mitosis which 

involves an intracellular role for S1P5. 

 

Migration 

S1P regulates the migration of many cell types through the activation of its cell-

surface receptors (Kluk and Hla, 2002). Interestingly, S1P1, S1P2 and S1P3 have 

differential effects on the regulation of cell motility due to opposing actions on the 

reorganization of cytoskeleton. This, in turn, depends on the activation of different 

intracellular pathways by these receptors, which results in the modulation of the 

activity of distinct members of the Rho family of GTPase (guanosine 

triphosphatases), proteins that regulate cytoskeleton rearrangements and cell motility. 

Thus, S1P1 and S1P3 promote cell migration by activating the Rac pathway which 

stimulates the rearrangement of cytoskeleton to induce lamellipodia protrusion and 

extension (Kon et al., 1999; Okamoto et al., 2000; Hobson et al., 2001). In contrast, 

S1P2 inhibits cell motility by stimulating Rho and Rho-associated kinase, leading to 

the formation of stress fibers that anchor the cell to the substrate (Goparaju et al., 

2005; Lepley et al., 2005). 

Thus, S1P has a dual effect on cell migration, depending on the receptor that it 

activates. Hence, the migratory response of a cell to S1P might depend on the 

relative expression levels of the three different receptor subtypes. Indeed, this is 

confirmed by studies demonstrating that manipulation of S1P receptor levels to alter 

the balance between the distinct subtypes affects the migratory response to S1P in 

various cell systems (Okamoto et al., 2000; Yamaguchi et al., 2003; Yamashita et al., 

2006). 
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Interestingly, a study by Spiegel and colleagues describes a mechanism that 

coordinates S1P/S1P1-mediated directed cell movement (Maceyka et al., 2008). In 

particular, these authors demonstrated that SK1 and S1P1 (but not S1P2) are recruited 

to nascent lamellipodia in response to chemoattractants. This results in the localized 

production of S1P and its privileged interaction with migration-promoting S1P1 

(rather than migration-inhibiting S1P2) and subsequent cell movement directed along 

a chemotactic gradient (Maceyka et al., 2008) (section 1.2.2.2). 

 

The physiological relevance of S1P1 in mediating S1P-induced migration is 

exemplified by the involvement of the S1P/S1P1 axis in the trafficking of immune 

cells. In particular, S1P1 mediates the egress of lymphocytes from lymphoid organs 

(Matloubian et al., 2004). An S1P gradient exists between blood/lymph (high 

nanomolar/ low micromolar concentration) and lymphoid tissues (low nanomolar 

concentration) which is generated and maintained by the activity of sphingosine 

kinase associated with red blood cells and vascular endothelial cells (Pappu et al., 

2007; Venkataraman et al., 2008), coupled with a high S1P lyase activity associated 

with the lymphoid tissues to reduce the release of S1P from lymphoid tissue cells 

into the extracellular space (Schwab et al., 2005). As S1P stimulates the migration of 

lymphocytes acting via S1P1, the modulation of S1P1 expression in these cells 

controls the ability of lymphocytes to respond to the S1P gradient to exit from the 

lymphoid organs into the circulation (Matloubian et al., 2004). 

This represents the molecular basis of the action of the immunosuppressant drug 

FTY720, which has been recently approved by the U.S. Food and Drug 

Administration and the European Medicines Agency for treating relapsing multiple 

sclerosis (Chun and Brinkmann, 2011). FTY720 is a synthetic analogue of 

sphingosine that is taken up by cells, where it is effectively phosphorylated by SK2 

to generate FTY720-phosphate. The latter can be released and bind to four of the five 

S1P receptors, S1P2 being the exception (Brinkmann et al., 2002). Interestingly, 

FTY720-phosphate acts as a “functional antagonist” of S1P1 (Matloubian et al., 

2004; Brinkmann et al., 2004). Indeed, FTY720-phosphate binding to S1P1 induces 

the internalization and proteolytic degradation of this receptor, which results in a 

sustained down-regulation of its expression on lymphocytes. Consequently, FTY720 
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blocks the S1P-directed, S1P1-mediated migration of lymphocytes out of lymphatic 

tissues thereby inducing lymphopenia and exerting a potent immunosuppressive 

effect (Matloubian et al., 2004; Brinkmann et al., 2004). 

 

Interestingly, S1P mediates cell migration in response to various chemoattractants. 

Thus, pharmacological inhibition of SK suppresses chemotaxis in many cell types 

(Spiegel and Milstien, 2003). For instance, the S1P/S1P1 axis is required for cell 

migration toward platelet-derived growth factor (PDGF), as demonstrated by the 

finding that ablating SK1 or S1P1 blocks PDGF-induced cell motility (Hobson et al., 

2001). This involves the functional interaction (“cross-talk”) between PDGF and S1P 

signalling pathways (section 1.2.4). In contrast with S1P1, S1P2 inhibits PDGF-

induced cell migration (Goparaju et al., 2005), in keeping with the opposing effects 

of the two receptor subtypes in regulating cell motility. 

 

Angiogenesis 

S1P signalling through its receptors is critical for the development of the vascular 

system during embryogenesis as well as for angiogenesis in the adult (Hla et al., 

2001; Mizugishi et al., 2005). S1P acts predominantly via S1P1 to promote 

angiogenesis. Indeed, genetic knock-down of this receptor inhibits angiogenesis in 

vivo (Lee et al., 1999). Significantly, deletion of S1P1 in mice is embryonically lethal 

due to severe defects in vascular development resulting in massive hemorrhages (Liu 

et al., 2000b; Allende et al., 2003), a phenotype similar to that observed in mice 

lacking both Sk1 and Sk2 (Mizugishi et al., 2005).  

The S1P/S1P1 signalling contributes to blood vessel formation by stimulating 

proliferation, survival and migration of vascular endothelial cells (Lee et al., 1999; 

LaMontagne et al., 2006). The expression of S1P1 on endothelial cells is also 

required for vascular maturation as it promotes the migration of perycites and smooth 

muscle cells to envelop the newly-formed endothelial tubes, as well as the formation 

of cell-cell junctions (Allende et al., 2003; Paik et al., 2004). 

 

Interestingly, cross-talk between S1P and other pro-angiogenic molecules, including 

PDGF, epidermal growth factor (EGF), and vascular endothelial growth factor 
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(VEGF), has been described that may be relevant to angiogenesis as S1P signalling 

mediates the actions of these molecules on cells (section 1.2.4). Thus, inhibition of 

S1P1 expression/function may also reduce the effects of PDGF, EGF and VEGF on 

endothelial cells. 

 

Ca
2+

 signalling 

S1P is also involved in the regulation of Ca
2+

 signalling (which in turn modulates 

numerous cellular functions, including cell proliferation and survival: Berridge et al., 

2000) acting via diverse mechanisms. S1P can increase Ca
2+ 

intracellular 

concentration through a “classical” pathway, involving the S1P receptor/protein G-

mediated activation of phospholipase C (PLC) leading to formation of inositol 

trisphosphate (IP3) that acts on ER-localized receptors to induce Ca
2+

 release (An et 

al., 1999). However, S1P can also elicit Ca
2+

 mobilization independently of IP3 

receptors (Mattie et al., 1994), providing evidence for the existence of additional 

mechanisms. Indeed, S1P-induced release of Ca
2+

 from ER was not suppressed by 

pharmacological inhibition of IP3 activity in fibroblasts (Mattie et al., 1994). 

Interestingly, the photolysis-induced intracellular release of caged S1P induces Ca
2+

 

mobilization in various cell types, while extracellular S1P fails to do so (Meyer zu 

Heringdorf et al., 2003), suggesting an intracellular action of the lipid mediator. 

 

Significantly, many external stimuli, including growth factors, induce Ca
2+

 

mobilization acting via SK/S1P (Meyer zu Heringdorf, 2004). Indeed, interfering 

with SK1 function using pharmacological inhibitors or antisense oligonucleotides 

attenuates the increase in intracellular Ca
2+

 concentration induced by these stimuli. 

 

More recently it has been shown that S1P modulates Ca
2+ 

homeostasis by an 

additional mechanism, involving S1P2 and PLC activation to facilitate Ca
2+

 entry 

rather than mobilization from intracellular stores (Gratschev et al., 2009).  

 

1.2.2.2 S1P as an intracellular messenger 

 

A number of studies in mammalian cells have provided compelling evidence that 

S1P has receptor-independent functions. These include the regulation of Ca
2+
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homeostasis, as mentioned above (Meyer zu Heringdorf et al., 2003). Additionally, 

SK1 over-expression (which results in increased intracellular S1P) promotes growth 

and survival in various cell lines genetically engineered to be devoid of S1P 

receptors (Olivera et al., 2003; Kohno et al., 2006). Furthermore, not all of the effects 

of S1P are recapitulated by dihydroS1P, although these two molecules bind to and 

activate S1P receptors with similar potencies. For instance, S1P, but not dihydroS1P, 

exerts cytoprotective effects in various cell lines (Van Brocklyn et al., 1998). 

 

Despite the evidence of receptor-independent actions, the intracellular targets of S1P 

have remained elusive until recently. Examples of intracellular actions of S1P are 

described below. It should be noted that some of the actions of S1P that are reported 

in the literature are not ascribable to the activation of known receptors/intracellular 

targets of this lipid, suggesting that additional S1P targets are yet to be identified. 

 

S1P produced in the nucleus by SK2 regulates gene transcription by modulating 

histone acetylation (Hait et al., 2009). In particular, SK2-generated S1P binds to and 

inhibits the enzymatic activity of histone deacetylases (HDAC), resulting in 

enhanced histone acetylation and transcription of target genes. This is contingent on 

the association of SK2 with HDAC, which results in S1P production in proximity to 

its nuclear targets (Hait et al., 2009). SK2 has been shown to selectively associate 

with specific promoter regions, which results in the modulation of the expression of 

specific target genes, including the cyclin-dependent kinase inhibitor p21 and the 

transcriptional regulator c-fos (Hait et al., 2009). 

 

Another intracellular target of S1P is the tumor necrosis factor receptor-associated 

factor 2 (TRAF2) (Alvarez et al., 2010). In particular, SK1-generated S1P is a 

cofactor necessary to activate the ubiquitin ligase activity of TRAF2. This results in 

the regulatory (Lysine 63-linked) polyubiquitination of receptor interacting protein 1 

(RIP1), which activates the signalling pathway leading to NF-κB activation (Alvarez 

et al., 2010). Interestingly, this study provides an explanation as to why S1P, but not 

dihydro-S1P exerts anti-apoptotic functions although the two molecules exhibit the 

same potency for the five S1P receptors. In fact, S1P, but not dihydroS1P stimulates 
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TRAF2 activity and promotes RIP1 polyubiquitination in in vitro assays (Alvarez et 

al., 2010). 

 

S1P has also been shown to interact with prohibitin 2 (PHB2), a protein that controls 

the assembly and the function of mitochondria (Strub et al., 2011). Mitochondrial 

S1P is mainly produced by SK2 that localizes to the inner membrane of mitochondria 

(Strub et al., 2011). Significantly, SK2 knock-down results in impaired 

mitochondrial respiration due to defective assembly of the respiratory chain complex, 

suggesting that the interaction between PHB and S1P produced by SK2 has a key 

role in the regulation of mitochondrial function (Strub et al., 2011). 

 

The p21-activated kinase 1 (PAK1), an important regulator of actin reorganization 

and cell migration, may represent an additional intracellular target of S1P (Maceyka 

et al., 2008). In particular, it has been shown that S1P directly activates PAK1, and 

this is required for PAK1-induced phosphorylation of the actin binding protein 

filamin A and subsequent filamin A-mediated rearrangement of actin into membrane 

ruffles to promote cell migration (Maceyka et al., 2008). These authors propose a 

model in which SK1 and PAK1 interact with filamin A and this drives their 

translocation to nascent lamellipodia; here, SK1-generated S1P stimulates PAK1 

activity; S1P can also be secreted and act on S1P1, which is also recruited at 

membrane ruffles via filamin A; this results in Rac activation and subsequent PAK1 

stimulation (Maceyka et al., 2008). Thus, this study suggests that S1P acts in a dual 

manner to promote cell migration: intracellularly to directly activate PAK1 and 

extracellularly to activate S1P1 and its downstream effector Rac, which in turn 

stimulates PAK1 (Maceyka et al., 2008). Importantly, the filamin A-dependent co-

localization of SK1 and S1P1 at lamellipodia favours the interaction of released S1P 

with this receptor subtype rather than with S1P2, thereby resulting in directed cell 

movement. 
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1.2.3 SK1, S1P and cell fate control 

 

As mentioned above, a “sphingolipid rheostat” exists in cells whereby the balance 

between the cellular levels of ceramide and S1P is a critical determinant of cell fate 

(Figure 1.3). 

The regulation of cell survival by SK1 and S1P is complex and involves several 

different mechanisms, discussed herein. 

 

Exposure of cells to stress stimuli results in the accumulation of ceramide due to 

stimulation of de novo biosynthesis or sphingomyelin hydrolysis (Oskouian and 

Saba, 2010). Ceramide then acts on intracellular targets (e.g. PP2A and cathepsin D) 

to activate intrinsic and extrinsic apoptotic pathways (Ogretmen and Hannun, 2004). 

In particular, ceramide promotes apoptosis by modulating the activity of members of 

the Bcl-2 protein family. A number of intracellular targets of ceramide have been 

identified that mediate the pro-apoptotic function of this lipid. One of these is the 

protein phosphatase PP2A which, upon ceramide-induced activation, catalyses the 

dephosphorylation of pro-apoptotic Bax and anti-apoptotic Bcl-2. This, in turn, 

results in Bax activation (Xin and Deng, 2006) and Bcl-2 proteasomal degradation 

(Lin et al., 2006), and subsequent activation of caspases and onset of apoptosis 

(Pastorino et al., 1999). Ceramide has also been shown to activate the protease 

cathepsin D to cleave the Bcl-2 family member Bid. This, in turn, results in the 

translocation of Bid to the mitochondrial outer membrane and ensuing initiation of 

the apoptotic pathway (Heinrich et al., 2004). Significantly, tumour necrosis factor-

induced activation of apoptosis, which is mediated by cathepsin D-induced cleavage 

of Bid, is dependent on the expression of sphingomyelinase, the enzyme that 

catalyses the hydrolysis of sphingomyelin to generate ceramide (Heinrich et al., 

2004). 

 

In addition to its effect on the regulation of the intrinsic and extrinsic apoptotic 

pathways, ceramide controls cell fate by modulating intracellular signalling cascades 

involved in the regulation of cell survival, e.g. ERK-1/2, Akt and JNK pathways, as 

detailed below. 
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Over-expression of SK1 protects cells from apoptosis induced by stress stimuli or by 

ceramide addition (Olivera et al., 1999). Indeed, by reducing ceramide levels (section 

1.3.3), SK1 has the potential to shift the sphingolipid rheostat toward a pro-survival 

programme thereby protecting cells from stress-induced apoptosis. 

 

In addition to the effect of SK1 on ceramide levels, S1P itself can counteract the pro-

apoptotic action of ceramide. This is evident from a study by Cuvillier et al. 

demonstrating that exogenously added S1P prevents ceramide-mediated apoptosis in 

response to stress stimuli (Cuvillier et al., 1996). It is now well established that the 

antagonistic actions of S1P and ceramide are in part due to their opposing effects in 

the regulation of key signalling pathways that control cell survival and apoptosis: 

ERK, Akt and JNK. In this regard, it has been shown that both ERK and Akt 

promote survival by regulating the function of Bcl-2 family members to inhibit the 

release of cytocrome c from mytochondria and caspase activation (Franklin and 

McCubrey, 2000). Additionally, Akt activates NF-κB thereby promoting the 

expression of pro-survival genes (Franklin and McCubrey, 2000). In contrast, JNK 

stimulates apoptosis by modulating the activity of mitochondrial pro- and anti-

apoptotic proteins through various mechanisms (Dhanasekaran and Reddy, 2008). 

Additionally, JNK promotes the expression of pro-apoptotic genes (Dhanasekaran 

and Reddy, 2008). 

Ceramide activates the JNK cascade and negatively regulates the ERK and Akt 

pathways to promote apoptosis (Westwick et al., 1995; Verheij et al., 1996; 

Oskouian and Saba, 2010). S1P opposes the pro-apoptotic action of ceramide by 

suppressing JNK activation induced by ceramide while activating ERK and Akt (Wu 

et al., 1995; Cuvillier et al., 1996; Limaye et al., 2005). 

 

It is important to appreciate that evidence exists that S1P negatively regulates 

ceramide biosynthesis (section 1.3.3). Thus, this effect might also contribute to the 

ability of S1P to suppress ceramide-mediated apoptosis. 
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Interestingly, a recent study demonstrated that S1P inhibits the protein phosphatase 

2A (PP2A) (Salas et al., 2011) (detailed in section 1.4.3), which is one of the 

mediators of ceramide pro-apoptotic action (Ogretmen and Hannun, 2004).  

Thus, it is possible that inhibition of PP2A might be another means by which S1P 

counteracts ceramide-induced apoptosis. 

 

Another mechanism by which S1P promotes cell survival involves its ability to 

modulate the expression and activity of various members of the Bcl-2 family. In 

particular, S1P up-regulates the expression of anti-apoptotic proteins (e.g. Bcl-2) 

while down-regulating pro-apoptotic proteins (e.g. Bad and Bax) (Limaye et al., 

2005; Sauer et al., 2005; Avery et al., 2008; Li et al., 2008b). Similarly, over-

expression of SK1 increases the expression of Bcl-2 while reducing cellular content 

of the pro-apoptotic Bim (Limaye et al., 2005). Additionally, both over-expression of 

SK1 and exogenous S1P inhibit the release of mitochondrial cytocrome c and 

caspase activation by modulating the function of Bcl-2 family members (Betito and 

Cuvillier, 2006; Bonhoure et al., 2008). 

As described above, ceramide has an opposite function on the Bcl-2 family members 

to induce caspase activation and apoptosis (Ogretmen and Hannun, 2004). 

Finally, SK1-generated S1P mediates a pro-survival signal by activating NF-κB 

(Alvarez et al., 2010) (section 1.2.2.2). 
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Figure 1.3 Sphingolipid rheostat and S1P “inside-out” signalling in the regulation 

of cell survival (adapted from Pyne and Pyne, 2010). CDase, ceramidase; CerS, 

ceramide synthase: S1PP, S1P phosphatases; SPL, S1P lyase. 

 

 

1.2.4 Cross-talk between S1P and other signalling pathways 

 

An important aspect in the biology of S1P concerns the existence of functional 

interactions, or cross-talk, between S1P and other signalling pathways. Distinct 

mechanisms of cross-talk have been described and are discussed in this section. 

 

A well characterized mechanism of cross-talk involves the stimulation of SK1 

activity by growth factors acting via their cognate receptor tyrosine kinases (RTKs) 

(section 1.3.2). Growth factor-induced activation of SK1 results in the generation of 

S1P that can then act either intracellularly or via its cell surface receptors to regulate 

various cellular processes (e.g. proliferation, migration). Thus, S1P acts as a 

mediator of the effects of these growth factors. In addition, S1P can induce the 

transactivation of various RTKs, resulting in signal amplification. As mentioned 

above, examples of this mechanism of cross-talk include the interactions of S1P with 

EGF, PDGF and VEGF pathways. 
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EGF stimulates S1P production by enhancing the activity and expression of SK1 to 

promote cellular responses in various cell types, including cell proliferation and 

migration (Döll et al., 2005; Sarkar et al., 2005). In addition, S1P binding to its 

receptors and stimulation of downstream pathways results in EGF receptor (EGFR) 

transactivation, via a mechanism that involves the activation of matrix 

metalloproteases which act on EGF-heparin binding proteins to release active EGF 

that binds to and activates EGFR (Shida et al., 2004). 

PDGF also activates SK1 (Olivera and Spiegel, 1993). This results in S1P 

production, release and interaction with S1P1, which is required for PDGF-stimulated 

proliferation and migration (Olivera and Spiegel, 1993; Hobson et al., 2001). In 

addition, S1P can transactivate PDGF receptor (PDGFR) via the S1P3-mediated 

stimulation of tyrosine phosphorylation of PDGFR, which is necessary for S1P-

induced activation of Akt in various cell lines (Baudhuin et al., 2004). 

Similar to EGF and PDGF, cross-talk between S1P and VEGF pathways involves the 

VEGF-induced stimulation of SK1 activity and production of S1P (Shu et al., 2002). 

By inhibiting Ras GTPase activity, S1P promotes the VEGF-stimulated activation of 

the Ras-ERK signalling pathway (Shu et al., 2002; Wu et al., 2003). Indeed, 

inhibiting SK1 prevents ERK activation in response to VEGF in various cancer cell 

lines (Shu et al., 2002; Wu et al., 2003). This effect does not appear to involve S1P 

receptors. Indeed, S1P inhibits Ras GTPase activity in vitro (Wu et al., 2003). 

However, it has been reported that an anti-S1P antibody inhibits endothelial cell 

migration and angiogenesis induced by VEGF in various in vivo cancer models 

(Visentin et al., 2006), providing evidence that S1P is released from cells to mediate 

VEGF-stimulated tumour-associated angiogenesis.  

S1P has also been shown to transactivate VEGF receptors and this is required for 

S1P-induced migration of endothelial cells (Endo et al., 2002).  

 

A distinct mechanism of cross-talk, termed “integrative signalling”, involves the 

formation of functional complexes between a receptor tyrosine kinase and an S1P 

receptor to regulate a common signalling pathway. The close proximity of the 

receptors enables them to share signalling components. For instance, the association 

between PDGFR and S1P1 has been reported in smooth muscle cells and mouse 
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embryonic fibroblasts, where constitutively active S1P1 enhances PDGF-induced 

stimulation of ERK-1/2 to promote cell migration (Waters et al., 2003; Long et al., 

2006; Waters et al., 2006). Indeed, inhibition of S1P1 resulted in reduced ERK-1/2 

activation and cell migration in response to PDGF (Waters et al., 2003; Long et al., 

2006; Waters et al., 2006). In contrast, SK1 activity inhibition did not reduce the 

effect of PDGF, indicating that the formation of S1P is not involved (Waters et al., 

2003; Long et al., 2006).  

It is important to appreciate that multiple mechanisms of cross-talk can exist for the 

same agonist, as exemplified by PDGF, that might be functional in distinct cell 

systems. 

 

Another mechanism of cross-talk between signalling pathways is the so-called “criss-

cross” transactivation, which involves three different ligand-receptor systems 

(Sukocheva et al., 2006). This is exemplified by the oestrogen-induced 

transactivation of EGFR via SK1/S1P3 in breast cancer cells (Sukocheva et al., 

2006). Acting on its specific membrane receptors, oestrogen induces the ERK-1/2-

mediated activation of SK1, followed by S1P release and binding to S1P3; this, in 

turn, leads to the metalloprotease-dependent release of EGF which activates EGFR to 

further stimulate the ERK pathway (Sukocheva et al., 2006). This mechanism may 

underlie the role of SK1 in mediating breast cancer cell growth in response to 

oestrogen stimulation in vitro and in vivo (Nava et al., 2002; Sukocheva et al., 2003). 

 

Finally, an example of cross-talk involving SK2 has also been described. In 

particular, Spiegel and colleagues demonstrated that EGF stimulates the ERK-

dependent phosphorylation and consequent activation of SK2, and this is required for 

EGF-induced migration of breast cancer cells (Hait et al., 2007). Indeed, both SK1 

and SK2 are necessary for the migration of these cells in response to EGF (Hait et 

al., 2005). 
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1.3 Human sphingosine kinases (SK) 

 

Sphingosine kinases catalyse the ATP-dependent phosphorylation of the two 

sphingoid bases that are present in mammalian cells, sphingosine and 

dihydrosphingosine, to generate S1P and dihydrosphingosine 1-phosphate 

(dihydroS1P), respectively (Olivera et al., 1998; Kohama et al., 1998; Liu et al., 

2000a; Nava et al., 2000; Pitson et al., 2000a).  

 

Two isoforms of sphingosine kinase have been identified in mammalian cells, named 

SK1 and SK2 (Olivera et al., 1998; Kohama et al., 1998; Nava et al., 2000a; Liu et 

al., 2000a), which differ for their structure, kinetic properties, subcellular 

localization, tissue distribution and expression pattern during embryogenesis (Taha et 

al., 2006b; Wattenberg et al., 2006), suggesting that these enzymes may have distinct 

cellular functions. 

 

Despite catalysing the same reaction, SK1 and SK2 have differential effects. In 

particular, while SK1 promotes cell proliferation and protects cells against apoptotic 

stimuli (Olivera et al., 1999; Olivera et al., 2003; Xia et al., 2000; Hofmann et al., 

2008), SK2 is generally associated with cell growth suppression and activation of 

apoptosis independently of S1P receptors (Liu et al., 2003; Igarashi et al., 2003; 

Okada et al., 2005; Maceyka et al., 2005). In agreement with these studies, genetic 

knock-down of SK2 blocks apoptosis induced by various stimuli (Okada et al., 2005; 

Hofmann et al., 2008). 

 

The pro-apoptotic effect of SK2 was initially ascribed to a Bcl-2 homology domain 3 

(BH3)-like motif present in its sequence (Liu et al., 2003). Indeed, similar to BH3-

only proteins (pro-apoptotic members of the Bcl-2 family), SK2 interacts with and 

sequesters the anti-apoptotic protein Bcl-XL to promote apoptosis, which is preceded 

by cytocrome c release from mitochondria and caspase-3 activation (Liu et al., 2003). 

However, mutations in the SK2 putative BH3 domain to disrupt its interaction with 

Bcl-XL do not completely abrogate SK2-induced apoptosis (Liu et al., 2003), 

indicating that additional mechanisms are involved in the pro-apoptotic effect of 
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SK2. There is now strong evidence that the opposing functions of SK1 and SK2 on 

cell survival are partly mediated by their differential effects on ceramide levels 

which, in turn, are dependent on the different localization of the two enzymes 

(Maceyka et al., 2005). Indeed, growing evidence supports the notion that the 

intracellular localization of SK is critical in regulating the cellular function of this 

enzyme, as will be discussed in section 1.3.2. 

 

Despite a number of studies supporting a role for SK2 in promoting apoptosis, 

evidence exists that this enzyme can exert a pro-survival function in some cell types. 

Indeed, SK2 down-regulation inhibits cell proliferation and sensitizes cells to 

apoptotic stimuli in various cell systems both in vitro and in vivo (Van Brocklyn et 

al., 2005; Sankala et al., 2007; Weigert et al., 2009; Gao and Smith, 2011). Thus, in 

contrast with SK1, that almost universally promotes cell proliferation and survival, 

SK2 function is likely to be complex and possibly cell type-specific. This might 

reflect the fact that SK2 localization appears to be dependent on cell type (Maceyka 

et al., 2005). 

 

Additionally, it is important to appreciate that, although a number of studies provide 

evidence that SK1 and SK2 have opposing cellular functions, these enzymes might 

have redundant roles in vivo, i.e. they might be able to compensate for a deficiency in 

each other activity. This is evident during embryonic development. Indeed, Sk1/Sk2 

double knockout is embryonic lethal in mice due to severe abnormalities in neural 

and vascular development, while single knockout (Sk1 or Sk2) mice are viable, fertile 

and without phenotypic abnormalities (Allende et al., 2004; Mizugishi et al., 2005). 

 

Interestingly, non-catalytic functions of SK1 and SK2 have also been described, that 

do not depend on the formation of S1P. Evidence for a non-kinase function of SK1 is 

provided by the finding that siRNA knock-down of SK1 inhibits EGF-induced 

activation of ERK-1/2 in breast cancer cells while pharmacological inhibition of this 

enzyme fails to do so (Pyne et al., 2009). As mentioned above, SK2-induced 

activation of apoptosis is in part mediated by a non-catalytic action via its BH3 
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putative domain (Liu et al., 2003), although SK2 pro-apoptotic function also involves 

its enzymatic activity (Maceyka et al., 2005) (section 1.3.2). 

 

1.3.1 SK isoforms: sequence and structural features 

 

The SK isoforms that have been identified in human cells, SK1 (Melendez et al., 

2000; Nava et al., 2000a; Pitson et al., 2000a) and SK2 (Liu et al., 2000a), are 

generated from the expression of two separate genes. For both human SKs, a number 

of N-terminal variants have been reported that arise from alternative splicing, all with 

similar enzymatic properties and slightly different subcellular localization (Billich et 

al., 2003; Alemany et al., 2007). 

 

SK1 and SK2 show a high degree of amino acid sequence similarity (80%), although 

SK2 is larger than SK1 (383 amino acids for human SK1 versus 618 for human SK2) 

as it possesses two additional regions that are not present in SK1: one at the N-

terminus and the other in the central part of its sequence (Liu et al., 2000a). 

 

The sequences of SKs are evolutionary well conserved among eukaryotic organisms. 

In particular, five highly conserved regions (C1-C5) have been identified in the 

polypeptide sequence of all the known eukaryotic SKs, which contain the catalytic 

site (domain C1-C3), the ATP-binding site (domain C2) and the sphingosine-binding 

site (domain C4) (Kohama et al., 1998; Liu et al., 2000a; Pitson al., 2002; Yokota et 

al., 2004). Interestingly, SK1 and SK2 differ in the sequence, and thus likely in the 

structure, of the sphingosine-binding site (Liu et al., 2000a). This might at least in 

part account for the different kinetic properties of the two enzymes (Pitson, 2011). 

For instance, human SK2 shows a broader substrate specificity compared with 

human SK1 (Liu et al., 2000a; Pitson et al., 2000a). Thus, SK2 phosphorylates the 

sphingosine analogue FTY720 more efficiently than SK1 (Billich et al., 2003; Paugh 

et al., 2003; Sanchez et al., 2003). 
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The SKs share sequence similarity with the catalytic domain of the diacylglycerol 

(DAG) kinases (DGKs) (Sugiura et al., 2002). However, the sequences of SKs do not 

contain any other known protein domain. 

 

The crystal structures of SK1 and SK2 have not been reported yet. A recent study, 

however, provided some insights into SK1 structure (Lim et al., 2011b). In particular, 

the authors propose that SK1 is an oligomeric protein, minimally a dimer, based on 

the finding that differentially-tagged recombinant SK1 co-immunoprecipitate when 

over-expressed in cells (Lim et al., 2011b). This possibility is further supported by 

structural data available for prokaryotic DGKs (Bakali et al., 2007; Nichols et al., 

2007; Miller et al., 2008). Indeed, these lipid kinases, that have significant amino 

acid sequence homology with eukaryotic SK, are arranged as dimers (Bakali et al., 

2007; Nichols et al., 2007; Miller et al., 2008). 

Additionally, data obtained from kinetic analysis studies provide evidence that SK1 

contains an allosteric site, and that the allosteric site exhibits auto-inhibitory activity 

on the catalytic site (Lim et al., 2011b). 

 

The lack of information on SK structure has hampered the understanding of the 

molecular basis of the regulation of this enzyme. Nonetheless, a number of 

mechanisms that modulate SK1/SK2 function have been reported, and are described 

in the following section. 

 

1.3.2 SK regulation 

 

SK1 is catalytically active under basal conditions (Pitson et al., 2000a; Pitson et al., 

2000b; Pitson et al., 2003). Stimulation of cells by a variety of growth factors, 

cytokines and other extracellular agonists results in further activation of this enzyme 

and S1P production (Pitson et al., 2000b; Taha et al., 2006b). Interestingly, S1P itself 

stimulates SK1 activity by binding to its cognate membrane receptors (Meyer zu 

Heringdorf et al., 2001) thereby creating a positive feedback amplification loop that 

may enhance S1P signalling. In addition to this rapid and transient activation of SK1 

(after minutes of stimulation), a number of stimuli also induce a delayed increase in 
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SK1 activity (after hours of stimulation) due to transcriptional up-regulation of SK1 

expression to chronically increase S1P production (Shida et al., 2008). 

 

The rapid increase in SK1 activity that is observed in response to extracellular 

stimuli is mediated by the ERK-1/2-dependent phosphorylation of SK1 at serine 225 

(Ser225) (Pitson et al., 2003). Phosphorylation-dependent activation of SK1 is 

transient, as this enzyme is deactivated by dephosphorylation of phospho-Ser225 

catalysed by the protein phosphatase PP2A (Barr et al., 2008). In particular, the B'α 

regulatory subunit of PP2A interacts with the C-terminus of SK1 to reduce SK1 

phosphorylation (Pitman et al., 2011). 

 

The extracellular agonists that promote SK1 activation also induce the rapid 

translocation of this enzyme from the cytoplasm to the plasma membrane (Pitson et 

al., 2003). This is mediated by the interaction of SK1 with the calmodulin-related 

protein CIB1 (calcium and integrin-binding protein 1), a Ca
2+

-myristoyl switch 

protein (Jarman et al., 2010). SK1 activation results in increased Ca
2+

 intracellular 

concentration (Spiegel and Milstien, 2003). Upon binding to Ca
2+

, CIB1 undergoes a 

conformational change that has a dual effect: it enables CIB1 interaction with SK1 

and it causes the exposure of CIB1 myristoylation site, which drives the translocation 

of the CIB1-SK1 complex to the plasma membrane (Jarman et al., 2010). 

 

Besides increasing SK1 catalytic activity, phosphorylation at Ser225 is also involved 

in regulating the agonist-induced relocalization of SK1 (Pitson et al., 2003; Stahelin 

et al., 2005; Jarman et al., 2010; Pitman et al., 2011). In particular, CIB1 interacts 

with both phosphorylated and non-phosphorylated SK1 (Jarman et al., 2010). 

However, only phosphorylated SK1 appears to localize to the plasma membrane 

(Jarman et al., 2010). Indeed, phosphorylation of SK1 at Ser225 is necessary for 

prolonged retention of this enzyme at the plasma membrane as it induces 

conformational changes in SK1 that enhance its interaction with the phospholipid 

phosphatidylserine, which is localized on the inner leaflet of the plasma membrane 

(Stahelin et al., 2005). Interaction of SK1 with another membrane phospholipid, 

phosphatidic acid, has also been implicated in the localization of this enzyme to the 
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plasma membrane, although it has not been reported whether phosphorylation of 

SK1 increases its affinity for this lipid (Delon et al., 2004). 

In keeping with a role for phosphorylation in promoting SK1 association with the 

plasma membrane, over-expression of B'α-PP2A blocks agonist-induced 

translocation of SK1 to the plasma membrane (Pitman et al., 2011). 

Thus, ERK-1/2 and PP2A modulate SK1 activity and subcellular localization (and 

therefore SK1 function) by regulating its phosphorylation status. 

 

The mechanisms that regulate SK2 are still largely unknown. Similar to SK1, SK2 

regulation mediated by agonist-induced phosphorylation has been reported. In 

particular, EGF activates SK2 by inducing its ERK-1-dependent phosphorylation at 

Ser351 and Thr578 (Hait et al., 2005; Hait et al., 2007). In contrast with SK1, 

however, SK2 phosphorylation does not promote the translocation of this enzyme to 

the plasma membrane (Hait et al., 2005; Hait et al., 2007). EGF-induced activation of 

SK2 is physiologically relevant, as interfering with SK2 phosphorylation or down-

regulating SK2 expression blocks cell migration in response to EGF (Hait et al., 

2005; Hait et al., 2007).  

 

Another mechanism of regulation of SK2 involves its phosphorylation by protein 

kinase D, which results in the export of SK2 from the nucleus to the cytoplasm (Ding 

et al., 2007). 

 

Interestingly, proteomic analysis of cultured cells and tissue extracts revealed the 

presence of other phosphorylatable sites in endogenous SK2 in addition to those that 

have been characterised so far (Pitson, 2011), suggesting the existence of other 

mechanisms of phosphorylation-dependent regulation of SK2. 

 

An additional mechanism of regulation of SK1/SK2 function involves their 

interaction with other proteins. Several proteins have been described that modulate 

SK activity via protein-protein interactions. One of these is the eukaryotic elongation 

factor 1A (eEF1A), that enhances the catalytic activity of both SK1 and SK2 in in 

vitro assays and in cells (Leclercq et al., 2008; Leclercq et al., 2011). Interestingly, 
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eEF1A had been previously shown to be involved in regulating cell growth and 

promoting tumorigenesis (Thornton et al., 2003). Significantly, a truncated, 

constitutively active isoform of eEF1A, termed prostate tumour inducer-1, induces 

neoplastic transformation via the activation of SK1 (Leclercq et al., 2011). 

Conversely, other proteins interact with SK1 and/or SK2 to inhibit their activity. For 

instance, SK1-interacting protein (SKIP) inhibits the catalytic activity of SK1 in vitro 

and attenuates the pro-proliferative and anti-apoptotic effects of SK1 in cells (Lacana 

et al., 2002). 

Protein-protein interactions also regulate SK1 function by controlling its intracellular 

localization. In addition to CIB1, another example is filamin A, that recruits SK1 at 

nascent lamellipodia to promote cell migration (Maceyka et al., 2008). 

 

1.3.2.1 Spatial regulation of SK 

 

A growing body of evidence indicates that the intracellular localization of SK is a 

key determinant of the function of SK, raising the concept of “spatial regulation” of 

SK. 

 

SK1 resides predominantly in the cytosol in unstimulated cells, while it rapidly 

translocates to the plasma membrane upon agonist-induced activation (Pitson et al., 

2003), as detailed above. In contrast, SK2 is found both in the cytosol and the 

nucleus, as well as in association with the plasma membrane and internal 

membranes, with its subcellular distribution that appears to differ depending on cell 

type (Igarashi et al., 2003; Maceyka et al., 2005; Sankala et al., 2007). 

 

SK localization affects the function of SKs in several ways. First, the localization of 

SK to specific subcellular sites may result in the synthesis of its product, S1P in close 

proximity of its downstream effectors (either cell-surface receptors or intracellular 

targets). Second, the intracellular localization of SK may affect the access of this 

enzyme to its substrate. In this regard, it is important to appreciate that SK substrates 

(sphingosine and dihydrosphingosine) are hydrophobic and are therefore localized 

mainly within the membranes. In addition to this, it has been shown that sphingosine 

and dihydrosphingosine are localized to different membrane compartments, and SK 



 

32 

localization may therefore determine which substrate is utilized and therefore which 

product is synthesized. Third, the differential subcellular localization of SK may 

result in the regulation of distinct pools of sphingolipids, possibly via the functional 

interaction of SK1/SK2 with different S1P metabolising enzymes. 

Examples of how SK localization affects the signalling of these enzymes are 

discussed below. 

 

Several studies demonstrated that the localization of SK1 at the plasma membrane, 

rather than the phosphorylation-induced increase in its catalytic activity, is critical 

for the mitogenic and anti-apoptotic functions of this enzyme and therefore for the 

oncogenic effect of SK1 (Pitson et al., 2005; Hengst et al., 2009; Jarman et al., 

2010). Indeed, a non-phosphorylatable mutant SK1 exhibits pro-survival and pro-

mitogenic properties when artificially targeted to the plasma membrane (Pitson et al., 

2005). In contrast, preventing SK1 translocation to the plasma membrane blocks 

SK1-induced cell growth (Pitson et al., 2005; Hengst et al., 2009; Jarman et al., 

2010).  

Significantly, plasma membrane targeting of SK1 results in enhanced S1P generation 

and release from cells (Pitson et al., 2005). In this regard, it is important to appreciate 

that SK1 substrate, sphingosine, mainly resides in the plasma membrane (Slife et al., 

1989). In addition, the production of S1P at the plasma membrane might favour its 

release from cells due to privileged interaction with membrane transporters. It is 

therefore logical to propose that production of S1P at the plasma membrane would 

also result in the privileged binding of S1P to its cognate cell-surface receptors and 

thus in enhanced S1P inside-out signalling. 

 

Localization of SK2 to the nucleus has been shown to be necessary for cell cycle 

arrest and cell growth suppression induced by this enzyme (Igarashi et al., 2003; 

Okada et al., 2005). A more recent study provided an explanation for these findings 

demonstrating that SK2-generated nuclear S1P inhibits the activity of HDAC thereby 

promoting the expression of the cyclin-dependent kinase inhibitor p21 (Hait et al., 

2009). Indeed, depletion of SK2 from the nucleus results in decreased levels of 

nuclear S1P and histone acetylation (Hait et al., 2009). Significantly, artificial 
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targeting of SK1 to the nucleus results in the inhibition of DNA synthesis (Igarashi et 

al., 2003). 

 

A study by Wattenberg and colleagues provides evidence that “substrate 

compartmentalization” is another means by which SK1 localization may affect the 

function of this enzyme (Siow et al., 2010). In particular, cytosolic and ER-localized 

SK1 have access to dihydrosphingosine to produce dihydroS1P, while 

dihydrosphingosine is not available for SK1 localized at the plasma membrane (Siow 

et al., 2010). Thus, SK1 subcellular localization determines the bioactive product that 

is generated by this enzyme, depending on substrate availability. Significantly, this 

affects the downstream signalling of SK1. Indeed, it has been shown that S1P and 

dihydroS1P may have opposite effects in cells. For instance, formation of 

dihydroS1P is associated with the inhibition of cell migration and Ca
2+ 

signalling in 

response to S1P (Berdyshev et al., 2006).  

 

Significantly, the differential effect that SK1 and SK2 have on cell fate (pro-survival 

versus pro-apoptotic, respectively) is in part related to their distinct subcellular 

localization which, in turn, accounts for the opposing functions of the two enzymes 

in regulating ceramide levels (Maceyka et al., 2005). Indeed, SK1 reduces, while 

SK2 increases intracellular ceramide content when over-expressed in cells (Maceyka 

et al., 2005). Spiegel and colleagues demonstrated that the localization of SK2 to the 

ER is functional for its ability to increase ceramide levels and consequently for the 

pro-apoptotic effect of this enzyme (Maceyka et al., 2005). Consistent with this 

possibility, SK1 increases ceramide and promotes apoptosis to a similar extent as 

SK2 when artificially targeted to the ER (Maceyka et al., 2005). Spiegel and 

colleagues proposed that ER-localized SK2 might act in concert with S1P 

phosphatases to generate sphingosine which is then converted back to ceramide; this 

sphingosine “recycling” pathway would enable cells to minimize the energetically 

exhaustive de novo synthesis of ceramide (Maceyka et al., 2005). Consequently, SK2 

over-expression results in enhanced recycling of sphingosine and generation of pro-

apoptotic ceramide. The model proposed by Spiegel is further supported by other 

studies providing evidence for the existence of a functional interaction between SK 
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and S1P phosphatases which is active in sphingosine recycling (Le Stunff et al., 

2007; Siow et al., 2010). 

 

1.3.3 SK1: housekeeping versus signalling function 

 

Based on the finding that SK1 has a high basal activity (Pitson et al., 2000a), 

Wattenberg and colleagues proposed that SK1 might have a “housekeeping function” 

(which consists of controlling the intracellular levels of ceramide and sphingolipid 

metabolism) that is distinct from its “signalling function” (dependent on agonist-

induced activation and translocation to the plasma membrane of SK1 and generation 

of S1P) (Wattenberg et al., 2006).  

Indeed, as mentioned above, there is strong evidence showing that SK1 has a unique 

role in modulating ceramide levels and sphingolipid metabolism. SK1 controls the 

sphingolipid biosynthetic pathway at several points. First, SK1 can reduce ceramide 

levels by utilizing sphingosine as a substrate to produce S1P. It is also important to 

appreciate that, since the cleavage of S1P catalysed by S1P lyase is the only way that 

cells have to eliminate the sphingosine backbone, SK1 has a critical role in 

controlling the cellular levels of sphingolipids via the generation of S1P. 

 

Second, SK1 can utilize dihydrosphingosine as a substrate to generate dihydroS1P. 

Indeed, SK1 (but not SK2) over-expression increases the intracellular levels of 

dihydroS1P in various cell systems (Maceyka et al., 2005; Berdyshev et al., 2006; 

Siow et al., 2010). By doing so, SK1 prevents dihydrosphingosine from entering the 

ceramide de novo pathway (Figure 1.1), thereby reducing the amount of de novo-

synthesized ceramide. 

 

Finally, evidence exists that SK1-generated S1P might negatively regulate ceramide 

de novo biosynthesis. Indeed, it has been shown that phosphorylated analogues of 

sphingosine inhibit the activity of serine palmitoyltransferase (van Echten-Deckert et 

al., 1997), that catalyses the first step of this pathway (Figure 1.1). Additionally, 

SK1-generated S1P might inhibit (dihydro)ceramide synthase activity. Indeed, over-

expression of SK1 (but not SK2) results in the accumulation of the 
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(dihydro)ceramide synthase substrate, dihydrosphingosine, while reducing ceramide 

levels (Maceyka et al., 2005; Berdyshev et al., 2006; Siow et al., 2010). The ability 

of S1P to inhibit the activity of these enzymes was confirmed by in vitro assays 

(Laviad et al., 2008). 

 

It is important to appreciate that, given that virtually all of the sphingolipids have 

signalling functions, SK1 has a crucial role in cell physiology by modulating 

sphingolipid metabolism, which might be as important as the generation of a 

bioactive molecule, S1P. 

 

 

1.4 SK/S1P signalling and cancer 

 

There is now substantial evidence in support of a major role of the SK/S1P axis in 

human cancers (Pyne and Pyne, 2010). As discussed in the previous sections, S1P 

signalling regulates cell proliferation, survival and migration. Thus, it is not 

surprising that aberrant activation of this signalling pathway contributes to tumour 

development and progression being able to promote the major hallmarks of cancer, 

as defined by Hanahan and Weinberg (2000), including enhanced proliferation and 

evasion of growth suppression, reduced apoptosis, angiogenesis and 

invasiveness/metastasis. 

 

Although the vast majority of studies on S1P and cancer focused on investigating the 

role of SK1, it is now evident that all of the components of the S1P pathway, 

including S1P receptors and S1P-metabolising enzymes (that together with SKs 

modulate S1P levels) participate to aberrant cellular processes that are integral to 

cancer pathogenesis (Pyne and Pyne, 2010). Interestingly, despite a number of 

studies linking SK2 to growth inhibitory and pro-apoptotic effects, recent reports 

provided evidence for a critical role of this enzyme in cancer cells. 

 

The current knowledge of how dysregulated S1P signalling contributes to cancer 

development and progression is discussed in the following section. With relevance to 
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the topic of the current study, attention will be focused on the role of SKs (Figure 

1.4). The potential of these enzymes as therapeutic targets for cancer treatment will 

also be discussed. Significantly, SKs have also a crucial role in the acquisition of 

resistance to therapeutic agents by cancer cells, as detailed in section 1.4.3. 

Additionally, the involvement of SK1 and S1P signalling in various aspects of 

prostate cancer biology, including the progression to androgen independence and the 

resistance to therapeutic agents, will be discussed in section 1.5. 

 

 

SK1/S1P

Cancer cell survival

Hormone

refractoriness

Cancer growth

Cancer cell motility and 

invasiveness
Transformation

Neovascularisation

Therapy resistance

 

 

Figure 1.4 Role of SK1/S1P signalling in cancer: an overview (adapted from Pyne 

and Pyne, 2010). 

 

 

1.4.1 S1P signalling in cancer development and progression 

 

The first demonstration that S1P signalling was involved in oncogenesis came from a 

study showing that the over-expression of catalytically active SK1 in fibroblasts was 

sufficient to induce their transformation and the acquisition of tumorigenicity by 

these cells, i.e. the ability to form tumours when injected in mice (Xia et al., 2000). 

Significantly, cells over-expressing SK1 show a reduced dependence on serum for 

proliferation and escape contact inhibition (as demonstrated by increased 

clonogenicity) (Xia et al., 2000), two major characteristics of cancer cells. The 

oncogenic action of SK1 was found to be dependent on the translocation of this 
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enzyme to the plasma membrane (Xia et al., 2000; Pitson et al., 2005). Based on the 

ability of SK1 to induce cell transformation (Xia et al., 2000), it was assumed that 

Sk1 was an oncogene, although no tumour-inducing mutations of this gene have been 

reported yet.  

 

Analysis of clinical samples support the relevance of SK1 in human cancers 

demonstrating that SK1 mRNA and protein levels are markedly up-regulated in 

numerous types of cancer (including both solid tumours and haematological 

malignancies) compared with their normal counterparts (French et al., 2003; Johnson 

et al., 2005; Van Brocklyn et al., 2005; Kawamori et al., 2006). Significantly, clinical 

studies also demonstrate that high SK1 expression correlates with adverse clinical 

features such as increased tumour grade, development of resistance to anticancer 

agents and reduced patient survival (Van Brocklyn et al., 2005; Li et al., 2008b; 

Ruckäberle et al., 2008; Li et al., 2009; Long et al., 2010a; Watson et al., 2010; 

Ohotski et al., 2012), providing compelling evidence for a functional role of SK1 in 

the progression of human cancers. Conversely, SK2 was not found to be over-

expressed in human cancers (including solid tumours and haematological 

malignancies) (Van Brocklyn et al., 2005; Sobue et al., 2006; Bayerl et al., 2008; 

Ruckhäberle et al., 2008), although a limited number of clinical studies as yet have 

investigated the relation between SK2 and cancer. 

 

Altered expression of S1P receptors, as well as S1P lyase and phosphatases, has also 

been reported in human cancers, although in most cases the relevance of these 

deregulations remains to be determined (Pyne and Pyne, 2010). However, a clear 

correlation between high expression of S1P1/S1P3 and reduced patient survival was 

demonstrated in oestrogen-positive breast cancer patients (Watson et al., 2010). 

 

It is well established that SK1 stimulates cell proliferation and induces protection 

against apoptotic stimuli in a wide variety of cell systems (section 1.2.2; section 

1.2.3). Significantly, SK1 over-expression promotes cell proliferation in the absence 

of growth factors (Olivera et al., 1999; Sukocheva et al., 2003), which characterises 

cancer cells. 
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SK1 is a critical regulator of cancer cell growth and survival. Indeed, SK1 over-

expression promotes proliferation and protects cells from apoptosis in a variety of 

cancer cell lines (Nava et al., 2002; Bektas et al., 2005; Sarkar et al., 2005; Van 

Brocklyn et al., 2005; Bonhoure et al., 2008; Sukocheva et al., 2009). Accordingly, 

siRNA knock-down of SK1 expression or pharmacological inhibition of SK1 

increases the ceramide/S1P ratio to inhibit cell-cycle progression and cell 

proliferation while inducing apoptosis in multiple cancer cell lines (Taha et al., 2004; 

Sarkar et al., 2005; Van Brocklyn et al., 2005; Bonhoure et al., 2006; Taha et al., 

2006a; Baran et al., 2007; Guillermet-Guibert et al., 2009; Huwiler et al., 2011; 

Antoon et al., 2012). Thus, the sphingolipid rheostat is functional in cancer cells. 

Similar results were obtained from studies in animal models of cancer. Thus, cancer 

cells over-expressing SK1 form larger tumours when injected in nude mice compared 

to cells that express endogenous SK1 only (Nava et al., 2002), while genetic deletion 

of SK1 results in tumour regression (Kohno et al., 2006). 

 

Taken together, these findings support the notion that SK1 over-expression might 

confer a growth and survival advantage to tumour cells that results in their positive 

selection and clonal expansion during cancer progression.  

 

A role for SK2 in cancer was supported by a study showing that the growth of 

tumours formed by SK2-deficient breast cancer cells injected in nude mice was 

substantially reduced compared with control cells (Weigert et al., 2009). Genetic 

ablation of SK2 was then found to inhibit proliferation in multiple cancer cell lines 

(section 1.4.2). Similar results were obtained using a pharmacological inhibitor of 

this enzyme that reduced cancer cell growth in vitro and in vivo (French et al., 2010; 

Antoon et al., 2010), as detailed in section 1.4.4.  

 

Another means by which S1P signalling may contribute to cancer progression is by 

stimulating cancer cell migration to promote their invasiveness and metastatic 

potential. Indeed, S1P induces a migratory phenotype in a receptor-dependent 

manner in a variety of cancer cell lines (Van Brocklyn et al., 2003; Park et al., 2007; 

Bergelin et al., 2009; Long et al., 2010a; Kim et al., 2011). As discussed in section 
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1.2.2.1, however, S1P has a dual action on cell motility, as it exerts a pro-migratory 

effect through S1P1/S1P3 and an anti-migratory effect through S1P2. Thus, the 

migratory response of tumour cells to S1P is determined by the relative abundance of 

these receptor subtypes. This is exemplified by the finding that S1P stimulates cell 

migration in gastric cancer cells whereas it inhibits the migration of B16 melanoma 

cells which exclusively express S1P3 or S1P2, respectively (Yamashita et al., 2006; 

Yamaguchi et al., 2003). Consistent with the notion that S1P/S1P1 signalling 

stimulates cell motility, over-expression of this receptor subtype in cancer cells 

results in enhanced metastatic spread in mice (Yamaguchi et al., 2003). 

Importantly, siRNA knock-down of SK1 expression inhibits breast cancer cell 

migration in response to various chemoattractants (Sarkar et al., 2005; Döll et al., 

2005). 

 

SK2 is also involved in promoting cell migration in some cancer cell types. For 

instance, SK2 is required for the migration of MDA-MB-453 breast cancer cells in 

response to EGF (Hait et al., 2005). 

 

Interestingly, an additional mechanism has been recently described by which S1P 

may promote tumour cell invasiveness and metastasis. In fact, S1P binding to its 

receptors on cancer cells enhances the synthesis or stimulates the activity of matrix 

metalloproteases that degrade the extracellular matrix to enable cancer cells to 

penetrate into the circulation (Young et al., 2009; Kim et al., 2011). 

 

A fundamental contributor to the progression of solid cancers is the 

neovascularisation of the tumour mass to ensure oxygen and nutrient supply that 

sustain cancer cell growth. Additionally, tumour vascularisation is also crucial for the 

spread of cancer cells to distant sites via the bloodstream, i.e. for the formation of 

metastases. 

S1P signalling is critical for tumour-associated angiogenesis. Indeed, a recent in vitro 

study demonstrated that SK1-derived S1P secreted from cancer cells acts in a 

paracrine manner on co-cultured endothelial cells to induce angiogenesis (Anelli et 

al., 2010). More importantly, cancer cells over-expressing SK1 form tumours with 
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increased vascularisation when injected in nude mice (Nava et al., 2002). In vivo 

studies also demonstrated that S1P1 expression is markedly up-regulated in tumour 

vessels and siRNA knock-down of this receptor strongly inhibits angiogenesis and 

therefore tumour growth (Chae et al., 2004). Additionally, an antibody against S1P 

suppressed blood vessel formation induced by VEGF, basic fibroblast growth factor 

and multiple cytokines in murine models of various types of cancer (Visentin et al., 

2006), providing evidence that S1P is required for the pro-angiogenic effect of these 

molecules. Importantly, S1P also induces the release of pro-angiogenic cytokines and 

growth factors from cancer cells (Visentin et al., 2006). 

In keeping with the correlation between tumour vascularisation and metastatic spread 

of cancer cells, the anti-S1P antibody also reduced tumour metastasis in vivo 

(Visentin et al., 2006). 

 

Hypoxia, a condition defined by subnormal tissue oxygen levels, is a common 

characteristic of solid tumours (Vaupel and Mayer, 2007). Interestingly, hypoxia 

promotes the transcriptional up-regulation of SK1 expression via the hypoxia-

inducible factors HIF1α and HIF2α in both normal and cancer cells (Ahmad et al., 

2006; Anelli et al., 2008). This, in turn, results in increased production and release of 

S1P from hypoxic cells that may promote the formation of blood vessels to re-supply 

oxygen and nutrients to cancer cells.  

 

Actively growing solid tumours may also experience nutrient insufficiency. 

Interestingly, nutrient starvation has been shown to activate SK1 in breast cancer 

cells and this, in turn, activates autophagy to sustain cell growth in the absence of 

extracellular nutrients (Lavieu et al., 2006). Thus, SK1-induced autophagy may 

represent a transient adaptive response that enables cancers cells to survive and 

proliferate in the presence of low nutrient levels until neovascularisation of the 

tumour mass takes place. 

Interestingly, SK1 activity is stimulated under hypoxic conditions in multiple cancer 

cell lines (Ader et al., 2008). Increased SK1 activity results in the accumulation of 

HIF1α due to inhibition of its proteasomal degradation (Ader et al., 2008). 

Conversely, pharmacological inhibition of SK1 or down-regulation of SK1 
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expression reduces HIF1α levels and activity in these cells (Ader et al., 2008). Thus, 

a positive feedback loop might exist that amplifies SK1 and HIF1α signalling and 

this might be crucial for cancer progression. Indeed, HIF activates the expression of 

proteins involved in tumour growth, angiogenesis, metastasis and drug resistance 

thereby contributing to the development of an aggressive phenotype (Ader et al., 

2008). 

 

SK2 expression and activity are also increased by hypoxia (Schnitzer et al., 2009). 

This results in S1P release and activation of S1P1/S1P3 that protects lung cancer cells 

from etoposide-induced apoptosis (Schnitzer et al., 2009). Thus, S1P signalling 

mediates hypoxia-induced chemoresistance. 

 

From the studies reported above, it is clear that in addition to the oncogenic activity 

that the SK/S1P pathway exerts on its own, S1P signalling also contributes to cancer 

progression by mediating the effects of other molecules implicated in cancer (e.g. 

EGF, VEGF, oestrogen, HIF). Furthermore, functional interactions exist between 

oncogenes and components of S1P signalling, that mediate oncogene actions or 

facilitate oncogene-dependent signal transmission. For instance, oncogenic Ras 

stimulates SK1 activity in fibroblast and this is required for Ras-induced 

transformation of these cells (Xia et al., 2000). Another example is the functional 

interaction between S1P4 and HER2 (human EGF receptor 2), an oncogene involved 

in breast cancer progression (Borg et al., 1990). In particular, S1P binding to S1P4 

results in HER2 transactivation and enhanced stimulation of the downstream ERK-

1/2 pathway in breast cancer cells (Long et al., 2010b), which has a well-established 

role in breast cancer metastasis. Also, high SK1 expression is associated with 

reduced survival in breast cancer patients whose tumours are HER2 positive (Ohotski 

et al., 2012). 

Finally, a functional interaction has been recently described between SK1 and the 

tumour suppressor p53 (Heffernan-Stroud et al., 2012). In particular, the authors of 

this study demonstrated that p53 negatively regulates SK1 expression. Genotoxic 

stress was found to induce the proteolytic degradation of SK1 via the p53-dependent 

activation of caspase-2; this, in turn, shifts the ceramide/S1P balance in favour of 
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ceramide to promote apoptosis. Conversely, p53 knock-out resulted in increased 

levels of SK1 and reduced ceramide/S1P ratio to promote carcinogenesis. 

Importantly, deletion of SK1 in p53 null mice protected from tumour development. 

Thus, this study demonstrates that the tumour suppressive function of p53 is at least 

in part mediated by the effect of p53 on SK1 expression and ensuing deregulation of 

sphingolipid levels. Moreover, this study provides evidence that p53 inactivating 

mutations (that are common in diverse types of human tumours: Hollstein et al., 

1991) might promote carcinogenesis because of increased SK1 signalling. 

Significantly, these findings suggest that inhibition of SK1 is a promising therapeutic 

option for the treatment of p53-mutated cancers. 

 

1.4.2 SK1 versus SK2 in cancer cells 

 

Unexpectedly, Gao and Smith have recently demonstrated that in various cancer cell 

lines (including kidney and breast cancer cells) ablation of SK2 has stronger 

anticancer effects than ablation of SK1 (Gao and Smith, 2011), suggesting that some 

cancer cell types might rely on SK2 more than on SK1 function. In particular, 

genetic knock-down of SK2 was more effective in inhibiting cell proliferation and 

migration than genetic knock-down of SK1. Moreover, combined treatment with 

both SK1 siRNA and SK2 siRNA did not further reduce cell proliferation nor 

migration compared with SK2 siRNA alone. 

Similar results were obtained in glioblastoma cells, where down-regulation of SK2 

expression suppressed cell proliferation to a higher extent than knock-down of SK1 

(Van Brocklyn et al., 2005). 

 

Gao and Smith also demonstrated that SK1- and SK2-selective ablation exerts 

differential effects on various signalling pathways (p53, p21 and ERK-1/2, involved 

in cell-cycle control and proliferation; FAK and VCAM, involved in cell migration) 

which are consistent with their effects on cell-cycle and cell motility. 

Interestingly, genetic knock-down of SK2 resulted in increased SK1 expression and 

activity. However, the ensuing elevation in cellular S1P levels could not compensate 

the effect of SK2 loss on cell proliferation (Gao and Smith, 2011). This finding 
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suggests that SK2 might regulate a pool of S1P that is functionally distinct from S1P 

formed by SK1 in the cancer cell systems examined. An alternative explanation is 

that SK2 might regulate cell proliferation of these cells via yet unidentified non-

catalytic functions. 

 

Taken together, the results of the study by Gao and Smith support the notion that the 

functions of SK1 and SK2 are not completely redundant in the cancer cell types 

studied, i.e. SK1 and SK2 cannot substitute for each other. 

Another study demonstrated that both SK1 and SK2 are required for EGF-induced 

migration in MDA-MB-453 breast cancer cells (Hait et al., 2005). In fact, down-

regulating the expression of SK1 or SK2 with specific siRNA suppresses cell 

migration in response to EGF while cells are still responsive to exogenous S1P. 

Understanding whether SK1 and SK2 have redundant, complementary or opposing 

functions in cancer cells requires further investigation. 

 

1.4.3 SK and chemotherapy resistance 

 

The development of resistance to radio- and chemo-therapy by tumour cells is 

obviously a major problem in terms of successful treatment of cancer and contributes 

significantly to mortality associated with this disease. SK1 has a critical role in 

regulating the response of cancer cells to therapeutic treatments, i.e. sensitivity 

versus resistance to apoptosis induced by these treatments.  

This is exemplified by numerous studies in cellular and animal systems showing that 

enforced SK1 over-expression results in enhanced resistance to chemotherapeutic 

drugs; conversely, pharmacological inhibition or siRNA knock-down of SK1 

sensitise cancer cells to chemotherapeutic drugs (Bektas et al., 2005; Bonhoure et al., 

2006; Baran et al., 2007; Sobue et al., 2008; Guillermet-Guibert et al., 2009; Marfe et 

al., 2011). Significantly, these effects are associated with changes in the 

ceramide/S1P balance, indicating that the sphingolipid rheostat is functional in 

regulating the cellular response to chemotherapeutic agents. 

In vitro studies also showed that cancer cell lines that are resistant to 

chemotherapeutic drugs have higher expression levels of SK1 compared with their 
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chemotherapeutic-sensitive counterparts and that only the latter produce ceramide 

upon drug treatment (Bonhoure et al., 2006; Baran et al., 2007; Sobue et al., 2008). 

In this regard, it is important to appreciate that a number of stress stimuli, including 

chemotherapeutic agents and ionizing radiations, induce the generation of ceramide 

in cancer cells (either via the de novo or the sphingomyelinase pathway) and this 

mediates apoptosis in response to these agents (Oskouian and Saba, 2010). 

Taken together, these findings are consistent with the possibility that SK1 might at 

least in part contribute to chemoresistance of cancer cells by reducing cellular levels 

of ceramide (section 1.3.3).  

 

A number of mechanisms have been described by which SK1 induces resistance to 

chemotherapeutic drugs, some of which are discussed herein. The role of SK1 in 

mediating the resistance of prostate cancer cells to therapeutic agents is well 

established and will be discussed in more detail in section 1.5. 

Huwiler and colleagues demonstrated that genetic down-regulation or 

pharmacological inhibition of SK1 increases the intracellular levels of reactive 

oxygen species in multiple cancer cell types (Huwiler et al., 2011). This, in turn, 

results in DNA damage which might prime cancer cells for additional damage by the 

genotoxic agent doxorubicin. Indeed, SK1-deficient cancer cells are more sensitive 

to DNA damage and ensuing apoptosis induced by doxorubicin than control cells 

(Huwiler et al., 2011). 

A recent study by Ogretmen and colleagues elucidated the molecular mechanism by 

which SK1 induces the acquisition of resistance to the anticancer agent imatinib in 

chronic myeloid leukaemia (CML) (Salas et al., 2011). CML patients express the 

oncoprotein Bcr/Abl, a constitutively active tyrosine kinase that activates multiple 

signalling pathways to promote cancer progression. Imatinib, a Bcr/Abl inhibitor, is 

the mainstay therapeutic option for treatment of CML. SK1 contributes to the 

resistance of CML cells to this anticancer agent as demonstrated by the finding that 

siRNA knock-down of SK1 expression sensitises resistant CML cells to imatinib 

whereas enforced expression of SK1 prevents apoptosis in response to this drug in 

sensitive CML cells (Baran et al., 2007). 
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Salas and colleagues demonstrated that S1P/S1P2 signalling regulates Bcr/Abl 

stability in CML cells by inhibiting the activity of the protein phosphatase PP2A. 

This prevents the dephosphorylation of Bcr/Abl and therefore its proteasomal 

degradation, resulting in the accumulation of the oncoprotein. Thus, inhibition of the 

SK1/S1P/S1P2 pathway sensitises CML cells to imatinib by restoring the PP2A-

dependent dephosphorylation and subsequent degradation of Bcr/Abl (Salas et al., 

2011). 

Interestingly, FTY720 was previously reported to induce apoptosis in CML cells via 

direct activation of PP2A (Neviani et al., 2007). In light of the studies by Salas et al. 

and Tonelli et al. (2010) reporting that FTY720 is a novel SK1 inhibitor, it is 

conceivable that FTY720-induced apoptosis in CML cells might be due not only to 

its direct action on PP2A but also to the inhibition of SK1 activity and consequent 

disruption of the S1P/S1P2 signalling. 

 

Interestingly, evidence also exists that the SK1/S1P/S1P receptors pathway enhances 

the expression and activity of drug efflux pumps in cancer cells, which are major 

contributors to the development of multidrug resistance in cancer (Pilorget et al., 

2007). This might represent an additional mechanism by which SK1 might contribute 

to chemotherapy resistance. 

 

SK2 is also involved in resistance to chemotherapy. This is exemplified by the 

finding that siRNA knock-down of SK2 expression enhances apoptosis induced by 

the anti-cancer agent doxorubicin in breast and colon cancer cells, an effect that was 

associated with a reduction in the expression of the cell-cycle regulator protein p21 

(Sankala et al. 2007). Indeed, SK2-generated S1P promotes p21 expression by 

modulating the activity of histone deacetylases (Hait et al., 2009). 

Similarly, pharmacological inhibition of SK2 sensitised hepatocellular carcinoma 

cells to the anti-cancer drug sorafenib and, more importantly, potentiated its anti-

tumour activity in vivo (Beljanski et al., 2011). 

 

Taken together, these studies indicate that combination therapies of SK1/SK2 

inhibitors with conventional anticancer agents might be a valuable option for the 



 

46 

clinical management of therapeutic-resistant cancers. Significantly, it is expected that 

this approach would also enable the administration of lower doses of 

chemotherapeutic drugs, thereby reducing the risk of side-effects. 

 

1.4.4 SK as a therapeutic target 

 

The data from the studies presented in the previous sections provide compelling 

evidence that targeting S1P signalling is an attractive therapeutic approach for cancer 

treatment. Indeed, inhibiting S1P pathway in cancer has the potential to impact a 

number of processes that are instrumental in cancer progression. Significantly, 

SK/S1P signalling appears to be almost universally involved in human tumours, so 

that therapies targeted to this pathway may be widely applied for cancer treatment. 

 

Among the potential strategies for inhibiting S1P signalling, inhibition of SK1 offers 

several major advantages, which are: 1) shift of the sphingolipid rheostat due to 

reduction of S1P and concurrent increase of cellular levels of pro-apoptotic 

ceramide; 2) inhibition of both extracellular and intracellular actions of S1P; 3) 

inhibition of growth factor- and hypoxia-dependent responses; 4) sensitisation of 

cancer cells to therapeutic agents. 

 

The results of pre-clinical studies using SK inhibitors in a variety of cancer models 

confirmed that SK-targeted therapy may be a valuable option for clinical 

management of cancer, as detailed below. 

Thus, the development of SK1 inhibitors for clinical use as anti-cancer agents has 

attracted considerable attention over the last few years. Despite a high interest in 

these compounds, however, there are only very few established SK inhibitors to date 

and the development of new SK inhibitors with improved potency and selectivity and 

effective in vivo remains a problem to be addressed.  

 

Until recently, the SK inhibitors most commonly used in pharmacological studies 

were sphingosine analogues, namely N,N-dimethylsphingosine and D,L-threo-

dihydrosphingosine. These compounds inhibit cell growth and induce apoptosis in 
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multiple cancer cell types and overcome resistance to therapeutic agents (Endo et al., 

1991; Sweeney et al., 1996; Nava et al., 2002). However, although showing low-

micromolar potency against SK1 and SK2 activity in vitro (Olivera et al., 1998; Liu 

et al., 2000a), sphingosine analogues lack of selectivity as they also inhibit protein 

kinase C and affect other signalling pathways (Pyne and Pyne, 2010). Consequently, 

despite being effective in reducing tumour growth and metastasis, these compounds 

cause severe side effects when used in vivo (Endo et al., 1991; Shirahama et al., 

1997). 

 

Novel, non-lipid inhibitors of SK were identified by French et al. by screening a 

library of structurally diverse synthetic compounds, that were found to potently 

inhibit SK activity without affecting other lipid kinases or protein kinases (French et 

al., 2003). Among these, 2-(p-hydroxyanilino)-4-(p-chlorophenyl) thiazole was the 

most potent and selective in inhibiting SK activity in in vitro assays (French et al., 

2003). Significantly, this compound was found to inhibit cell proliferation and induce 

apoptosis in a variety of human cancer cell lines and to effectively suppress tumour 

growth in vivo without causing side effects (French et al., 2003; French et al., 2006).  

 

More recently, amidine-based sphingosine analogues have been synthesised and 

characterized which exhibit nanomolar potency in inhibiting SK1 and/or SK2 

activity in vitro and in cancer cells (Mathews et al., 2010; Kennedy et al., 2011).  

 

FTY720 has anticancer effects in multiple models of cancer, being able to induce 

growth arrest and apoptosis in cancer cell lines and to effectively reduce tumour 

growth, vascularisation and metastasis in mice, as will be detailed in Chapter 4. 

Interestingly, FTY720 was recently found to inhibit SK1 activity in vitro (Tonelli et 

al., 2010). Thus, the reported anticancer actions of FTY720 are likely to be 

dependent on both functional antagonism of S1P1 and inhibition of SK1. 

An FTY720 analogue (OSU-2S) has been recently synthesised that lacks S1P1 

receptor activity and therefore does not induce lymphopenia, thereby reducing the 

risk of potential side effects (Omar et al., 2011). OSU-2S is more potent than 
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FTY720 in inhibiting SK1 activity in vitro and suppresses tumour growth in vivo 

without inducing adverse effects (Omar et al., 2011). 

 

The first validation of SK2 as a therapeutic target for cancer treatment was provided 

by a recent study from French et al. (2010). In fact, this study reported that an SK2-

selective inhibitor, ABC294640 [3-(4-chlorophenyl)-adamantane-1-carboxylic acid 

(pyridin-4-ylmethyl)amide] inhibited cell viability and migration when tested in a 

panel of cancer cell types (French et al., 2010). ABC294640 also exhibits anticancer 

activity in vivo being able to inhibit tumour growth associated with reduction in S1P 

levels (French et al., 2010). Interestingly, the reduction of cancer cell viability by 

ABC294640 was associated with the activation of autophagy-mediated death 

(Beljanski et al., 2010). Additionally, it has been demonstrated that ABC294640 

binds to ER acting as an antagonist of this receptor, thereby inhibiting ER signalling 

(Antoon et al., 2010). This provides an additional means by which ABC294640 

might suppress breast cancer cell growth (French et al., 2010; Antoon et al., 2010). 

Importantly, ABC294640 shows favourable chemico-physical and pharmacological 

properties and low toxicity in mice (French et al., 2010). 

 

 

1.5 SK1 and prostate cancer 

 

SK1 and S1P signalling exert multiple effects on prostate cancer cells that are 

conducive to cancer progression, which are discussed in the following sections. This 

will be preceded by a general introduction on prostate cancer focused on the 

mechanisms that underlie the development of androgen-independent prostate cancer. 

 

1.5.1 Prostate cancer: an overview 

 

The latest statistics available indicate that prostate cancer is the most common cancer 

in men in the UK, with 40,841 new cases diagnosed in 2009 (25% of all new cases of 

cancer in males), and the second most common cancer in men worldwide (14% of all 

new cases of cancer in males) (http://www.statistics.gov.uk, last accessed 01 June 
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2012). Although improvement in early detection techniques resulted in the reduction 

in prostate cancer death rate over the last few years (Siegel et al., 2012), prostate-

cancer related mortality is still high and this pathology is the second leading cause of 

cancer-related deaths in the male population of Western countries, with 10,721 

deaths in 2010 in UK (http://www.statistics.gov.uk, last accessed 01 June 2012). 

This is due to the fact that although localized prostate cancers are curable through 

surgery (prostatectomy) or radiation therapy, no curative therapies are currently 

available for locally advanced or metastatic tumours, for which the prognosis is 

almost invariably fatal (see below). 

 

The molecular mechanisms underlying prostatic carcinogenesis are still poorly 

understood, although it has been shown that androgen signalling through the 

androgen receptor (AR) is necessary for this process. Indeed, AR knock-out mice do 

not develop prostate cancer (Yeh et al., 2002).  

 

AR is a ligand-activated nuclear transcription factor belonging to the superfamily of 

steroid hormone receptors (MacLean et al., 1997). Its sequence consists of an amino-

terminal transcriptional activation domain, a central DNA-binding domain, a hinge 

region (containing a nuclear localization signal) and a carboxy-terminal ligand-

binding domain (Grossmann et al., 2001). Ligand-free AR is localized in the 

cytoplasm and bound to inhibitory chaperones such as heat-shock proteins that 

prevent its nuclear translocation but also stabilize AR in a conformation that favours 

androgen binding (Yeh et al., 1999b). Upon binding with its ligand (testosterone and 

its intracellular derivative dihydrotestosterone: Lindzey et al., 1994), AR undergoes 

conformational changes that result in its dissociation from inhibitory proteins. This is 

followed by receptor homodimerization and phosphorylation and subsequent 

translocation from the cytoplasm to the nucleus. Here, AR binds to specific genomic 

regions in the promoter and enhancer regions of target genes, which results in the 

recruitment of cofactors and the formation of an active transcription apparatus 

(Shang et al., 2002) to activate the expression of genes involved in pro-growth and 

pro-survival signalling (Mangelsdorf et al., 1995). Noteworthy, in addition to this 

“genotropic signalling”, a different mechanism of action of AR has been described 
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which involves the modulation of intracellular cascades by AR via direct protein-

protein interactions (Unni et al., 2004). The term “non-genotropic” has been used to 

describe this signalling mechanism which does not involve AR nuclear translocation 

nor direct interaction with DNA (Unni et al., 2004). 

The transcriptional program activated by AR is essential for the differentiation, 

growth and function of normal prostate (Dehm and Tindall, 2006). 

 

The growth and survival of prostate cancer cells is initially dependent on androgen 

stimulation (Denmeade et al., 1996) and this reliance is exploited in the clinic. 

Indeed, the main therapeutic approach for the treatment of locally advanced or 

metastatic disease is based on preventing the expression of AR-regulated genes. This 

is achieved by suppressing androgen production via surgical and/or chemical 

castration (androgen ablation therapy) and/or by blocking AR activation via 

administration of AR antagonists (antiandrogen therapy) (Denis and Griffiths, 2000). 

However, despite the initial effectiveness in inducing tumour regression, these AR-

directed therapies ultimately fail in the large majority of the patients due to the 

development of an androgen-independent (also termed hormone-refractory or 

castration-resistant) prostate cancer which occurs within a period of approximately 

18 months from treatment (Lee et al., 2008). The mechanisms underlying the 

acquisition of androgen independence are still not fully understood, which hampered 

the development of effective therapies. Indeed, castration-resistant prostate cancer is 

currently incurable and has an inevitably fatal outcome with a median survival of 

approximately 18 months from its onset (Lee et al., 2008). 

Clinical studies have shown that AR is expressed in nearly all prostate cancers, both 

androgen-dependent and androgen-independent and regardless of tumour stage (Sadi 

et al., 1991; van der Kwast et al., 1991; Ruizeveld de Winter et al., 1994; Tilley et 

al., 1994; Hobish et al., 1995; van der Kwast et al., 1996). Significantly, gene 

expression analysis of human prostate cancer samples demonstrated that AR-

regulated genes (including prostate-specific antigen, PSA) that are suppressed upon 

androgen deprivation therapy are re-expressed in tumours that have progressed to 

hormone independence (Holzbeierlein et al., 2004). This indicates that AR function 

has been inappropriately restored in androgen-independent prostate cancers, i.e. AR 
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signalling is active despite the (virtual) absence of androgen stimulation. Thus, the 

reactivation of AR signalling is a key determinant of “androgen escape” and 

therefore therapeutic failure. 

 

A number of mechanisms have been described by which AR activation may occur in 

the presence of castration levels of androgen. These mechanisms, that are not 

mutually exclusive and may operate together, include: 1) AR amplification/over-

expression, 2) AR mutations, 3) alterations of AR co-factors, 4) AR transactivation 

via cross-talk with other signalling pathways, and 5) generation of constitutively 

active AR variants. These aberrant mechanisms of AR activation are discussed 

below.  

 

1) AR amplification/over-expression-- AR over-expression is common in hormone-

refractory human prostate cancers (Chen et al., 2008). AR gene amplification is 

reported in 25-30% of patients with castration-resistant prostate cancer while it is 

present only in 1-2% of primary tumours (Visakorpi et al., 1995; Koivisto et al., 

1997; Bubendorf et al., 1999; Linja et al., 2001; Edwards et al., 2003; Ford et al., 

2003) and is associated with increased AR protein levels (Edwards et al., 2003; Ford 

et al., 2003). AR over-expression in androgen-independent prostate cancers has also 

been reported in the absence of AR gene amplification, due to post-transcriptional 

mechanisms (e.g. increased AR mRNA and/or protein stability) (Edwards et al., 

2003). Remarkably, it has been shown that enforced expression of AR is sufficient to 

confer androgen-independent growth in animal models of prostate cancer (Chen et 

al., 2004). Indeed, over-expressed AR is activated by extremely low concentration of 

androgens; additionally, other endogenous steroids and even antiandrogens act as an 

agonist of AR when this receptor is over-expressed (Chen et al., 2004). 

 

2) AR mutations-- Clinical studies have shown that the progression of prostate cancer 

to a hormone-refractory state is associated with a significant increase in the 

frequency of AR mutations (Taplin et al., 1995; Tilley et al., 1996; Marcelli et al., 

2000). These mutations broaden the ligand specificity of AR, enabling its activation 

by other steroid hormones and even by antiandrogens. In addition, a nonsense 
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mutation in the AR gene has also been described that results in the expression of a 

truncated AR receptor with constitutive, ligand-independent activity (Ceraline et al., 

2004). 

 

3) Alterations of AR co-factors-- Once bound to specific DNA sequences, AR 

recruits a number of “coactivators”, proteins that facilitate the recruitment of other 

transcription factors and chromatin remodelling to promote transcription (Shang et 

al., 2002). Altered expression of AR co-activators in prostate cancer cell lines has 

been linked to ligand-independent AR activation, increased AR transcriptional 

activity in the presence of very low androgen concentrations and altered ligand 

specificity, which allows AR activation by nonandrogenic steroids or by 

antiandrogens (Edwards and Bartlett, 2005). 

 

4) AR transactivation via cross-talk with other signalling pathways-- In vitro studies 

reported that AR can be activated in the absence of its ligand or in the presence of 

very low levels of androgens through the interaction with other signalling pathways. 

For instance, a number of growth factors (including insulin-like growth factor-I, 

keratinocyte growth factor and EGF) can bind to their cognate tyrosine kinase 

receptors to stimulate signalling cascades that result in the ligand-independent 

activation of AR and ensuing androgen-independent growth (Culig et al., 1994). 

Significantly, the synthesis of these growth factors is up-regulated in prostate cancer 

(Feldman and Feldman, 2001). Similarly, enforced over-expression of HER2 

receptor tyrosine kinase in androgen-dependent prostate cancer cells results in 

increased AR transcriptional activity and subsequent expression of AR target genes 

in the absence of androgen stimulation (Craft et al., 1999; Yeh et al., 1999a; Wen et 

al., 2000; Mellinghoff et al., 2004). Significantly, HER2 expression is increased with 

progression to androgen independence, as observed in cell lines, animal models and 

patients who have developed castration resistant-tumours (Craft et al., 1999; 

Signoretti et al., 2000; Shi et al., 2004; Mukherjee et al., 2011). It is possible that 

similar to HER2, other receptor tyrosine kinases become over-expressed or 

constitutively active in prostate cancer cells, resulting in aberrant AR 
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phosphorylation and transcriptional activation and androgen-independent growth of 

prostate cancer cells.  

 

The downstream effectors of the receptor tyrosine kinase involved in AR 

transactivation include the ERK-1/2 and Akt pathways. Indeed, both ERK-1/2 and 

Akt phosphorylate AR to enhance its transcriptional activity in prostate cancer cell 

lines (Yeh et al., 1999a; Wen et al., 2000; Lin et al., 2001; Lin et al., 2003). Thus, 

HER2-induced transactivation of AR can be blocked by inhibiting ERK-1/2 or Akt 

(Yeh et al., 1999a; Wen et al., 2000). Remarkably, Akt activation and AR 

phosphorylation are strongly correlated in samples from hormone-refractory prostate 

cancer patients (McCall et al., 2008), supporting the clinical relevance of Akt-

induced transactivation of AR.  

 

5) Generation of constitutively active AR variants-- A number of truncated AR 

variants have been described whose expression is reported to be increased in 

androgen-independent versus androgen-dependent prostate cancer cell lines, animal 

models and clinical samples. Preclinical studies demonstrated that these receptor 

isoforms are constitutively active and induce the expression of AR-regulated genes in 

a ligand-independent manner to promote cell growth in the absence of androgen 

stimulation (Ceraline et al., 2004; Libertini et al., 2007; Dehm et al., 2008; Guo et al., 

2009; Sun et al., 2010; Watson et al., 2010; Chan et al., 2012). Various mechanisms 

have been described by which these constitutively active truncated AR variants can 

be generated, that include aberrant splicing of AR mRNA (Dehm et al., 2008; Guo et 

al., 2009; Sun et al., 2010; Watson et al., 2010), protease-mediated cleavage of AR 

(Libertini et al., 2007; Yang et al., 2008) and nonsense mutations (Ceraline et al., 

2004). 

 

Another mechanism that might account for the failure of androgen ablation therapy 

involves the intracrine production of androgens by prostate cancer cells. Indeed, 

clinical studies reported an increase in intratumoral androgen levels associated with 

the progression of prostate cancer to androgen independence following androgen 

ablation therapy, despite lower levels of serum androgens (Holzbeierlein et al., 2004; 
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Stanbrough et al., 2006; Locke et al., 2008; Montgomery et al., 2008). These studies 

also reported that the expression of various enzymes involved in the synthesis of 

androgens is up-regulated in castration-resistant tumours, which might account for 

the increased intra-prostatic androgen levels (Holzbeierlein et al., 2004; Stanbrough 

et al., 2006; Locke et al., 2008; Montgomery et al., 2008). Thus, the intracrine 

synthesis of androgens by tumour cells may allow prostate cancer growth in the 

presence of very low serum androgen levels (Holzbeierlein et al., 2004; Stanbrough 

et al., 2006; Locke et al., 2008; Montgomery et al., 2008).  

 

Interestingly, Li and colleagues demonstrated that androgen removal activates 

autophagy in androgen-dependent prostate cancer cells and this results in increased 

cell viability under androgen deprivation conditions (Li et al., 2008a). Thus, this 

study suggests that the activation of the autophagic pathway might sustain prostate 

cancer cell survival in the absence of androgen stimulation during the transition to 

androgen independence. 

 

It is not known whether hormone-refractory prostate cancer develops from a minority 

of pre-existent androgen-independent cells that are positively selected for under 

androgen deprivation conditions, or whether androgen ablation itself promotes the 

acquisition of an androgen-independent phenotype. In this regard, it has been 

recently reported that androgen withdrawal induces the acquisition of a senescence-

associated secretory phenotype in prostate cancer cells both in vitro and in human 

prostate tumours (Pernicová et al., 2011). This finding is particularly interesting, as it 

has been shown that senescent cells are able to secrete various factors that act in a 

paracrine manner to promote cancer development and progression, both in vitro and 

in vivo (Coppé et al., 2008). Thus, the study by Pernicová et al. provides a 

mechanism by which castration may contribute to the development of hormone-

refractory prostate cancer. 

 

Remarkably, castration-resistant prostate cancers are still dependent on AR 

signalling for growth and survival. Indeed, down-regulation of AR results in growth 

suppression and apoptotic death in in vitro and in vivo models of hormone-refractory 
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prostate cancer (Haag et al., 2005; Liao et al., 2005; Yuan et al., 2006; Snoek et al., 

2009). 

Given that AR has a key role in both hormone-sensitive and castration-resistant 

prostate cancer, the AR pathway represent an attractive therapeutic target for the 

treatment of this disease, and the development of more effective AR-directed 

strategies is an active area of research in this field (Chen et al., 2008). 

 

1.5.2 Functions of the SK1/S1P pathway in prostate cancer models 

 

A number of studies demonstrate that endogenous SK1 has a critical role in 

promoting proliferation and maintaining survival of prostate cancer cells. Enforced 

expression of SK1 markedly stimulates prostate cancer cell proliferation (Brizuela et 

al., 2010). Conversely, siRNA knock-down of SK1 expression increases the 

ceramide/S1P ratio and this is associated with inhibition of cell proliferation and 

activation of apoptosis in prostate cancer cells (Akao et al., 2006; Pchejetski et al., 

2005). Similarly, pharmacological inhibitors of SK1 reduced cell proliferation and 

induced apoptosis in prostate cancer cells by shifting the ceramide/S1P balance 

toward ceramide (Nava et al., 2000b; Akao et al., 2006; Pchejetski et al., 2005; 

Pchejetski et al., 2008; Brizuela et al., 2010; Pchejetski et al., 2010). The effect of 

SK1 inhibitors on cell survival could be reversed by over-expression of SK1. Indeed, 

prostate cancer cells that over-express SK1 have a significantly lower ceramide/S1P 

ratio than control cells. In these cells, treatment with SK1 inhibitors fails to shift the 

ceramide/S1P balance toward ceramide and this is associated with the failure to 

activate apoptosis (Pchejetski et al., 2005; Pchejetski et al., 2008; Brizuela et al., 

2010; Pchejetski et al., 2010). 

 

Interestingly, treatment with pertussis toxin to inhibit Gi-coupled S1P receptors 

markedly inhibits prostate cancer cell growth (Akao et al., 2006), indicating that 

S1P/S1PR signalling participates to cell proliferation. Indeed, exogenous S1P 

stimulates prostate cancer cell proliferation associated with the activation of ERK-

1/2 (Gibbs et al., 2009). 
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Conversely, genetic knock-down of S1P receptors (S1P1-S1P5), either individually or 

altogether, does not significantly reduce prostate cancer cell viability (Pchejetski et 

al., 2010), suggesting that S1P inside-out signalling might not be involved in 

promoting the survival of these cells.  

 

In vivo studies support a role for SK1 in prostate cancer growth. Indeed, SK1 over-

expressing prostate cancer cells develop significantly larger tumours when implanted 

in nude mice compared with cells that express endogenous SK1 only (Pchejetski et 

al., 2005; Brizuela et al., 2010). These tumours have a reduced ceramide/S1P ratio 

compared with control tumours (Pchejetski et al., 2005; Brizuela et al., 2010). 

Conversely, SK1 inhibition induce tumour regression associated with increased 

ceramide/S1P ratio (Pchejetski et al., 2008; Brizuela et al., 2010). 

 

Taken together, these findings demonstrate that the sphingolipid rheostat is critically 

regulated by SK1 in prostate cancer cells.  

 

In addition to its effect on tumour growth, SK1 enhances prostate cancer cell 

invasiveness and ability to metastasize. Indeed, SK1 inhibition is associated with a 

significant reduction of metastatic dissemination in prostate cancer animal models 

(Pchejetski et al., 2005; Brizuela et al., 2010). This is consistent with the ability of 

exogenous S1P to stimulate prostate cancer cell migration and invasion, which 

involves the S1P2/S1P3-dependent activation of the transcription factor Stat3 (signal 

transducer and activator of transcription 3) via ERK-1/2 (Sekine et al., 2011). It is 

important to appreciate that the ability of S1P to activate Stat3 may be relevant to 

prostate cancer progression. In fact, Stat3 promotes the expression of genes involved 

in cell growth and survival and a high expression/activity of Stat3 is associated with 

an aggressive phenotype in human prostate cancer (Horinaga et al., 2005). 

Significantly, a positive feedback loop has been demonstrated in cancer cells 

whereby Stat3 promotes the expression of S1P1 and this, in turn, is required for 

persistent activation of Stat3 in tumour cells (Lee et al., 2010). 

 



 

57 

Another mechanism by which S1P promotes prostate cancer invasiveness has been 

recently elucidated (Beckham et al., 2012). In this study it was shown that S1P 

activates signalling pathways that culminate in the transcriptional up-regulation of 

the expression of cathepsin B, a protease involved in the degradation the extracellular 

matrix (Beckham et al., 2012).  

 

Finally, an additional mechanism by which SK1 might contribute to the progression 

of prostatic carcinoma is through its ability to mediate the response of prostate cancer 

cells to hypoxia. Indeed, exposure of prostate cancer cells to hypoxic conditions 

results in SK1 activation and subsequent increase in the expression and 

transcriptional activity of hypoxia inducible factor HIF1α (Ader et al., 2008).  

Significantly, the exposure of prostate cancer cells to hypoxic conditions and ensuing 

elevation in HIF levels has been shown to promote the acquisition of an aggressive 

phenotype and resistance to apoptotic stimuli including chemotherapeutic drugs 

(Ghafar et al., 2003). SK1, that functions both upstream and down-stream of HIF 

(section 1.4.1), might contribute to this. 

 

The relevance of SK1 in human prostate cancer development and progression is 

confirmed by a clinical study showing that SK1 expression/activity in patient tumour 

samples is significantly increased compared with healthy counterparts and that a high 

expression of SK1 is predictive of a poor clinical outcome (Malavaud et al., 2010). 

 

The role of SK2 in prostate cancer is poorly characterised. The only published study 

in regard reports that pharmacological inhibition of SK2 by ABC294640 reduces 

prostate cancer cell proliferation (French et al., 2010), although it has not been 

investigated whether this is due to SK2 inhibition or an off-target effect of this 

compound. As mentioned above, ABC294640 is an ER antagonist (Antoon et al., 

2010), which raises the possibility that this inhibitor might interfere with AR 

signalling to inhibit prostate cancer cell proliferation. 

 

Interestingly, cross-talk exists between SK1 and AR signalling in prostate cancer 

cells. In fact, SK1 mediates the mitogenic effect of androgen in these cells. 
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Treatment of androgen-dependent prostate cancer cells with dihydrotestosterone 

(DHT) induces a rapid and transient stimulation of SK1 activity via a PI3K/Akt-

dependent mechanism (Dayon et al., 2009). Indeed, it has been shown that activation 

of the PI3K/Akt pathway via direct interaction between AR and PI3K (i.e. via a non-

genotropic mechanism) mediates the rapid effects of androgen stimulation (Sun et 

al., 2003; Baron et al., 2004). Significantly, pharmacological inhibition of SK1 

suppressed DHT-induced proliferation of androgen-dependent prostate cancer cells 

(Dayon et al., 2009), supporting a crucial role of SK1. 

 

SK1 also mediates the response of hormone-sensitive prostate cancer cells to 

androgen depletion. Acute androgen deprivation induces a rapid and transient 

inhibition of SK1 activity in androgen-dependent, but not in androgen-independent 

prostate cancer cells which is associated with cell growth inhibition (Dayon et al., 

2009). Significantly, over-expression of SK1 prevents the suppression of cell 

proliferation induced by androgen withdrawal (Dayon et al., 2009). 

Similar results were obtained in vivo, where castration induced a substantial 

shrinkage of androgen-dependent tumours which was associated with a significant 

reduction in SK1 activity (Dayon et al., 2009). 

 

Of note, chronic androgen deprivation has an opposite effect on SK1, inducing the 

up-regulation of SK1 expression (Dayon et al., 2009), as detailed in the next 

subsection. 

 

1.5.2.1 SK1 and acquisition of androgen independence 

 

As mentioned in the previous section, androgen-dependent prostate cancer cells that 

are enforced to over-express SK1 do not undergo cell growth arrest in response to 

acute androgen removal (Dayon et al., 2009). This finding indicates that SK1 over-

expression is sufficient to sustain the proliferation of prostate cancer cells in the 

absence of hormonal stimulation, which is the hallmark of androgen-independence.  

 

Remarkably, a study by Cuvillier and colleagues demonstrates that SK1 is necessary 

for androgen escape (Dayon et al., 2009). Androgen-dependent prostate cancer cells 
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subjected to long-term androgen deprivation progress to an androgen-independent 

state (Murillo et al., 2001; Shi et al., 2004; Dayon et al., 2009), recapitulating the 

development of hormone-refractory prostate cancer in patients treated with androgen 

ablation therapy. Interestingly, Cuvillier and colleagues demonstrated that the 

transition to androgen independence in vitro is associated with a substantial increase 

in SK1 expression and activity (Dayon et al., 2009). Significantly, pharmacological 

inhibition of SK1 prevented the transition of androgen-dependent prostate cancer 

cells to androgen independence (Dayon et al., 2009). Thus, this study provides 

evidence that inhibiting SK1 might represent a successful therapeutic approach to 

prevent the transition to androgen independence. 

 

The elevation of SK1 levels observed in prostate cancer cells under chronic androgen 

deprivation conditions was dependent on PI3K/Akt signalling, as pharmacological 

inhibition of this pathway suppressed SK1 accumulation (Dayon et al., 2009). Of 

note, aberrant activation of Akt has been described as a central mechanism involved 

in androgen escape (Murillo et al., 2001; Pfeil et al., 2004; Lu et al., 2006) and 

clinical studies have demonstrated that Akt activation is associated with the 

development of hormone-refractory prostate cancer and poor clinical outcome 

(Edwards et al., 2003; Kreisberg et al., 2004; McCall et al., 2008). In light of the 

findings from the study by Dayon et al., it is tempting to speculate that the activation 

of SK1 might mediate some of the effects of Akt. 

 

The mechanisms by which increased SK1 promotes the progression of prostate 

cancer cells to androgen independence have not been reported. Several mechanisms 

might be involved. For instance, SK1 over-expression confers a growth advantage to 

prostate cancer cells (Pchejetski et al., 2005; Dayon et al., 2009) which may enable 

these cells to bypass the need for androgen stimulation.  

Another mechanism might involve the SK1-induced up-regulation of Bcl-2 (Limaye 

et al., 2005). Indeed, a number of studies reported that Bcl-2 levels are up-regulated 

in prostate cancer cell lines and human tumours that have progressed to androgen 

independence (McDonnell et al., 1992; Colombel et al., 1993; Shi et al., 2004). 

Significantly, in vitro and in vivo studies demonstrated that enforced over-expression 
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of Bcl-2 protects androgen-dependent prostate cancer cells from androgen ablation-

induced apoptosis, while genetic knock-down of Bcl-2 inhibits androgen escape 

following castration in an animal model of prostate cancer (Raffo et al., 1995; Gleave 

et al., 1999). 

Furthermore, S1P activates intracellular cascades and interacts with signalling 

pathways that have been implicated in androgen-independent activation of AR (e.g. 

ERK-1/2, Akt, HER2, EGF) (paragraph 1.5.1). The involvement of SK1/S1P 

signalling in AR transactivation and in AR bypass in prostate cancer requires formal 

investigation. 

 

Interestingly, SK1 is also involved in the acquisition of oestrogen independence in 

breast cancer cells (Sukocheva et al., 2009). Indeed, over-expression of SK1 confers 

resistance to tamoxifen (an ER antagonist), which is due to constitutive activation of 

ER. Conversely, inhibition of SK1 activity/expression restores responsiveness to this 

drug in breast cancer cells (Sukocheva et al., 2009). This was confirmed by clinical 

studies demonstrating that high SK1 expression correlates with induction of 

resistance to tamoxifen in oestrogen receptor-positive breast cancer patients, where 

time for disease recurrence in patients receiving tamoxifen was significantly 

shortened in patients with high levels of SK1 (Long et al., 2010a; Watson et al., 

2010). 

 

1.5.3 SK1 and resistance to therapy 

 

In vitro and in vivo studies demonstrated a correlation between SK1 activity and 

resistance to therapeutic treatments in prostate cancer. In particular, the inhibition of 

SK1 and ensuing alteration in the ceramide/S1P balance is a key element in 

chemotherapy- and radiotherapy-induced apoptosis in prostate cancer cell lines and 

animal models. 

 

Chemotherapeutic agents (e.g. docetaxel, camptothecin) substantially reduce SK1 

activity and elevate the ceramide/S1P ratio in prostate cancer cells that are sensitive 

to these drugs, and this is associated with the activation of apoptosis (Pchejetski et 
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al., 2005; Pchejetski et al., 2008; Sauer et al., 2009; Pchejetski et al., 2010). Indeed, 

SK1 is required for prostate cancer cell survival, as demonstrated by the finding that 

genetic deletion of this enzyme substantially reduces cell viability (Pchejetski et al., 

2005) (1.5.2).  

Over-expression of SK1 impairs the efficacy of chemotherapeutic agents. Indeed, 

prostate cancer cells over-expressing SK1 have a lower ceramide/S1P ratio which is 

not shifted in response to chemotherapy, and this is associated with resistance to 

chemotherapy-induced apoptosis (Pchejetski et al., 2005). 

Accordingly, the failure to inhibit SK1 and elevate ceramide levels is associated with 

chemoresistance of prostate cancer cells. Indeed, treatment with chemotherapeutics 

does not induce inhibition of SK1 activity and does not alter the ceramide/S1P ratio 

in chemotherapy resistant prostate cancer cells (Pchejetski et al., 2005). 

 

The relevance of SK1 and the ceramide/S1P rheostat in mediating the response to 

chemotherapeutics is supported by studies in in vivo models of prostate cancer, 

where chemotherapy-induced reduction in tumour mass correlates with SK1 

inhibition and elevation in the ceramide/S1P ratio (Pchejetski et al., 2005). 

Consistent with the in vitro studies, prostate cancer cells over-expressing SK1 

develop tumours with increased resistance to chemotherapeutic treatment, associated 

with the failure of the anticancer agents to shift the ceramide/S1P balance toward 

pro-apoptotic ceramide (Pchejetski et al., 2005). 

Significantly, the efficacy (i.e. the ability to reduce cell viability) of the 

chemotherapeutic drugs in vitro and in vivo is proportional to the extent to which 

SK1 activity is inhibited, reflected by the shift of the ceramide/S1P balance, 

demonstrating that SK1 is a “chemotherapy sensor” in prostate cancer (Pchejetski et 

al., 2005). 

In line with these findings, SK1 down-regulation increases the efficacy of 

chemotherapy. In fact, pharmacological or siRNA-mediated inhibition of SK1 

strongly sensitises prostate cancer cells to chemotherapy-induced apoptosis and 

overcomes chemotherapy resistance by shifting the ceramide/S1P balance, both in 

vitro and in vivo (Pchejetski et al., 2008; Sauer et al., 2009). 
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Similarly, a correlation between SK1 and resistance to radiotherapy has also been 

shown. Ionizing radiation strongly inhibits SK1 activity and elevates ceramide levels 

in radiation-sensitive prostate cancer cells whereas SK1 activity is not affected in 

radiation-resistant prostate cancer cells (Nava et al., 2000b). 

Pharmacological inhibitors of SK1 and SK1 siRNA sensitise prostate cancer cells to 

γ-irradiation-induced apoptosis (Nava et al., 2000b; Pchejetski et al., 2010), an effect 

that is abrogated by SK1 over-expression and partially reversed by exogenous S1P 

(Pchejetski et al., 2010). Addition of cell-permeable ceramide mimicked the effect of 

SK1 inhibition in sensitising prostate cancer cells to γ-irradiation (Pchejetski et al., 

2010). 

 

The mechanism(s) by which chemotherapeutic drugs and ionizing radiations inhibit 

SK1 in sensitive prostate cancer cells have not been reported. In this context, it has 

been shown that docetaxel and camptothecin fail to inhibit SK1 activity in in vitro 

assays (Pchejetski et al., 2005). In the case of docetaxel, it has been shown that SK1 

inhibition in response to this drug involves an initial reduction in SK1 catalytic 

activity followed by the down-regulation of Sk1 gene expression (Sauer et al., 2009). 

Interestingly, SK1 expression has been shown to be reduced by γ-irradiation in breast 

cancer cells due to cathepsin- and caspase-mediated proteolytic degradation (Taha et 

al., 2004). Whether this mechanism mediates the loss of SK1 activity in irradiated 

prostate cancer cells is not known. 

Likewise, the mechanisms underlying the failure of chemotherapeutic agents and γ-

irradiation to reduce SK1 activity in resistant cancer cells have not been reported.  

Surprisingly, some chemotherapy agents can increase SK1 activity and expression in 

prostate cancer cells and this is associated with the failure to activate apoptosis 

(Akao et al., 2006; Pchejetski et al., 2008). Although the molecular basis of SK1 up-

regulation is not known, this event is crucial for the resistance of prostate cancer cells 

to the anticancer drugs. Indeed, cotreatment with anticancer agents and SK1 

inhibitors to prevent the activation of SK1 and the reduction of the ceramide/S1P 

ratio, overcomes the resistance of these cells to apoptosis (Pchejetski et al., 2008). 
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Collectively, these studies clearly indicate that increased SK1 activity confers 

resistance to chemotherapy and radiotherapy in prostate cancer via the modulation of 

the sphingolipid rheostat. It is important to appreciate that chemotherapeutic drugs 

induce apoptosis in prostate cancer cells via both SK1-dependent and SK1-

independent mechanisms (Sauer et al., 2009). Nonetheless, the studies reported in 

this section provide strong evidence that inhibition of SK1 can substantially improve 

the response to therapeutic treatments. 

 

In contrast, SK2 does not appear to be involved in the acquisition of chemotherapy 

resistance by prostate cancer cells (Pchejetski et al., 2010). 

 

Of note, the recently uncovered functional interaction between S1P and NF-κB might 

be relevant to the acquisition of resistance to docetaxel by prostate cancer cells. 

Indeed, NF-κB is a prognostic marker for resistance to docetaxel in prostate cancer 

and inhibition of NF-κB sensitises prostate cancer cells to this drug in vitro 

(Domingo-Domenech et al., 2006). As discussed in section 1.2.2.2, S1P binds to and 

stimulates TRAF2 to activate NF-κB (Alvarez et al., 2010). Thus, S1P-induced 

activation of NF-κB might contribute to decrease the response of prostate cancer 

cells to docetaxel. 

 

 

1.6 Project aim 

 

Compelling evidence implicates SK1 in human prostate cancer. SK1 expression is 

up-regulated in clinical tumour specimens and correlates with adverse clinical 

features, and SK1 is instrumental for prostate cancer growth, progression to androgen 

independence and resistance to therapeutic agents both in prostate cancer cell lines 

and animal models. Pre-clinical studies provide strong evidence that targeting SK1 

might be a successful approach for the clinical management of prostate cancer. This 

is remarkable, as the development of effective therapeutic treatments for advanced 

and hormone-resistant prostate cancer is an unmet clinical need. 
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In light of these issues, the overall aim of the present study was to further investigate 

the functions of SK1 in prostate cancer to evaluate its potential as a therapeutic target 

for the treatment of this disease. For this purpose, the effects of pharmacological 

inhibition of SK1 were investigated in in vitro models of prostate cancer, including 

an androgen-dependent cell line and an androgen-independent subline derived from 

it. Comparing these two cell lines enabled the evaluation of any alteration in SK1 

functions occurring in conjunction with the progression of prostate cancer cells to 

androgen independence. 

 

In particular, the study focused on investigating the mechanisms by which SK1 

regulates cell survival and androgen receptor-dependent signalling. The contribution 

of two SK1 isoforms (SK1a and SK1b) was assessed and comparison with SK2 was 

made.  

In the course of these investigations, an entirely novel mechanism of action of SK1 

inhibitors was identified, i.e. the down-regulation of SK1 expression by these 

compounds. Therefore, this study focused on elucidating the mechanisms by which 

SK1 inhibitors regulate SK1 expression, as well as on characterising the molecular 

basis of the different sensitivities of SK1a and SK1b to degradation. 

 

The chemical structures of the SK inhibitors that were used in the current study are 

reported in Figure 1.5. 
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SKi

FTY720

(S)-vinylPn

(R)-FTY720-OMe

 

 

Figure 1.5 Chemical structures of SK inhibitors: 2-(p-hydroxyanilino)-4-(p-

chlorophenyl)thiazole [SKi], 2-amino-2-[2-(4-octylphenyl)ethyl]-1,3-propanediol 

[FTY720], (S)-FTY720 vinylphosphonate [(S)-vinylPn] and (R)-FTY720 methyl ether 

[(R)-FTY720-OMe]. 
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2. MATERIALS AND METHODS 

  

 

2.1 Materials 

 

2.1.1 General reagents  

 

All biochemical reagents were purchased from Sigma-Aldrich (UK) unless otherwise 

stated. 

 

Bio-Rad (UK) 

BIO-RAD protein assay reagent 

 

GE Healthcare (UK) 

Hybond
TM 

ECL
TM

 Nitrocellulose membrane; Kodak X-ray Films (X-Omat LS) 

 

Merck Chemicals (UK) 

β-glycerophosphate disodium salt 

 

Promega UK 

Proteasome-Glo™ Chymotrypsin-Like Cell-Based Assay kit 

 

Thermo Scientific 

Pierce BCA Protein Assay kit  

 

2.1.2 Cell culture 

 

RPMI 1640, OptiMEM®, European foetal calf serum (EFCS), penicillin-

streptomycin (10,000 units/ml penicillin and 10,000 μg/ml streptomycin), L-

glutamine, trypsin/EDTA solution and Lipofectamine
TM

2000 were from Invitrogen 

(Paisley, UK). Charcoal filtered foetal bovine serum was from Lonza (Switzerland). 

LNCaP and LNCaP-AI (Androgen-Independent) cells were gifted from Professor 



 

68 

Hing Leung (Beatson Institute, Glasgow, UK). LNCaP-AI cells were derived by 

culturing LNCaP cells in androgen-deprivation conditions (Halkidou et al., 2003). 

 

2.1.3 Antibodies  

 

BD
 
Transduction Laboratories (Oxford, UK) 

Monoclonal anti-ERK-2 antibody (#610104) 

 

New England Biolabs Ltd. (Hitchin, UK) 

Polyclonal anti-PARP antibody (#9542S); polyclonal anti-cleaved caspase-3 

(Asp175) (5A1E) antibody (#96445) 

 

Santa Cruz Biotechnology (California, USA) 

Monoclonal anti-phosphorylated ERK-1/2 (E-4) antibody (#sc-7383); polyclonal 

anti-androgen receptor (C-19) antibody (#sc-815); polyclonal anti-cyclin D1 (M-20) 

antibody (#sc-718); monoclonal anti-c-Myc (9E10) antibody (#sc-40); polyclonal 

anti-c-Myc (A-14) antibody (#sc-789) 

 

Sigma-Aldrich (Poole, UK)  

Polyclonal anti-actin antibody (#A2066); monoclonal anti-p53 (DO-7) antibody 

(#P8999); tetramethyl rhodamine isothiocyanate (TRITC)-conjugated anti-mouse 

IgG; fluorescein isothiocyanate (FITC)-conjugated anti-rabbit IgG; Protein G-

Sepharose 4B; reporter horseradish peroxidase-anti-mouse
 
IgG; reporter horseradish 

peroxidase-anti-rabbit
 
IgG 

 

Stratagene (La Jolla, USA) 

Monoclonal anti-FLAG M2 antibody (#200472) 

 

Polyclonal anti-SK1 antibodies (Ab-64 and Ab-94) were a kind gift from Dr Andrea 

Huwiler (University of Bern, Switzerland) (Huwiler et al., 2006). It should be noted 

that, due to the limited availability of these antibodies, for some of the experiments 
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reported in the current study it was not possible to assess the expression of both 

SK1a and SK1b. 

  

2.1.4 Agonists and inhibitors  

 

Avanti Polar Lipids (Alabaster, USA) 

Sphingosine; sphingosine 1-phosphate 

 

Cayman Chemicals (Tallinn, Estonia) 

FTY720 

 

Enzo Life Sciences (Exeter, UK) 

MG132; PD98059; PD150606; myriocin; Ac-DEVD-CHO; Fumonisin B1; C2-

dihydroceramide; C2-ceramide; dihydrosphingosine  

 

Merck Biosciences (Nottingham, UK) 

2-(p-Hydroxyanilino)-4-(p-chlorophenyl)thiazole (SKi); cycloheximide; CA074Me; 

caspase-2 inhibitor ICH-1; Protease Inhibitor Cocktail Set I  

 

Sigma-Aldrich (Poole, UK) 

Phenylmethylsulphonyl fluoride; N-acetyl L-cysteine 

 

FTY720 analogues (S)-FTY720 vinylphosphonate and (R)-FTY720 methyl ether 

were gifted from Professor Robert Bittman (Queens College of the City University of 

New York, New York, USA). 

 

2.1.5 Molecular Biology 

 

Bioline (London, UK) 

Bioscript
TM

 reverse transcriptase enzyme; HyperLadder
TM

 II 

 

Biomers.net 
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SK1 PCR primers; SK2 PCR primers; S1P2 PCR primers; S1P3 PCR primers 

 

Dharmacon (Cromlington, UK) 

DharmaFECT
TM

2 reagent; ON-TARGETplus SMARTpool® SK1 siRNA; Solaris 

qPCR Gene Expression Assay kits  

 

Eurofins MWG Operon (Ebersberg, Germany) 

Oligo(dT)12-18; S1P1 PCR primers 

 

GE Healthcare (UK) 

dNTP mix 

 

Invitrogen (Paisley, UK) 

GAPDH PCR primers; LPP1 PCR primers; LPP2 PCR primers; LPP3 PCR primers; 

UltraPure Agarose; pcDNA3.1 and pcDNA4.0 plasmid constructs 

 

NBS Biologicals 

SafeView Nucleic Acid Stain 

 

QIAGEN (Crawley, UK) 

Scrambled siRNA 

 

Sigma-Aldrich (Poole, UK) 

Amplification Grade DNAse I 

 

Thermo Scientific (Abgene/Thermo Fisher Scientific, Epsom, UK) 

NucleoSpin® RNA II kit; Taq DNA polymerase  

 

Sphingosine kinase (SK) plasmid constructs (pcDNA3.1-SK1a-Myc, pcDNA3.1-

SK1b-FLAG, pcDNA4.0-SK2-Myc) were gifted from Professor Stuart Pitson 

(Centre of Cancer Biology, Adelaide, Australia). 
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2.1.6 Radioisotopes 

 

PerkinElmer (UK) 

Adenosine 5'-triphosphate [γ-
32

P] (specific activity: 10 Ci/mMol); L-[
35

S]-

Methionine (specific activity: >1000 Ci/mMol) 

 

 

2.2 Cell culture 

 

2.2.1 Maintenance of LNCaP and LNCaP-AI cells 

 

Human prostate cancer LNCaP (androgen-dependent) and LNCaP-AI (androgen-

independent) cell lines were maintained in culture in RPMI 1640 medium 

supplemented with 10% (v/v) EFCS or 10% (v/v) delipidated serum, respectively, 50 

U/ml penicillin/50 μg/ml streptomycin and 1% (v/v) L-glutamine. Cells were 

cultivated in T-75 cell culture flasks at a temperature of 37°C in a humidified 

atmosphere with 5% CO2. 

Confluent cells were detached from the flask surface by incubating them in a 

trypsin/EDTA solution for 2-3 minutes at 37°C, after removing medium and washing 

once with serum-free RPMI 1640 medium. Complete medium was then added to the 

cell/trypsin mixture and the cell suspension was transferred to a new flask after 

diluting appropriately in complete medium (1:8-1:10). 

LNCaP and LNCaP-AI cells between passage 20 and 30 were used for the 

experiments reported in the current study. 

 

2.2.2 Treatment protocol 

 

For experimentation, cells were plated and grown to approximately 60-70% 

confluence, unless otherwise specified, before being treated as described in each 

figure legend in the Results sections. Cells were treated with inhibitors or vehicle for 

8-48 h, as indicated for each experiment. When cells were treated for 48 hours, the 

inhibitors or vehicle were replaced after 24 hours. 



 

72 

SKi, FTY720, (S)-FTY720 vinylphosphonate, (R)-FTY720 methyl ether, C2-

ceramide, C2-dihydroceramide, dihydrosphingosine, S1P, MG132, PD98059, Ac-

DEVD-CHO, CA074Me, fumonisin B1, myriocin, PD150606, and ICH-1 were 

reconstituted in DMSO before being added to the culture medium for cell 

stimulation, at a final concentration of DMSO <0.5%. Phenylmethylsulphonyl 

fluoride (PMSF) and cycloheximide (CHX) were dissolved in methanol (MeOH) 

before being used for treating cells, at a final concentration of MeOH <0.4%. N-

acetyl L-cysteine was reconstituted in sterile distilled H2O. 

 

 

2.3 Cell transfections 

 

2.3.1 SK1 siRNA transfection 

 

siRNA transfection was performed using SK1 siRNA, which specifically targets SK1 

mRNA, or scrambled siRNA, as a negative control, at a final concentration of 200 

nM. DharmaFECT® 2 transfection reagent was used for delivering siRNA into cells, 

following the protocol provided by the manufacturer. Transfection was performed in 

12 well-plates on approximately 40% confluent cells. For each well, a mix of 50 μl 

of 4 μM siRNA, 1.6 μl DharmaFECT® 2 transfection reagent and 150 μl of serum-

free, antibiotic-free RPMI 1640, was prepared, and incubated for 20 minutes at room 

temperature to allow for the formation of siRNA/delivery reagent complexes. After 

that, 800 μl of antibiotic-free RPMI 1640 medium supplemented with 10% (v/v) 

serum (EFCS or delipidated serum for LNCaP cells or LNCaP-AI cells, respectively) 

and 1% L-glutamine were added to the transfection mix, which was then added to the 

well after removing the culture medium. Cells were maintained at 37°C in 5% CO2 

for 48/72 hours before being treated and/or assayed for protein expression by western 

blotting analysis. Adherent cells and any floating cells (present in different 

proportions depending on the treatment) were harvested in their culture medium, 

transferred to microcentrifuge tubes and pelletted by centrifugation at 1,000 rpm for 

5 minutes, before being resuspended in boiling sample buffer [125 mM Tris-Base, 

pH 6.7, 0.5 mM Na4P2O7, 1.25 mM EDTA, 0.5% w/v SDS, 1.25% v/v glycerol, 
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0.06% w/v bromophenol blue and 50 mM dithiothreitol (DTT)]. Cell lysates were 

homogenized by repeated passages (10x) through a 0.24 mm gauge needle and 

syringe and kept at -20°C if not used immediately for SDS-PAGE and western 

blotting analyis. 

 

 

2.3.2 Transient transfection with Myc-tagged SK1a, FLAG-tagged SK1b or 

Myc-tagged SK2 in LNCaP and LNCaP-AI cells 

 

LNCaP and LNCaP-AI cells were transiently transfected with plasmid constructs 

encoding Myc-tagged SK1a, FLAG-tagged SK1b, Myc-tagged SK2 or with the 

vector plasmid (pcDNA3.1/pcDNA4.0) as a control. Plasmid DNA was delivered 

into the cells using the Lipofectamine™2000 Reagent, following the manufacturer’s 

protocol. When plated for transfection, LNCaP and LNCaP-AI cells were grown in 

Opti-MEM®, supplemented with 10% (v/v) of the appropriate serum and 1% (v/v) 

L-glutamine, since the medium normally used for maintaining these cell lines, RPMI 

1640, inhibits transfection mediated by cationic lipid reagents, such as 

Lipofectamine™2000 Reagent. The day before transfection, cells were trypsinized, 

resuspended in 10% serum Opti-MEM® and counted using a haemocytometer. 2.5 x 

10
5
 cells were then plated in each well of a 12-well plate, to have approximately 50-

60% confluent cells on the day of transfection. For each well of cells to be 

transfected, 0.5 μg of the appropriate plasmid DNA and 1 μl of 

Lipofectamine™2000 were diluted separately in 100 μl of Opti-MEM® each, and 

incubated for 5 minutes before being mixed and incubated for further 20 minutes, to 

allow for the formation of the DNA-transfection reagent complexes. For each well, 

200 μl of the transfection mix were then added to the medium, and the plate was 

gently tilted to ensure an even distribution of the DNA-transfection reagent 

complexes. Cells were incubated at 37°C in 5% CO2 for 24 hours before being 

treated. After the appropriate treatment, cells were harvested in boiling sample buffer 

and cell lysates were homogenized by repeated passages (10x) through a 0.24 mm 

gauge needle and syringe, and kept at -20°C if not used immediately for SDS-PAGE 

and western blotting analyis. 
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Cells were incubated for 48 hours after transfection if used for preparing lysates for 

SK1 activity assay (paragraph 2.12.1).  

 

 

2.4 Reverse transcription-polymerase chain reaction (RT-PCR) 

assay 

 

RNase-free tips and microcentrifuge tubes were used at any time when isolating 

RNA from cells and processing samples for RT-PCR assay or quantitative Real-Time 

PCR. 

 

2.4.1 Isolation of total RNA 

 

Total RNA was extracted from approximately 70-80% confluent cells using the 

NucleoSpin® RNA II extraction kit according to the manufacturer’s protocol. For 

this purpose, cells were harvested in a lysis buffer which also inactivates RNases. 

The resulting cell lysate was then homogenized by passing it through a 0.20 mm 

gauge syringe needle (5x) and cleared from the membrane component by filtration 

through a NucleoSpin® Filter. Next, the flow-through was combined with 70% 

ethanol and filtered through a NucleoSpin® RNA II Column, containing a silica 

membrane which allows the adsorption of the nucleic acids, DNA and RNA, present 

in the sample. After a wash with a desalting buffer, the DNA bound to the silica 

membrane was digested by a 15 minute incubation with a DNase solution, followed 

by a wash with a buffer which inactivates this enzyme. After two further washes of 

the silica membrane, the RNA was eluted in RNase-free H2O. 

RNA concentration was determined by measuring the absorbance at 260 nm using a 

spectrophotometer, and the ratio between the absorbance at 260 nm and at 280 nm 

(>1.9) was checked as an index of RNA purity. 
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2.4.2 Synthesis of cDNA by reverse transcription 

 

1500 ng of total RNA were used for cDNA synthesis by the reaction of reverse 

transcription. Before this, RNA samples were subjected to a further treatment with 1 

unit per sample of amplification grade DNase I, according to the protocol provided 

by the manufacturer, for degrading any contaminating DNA. DNase was then 

inactivated by heating (70°C for 10 minutes) in the presence of Stop solution before 

carrying on with cDNA synthesis. For this purpose, the RNA was incubated at 42°C 

for 2 minutes with 0.5 μl of 20 mM each dNTP Mix, 1 μl of 500 μg/ml Oligo(dT)12-18 

primers, 2 μl of 0.1 M DTT and 2 μl of 10X Reaction Buffer [50 mM Tris-HCl (pH 

8.6), 40 mM KCl, 1 mM MnSO4] in a final volume of 18 μl. Next, 2 μl 

(corresponding to 200 units) of the retrotranscriptase enzyme BioScript™ were 

added to the mixture, before incubating at 42°C for 50 minutes. The reaction of 

retrotranscription was terminated by heating the samples at 70°C for 15 minutes. For 

each RNA sample, a reaction was also set up lacking the retrotranscriptase enzyme 

(RT-) to be used in the subsequent PCR as a control for any contaminating genomic 

DNA. 

 

2.4.3 Amplification of cDNA specific sequences by PCR 

 

2 μl of cDNA resulting from RNA retrotranscription were used as a template for 

PCR. For each sample, a 50 μl PCR mixture was prepared containing cDNA, 5 μl of 

10X PCR Reaction Buffer [750 mM Tris-HCl (pH 8.8), 200 mM (NH4)2SO4, 0.1% 

(v/v) Tween], 3 μl of 25 mM MgCl2, 0.5 μl of 20 mM each dNTP mix, 10-50 pmol 

of each primer (forward and reverse) and 2 units of Taq DNA polymerase. RT- 

reactions and no-template reactions (with dH2O instead of cDNA) were set up in 

parallel, as a control for genomic DNA contamination and primer dimerization, 

respectively. 

PCR consisted of an initial heating step at 94°C for 2 minutes, followed by 25-35 

cycles of amplification (each featuring a denaturation step at 94°C for 1 minute and 

30 seconds, an annealing step at 50-56°C for 30 seconds and a polymerization step at 

72°C for 1 minute and 40 seconds) and a final extension step at 72°C for 5-10 
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minutes. The nucleotide sequence of the primers that were used for PCR and the size 

of the amplification product for each set of primers are reported in Table 2.1, along 

with the specific amplification conditions (annealing temperature and number of 

cycles) that were followed for each PCR assay.  
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SK1 For 5'-ctgtcacccatgaacctgctgtc-3' 480 bps Ta, 55°C 

 Rev 5'-catggccaggaagaggcgcagca-3'  35 cycles 

SK2 For 5'-gcctacttctgcatctacacctacc-3' 315 bps Ta, 56°C 

 Rev 5'-gaggttgaaggacagcccagcttc-3'  30 cycles 

S1P1 For 5'-gatatcatcgtccggcattac-3' 1288 bps Ta, 53°C 

 Rev 5'-acccttcccagtgcattgttc-3'  35 cycles 

S1P2 For 5'-cactcggcaatgtacctgtttc-3' 531 bps Ta, 56°C 

 Rev 5'-gacgcctagcacgatggtgac-3'  30 cycles 

S1P3 For 5'-gactgctctaccatcctgccc-3' 345 bps Ta, 56°C 

 Rev 5'-gtagatgaccgggttcatggc-3'  30 cycles 

LPP1 For 5'-cttcaaggcatacccccttccaac-3' 502 bps Ta, 52°C 

 Rev 5'-gcccagtctcccttcatcctg-3'  25 cycles 

LPP2 For 5'-ctgctgtatacaaggtgctgggg-3' 301 bps Ta, 54°C 

 Rev 5'-cgtgcccacttccaacagagtc-3'  30 cycles 

LPP3 For 5'-ctcgacctcttctgcctcttcatg-3' 458 bps Ta, 52°C 

 Rev 5'-gcttcctggactttgctgtcatcac-3'  30 cycles 

GAPDH For 5'-tgaaggtcggtgtcaacggatttggc-3' 983 bps Ta, 55°C 

 Rev 5'-catgtaggccatgaggtccaccac-3'  25 cycles 

     

 

 

Table 2.1 Nucleotide sequence of primers used in PCR assays and amplification 

conditions. For each set of primers, the nucleotide sequence of the forward (For) 

and reverse (Rev) primers and the size (in base pairs, bps) of the amplification 

product are shown. The annealing temperature (Ta) and the number of amplification 

cycles are also shown. 
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2.4.4 Agarose gel electrophoresis of PCR products 

 

PCR products were resolved by electrophoresis on 1% agarose gels, prepared from 

agarose and TBE buffer [89 mM Tris-Base, pH 8.3, 89 mM boric acid, 2.2 mM 

EDTA], containing the nucleic acid stain SafeView to allow for DNA detection 

under UV light. The electrophoresis apparatus was filled with TBE buffer and the 

PCR samples, added with loading dye [0.25% (w/v) bromophemol blue, 0.25% (w/v) 

xylene cyanol, 30% (v/v) glycerol in sterile distilled water], were loaded into the 

wells of the gel and run at 65 V for ~30-45 minutes. PCR products were visualised 

under a UV transilluminator and photographed using a Kodak Digital Science 

EDAS120 camera. The molecular size of the amplification products was estimated 

by comparing their mobility on agarose gel to that of molecular markers of known 

size that were run along with the PCR samples. 

For each sample, the cDNA corresponding to the housekeeping gene glyceraldehyde-

3-phosphate dehydrogenase (GAPDH) was amplified in a parallel reaction as a 

control for equal cDNA loading. 

 

 

2.5 Quantitative Real-Time PCR 

 

Total RNA was extracted from LNCaP cells following the same procedure as 

described in paragraph 2.4.1 and quantified by a NanoDrop-2000C 

spectrophotometer. cDNA was synthesised from each RNA sample by 

retrotranscription catalysed by BioScript™ (200 units/reaction), using the same 

conditions described in paragraph 2.4.2. “RT-” reactions, lacking the 

retrotranscriptase enzyme, were also set up to be used as a control to assess any 

genomic DNA contamination. Quantitative Real-Time PCR (qPCR) was performed 

using a Solaris Human qPCR Gene Expression Assay kit specific for the gene of 

interest, following the manufacturer’s protocol. Briefly, 100 ng of cDNA template, or 

the equivalent volume of RT- or dH2O (for no-template negative control), were used 

for each qPCR reaction, in the presence of the forward and reverse primers (final 

concentration 800 nM each), the gene-specific probe (final concentration 200 nM) 
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and Solaris qPCR Master Mix. PCR reactions were run in triplicate on a BioRad 

DNA Engine with Chromo4 Real-Time PCR Detection System (Bio-Rad, UK), 

according to the cycling conditions indicated by the manufacturer, which included an 

initial step at 95°C for 15 minutes for optimal enzyme activation and 40 cycles of 

amplification, each of which featured a denaturation step (95°C for 15 seconds) and 

an annealing/extension step (60°C for 1 minute). The data were collected using 

Opticon Monitor 3.1 (Bio-Rad, UK) and gene expression was quantified using the 

Comparative Ct method (ΔΔCt method) (Schefe et al., 2006). Results are expressed 

as relative SK1 or AR mRNA levels, normalized to GAPDH (reference gene) mRNA 

levels. 

Table 2.2 reports the nucleotide sequence of the gene-specific primers and probes 

used for qPCR analysis. 

 

   

SK1 For 5’-accattatgctggctatgagc-3’ 

  Rev 5’-cagcaatagcgtgcagtt-3’ 

  Probe 5’-tgaagacctcctgacca-3’ 

AR For 5’-aagacctgcctgatctgtgga-3’ 

  Rev 5’-gcgcacaggtacttctgtt-3’ 

  Probe 5’-agccgctgaagggaaac-3’ 

GAPDH For 5’-gcctcaagatcatcagcaatg-3’ 

  Rev 5’-cttccacgataccaaagttgtc-3’ 

  Probe 5’-gccaaggtcatccatga-3’ 

   

 

 

Table 2.2 Nucleotide sequence of primers and probes used in qPCR assays. For 

each gene, the nucleotide sequence of the forward (For) and reverse (Rev) primers 

and the gene-specific probe (complementary to a sequence in the amplification 

product) that were used for Real-Time quantitative PCR are shown. 
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2.6 Preparation of cell lysates for western blotting analysis of protein 

expression 

 

After the appropriate treatment (as detailed in each figure legend in the Results 

sections), adherent cells and any floating cells (present in different proportions 

depending on the treatment) were harvested in their culture medium using a cell 

scraper and transferred to a 15 ml tube. Cells were pelletted by centrifugation at 

1,000 rpm for 3 minutes, washed with ice-cold phosphate buffer solution (PBS) and 

resuspended in ice-cold lysis buffer [137 mM NaCl, 2.7 mM KCl, 1 mM MgCl2, 1 

mM CaCl2, 1% (v/v) Nonidet P-40 (NP-40, IGEPAL), 10% (v/v) glycerol, 20 mM 

Tris-base, 0.5 mM Na3VO4, 0.2 mM PMSF, 10 µg/ml leupeptin and 10 µg/ml 

aprotinin; pH 8.0], keeping the tubes on ice. Cell lysates were then homogenized by 

repeated passages (10x) through a 0.24 mm gauge needle and syringe and then 

transferred into microcentrifuges tubes and mixed for 30 minutes at 4°C to complete 

the lysis. This was followed by a centrifugation at 15,300 rpm for 10 minutes at 4°C, 

after which the supernatant was transferred, without disturbing the pellet, into a fresh 

microcentrifuge tube, and stored at -20°C if not immediately used for protein 

concentration assay. 

Protein concentration of the cell lysates was determined using the BCA assay 

(paragraph 2.7.1). For each sample, 10 μg of protein of cell lysate were used for 

SDS-PAGE and western blotting. Cell lysates were diluted with lysis buffer to 

normalise protein concentrations before the addition of the required volume of 

sample buffer. Samples were boiled for 5 minutes to completely denaturate the 

proteins before being loaded into polyacrylamide gels and assayed by western 

blotting analysis (paragraph 2.9). 

For siRNA and plasmid transfection experiments, cells lysates were prepared by 

harvesting the cells directly in sample buffer, as described in paragraph 2.3.1. 

When preparing samples for the detection of LC3 conversion (LC3-I to LC3-II) by 

immunoblotting for autophagy analysis, cells were washed with ice-cold PBS and 

resuspended in TNTE lysis buffer [20 mM Tris-HCl, 150 mM NaCl, 5 mM EDTA, 

0.3% Triton X-100, 50 μg/ml PMSF, Protease Inhibitor Cocktail; pH 7.5]. Samples 

were repeatedly (x10) passed through a 0.24 mm gauge needle and syringe and left 
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for 5 minutes at 4°C to allow for efficient lysis. Cell debris was then pelleted by 

centrifugation at 15,400 rpm for 10 min at 4°C and the supernatant was collected. 

The protein content was measured using the BCA Assay (paragraph 2.7.1). For each 

sample, 80 μg of protein were combined with sample buffer and subjected to SDS-

PAGE and western blotting (paragraph 2.9). 

 

 

2.7 Determination of protein concentration 

 

Protein content in cell lysates was measured by two different spectrophotometric 

methods, the bicinchoninic acid (BCA) assay (Smith et al., 1985) or the BIO-RAD 

assay (Bradford et al., 1976), depending on the composition of the buffer that was 

used to obtain cell lysates. Buffers can in fact contain substances that by interfering 

with the reagents used for protein quantification do not allow to accurately measure 

the protein concentration of the samples. In this regard, the main difference between 

the two methods is that detergents do not affect the BCA assay whereas it is affected 

by reducing agents; conversely, the BIO-RAD assay is not compatible with 

detergent-containing buffers but can be used in the presence of reducing agents. 

 

2.7.1 Bicinchoninic acid assay 

 

The bicinchoninic acid (BCA) assay is a spectrophotometric method for the 

determination of protein concentration that relies on two different reactions: 1) the 

reduction of Cu
2+

 to Cu
+
 by proteins in an alkaline medium, and 2) the binding of 

BCA to Cu
+
, which leads to the formation of a reaction product that absorbs at 562 

nm. Absorbance at this wavelength (OD562) is therefore proportional to the protein 

concentration of a sample, that can be determined by comparison with a standard 

curve constructed using known concentrations of bovine serum albumin (BSA). 

The BCA assay was performed using the Pierce® BCA Protein Assay Kit according 

to the instructions provided by the manufacturers. For each sample, the assay was 

performed in duplicate, and the protein concentration calculated from the OD562 

mean value. 
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2.7.2 BIO-RAD protein assay (Bradford method) 

 

This method for protein quantification is based on the use of a reagent which forms a 

complex with proteins that can be quantified by measuring absorbance at 595 nm. As 

above, a standard curve constructed using known concentrations of BSA is 

conducted in parallel. 

The assay mixture was prepared with 10 μl of cell lysate, 800 μl of distilled H2O and 

200 μl of BIO-RAD reagent. After a 5 minutes incubation, the absorbance at 595 nm 

(OD595) was measured using a spectrophotometer. For each sample, the assay was 

performed in duplicate and the protein concentration calculated from the OD595 mean 

value. 

 

 

2.8 Analysis of SK1 interacting proteins by [
35

S]-Methionine 

labelling and immunoprecipitation 

 

LNCaP cells were transiently transfected with SK1a-Myc, SK1b-FLAG or vector 

plasmid following the protocol described in paragraph 2.3.2. 24 hours after 

transfection, [
35

S]-Methionine was added to the culture medium (10 μCi/ml) and 

cells were incubated for further 24 hours before being treated as described under 

Results. Cell extracts for immunoprecipitation were prepared following the protocol 

described in paragraph 2.8.1 and the resulting immunocomplexes were subjected to 

SDS-PAGE (paragraph 2.9). [
35

S]-Methionine-labelled proteins were 

electrophoretically transferred to a nitrocellulose membrane and detected by 

autoradiography, exposing the nitrocellulose for approximately 24 hours to an X-ray 

film, which was then developed using the X-Omat machine. 

 

2.8.1 Immunoprecipitation 

 

Cells were lysed in ice-cold lysis buffer (400 μl/well) [137 mM NaCl, 2.7 mM KCl, 

1 mM MgCl2, 1 mM CaCl2, 1% (v/v) Nonidet P-40 (NP-40, IGEPAL), 10% (v/v) 
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Glycerol, 20 mM Tris-Base, 1 mg/ml BSA, 0.5 mM Na3VO4, 0.2 mM PMSF, 

leupeptin and aprotinin (both at 10 µg/ml); pH 8.0] and left to shake at 4°C for 30 

minutes, before transferring the cell lysates into microcentrifuge tubes and 

homogenizing them by repeated (10x) passages through a 0.24 mm gauge needle and 

syringe. Next, the cell lysates were mixed for further 60 minutes at 4°C, to allow for 

complete lysis, and then centrifuged at 15,300 rpm at 4°C for 10 minutes to pellet the 

membrane component. For each sample, 250 μl of supernatant were transferred into a 

new microcentrifuge tube and pre-cleared, in order to reduce aspecific signals, by 

adding 20 μl of 1 part lysis buffer and 1 part protein G Sepharose beads and mixing 

for 20 minutes at 4°C. The beads were then pulsed and the supernatant (200 μl per 

sample) was transferred into a new microcentrifuge tube and subjected to 

immunoprecipitation, by adding 2 μl of the appropriate primary antibody (anti-Myc 

and/or anti-FLAG antibodies) and 20 µl of 1 part lysis buffer and 1 part protein G 

Sepharose beads per sample and incubating overnight at 4°C, in mild agitation. The 

resulting immunoprecipitates were then collected by centrifugation at 15,300 rpm for 

15 seconds at 4°C and washed once with Buffer A [containing 10 mM HEPES, 100 

mM NaCl, 0.5% (v/v) NP-40 and 0.2 mM PMSF; pH 7.0] and once with Buffer A 

without NP-40. The beads were then pulsed and the supernatant removed, before 

adding 20 μl per sample of Laemmli buffer [0.125 M Tris-HCl, 10% (v/v) 2-

mercaptoethanol, 20% (v/v) glycerol, 4% (w/v) SDS and 0.004% (w/v) bromophenol 

blue; pH 6.7] and heating at 100°C for 3 minutes. The samples were then subjected 

to SDS-PAGE (paragraph 2.9) and autoradiography (paragraph 2.8). 

 

 

2.9 SDS-PAGE and western blotting analysis 

 

2.9.1 Preparation of polyacrylamide gels 

 

Each polyacrylamide gel used for resolving proteins by electrophoresis consists of 

two layers: the separating gel (lower layer), in which the resolution of proteins by 

electrophoresis occurs, and the stacking gel (upper layer), which allows the proteins 

to concentrate before entering the separating layer.  
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The separating gel was made by 10% (v/v) acrylamide:bis-acrylamide, 0.375 M Tris-

Base (pH 8.8), 0.1% (w/v) SDS, 0.05% (w/v) ammonium persulfate and 0.025% 

(w/v) tetramethylethylenediamine (TEMED), while the stacking gel was made by 

4.5% (v/v) acrylamide-bis-acrylamide, 0.125 M Tris-Base (pH 6.7), 0.1% (w/v) SDS, 

0.05% (w/v) ammonium persulfate and 0.1% (v/v) of TEMED. 

 

2.9.2 Polyacrylamide gel electrophoresis 

 

Polyacrylamide gel electrophoresis was carried out using the Bio-Rad Mini-Protean 

II electrophoresis kit. Samples were loaded into the gel using a Hamilton syringe. 

Pre-stained molecular weight markers, whose molecular weight is known, were also 

loaded into the gel in order to identify the band corresponding to the protein of 

interest. Electrophoresis was carried out using a buffer containing 25 mM Tris-Base, 

0.21 M glycine and 0.1% (w/v) SDS, at a voltage of 120 V and a current limit of 1.0 

mA for about 2 hours. 

 

2.9.3 Transfer to nitrocellulose membranes 

 

The electrophoretic transfer of the resolved proteins from the gel to a nitrocellulose 

membrane was carried out using a Bio-Rad Mini Trans-Blot kit filled with a buffer 

containing 25 mM Tris-Base, 0.21 M glycine and 20% (v/v) methanol. The transfer 

occurs by applying a voltage of 100 V with a current limit of 0.6 mA for 60 minutes. 

 

2.9.4 Western blotting 

 

Before being incubated with the antibody specific for the protein to be detected, 

membranes were incubated for 60 minutes at room temperature in a blocking 

solution, in order to reduce the antibody binding to non-specific sites. The blocking 

solution consisted of 3% (w/v) non-fat dry milk in TBST [10 mM Tris-Base, 100 

mM NaCl, 0.1% (v/v) Tween-20; pH 7.4] or 5% (w/v) bovine serum albumin (BSA) 

in TBST, depending on the primary antibody to be used. After blocking, membranes 

were incubated overnight with gentle agitation at 4°C with the primary antibody 
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specific for the detection of the protein of interest, diluted in 1% (w/v) BSA in 

TBST. 

Incubation with primary antibody was followed by 3 washes (7 minutes each) of the 

membranes in TBST to remove any unbound antibody and by their incubation for 60 

minutes at room temperature with the appropriate horseradish peroxidase-conjugated 

secondary antibody (anti-mouse or anti-rabbit, depending on the primary antibody 

origin) diluted 1:80,000 in 1% (w/v) non-fat dry milk in TBST. Excess antibody was 

then removed by 3 washes in TBST (7 minutes each), before incubating the 

membranes in the enhanced chemiluminescence (ECL) reagent, which provides the 

substrate for the peroxidase, thus allowing the detection of immunoreactive proteins. 

The reagent was freshly prepared before using by mixing equal volumes of a solution 

containing 0.04% (w/v) luminol, 0.1 M Tris-Base (pH 8.5) and 0.016% (w/v) p-

coumaric acid, and a solution containing 2% (v/v) H2O2 and 0.1 M Tris-Base (pH 

8.5). After a 2 minutes incubation at room temperature, membranes were dried from 

the excess of ECL reagent, placed between two transparent plastic sheets in a metal 

cassette and exposed to an X-ray film, which was then developed by passing it 

through the X-Omat machine. The exposure time was varied depending on the 

intensity of the chemiluminescence signal. 

Immunoreactive proteins appeared on the film as dark bands and their molecular 

weight was estimated by comparing their mobility on SDS-PAGE to that of pre-

stained molecular weight markers. 

 

2.9.5 Stripping and reprobing of nitrocellulose membranes 

 

Membranes can be stripped to remove bound antibodies before being reprobed with a 

different antibody, in order to detect other proteins. Stripping of the membranes was 

carried out by incubating them in a buffer containing 62.5 mM Tris-HCl (pH 6.7), 

2% (w/v) SDS and 100 mM β-mercaptoethanol for 1 hour at 70°C with gentle 

agitation. Membranes were then rinsed with distilled water and washed with TBST 

(3 washes, 15 minutes each) in mild agitation before incubating them overnight with 

the primary antibody specific for the protein of interest. 
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For each experiment, blots were stripped and reprobed with anti-ERK2 antibody to 

ensure comparable loading between samples. However, following the finding that 

ERK-2 protein levels were down-regulated by SKi treatment in some cell lines 

(unpublished data), the expression of actin was measured as a control for equal 

protein loading. 

 

 

2.10 Proteasome activity assay 

 

Proteasome activity was measured in cells in culture using a Proteasome-Glo™ 

Chymotrypsin-Like Cell-Based Assay kit (Promega). This assay is based on the use 

of an exogenous luminogenic proteasome substrate that, following the cleavage by 

the proteasome, generates a molecule that, in turn, is a substrate for luciferase, whose 

enzymatic activity leads to the generation of a luminescent signal. The intensity of 

the signal, measured using a luminometer, is therefore proportional to the 

proteasomal activity of cells against the exogenous luminogenic substrate.  

Cells were seeded in 96 well-plates at a density of 8,000 cells/well, and incubated 

overnight at 37°C in 5% CO2 before being treated as described in the Results 

sections. Proteasome activity was then assessed using the Proteasome-Glo™ 

Chymotrypsin-Like Cell-Based Assay kit, following the manufacturer’s instructions. 

Briefly, the luminogenic substrate was resuspended in a buffer optimized for cell 

permeabilization and luciferase activity, and mixed to the luciferase enzyme, before 

being added to stimulated cells. After a 10 minute incubation at room temperature, 

luminescence (350-650 nm) was measured using a luminometer. For each 

experiment, a blank was also prepared, consisting of culture medium without cells 

and added with the vehicle, and the corresponding value of luminescence was 

subtracted from the values relative to cell samples. 
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2.11 Immunofluorescence microscopy 

 

Cells were plated on autoclaved glass coverslips (13mm diameter), each of which 

was placed in one well of a 12-well plate, and transfected with Myc-tagged SK1a, 

FLAG-tagged SK1b or vector plasmid construct, as described in paragraph 2.3.2. 48 

hours after transfection, cells were fixed by a 10 minute incubation in 3.7% (v/v) 

formaldehyde in PBS before being permeabilised using 0.1% (v/v) Triton X-100 in 

PBS for 3 minutes. Cells were then incubated with blocking solution [5% (v/v) FCS 

and 1% (w/v) BSA in PBS] for 30 minutes at room temperature, followed by 

overnight incubation at 4°C with polyclonal anti-Myc and monoclonal anti-FLAG 

antibodies (both at 1:100 dilution in blocking solution). Coverslips were then washed 

twice with PBS and incubated for 60 minutes at room temperature with the 

secondary antibodies (TRITC-conjugated anti-mouse IgG and FITC-conjugated anti-

rabbit IgG) at 1:100 dilution in blocking solution. Next, coverslips were washed 

twice with PBS and mounted on glass slides using Vectashield® hard set mounting 

medium containing 4′,6-Diamidino-2-phenylindole (DAPI) to stain the nuclei. 

Fluorescence was visualised using a Nikon E600 epifluorescence microscope. 

 

 

2.12 Sphingosine kinase activity assay 

 

SK1 activity was assayed using cell lysates from LNCaP cells transiently over-

expressing SK1a or SK1b. 

 

2.12.1 Preparation of cell lysates from LNCaP cells transiently over-expressing 

SK1a or SK1b 

 

LNCaP cells were transiently transfected with Myc-tagged SK1a, FLAG-tagged 

SK1b or vector plasmid constructs following the protocol described in paragraph 

2.3.2. 48 hours after transfection, cells were harvested in ice-cold SK1 assay buffer 

[20 mM Tris-Base, 1 mM EDTA, 1 mM Na3VO4, 40 mM β-glycerophosphate, 1 mM 

NaF, 20% (v/v) glycerol, 10 μg/ml soyabean trypsin inhibitor, 1 mM PMSF, 0.5 mM 
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4-deoxypyridoxine, 10 μg/ml aprotinin, 0.007% (v/v) β-mercaptoethanol; pH 7.4] 

and cell lysates were homogenised by repeated passages (10x) through a 0.24 mm 

gauge needle and syringe. Protein concentration of the cell lysates was measured 

using the Bio-Rad protein assay system (paragraph 2.7.2). Samples were stored at -

20°C if not immediately used for the assay. 

An aliquot of each cell lysate, corresponding to 10 μg of protein, was combined with 

sample buffer and subjected to SDS-PAGE and western blotting analysis, to assess 

the expression of SK1a and SK1b in the cell lysates used for SK activity assay. 

 

2.12.2 Measurement of SK activity 

 

SK1 activity was assayed according to Delon et al. (2004) by measuring the quantity 

of radioactive [
32

P]-S1P produced by phosphorylation of sphingosine in the presence 

of [
32

P]-γ-ATP. For this purpose, 10 μg of protein of cell lysates in SK1 assay buffer 

(140 μl) were incubated with 10 μM sphingosine, previously resuspended in 40 μl of 

Triton X-100 (final concentration 0.063% w/v), and varying concentrations of the SK 

inhibitor, SKi (final concentration 10, 25, 50, 100 μM), or the vehicle alone as a 

control (DMSO, final concentration 5% v/v). Two blanks were also prepared 

omitting sphingosine. Since Triton X-100 suppresses SK2 activity (Liu et al., 2000a), 

the addition of this detergent to the assay buffer enables to separately measure SK1 

activity in cell lysates. 

The reaction was initiated by adding 10 μl per sample of the ATP mix [containing 50 

nmoles of unlabelled ATP (final concentration 250 μM) in 10 mM MgCl2 and 1 μCi 

of [
32

P]-γ-ATP for each sample] and carried out for 10 minutes at 30°C. The reaction 

was then stopped by adding 500 μl of butan-1-ol and mixing thoroughly. Unreacted 

[
32

P]-γ-ATP was afterward removed by three washes with 1 ml of 2 M KCl each. For 

this purpose, after adding KCl, samples were mixed and centrifuged in order to 

separate the organic phase, containing S1P, from the acqueous phase, containing the 

unreacted [
32

P]-γ-ATP, which after each centrifugation was removed using a glass 

pasteur. The organic phase was then transferred to scintillation vials and the [
32

P]-

S1P content was quantified by counting the dpm (disintegrations per minute) using a 

scintillation counter. 
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For each sample, SK1 activity (expressed as pmoles of S1P formed per minute per 

μg of protein) was calculated as follows: (dpm of sample-dpm of blank)/(dpm of 

[
32

P]-γ-ATP) x (nmoles unlabelled ATP) x 1/(time of incubation in minutes) x 1/(μg 

protein) x 1000. 

 

 

2.13 Statistical analysis 

 

Experiments were repeated at least three times, unless otherwise stated. Data are 

presented as mean with standard deviation (SD), unless otherwise stated. 

Densitometric quantification of western blots and RT-PCR results was performed 

using ScanImage program (Scion Corporation, Frederick, MD). Statistical analysis 

was performed using an unpaired Student’s t test, and a p-value <0.05 was 

considered significant. 
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3. DIFFERENTIAL EFFECT OF SKi ON SK1 ISOFORMS, SK1a 

AND SK1b, IN LNCaP AND LNCaP-AI CELLS: MECHANISMS 

AND FUNCTIONAL RELEVANCE 

 

 

3.1 Introduction 

 

There are currently a limited number of published reports investigating the role of 

SK1 in prostate cancer. The results of these studies, however, provide compelling 

evidence that SK1 has a crucial role in prostate cancer development and progression, 

being able to contribute to the major hallmarks of cancer. These findings provide a 

rationale for further investigating the role of SK1 in prostate cancer. The current 

knowledge on how alterations in SK1/S1P signalling are involved in prostate cancer 

biology and resistance to therapy has been extensively reviewed in Chapter 1 and 

will be only briefly recapitulated herein. 

 

SK1 promotes proliferation and survival of prostate cancer cells, as suggested by the 

finding that SK1 inhibition (either pharmacological or genetic) reduces prostate 

cancer cell growth and viability (Nava et al., 2000b; Pchejetski et al., 2005; Akao et 

al., 2006; Brizuela et al., 2010) while enforced over-expression of SK1 in prostate 

cancer cells increases proliferation (Brizuela et al., 2010). Indeed, SK1 over-

expressing prostate cancer cells develop significantly larger tumours when implanted 

in nude mice (Pchejetski et al., 2005; Brizuela et al., 2010), whereas SK1 inhibition 

is associated with a reduction in tumour size (Brizuela et al., 2010). Moreover, 

SK1/S1P signalling stimulates prostate cancer cell migration and invasiveness 

(Sekine et al., 2011; Beckham et al., 2012). Accordingly, SK1 inhibition is 

associated with a significant reduction of metastatic dissemination in prostate cancer 

animal models (Pchejetski et al., 2005; Brizuela et al., 2010). 

 

Significantly, the progression of prostate cancer cells to androgen independence in 

vitro can be prevented by inhibiting SK1 (Dayon et al., 2009).  
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The relevance of SK1 in human prostate cancer is confirmed by a clinical study 

showing that SK1 expression/activity in patient tumour samples is increased 

compared with healthy counterparts and correlates with disease progression (e.g. 

increased tumour grade) (Malavaud et al., 2010). 

 

SK1 has also a crucial role in the response of prostate cancer cells to therapeutic 

treatments, mediating the resistance to apoptosis induced by γ-irradiation and 

chemotherapeutic drugs. Indeed, in vitro and in vivo studies show that SK1 over-

expression in prostate cancer cells confers resistance to radiotherapy and 

chemotherapy, whereas SK1 inhibition sensitises prostate cancer cells to these 

treatments (Nava et al., 2000b; Pchejetski et al., 2005; Pchejetski et al., 2008; Sauer 

et al., 2009; Pchejetski et al., 2010). 

 

Taken together, these findings demonstrate strong evidence that SK1 represents an 

attractive therapeutic target for prostate cancer treatment and provide impetus for the 

development of effective SK1 inhibitors for anti-cancer clinical use. 

 

The human prostate cancer cell lines LNCaP (androgen-dependent) and LNCaP-AI 

(androgen-independent) were used for this study as in vitro models of hormone-

sensitive and hormone-refractory prostate cancer, respectively. 

 

The LNCaP cell line has been established from a lymph node metastasis of human 

prostate carcinoma (Horoszewicz et al., 1980). These cells proliferate in vitro in the 

presence of androgens in the culture medium and, importantly, maintain the 

characteristic of human prostate cancer, i.e. expression of androgen receptor, 

responsiveness to hormone stimulation and secretion of organ-specific proteins 

(Horoszewicz et al., 1983). Additionally, LNCaP cells preserve malignant properties, 

being tumorigenic when injected in nude mice (Horoszewicz et al., 1980).  

The androgen receptor in LNCaP cells contains a missense mutation in the ligand 

binding domain (Veldscholte et al., 1992). This results in broadened ligand 

specificity (that is, this receptor is inappropriately activated by other ligands, i.e. 
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other steroid hormones and antiandrogens) as well as in enhanced activation by 

androgens compared with wild type androgen receptor (Veldscholte et al., 1992). 

 

LNCaP-AI cells have been selected by culturing LNCaP cells in androgen-

deprivation conditions for prolonged periods of time (Halkidou et al., 2003). This 

recapitulates the development of a hormone-refractory tumour in prostate cancer 

patients treated with androgen ablation therapy. LNCaP-AI cells are not dependent 

upon androgen for proliferation as they can grow in hormone-free medium. 

However, these cells express androgen receptor and respond to androgens, being able 

to express androgen-regulated genes when stimulated (Halkidou et al., 2003). 

LNCaP-AI cells are therefore, considered as a good in vitro model for hormone-

refractory prostate cancer. 

 

Among the commercially available SK1 inhibitors, SKi (2-(p-hydroxyanilino)-4-(p-

chlorophenyl)thiazole) (French et al., 2003) (Figure 1.5) was chosen for the current 

study as a tool to further investigate the role of SK1 in prostate cancer cells. 

Inhibition kinetic analysis of SK1a demonstrated that SKi is a mixed (competitive 

and uncompetitive) inhibitor against sphingosine (Kic= 17 μM; Kiu= 48.3 μM) (Lim 

et al., 2011b) and a mixed inhibitor against ATP (Kic= 60 μM; Kiu= 35 μM) (Lim et 

al., 2012b). Importantly, French and colleagues demonstrated that SKi inhibits 

endogenous SK1 activity in intact cancer cells (French et al., 2003). 

 

Having established that the chronic treatment of human pulmonary aortic smooth 

muscle cells (hPASMC) with SKi down-regulates SK1, the first part of the current 

study focused on investigating the effect of this inhibitor on SK1 expression in 

LNCaP and LNCaP-AI cells and the mechanism involved. Next, based on the ability 

of SKi to induce a chemical knock-down of SK1, this inhibitor was used to 

interrogate the role of SK1 in regulating prostate cancer cell survival.  
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3.2 Results  

 

3.2.1 Analysis of SK1 expression in LNCaP and LNCaP-AI cells 

 

Three N-terminal variants of SK1 have been identified, herein referred to as SK1a 

(transcript variant 3, GenBank number: NM_001142601; molecular mass of 42.5 

kDa), SK1b (transcript variant 2, GenBank number: NM_182965; molecular mass of 

51 kDa), which differs from SK1a for an N-terminal extension of 86 amino acids, 

and SK1a+14 (transcript variant 1, GenBank number: NM_021972; molecular mass 

of 43.9 kDa), which is identical to SK1a except for a 14 amino acid N-terminal 

extension. 

The annotation used in the current study should not be confused with that used by 

other authors, that refer to transcript variant 2 and transcript variant 1 as “SK1c” (51 

kDa) and “SK1b” (43.9 kDa), respectively (Pitson, 2011). 

 

To establish whether there were any differences in the expression of SK1 isoform 

variants in LNCaP and LNCaP-AI cells we performed RT-PCR with gene-specific 

primers. The primers that were used for amplifying SK1 are designed to a region that 

is common to SK1a, SK1a+14 and SK1b, so that the product of amplification 

potentially includes the mRNA for all the three isoforms. These primers amplified a 

single product, of the predicted size (480 bp) (Figure 3.1a). As shown in Figure 3.1a, 

RT-PCR analysis revealed that SK1 mRNA levels are significantly increased in 

LNCaP-AI cells compared with LNCaP cells (LNCaP-AI cells vs LNCaP cells, p 

value <0.01).  

 

SK1 protein expression levels were also examined. For this purpose, western blotting 

analysis of lysates from LNCaP and LNCaP-AI cells was carried out using specific 

antibodies that recognize the two different isoforms SK1a and SK1b. Since SK1a+14 

migrates on SDS-PAGE with similar mobility as SK1a, the annotation “SK1a” is 

used herein to indicate the possibility that one or either isoform is expressed. Figure 

3.1b shows that SK1a and SK1b proteins are expressed in the two cell lines and that 

the expression of both isoforms is increased in LNCaP-AI cells compared with 
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LNCaP cells (SK1a, 74±28% increase in LNCaP-AI vs LNCaP cells, p value <0.01; 

SK1b, 55±14% increase in LNCaP-AI vs LNCaP cells, p value <0.001). 

To our knowledge, this is the first study to report that LNCaP and LNCaP-AI cells 

express both SK1a and SK1b isoforms. It is important to note that the annotation 

“SK1b” has been used by other authors to indicate a highly unstable 34 kDa version 

of SK1 (Kihara et al., 2006), which is different from the 51 kDa SK1b isoform 

referred to in the present study. The expression of 34 kDa “SK1b” was not detected 

in LNCaP nor LNCaP-AI cells. 
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Figure 3.1 Expression of SK1 in LNCaP and LNCaP-AI cells. (a) SK1 mRNA 

levels were examined by RT-PCR using gene-specific primers, followed by agarose 

gel electrophoresis of the amplification products. A negative control with omission of 

reverse transcriptase (RT-) was included to establish a lack of genomic DNA 

contamination. The expression of the housekeeping gene GAPDH was analysed 

using gene-specific primers to ensure that comparable amounts of cDNA template 

were used for the two cell lines. The results shown are representative of three 

independent experiments. (b) SK1a and SK1b protein levels were examined by 

western blotting analysis of lysates from LNCaP and LNCaP-AI cells using 

antibodies that specifically recognize the two isoforms. Blots were then stripped and 

re-probed with anti-ERK-2 antibody to ensure comparable protein loading between 

the two cell lines. Results are representative of at least three independent 

experiments. 

SK1a

SK1b

ERK-2

LNCaP LNCaP-AI
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3.2.2 Effect of the SK1 inhibitor SKi (2-(p-hydroxyanilino)-4-(p-

chlorophenyl)thiazole) on SK1 expression in LNCaP and LNCaP-AI cells 

 

The chronic treatment of LNCaP cells with SKi reduced the expression of SK1a and 

SK1b (Figure 3.2; supplementary data, Figure S1). The reduction in SK1a and SK1b 

expression was detectable within 24 hours of treatment with the inhibitor (Figure 

3.15 for SK1a; Figure 3.3 for SK1b; supplementary data, Figure S1). In contrast, SKi 

treatment of LNCaP-AI cells reduced the expression of SK1a but not SK1b (Figure 

3.2; supplementary data, Figure S3). 
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Figure 3.2 Effect of SKi on SK1 protein expression in LNCaP and LNCaP-AI 

cells. Cells were treated with SKi (10 μM, 48 hours) or with the vehicle alone 

(DMSO, 0.1% v/v). SK1a and SK1b protein levels were then examined by western 

blotting analysis using specific antibodies for the two different SK1 isoforms. Blots 

were stripped and re-probed with anti-ERK-2 antibody to ensure comparable protein 

loading between samples. Results are representative of at least three separate 

experiments. Also shown is the densitometric quantification of SK1b 

immunoreactivity, expressed as a percentage of the control (ctrl=100%).*** denotes 

a p value <0.001; NS denotes not statistically significant (p value >0.05). 
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To assess whether SKi down-regulates SK1 by modulating SK1 gene expression, 

cells were pre-treated with cycloheximide, an inhibitor of protein translation, before 

being challenged with SKi. As shown in Figure 3.3, cycloheximide did not block 

SKi-induced down-regulation of SK1b expression in LNCaP cells (supplementary 

data, Figure S1), suggesting that the effect of SKi is not on SK1 protein synthesis. 

 

Quantitative RT-PCR analysis of SK1 mRNA expression in LNCaP cells treated 

with SKi confirmed that this inhibitor does not affect SK1 gene expression. SK1 

mRNA levels in SKi-treated LNCaP cells were not significantly different from those 

in control cells (Figure 3.4). 

 

Taken together, these data indicate that the effect of SKi on SK1 expression in 

LNCaP cells is post-translational, i.e. SKi promotes degradation of SK1. 
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Figure 3.3 Effect of protein synthesis inhibition on SKi-induced down-regulation 

of SK1 in LNCaP cells. Cells were treated with SKi (10 μM, 24 hours) or with the 

vehicle alone (DMSO 0.1% v/v), in the absence or presence of the protein synthesis 

inhibitor cycloheximide (CHX) (5 μg/ml, 30 minutes pre-treatment). SK1b protein 

levels were then measured by western blotting analysis. Blots were stripped and re-

probed with anti-ERK-2 antibody to ensure comparable protein loading. Results are 

representative of three separate experiments. Also shown is the densitometric 

quantification of SK1b immunoreactivity, expressed as a percentage of the control 

(DMSO) (ctrl=100%). p values were as follows: SKi vs control, <0.001); CHX vs 

control, N.S.; CHX+SKi vs SKi, N.S. NS denotes not statistically significant (p value 

>0.05). 
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Figure 3.4 Effect of SKi on SK1 mRNA expression in LNCaP cells. Quantitative 

Real Time-PCR analysis of SK1 mRNA levels in LNCaP cells treated with SKi (10 

μM, 24 hours) or with the vehicle (DMSO 0.1% v/v, ctrl). GAPDH was used as a 

reference gene. Data are expressed as relative SK1 mRNA expression, normalized to 

GAPDH mRNA levels. Bars represent mean of triplicate values ± S.E. and are 

expressed as % of control. N.S. denotes a p-value >0.05 compared with control (not 

statistically significant). 
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The degradation of cellular proteins occurs through two main routes: the proteasomal 

pathway and the lysosomal pathway. In order to test whether SKi induces SK1 

degradation by either of these routes, specific inhibitors of proteasomal and 

lysosomal degradative pathways were used.   

 

The proteasome inhibitor MG132 reduced the effect of SKi on SK1a protein levels in 

LNCaP and LNCaP-AI cells and on SK1b protein levels in LNCaP cells (Figure 

3.5a; supplementary data, Figure S1), indicating that SKi reduces SK1 expression via 

the proteasomal degradation pathway. In contrast, the treatment with a specific 

inhibitor of the lysosomal protease cathepsin B (CA074Me) did not prevent SK1b 

down-regulation in response to SKi (Figure 3.5b; supplementary data, Figure S1), 

indicating that the lysosomal proteolytic pathway is not involved. 

 

The removal of SK1a and SK1b is associated with the induction of apoptosis as 

indicated by the auto-cleavage of caspase-3 (Figure 3.23a). To evaluate whether 

caspase-3 is responsible for causing proteolytic degradation of SK1, we used a 

specific caspase-3/7 inhibitor, Ac-DEVD-CHO. However, pre-treatment with this 

inhibitor did not block SKi-induced degradation of SK1a nor SK1b in LNCaP cells 

(Figure 3.6; supplementary data, Figure S1), suggesting that the activation of 

apoptosis executioner caspases-3 and -7 is not upstream of the degradation of SK1 in 

SKi-treated cells. 
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Figure 3.5 Effect of proteasomal or lysosomal degradative pathway inhibition on 

SKi-induced down-regulation of SK1 expression in LNCaP and LNCaP-AI cells.  
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Figure 3.5 Effect of proteasomal or lysosomal degradative pathway inhibition on 

SKi-induced down-regulation of SK1 expression in LNCaP and LNCaP-AI cells 

(continued). (a) LNCaP and LNCaP-AI cells were pre-treated with the proteasome 

inhibitor MG132 (10 μM, 30 minutes) before being treated with SKi (10 μM, 48 

hours) or with the vehicle (DMSO, 0.1% v/v). The levels of SK1a (in LNCaP and 

LNCaP-AI cells) or SK1b (in LNCaP cells) were then measured by western blotting 

analysis. Blots were stripped and re-probed with anti-ERK-2 antibody to ensure 

comparable protein loading. Results are representative of three separate 

experiments. (b) LNCaP cells were pre-treated with the cathepsin B inhibitor 

CA074Me (10 μM, 30 minutes) before being treated with SKi (10 μM, 48 hours) or 

with the vehicle (DMSO, 0.1% v/v). SK1b protein levels were then measured by 

western blotting analysis. Blots were stripped and re-probed with anti-ERK-2 

antibody to ensure comparable protein loading. Results are representative of three 

separate experiments. Also shown is the densitometric quantification of SK1b 

immunoreactivity, expressed as a percentage of the control (DMSO) (ctrl=100%). p 

values were as follows: SKi vs control, <0.001; MG132 vs control, N.S.; 

MG132+SKi vs SKi, <0.01; CA074Me vs control, <0.05; CA074Me+SKi vs SKi, 

N.S. N.S. denotes not statistically significant (p value >0.05). 
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Figure 3.6 Effect of caspase-3/7 inhibition on SKi-induced down-regulation of 

SK1 in LNCaP cells. Cells were incubated with the caspase-3/7 inhibitor Ac-DEVD-

CHO (100 μM, 30 minutes) before being treated with SKi (10 μM, 48 hours). SK1a 

and SK1b protein levels were then measured by western blotting analysis. Blots were 

stripped and re-probed with anti-ERK-2 antibody to ensure comparable protein 

loading. Results are representative of three separate experiments. Also shown is the 

densitometric quantification of SK1b immunoreactivity, expressed as a percentage of 

the control (DMSO) (ctrl=100%). p values were as follows: SKi vs control, <0.001; 

Ac-DEVD-CHO vs control, N.S.; Ac-DEVD-CHO+SKi vs SKi, N.S. N.S. denotes not 

statistically significant (p value >0.05). 
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3.2.3 Effect of SKi on proteasome activity in LNCaP and LNCaP-AI cells 

 

The study next focused on investigating the mechanism by which SKi promotes the 

proteasomal degradation of SK1 in LNCaP and LNCaP-AI cells. 

 

The first step was to assess whether treatment with SKi stimulated proteasome 

activity in these cells. For this purpose, a Proteasome-Glo™ Cell-Based Assay was 

used. This assay measures the proteasome activity in cultured cells, by monitoring 

the luminescence generated by the proteasomal cleavage of a luminogenic substrate. 

Since this exogenous substrate competes with endogenous proteins for the 

proteasome, an increase in the proteasomal degradation of endogenous proteins, i.e. 

an activation of the proteasome results in a reduction in the proteasomal activity 

against the luminogenic substrate. To reflect the competition nature of this assay, 

data are presented as 100-% of the basal proteasome activity (i.e. in vehicle-treated 

cells), which is a measure of the proteasomal activity against endogenous proteins.  

 

As shown in Figure 3.7, treatment of LNCaP and LNCaP-AI cells with SKi resulted 

in an increase in the proteasomal activity against endogenous proteins, indicating that 

SKi activates the proteasome in these cells. Interestingly, the extent to which the 

proteasome was activated in response to SKi stimulation was similar in LNCaP and 

LNCaP-AI cells. SKi increased proteasome activity within 8 hours of treatment 

(Chapter 5, Figure 5.7). 

 

To confirm the competition nature of the assay, a titration experiment was carried 

out, which demonstrated that the stimulatory effect of SKi on the proteasomal 

degradation of endogenous proteins was reduced by increasing the concentration of 

the exogenous substrate (Figure 3.8). 
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Figure 3.7 Effect of SKi on proteasome activity in LNCaP and LNCaP-AI cells. 

Cells were treated with SKi (10 μM), or with the vehicle alone (DMSO 0.1% v/v), for 

24 hours, before measuring proteasomal activity using a specific assay, as described 

under “Methods”. For each cell line, results are expressed as 100-% of proteasomal 

activity against luminogenic substrate in cells treated with the vehicle alone (which 

corresponds to SKi-stimulated activity against endogenous proteins), and are the 

mean with standard deviation of triplicate assays (n=3). * denotes a p-value <0.05 

compared with control. 
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Figure 3.8 Proteasome activity assay: effect of increasing concentrations of 

luminogenic substrate on SKi-stimulated proteasomal activity against endogenous 

proteins in LNCaP cells. Cells were treated with SKi (10 μM, 24 hours), or with the 

vehicle alone (DMSO 0.1% v/v), before measuring proteasomal activity with a 

specific assay (as described under “Methods”), using increasing concentrations of 

the luminogenic substrate (corresponding to 1X, 1.5X, and 3X the concentration used 

for experiment reported in Figure 3.7). For each concentration of the luminogenic 

substrate, results are expressed as 100-% of proteasomal activity against 

luminogenic substrate in cells treated with the vehicle alone (which corresponds to 

SKi-stimulated activity against endogenous proteins), and are the mean with 

standard deviation of triplicate assays (n=3). ** denotes a p-value <0.01 compared 

with control. 
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To confirm the ability of SKi to stimulate proteasomal activity, the effect of this 

inhibitor was also measured on the expression of cyclin D1 and c-Myc, two proteins 

that are known to be degraded via the ubiquitin-proteasome pathway.  

 

Figure 3.9a and Figure 3.9c show that cyclin D1 and c-Myc protein levels were 

markedly down-regulated in LNCaP cells treated with SKi, an effect that was 

reversed by pre-treatment with the proteasome inhibitor MG132. Similarly, cyclin 

D1 expression was substantially reduced in SKi-treated LNCaP-AI cells (Figure 

3.9b). The effect of SKi on cyclin D1 expression was also tested in a different cell 

line, MCF-7 breast cancer cells. As shown in Figure 3.10, cyclin D1 protein levels 

were significantly reduced in these cells in response to SKi treatment. 

 

Consistent with the possibility that SKi activates the proteasome, treatment of 

LNCaP and LNCaP-AI cells with SKi reduced MG132-induced apoptosis, as 

evidenced by a decrease in the levels of 89 kDa cleaved PARP (a marker of 

apoptosis) compared with cells treated with MG132 alone (Figure 3.11). These 

findings suggest that SKi can partially override inhibition of the proteasome by 

MG132. 
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Figure 3.9 Effect of SKi on cyclin D1 and c-Myc expression in LNCaP and 

LNCaP-AI cells. (a) LNCaP cells were pre-treated with MG132 (10 μM, 30 minutes) 

before being treated with SKi (10 μM, 48 hours) or with the vehicle alone (DMSO 

0.1% v/v). Cyclin D1 protein levels were measured by western blotting analysis. 

Blots were then stripped and re-probed with anti-ERK-2 antibody to ensure 

comparable protein loading. (b) LNCaP-AI cells were treated with SKi (10 μM, 48 

hours) or with the vehicle alone (DMSO 0.1% v/v) and cyclin D1 protein levels were 

then measured by western blotting analysis. Blots were stripped and re-probed with 

anti-ERK-2 antibody to ensure comparable protein loading between samples. (c) 

LNCaP cells were pre-treated with MG132 (10 μM, 30 minutes) before being treated 

with SKi (10 μM, 24 hours) or with the vehicle alone (DMSO 0.1% v/v). c-Myc 

protein levels were measured by western blotting analysis. Blots were then stripped 

and re-probed with anti-actin antibody to ensure comparable protein loading. 

Results are representative of three separate experiments. 
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Figure 3.10 Effect of SKi on cyclin D1 expression in MCF-7 breast cancer cells. 

Cells were treated with SKi (10 μM, 24 hours) or with the vehicle alone (DMSO 

0.1% v/v) and cyclin D1 protein levels were then measured by western blotting 

analysis. Blots were stripped and re-probed with anti-actin antibody to ensure 

comparable protein loading between samples. Results are representative of three 

separate experiments. 
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Figure 3.11 Effect of SKi on MG132-induced apoptosis in LNCaP and LNCaP-AI 

cells. Cells were treated with SKi (10 μM, 48 hours) or with the vehicle alone 

(DMSO 0.1% v/v) in the absence or presence of MG132 (10 μM, 30 minutes pre-

treatment). Apoptosis was assessed by western blotting analysis of cleaved PARP 

levels using an antibody that detects both full-length (116 kDa) and cleaved (89 kDa) 

PARP. Blots were then stripped and re-probed with anti-ERK-2 antibody to ensure 

comparable protein loading between samples. Results are representative of three 

separate experiments.  
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3.2.4 Effect of the ceramide synthase inhibitor fumonisin B1 on SKi-induced 

SK1 and cyclin D1 degradation in LNCaP cells 

 

A possible model for SKi-induced proteasomal degradation of SK1 might involve an 

initial inhibition of SK1 activity which disrupts the ceramide-sphingosine-S1P 

rheostat and results in the accumulation of ceramide and the subsequent ceramide-

dependent activation of the proteasome. To test this possibility, we used fumonisin 

B1 (FB1), which inhibits the activity of ceramide synthase and therefore the back-

conversion of sphingosine to ceramide (Merrill et al., 1993; Merrill et al., 2001). FB1 

reduced the effect of SKi on SK1b expression in LNCaP cells (Figure 3.12; 

supplementary data, Figure S1). Similarly, cyclin D1 protein levels were partially 

restored in LNCaP cells pre-treated with FB1 before being treated with SKi (Figure 

3.12).  

 

Higher concentrations of FB1 could not be used, as they were toxic for LNCaP cells 

and resulted in cell death (not shown). 
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Figure 3.12 Effect of ceramide synthase inhibition on SKi-induced down-

regulation of SK1b and cyclin D1 in LNCaP cells. Cells were pre-treated with 

fumonisin B1 (FB1) (100 µM, 1 hour) before being treated with SKi (10 μM, 24 

hours). SK1b and cyclin D1 protein levels were then measured by western blotting 

analysis. Blots were stripped and re-probed with anti-ERK-2 antibody to ensure 

comparable protein loading between samples. Results are representative of three 

separate experiments. Also shown is the densitometric quantification of SK1b 

immunoreactivity, expressed as a percentage of the control (DMSO) (ctrl=100%). p 

values were as follows: SKi vs control, <0.001; FB1 vs control, N.S.; FB1+SKi vs 

SKi, <0.01. N.S. denotes not statistically significant (p value >0.05). 
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3.2.5 Effect of C2-ceramide, C2-dihydroceramide and dihydrosphingosine on 

SK1 expression in LNCaP and LNCaP-AI cells 

 

FB1 inhibits the back-conversion of sphingosine to ceramide. However, ceramide 

synthase is also involved in the de novo ceramide formation as it catalyses the 

conversion of dihydrosphingosine to dihydroceramide. Therefore, treatment with 

FB1 also reduces the levels of dihydroceramide and ceramide formed via the de novo 

pathway. To establish whether these sphingolipids are involved in the proteasomal 

degradation of SK1, we tested the effect of C2-dihydroceramide and C2-ceramide 

(short chain cell-permeable analogues of dihydroceramide and ceramide, 

respectively) on SK1 expression. As shown in Figure 3.14, treatment of LNCaP cells 

with C2-dihydroceramide did not significantly reduce SK1b protein levels (control vs 

treated cells, p value >0.05). In contrast, C2-ceramide mimicked the effect of SKi, 

inducing the down-regulation of SK1b expression in LNCaP cells, that was reversed 

in the presence of the proteasome inhibitor MG132 (Figure 3.13a; supplementary 

data, Figure S1). Similarly, treatment of LNCaP-AI cells with C2-ceramide induced 

the MG132-sensitive down-regulation of SK1a protein levels (Figure 3.13a; 

supplementary data, Figure S2). In contrast with SKi, C2-ceramide induced the 

down-regulation of SK1b in LNCaP-AI cells (Figure 3.13b; supplementary data, 

Figure S3). 

 

These findings suggest that ceramide is the most likely sphingolipid metabolite 

responsible for inducing SK1 proteasomal degradation in cells treated with SKi. 

 

To further investigate whether ceramide formed via the de novo pathway participates 

in the regulation of SK1 expression, cells were pre-treated with myriocin, which 

inhibits serine palmitoyltransferase and therefore the de novo ceramide synthesis. 

Interestingly, myriocin failed to prevent the reduction in SK1a and cyclin D1 protein 

levels in LNCaP cells treated with SKi (Figure 3.15), suggesting that de novo-

synthesised ceramide is not involved in SKi-induced activation of the proteasome. 

Therefore, the ceramide involved in the proteasomal degradation of SK1 appears to 

be formed by the salvage pathway. Treatment of LNCaP cells with 
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dihydrosphingosine did not significantly reduce SK1a expression (control vs treated 

cells, p value >0.05) (Figure 3.14). 
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Figure 3.13 Effect of C2-ceramide on SK1a and SK1b expression in LNCaP and 

LNCaP-AI cells. (a) Western blots showing the reversal by MG132 (10 µM, 30 

minutes pre-treatment) of the C2-ceramide (C2-cer) (50 µM, 24 h)-induced 

reduction of SK1b levels in LNCaP cells and SK1a levels in LNCaP-AI. Blots were 

then stripped and re-probed with anti-actin antibody to ensure comparable protein 

loading between samples. Results are representative of three separate experiments. 

(b) Western blot showing the effect of C2-ceramide (C2-cer) (50 µM, 24 h) on SK1b 

expression in LNCaP-AI cells. The blot was then stripped and re-probed with anti-

ERK-2 antibody to ensure comparable protein loading between samples. Results are 

representative of three separate experiments. Also shown is the densitometric 

quantification of SK1a and SK1b immunoreactivity, expressed as a percentage of the 

control (DMSO) (ctrl=100%). p values were as follows: LNCaP cells: C2-ceramide 

vs control, <0.001; MG132 vs control, N.S.; MG132+C2-ceramide vs C2-ceramide, 

<0.01. LNCaP-AI cells: SK1a: C2-ceramide vs control, <0.001; MG132 vs control, 

<0.001; MG132+C2-ceramide vs C2-ceramide, <0.001; SK1b: C2-ceramide vs 

control, <0.01. N.S. denotes not statistically significant (p value >0.05). 
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Figure 3.14 Lack of effect of dihydrosphingosine or C2-dihydroceramide on SK1 

expression in LNCaP cells. LNCaP cells were treated with dihydrosphingosine 

(DHS) (10 μM, 48 hours) or C2-dihydroceramide (C2-DHC) (50 μM, 24 hours) or 

with the vehicle alone (DMSO 0.1% v/v) and SK1a or SK1b protein levels were then 

measured by western blotting analysis. Blots were stripped and re-probed with anti-

ERK-2 antibody to ensure comparable protein loading between samples. Results are 

representative of three separate experiments. SKi (10 μM) was used as a reference 

compound for SK1a immunoblotting. 
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Figure 3.15 Lack of effect of de novo ceramide synthesis inhibition on SKi-induced 

down-regulation of SK1a and cyclin D1 in LNCaP cells. Cells were incubated with 

myriocin (100 nM, 2 hours pre-treatment) before being treated with SKi (10 μM, 24 

hours). SK1a and cyclin D1 protein levels were then measured by western blotting 

analysis. Blots were stripped and re-probed with anti-ERK-2 antibody to ensure 

comparable protein loading between samples. Results are representative of two 

separate experiments. 
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3.2.6 Effect of C2-ceramide on proteasome activity in LNCaP and LNCaP-AI 

cells 

 

We next tested whether C2-ceramide activates the proteasome in LNCaP and 

LNCaP-AI cells. Treatment with C2-ceramide reduced cyclin D1 protein levels in 

LNCaP cells (Figure 3.16a) and increased proteasomal activity against endogenous 

proteins in LNCaP-AI cells (Figure 3.16b). In addition, C2-ceramide reduced 

MG132-induced PARP cleavage (Figure 3.17), suggesting that, as was observed for 

SKi, C2-ceramide counters the inhibition of the proteasome by MG132. These results 

provide evidence that C2-ceramide stimulates proteasomal activity in LNCaP and 

LNCaP-AI cells. 

 

Pre-treatment of LNCaP cells with okadaic acid, an inhibitor of protein phosphatase 

2A (PP2A, an intracellular target of ceramide: Dobrowsky et al., 1993; Chalfant et 

al., 1999), partially reversed SKi-induced down-regulation of cyclin D1 (Figure 

3.18). 
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Figure 3.16 Effect of C2-ceramide on proteasome activity in LNCaP and LNCaP-

AI cells. (a) Western blot showing the effect of C2-ceramide (C2-cer) (50 μM, 24 

hours) on cyclin D1 protein levels in LNCaP cells. Blot was stripped and reprobed 

with anti-actin antibody to ensure comparable protein loading between samples. 

Results are representative of two separate experiments. (b) Proteasomal luminogenic 

assay showing the effect of C2-ceramide (C2-cer) (50 μM, 24 hours) on proteasome 

activity in LNCaP-AI cells. Results are expressed as 100-% of proteasomal activity 

against luminogenic substrate in vehicle (DMSO 0.1% v/v)-treated cells (which 

corresponds to inhibitor-stimulated activity against endogenous proteins) and are 

the mean ± standard deviation of triplicate assays (n=3). * denotes a p-value <0.05 

compared with control. 
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Figure 3.17 Effect of C2-ceramide on MG132-induced apoptosis in LNCaP cells. 

Cells were treated with C2-ceramide (C2-cer) (50 μM, 24 hours) or with the vehicle 

(DMSO 0.1% v/v) in the absence or presence of MG132 (10 μM, 30 minutes pre-

treatment). Apoptosis was assessed by western blotting analysis of cleaved PARP 

levels, using an antibody that detects both full-length (116 kDa) and cleaved (89 

kDa) PARP. Blots were then stripped and re-probed with anti-ERK-2 antibody to 

ensure comparable protein loading between samples. Results are representative of 

two separate experiments.  
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Figure 3.18 Effect of PP2A inhibition on SKi-induced down-regulation of cyclin 

D1 in LNCaP cells. Cells were incubated with okadaic acid (OA) (20 nM, 30 

minutes) before being treated with SKi (10 μM, 24 hours). Cyclin D1 protein levels 

were measured by western blotting analysis. Blots were then stripped and re-probed 

with anti-actin antibody to ensure comparable protein loading between samples. 
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3.2.7 Effect of SKi on over-expressed SK1a and SK1b in LNCaP cells 

 

Having established that SK1b is resistant to SKi-induced down-regulation in LNCaP-

AI cells, the mechanism(s) that underlie the ability of SK1b to evade proteasomal 

degradation in response to SKi in LNCaP-AI cells was next investigated. 

 

To assess whether the susceptibility of SK1 to SKi-induced degradation is dependent 

on its expression level, recombinant SK1a and SK1b were over-expressed in LNCaP 

cells and their sensitivity to SKi determined. 

 

Transfection efficiency was assessed by immunofluorescence cell imaging using 

anti-Myc or anti-FLAG antibodies and the corresponding fluorophore-tagged 

secondary antibodies, as described under the Methods section. When viewed under 

the epifluorescence microscope, successfully transfected cells appeared green (if 

expressing Myc-tagged SK1a) or red (if expressing FLAG-tagged SK1b). 

Transfection efficiency was estimated by calculating the ratio between fluorescence-

emitting cells and the total number of cells, determined by counting DAPI-stained 

nuclei. Immunofluorescence microscopy analysis revealed that Myc-SK1a and 

FLAG-SK1b transient transfection efficiency in LNCaP cells was approximately 

10% (Figure 3.19). LNCaP cells transfected with the vector plasmid were used as a 

control for the specificity of the signal (not shown). 

 

Despite the low transfection efficiency, recombinant SK1a and SK1b could be 

detected in lysates prepared from transiently transfected LNCaP cells by western 

blotting analysis using anti-Myc or anti-FLAG antibodies (Figure 3.20; Figure 3.21). 

Therefore, this system was suitable for testing the effect of SKi on over-expressed 

SK1a and SK1b levels. As shown in Figure 3.20 and Figure 3.21, no bands 

corresponding to proteins of the expected size were detected when lysates from 

vector-transfected LNCaP cells were immunoblotted using anti-Myc or anti-FLAG 

antibodies, confirming the specificity of the antibodies used to detect recombinant 

SK1. 
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SK1 activity assay of LNCaP cell lysates containing over-expressed SK1a or SK1b 

showed a 215-fold increase in SK1a activity and a 90-fold increase in SK1b activity 

compared with vector-transfected LNCaP cells (SK1 activity in vector-transfected 

cells: 0.004±0.002 pmol/min/ug protein; SK1a-transfected cells: 0.929±0.080 

pmol/min/ug protein; SK1b-transfected cells: 0.387±0.020 pmol/min/ug protein). 

This data confirms that recombinant SK1a and SK1b ectopically expressed in 

LNCaP cells are catalytically active. 
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Figure 3.19 Immunofluorescence microscopy images showing the transfection 

efficiency of Myc-tagged SK1a and FLAG-tagged SK1b in LNCaP cells. Cells 

transiently transfected with (a) Myc-SK1a plasmid or (b) FLAG-SK1b plasmid were 

processed for immunofluorescence (as described under the Methods section) using 

(a) anti-Myc primary antibody and FITC-tagged secondary antibody (green signal) 

or (b) anti-FLAG primary antibody and TRITC-tagged secondary antibody (red 

signal). Cell nuclei were stained with DAPI (blue signal). 
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To evaluate the effect of SKi on over-expressed recombinant SK1a and SK1b levels 

we used anti-Myc and anti-FLAG antibodies, so that we were only assessing cells in 

which these recombinant proteins had been successfully over-expressed. 

 

In contrast with endogenous SK1a and SK1b (Figure 3.3; Figure 3.15), SKi (10 μM) 

failed to down-regulate ectopically expressed SK1a and SK1b in LNCaP cells 

(Figure 3.20). The effect of higher concentrations of the inhibitor was therefore 

tested. As shown in Figure 3.20, 50 μM SKi reduced the expression of both isoforms. 

Interestingly, the treatment of LNCaP cells with 25 μM SKi induced the down-

regulation of recombinant SK1a, but not of SK1b (Figure 3.20). Thus, this system 

recapitulates the scenario observed for endogenous SK1 in LNCaP-AI cells, where 

SK1a is sensitive to SKi-induced proteasomal degradation while SK1b evades the 

proteasome (Figure 3.2; Figure 3.5). 
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Figure 3.20 Effect of SKi on recombinant SK1a and SK1b expression in LNCaP 

cells. LNCaP cells transiently over-expressing Myc-SK1a or FLAG-SK1b were 

treated with the indicated concentrations of SKi or with the vehicle alone (DMSO, 

0.1% v/v) for 24 hours. Myc-SK1a and FLAG-SK1b levels were measured by western 

blotting analysis using anti-Myc or anti-FLAG antibodies, respectively. Blots were 

then stripped and re-probed with anti-actin antibody to ensure comparable protein 

loading. Results are representative of three separate experiments. Lysates from 

LNCaP cells transfected with vector plasmid were used as a control of antibody 

specificity. 
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3.2.8 Analysis of the inhibition kinetics of SK1a and SK1b in response to SKi 

 

To assess whether the reduced sensitivity of SK1b to SKi-induced degradation was 

due to a defective binding of this enzyme to the inhibitor, the concentration-

dependent inhibition of SK1a and SK1b by SKi was assessed, using lysates prepared 

from LNCaP cells transiently over-expressing SK1a or SK1b. The expression of 

recombinant SK1a or SK1b in the cell lysates used for the activity assay was 

confirmed by western blotting analysis (Figure 3.21b).  

 

SK1 activity in lysates from LNCaP cells transiently transfected with the vector 

plasmid was very low (215-fold and 90-fold lower than in lysates from SK1a- and 

from SK1b-transfected cells, respectively) (section 3.2.7), indicating that the activity 

of endogenous SK1 is negligible compared to the activity of ectopically expressed 

SK1 (~0.5-1% of the activity in SK1a- and SK1b-transfected cells). Therefore, the 

activity measured in lysates from LNCaP cells transiently over-expressing SK1a or 

SK1b can be attributed to the ectopically expressed enzymes, and the observed % 

inhibition at each concentration of SKi can be regarded as due to inhibition of 

recombinant SK1a or SK1b activity. This enabled us to analyse the concentration-

dependent inhibition for the two different SK1 isoforms separately. 

 

As shown in Figure 3.21a, SKi inhibits SK1a and SK1b catalytic activity in a 

concentration-dependent manner and with similar potency for the two isoforms 

(extrapolated IC50 was approximately 100 µM). 
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Figure 3.21 Effect of SKi on SK1a and SK1b activity. (a) SK1 activity was 

measured in lysates from LNCaP cells transiently transfected with Myc-SK1a or 

FLAG-SK1b plasmids, in the presence of the indicated concentrations of SKi or the 

vehicle (control, DMSO 5% v/v). For each isoform and for each concentration of 

SKi, results are expressed as % of SK1 activity in the absence of SKi (control=100% 

activity) and are the mean with standard deviation of n=4 assays. p values for SK1a 

or SK1b activity in the presence of SKi versus control are: SK1a, N.S. (10 μM), 

<0.05 (25 μM), <0.001 (50 μM), <0.001 (100 μM); SK1b, N.S. (10 μM), <0.01 (25 

μM), <0.001 (50 μM), <0.001 (100 μM). N.S. denotes a p value >0.05 (not 

statistically significant). In the presence of each concentration of SKi, the activity of 

SK1a was not significantly different from the activity of SK1b (p value>0.05). (b) 

Western blot showing the over-expression of recombinant Myc-SK1a or FLAG-SK1b 

in the lysates used for SK1 activity assays. Blot was probed with anti-Myc antibody 

and then stripped and re-probed with anti-FLAG antibody. 
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3.2.9 Investigation of potential SK1-interacting proteins in LNCaP cells 

 

We next tested whether the different sensitivity of SK1a and SK1b to SKi-induced 

degradation was associated with a distinct pattern of interacting proteins. To address 

this issue, we used a combination of protein labelling, immunoprecipitation and 

autoradiography, as described in the Methods section.  

 

LNCaP cells over-expressing recombinant SK1a or SK1b were treated with 25 μM 

SKi, that exerts a differential effect on SK1a and SK1b expression in terms of down-

regulation (Figure 3.20). For this experiment, cells were challenged with a short-time 

treatment (3 hours) with SKi, to immunoprecipitate SK1a/SK1b before these proteins 

were proteasomally degraded. 

 

However, there were no detectable differences between SK1a and SK1b in terms of 

interacting proteins in response to treatment with SKi. Indeed, the only [
35

S]-labelled 

proteins that could be detected by autoradiography were those corresponding to 

SK1a (in LNCaP cells over-expressing SK1a-Myc) or SK1b (in LNCaP cells over-

expressing SK1b-FLAG) (as assessed from their apparent molecular weight), and the 

treatment with SKi did not induce the appearance of any additional [
35

S]-labelled 

proteins (Figure 3.22). 

 

A parallel experiment was performed using lysates from LNCaP cells transfected 

with vector plasmid as a control. 
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Figure 3.22 Analysis of SK1-interacting proteins in LNCaP cells by 

autoradiography. LNCaP cells transiently over-expressing recombinant SK1a or 

SK1b were incubated for 24 hours with [
35

S]methionine (to label de novo-synthesised 

proteins, rendering them detectable by autoradiography) and then treated with SKi 

(25 μM) or the vehicle alone (DMSO, 0.1% v/v) for 3 hours. Recombinant SK1a and 

SK1b were immunoprecipitated (using anti-Myc or anti-FLAG antibodies, 

respectively) and the resulting immunocomplexes were resolved by SDS-PAGE and 

detected by autoradiography. Results are representative of three separate 

experiments. On the left is reported the position and the size of pre-stained molecular 

weight markers run on the polyacrylamide gel alongside the samples. 
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3.2.10 Effect of SKi on LNCaP and LNCaP-AI cell survival 

 

We next evaluated the functional significance of SKi-induced down-regulation of 

SK1 by assessing the apoptotic status of LNCaP and LNCaP-AI cells treated with 

this inhibitor.  

 

Treatment with SKi induced cell death by apoptosis in LNCaP cells, as assessed by 

the detection of cleaved caspase-3 (17/19 kDa) and cleaved PARP (apoptosis-

specific 89 kDa fragment), two markers of the apoptotic process (Figure 3.23a). The 

activation of apoptosis in LNCaP cells treated with SKi occurred within 24 hours, as 

assessed by the appearance of cleaved PARP (Figure 3.23b). In contrast, cleaved 

caspase-3 and cleaved PARP were not detected in SKi-treated LNCaP-AI cells, 

indicating that SKi did not induce the onset of apoptosis in these cells (Figure 3.23a). 

 

The treatment of LNCaP cells with SKi was also associated with an increase in the 

phosphorylation of ERK-1/2, an enzyme which is involved in the regulation of cell 

survival, while this pro-survival pathway was not activated in LNCaP-AI cells 

(Figure 3.24a). Pre-treatment of LNCaP cells with PD98059, an inhibitor of MEK1 

activation (an upstream regulator of ERK-1/2), enhanced PARP cleavage induced by 

SKi while blocking ERK-1/2 phosphorylation (Figure 3.24a; Figure 3.24b). This 

finding confirms that the activation of ERK-1/2 pathway represents a re-bound 

mechanism that affords some degree of protection against apoptotic stimuli in 

LNCaP cells. 
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Figure 3.23 Effect of SKi on cell survival in LNCaP and LNCaP-AI cells. (a) Cells 

were treated for 48 hours with SKi (10 µΜ) or with the vehicle (DMSO, 0.1% v/v) 

and apoptosis was then evaluated by western blotting analysis of the expression of 

apoptosis-related markers: PARP cleavage, using an antibody detecting both full-

lenght (116 kDa) and cleaved (89 kDa) PARP, and caspase-3 cleavage (17/19 kDa). 

Blots were stripped and re-probed with anti-ERK-2 antibody to ensure comparable 

protein loading. Results are representative of at least three separate experiments. (b) 

LNCaP cells were treated for 24 hours with SKi (10 µΜ) or with the vehicle (DMSO, 

0.1% v/v) and apoptosis was then evaluated by western blotting analysis of the 

expression of PARP cleavage. Blots were stripped and re-probed with anti-actin 

antibody to ensure comparable protein loading. Results are representative of at least 

three separate experiments. 
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Figure 3.24 Effect of MEK inhibition on SKi-induced ERK-1/2 activation and 

PARP cleavage. LNCaP and LNCaP-AI cells were treated with SKi (10 μM, 48 

hours) or with the vehicle alone (DMSO, 0.1% v/v) in the absence or presence of 

PD98059 (10 μM, 30 minutes pre-treatment), and (a) ERK-1/2 activation (in LNCaP 

and LNCaP-AI cells) or (b) apoptosis (in LNCaP cells) were then assessed by 

western blotting analysis, using an anti-phospho-ERK-1/2 or an anti-PARP/cleaved 

PARP antibody, respectively. Blots were then stripped and re-probed with anti-ERK-

2 antibody to ensure comparable protein loading. Results are representative of three 

separate experiments. p-ERK-1/2: phospho-ERK-1/2.  
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3.2.11 Effect of SK1 siRNA on LNCaP and LNCaP-AI cell survival 

 

The failure of SKi to induce apoptosis in LNCaP-AI cells is associated with the 

reduced sensitivity of SK1b to SKi-induced proteasomal degradation. In order to 

further investigate the role of SK1a and SK1b in regulating prostate cancer cell 

survival, we used specific siRNA to knock-down the expression of these enzymes. 

The SK1 siRNA used for these experiments is targeted at a common region in SK1a 

and SK1b mRNA and therefore is potentially able to knock-down the expression of 

both isoforms. In parallel, transfection with a “scrambled” siRNA, not targeting the 

gene of interest, was performed as a control.  

 

The transfection of LNCaP cells with SK1 siRNA resulted in a marked reduction in 

SK1 mRNA levels compared to cells transfected with scrambled siRNA, as assessed 

by RT-PCR using gene-specific primers that amplify both SK1a and SK1b mRNA 

(Figure 3.25a). SK1 protein expression in LNCaP and LNCaP-AI cells transfected 

with SK1 siRNA was also measured. As shown in Figure 3.25b, SK1a protein levels 

were substantially reduced by siRNA treatment in both cell lines. However, SK1 

siRNA failed to knock-down SK1b protein expression (SK1 siRNA vs scrambled 

siRNA, p value >0.05 for both cell lines) (Figure 3.25b; supplementary data, Figure 

S3).  

 

siRNA knock down of SK1a did not result in apoptosis. Indeed, the treatment of 

LNCaP and LNCaP-AI cells with SK1 siRNA did not result in enhanced PARP 

cleavage compared with scrambled siRNA-treated cells (Figure 3.25b; Figure 3.26).  

 

The lack of effect of SK1 siRNA in reducing SK1b protein levels is likely due to a 

slow rate of turnover of this protein. This hypothesis is supported by the finding that 

a 24.5 hours treatment of LNCaP cells with the protein synthesis inhibitor 

cycloheximide did not affect SK1b protein levels (Figure 3.3; supplementary data, 

Figure S1).  

It is reasonable to suppose that a combination of SK1 siRNA (which acts at the 

mRNA level, thereby preventing the de novo protein synthesis) and SKi (which acts 
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at the protein level to induce proteasomal degradation) might overcome the 

resistance of SK1b to proteasomal degradation induced by SKi. To test this 

hypothesis, LNCaP-AI cells were transfected with SK1 siRNA or scrambled siRNA 

and challenged with SKi for the last 24 hours of treatment. Consistent with the 

results presented above, SKi failed to down-regulate SK1b in scrambled siRNA-

transfected cells (Figure 3.26; supplementary data, Figure S3). In contrast, SK1b 

expression was reduced in response to the combined treatment with SKi and SK1 

siRNA (Figure 3.26; supplementary data, Figure S3). 

 

In line with the data presented in paragraph 3.2.10, SKi did not induce an increase in 

cleaved PARP levels in scrambled siRNA-transfected LNCaP-AI cells (Figure 3.26). 

However, the treatment with SKi enhanced PARP cleavage in LNCaP-AI cells 

transfected with SK1 siRNA (cleaved PARP, SK1 siRNA+SKi vs SK1 siRNA, p 

value <0.05) (Figure 3.26). 

 

The effect of siRNA-mediated SK1 silencing on proteasome activity was also 

assessed. As shown in Figure 3.25c, treatment with SK1 siRNA, which knocks-down 

SK1a without however reducing SK1b expression (Figure 3.25b), did not down-

regulate cyclin D1 nor c-Myc protein levels in LNCaP cells, indicating that the 

proteasome is not activated in these cells.  
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Figure 3.25 Effect of transfection with siRNA oligonucleotides targeting SK1 on 

SK1 expression and PARP cleavage in LNCaP and LNCaP-AI cells. (a) RT-PCR 

analysis of SK1 mRNA levels in LNCaP cells transfected with siRNA 

oligonucleotides targeting SK1 (200 nM) or scrambled siRNA (200 nM) for 48 hours. 

The expression of the housekeeping gene GAPDH was analysed using gene-specific 

primers to ensure that comparable amounts of cDNA template were used for the two 

cell lines. Shown is an agarose electrophoresis gel of the RT-PCR products. (b) 

Western blotting analysis of SK1a, SK1b or PARP/cleaved PARP levels in LNCaP 

and LNCaP-AI cells transfected with siRNA oligonucleotides targeting SK1 (200 

nM) or scrambled siRNA (200 nM) for 72 hours. (c) Western blots showing the lack 

of effect of siRNA oligonucleotides targeting SK1 on cyclin D1 and c-Myc expression 

in LNCaP cells. Samples used for western blotting analysis are the same as for (b). 

Blots were stripped and re-probed with anti-actin antibody to ensure comparable 

protein loading. Results are representative of three separate experiments. 
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Figure 3.25 Effect of transfection with siRNA oligonucleotides targeting SK1 on 

SK1 expression and PARP cleavage in LNCaP and LNCaP-AI cells (continued).  
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Figure 3.26 Effect of SKi on SK1 expression and PARP cleavage in SK1 siRNA-

transfected LNCaP-AI cells. Cells were transfected with siRNA oligonucleotides 

targeting SK1 (200 nM) or scrambled siRNA (200 nM) and incubated for 48 hours 

before being treated with SKi (10 μM) or with the vehicle alone (DMSO, 0.1% v/v) 

for further 24 hours. SK1a, SK1b and PARP/cleaved PARP levels were measured by 

western blotting analysis. Blots were then stripped and re-probed with anti-actin 

antibody to ensure comparable protein loading. Results are representative of three 

separate experiments. Also shown is the densitometric quantification of SK1b 

immunoreactivity, expressed as a percentage of the control (scrambled siRNA) 

(ctrl=100%). p values were as follows: SK1 siRNA vs control, N.S.; scrambled 

siRNA+SKi vs control, N.S.; SK1 siRNA+SKi vs SK1 siRNA, <0.05; SKi siRNA+SKi 

vs scrambled siRNA+SKi, <0.05. N.S. denotes not statistically significant (p value 

>0.05). 
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3.2.12 Effect of SK inhibitors on autophagy in LNCaP and LNCaP-AI cells 

 

Besides regulating the apoptotic status of cells, the ceramide/S1P rheostat is also 

implicated in autophagy (Scarlatti et al., 2004; Lavieu et al., 2006; Lavieu et al., 

2008). Therefore, we assessed whether SK1 inhibition/down-regulation in response 

to SKi modulates the autophagic process in LNCaP and LNCaP-AI cells (in 

collaboration with Dr E. Chan, University of Strathclyde). 

 

LC3 (microtubule-associated protein light chain 3) is a widely used autophagic 

marker in mammalian cells (Kabeya et al., 2000; Mizushima, 2004). During the 

autophagic process, the cytosolic form of LC3 (LC3-I) is converted to LC3-II (the 

autophagosome-bound form) by conjugation to phosphatidylethanolamine. 

Therefore, the amount of LC3-II in a cell is proportional to the number of 

autophagosomes (the autophagic vacuoles), i.e. is an index of the cellular autophagic 

activity (Mizushima et al., 2010). The conversion from LC3-I to LC3-II can be 

monitored by immunoblotting using an antibody against LC3 (Mizushima et al., 

2010). As shown in Figure 3.27, treatment with SKi induced a marked accumulation 

of LC3-I in both LNCaP and LNCaP-AI cells without however increasing the 

amount of LC3-II. This finding suggests that SKi inhibits the autophagic pathway in 

both cell lines.   

Figure 3.27 also shows that the SK2-specific inhibitor (R)-FTY720-OMe induced a 

typical autophagy response in LNCaP and LNCaP-AI cells, characterized by the 

increase in the amount of LC3-II. 
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Figure 3.27 Effect of SK inhibitors on autophagy in LNCaP and LNCaP-AI cells. 

Cells were treated with SKi (10 µM), (R)-FTY720-OMe ((R)-OMe) (10 µM) or the 

vehicle alone (DMSO, 0.1% v/v) for 48 hours. LC3-I and LC3-II levels were 

measured by western blotting analysis using an anti-LC3 antibody that detects both 

forms. Blots were then stripped and re-probed for actin to ensure comparable 

protein loading between samples. Results are representative of three separate 

experiments. 
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3.3 Discussion 

 

3.3.1 SK1 expression is up-regulated in LNCaP-AI cells compared with LNCaP 

cells 

 

The transition of androgen sensitive LNCaP cells to androgen-independent LNCaP-

AI cells is associated with an up-regulation of SK1 expression. This finding is in line 

with a previous report showing that SK1 protein levels and activity are progressively 

increased in LNCaP cells subjected to chronic androgen deprivation (Dayon et al., 

2009). 

 

RT-PCR analysis of SK1 mRNA showed that SK1 up-regulation occurs at the 

transcriptional level. The molecular basis of SK1 transcriptional up-regulation 

remains to be elucidated. In this regard, it has been shown that prostate cancer 

progression to androgen independence is associated with increased expression of 

human EGF receptor 2 (HER2) in vitro (Craft et al., 1999; Shi et al., 2004) and in 

clinical samples from prostate cancer patients (Mukherjee et al., 2011). This might be 

significant because a functional association between HER2 and SK1 expression has 

been reported in MCF-7 breast cancer cells. In this case, the enforced over-

expression of HER2 induces an increase in SK1 mRNA, protein and activity levels 

(Long et al., 2010a). Therefore, the transcriptional up-regulation of SK1 in LNCaP-

AI cells might be dependent on HER2 signalling.  

Intracellular pathways downstream of HER2 include ERK-1/2, protein kinase C 

(PKC) and phosphatidylinositol-3-kinase (PI3K)/Akt (Roy and Perez, 2009). Of 

these, ERK-1/2 and PKC have been shown to positively regulate SK1 gene 

expression via the activation of two transcription factors (Sp1 and AP-2) that interact 

with SK1 promoter (Nakade et al., 2003). Indeed, ERK-1/2 activity is increased in 

LNCaP cells that have progressed to androgen independence (Shi et al., 2004). 

Whether PKC activity is up-regulated in androgen-independent prostate cancer cells 

compared with their androgen-dependent counterparts has not been reported. 

PI3K/Akt activity is also elevated during the progression of LNCaP cells to the 

androgen refractory state (Murillo et al., 2001; Shi et al., 2004; Dayon et al., 2009). 
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Interestingly, pharmacological inhibition of the PI3K/Akt pathway in LNCaP cells 

subjected to androgen withdrawal is associated with a reduction in SK1 activity 

(Dayon et al., 2009), providing evidence that PI3K/Akt regulates SK1 in prostate 

cancer cells. 

 

It would be therefore interesting to evaluate the contribution of these pathways to 

SK1 up-regulation in prostate cancer cells, by assessing whether interfering with 

these signalling cascades reduces SK1 expression in LNCaP-AI cells. 

 

The finding that SK1 expression is up-regulated in LNCaP cells that have progressed 

to androgen independence suggests that SK1 might be involved in androgen escape. 

Indeed, Dayon and colleagues have demonstrated that SK1 inhibition prevents the 

transition of LNCaP cells to a hormone-refractory state (Dayon et al., 2009). This 

finding provides evidence that SK1 is necessary for androgen escape and suggests 

that targeting SK1 might be a promising strategy to block the development of 

hormone-refractory prostate cancer. This finding is particularly significant, given the 

lack of effective therapeutic options for the treatment of androgen-independent 

prostate cancer. 

 

The mechanism(s) by which SK1 promotes the acquisition of an androgen-

independent phenotype have not been investigated. It might be speculated that the 

up-regulation of SK1 expression might confer an advantage to prostate cancer cells 

in terms of survival and proliferation in an environment depleted of an essential pro-

growth signal. Indeed, the data presented in this Chapter and previous reports 

demonstrate that SK1 has a key role in promoting prostate cancer cell survival, as 

will be discussed below. In addition, SK1 promotes prostate cancer cell proliferation 

(Akao et al., 2006; Dayon et al., 2009). Significantly, the over-expression of SK1 

sustains LNCaP cell proliferation under androgen deprivation conditions (Dayon et 

al., 2009).  

Another mechanism by which SK1 might contribute to androgen escape is through 

the modulation of the androgen receptor (AR) pathway. In particular, S1P acts via its 

cognate receptors to stimulate intracellular signalling cascades (e.g. ERK-1/2, Akt) 
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that have been shown to phosphorylate AR, resulting in ligand-independent 

activation of AR and consequent expression of genes that promote cell proliferation 

(Ghosh et al., 2003; Lin et al., 2003). In addition, evidence exists that SK1 might also 

regulate AR expression in prostate cancer cells (Chapter 6). 

 

Finally, the data presented in this Chapter indicate that SK1 might promote 

autophagy in LNCaP cells. Interestingly, it has been shown that androgen withdrawal 

stimulates autophagy in LNCaP cells and this protects cells from hormone ablation-

induced apoptosis (Li et al., 2008a; Chhipa et al., 2011). Thus, the activation of 

autophagy might represent an additional mechanism by which SK1 sustains LNCaP 

cell survival during the transition to androgen independence. 

 

Assessing the actual contribution of the mechanisms listed above to androgen escape 

requires formal investigation. 

 

Importantly, the up-regulation of SK1b expression in LNCaP-AI cells is a critical 

element in the acquisition of resistance to SKi-induced proteasomal degradation and 

consequently to apoptosis, as will be discussed below. 

 

Although SK1 expression is markedly up-regulated, S1P intracellular levels in 

LNCaP-AI cells are lower than in LNCaP cells, as assessed by Liquid 

Chromatography-Mass Spectrometry (LC-MS) (in collaboration with Dr E. 

Berdyshev, University of Illinois at Chicago) (Lim et al., 2012b) (Supplementary 

data, Figure S6). Since SK1 appears to be functionally coupled to S1P lyase in these 

cells (see below for discussion), this finding suggests that S1P lyase activity might be 

higher in LNCaP-AI cells compared with LNCaP cells.  

mRNA expression of S1P receptors S1P2 and S1P3 is also increased in LNCaP-AI 

cells compared with LNCaP cells (Supplementary data, Figure S4). In addition, 

mRNA levels of LPP2, one of the enzymes that catalyse S1P dephosphorylation 

(Pyne et al., 2004), are substantially reduced in LNCaP-AI cells compared with 

LNCaP cells (Supplementary data, Figure S5). Thus, the bioavailability of S1P at its 

receptors (and therefore the activation of intracellular signalling pathways) might 
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also be increased in LNCaP-AI cells. By activating its cognate surface receptors, S1P 

modulates intracellular signalling pathways (ERK-1/2, Akt, JNK/p38) to promote 

cell survival (Cuvillier et al., 1996; Radeff-Huang et al., 2004). In addition, 

extracellular S1P has been shown to protect against apoptosis by modulating the 

expression of pro-apoptotic (Bcl-2) and anti-apoptotic (Bad, Bax) members of the 

Bcl-2 family (Pyne and Pyne, 2010). Thus, it is tempting to speculate that a more 

active S1P inside-out signalling in LNCaP-AI cells might result in increased 

resistance to apoptotic stimuli and survival in the absence of androgen stimulation. 

Interestingly, the progression of LNCaP cells to androgen independence is associated 

with the up-regulation of anti-apoptotic Bcl-2 and the down-regulation of pro-

apoptotic Bax, which confer protection from androgen ablation-induced apoptosis 

(McDonnel et al., 1992; Shi et al., 2004; Raffo et al., 1995). 

The functional significance of S1P inside-out signalling in LNCaP-AI cells remains 

to be defined. In particular, it would be interesting to assess whether interfering with 

this signalling system restores the sensitivity of LNCaP-AI cells to apoptotic stimuli 

and their reliance on androgens for growth.  

 

3.3.2 The SK1 inhibitor SKi (2-(p-hydroxyanilino)-4-(p-chlorophenyl)thiazole) 

induces the proteasomal degradation of SK1 in LNCaP and LNCaP-AI cells by 

activating the proteasome 

 

The data presented in the current Chapter demonstrate that the chronic treatment of 

LNCaP and LNCaP-AI cells with SKi results in the proteasomal degradation of SK1. 

Similarly, proteasome-mediated down-regulation of SK1 expression in response to 

SKi was observed in other cell lines, including cancerous (MCF-7 breast cancer 

cells) and non-cancerous (hPASMC; HEK 293) cells (Loveridge et al., 2010; Lim et 

al., 2011b). 

 

The treatment of LNCaP and LNCaP-AI cells with SKi increases the flux of cellular 

proteins through the proteasomal degradative pathway. This was demonstrated by the 

measurement of proteasomal activity and by the finding that the levels of proteins 

which are subject to proteasomal degradation (cyclin D1, c-Myc) are markedly 
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reduced in cells treated with SKi, an effect that can be reversed by the proteasome 

inhibitor, MG132.  

 

SKi has also been shown to stimulate proteasomal activity in MCF-7 cells 

(Loveridge et al., 2010) and to reduce cyclin D1 protein levels in these cells. 

 

The activation of the proteasome by SKi is in line with results indicating that SKi can 

partially counter the inhibition of the proteasome by MG132. This is suggested by 

two lines of evidence. First, SK1a levels are not fully recovered in LNCaP and 

LNCaP-AI cells treated with SKi and MG132 compared with cells treated with 

MG132 alone. Second, SKi reduces MG132-induced PARP cleavage in LNCaP and 

LNCaP-AI cells. This finding suggests that activation of the proteasome by SKi can 

partially reverse the induction of apoptosis that occurs when the proteasome is 

inhibited by MG132. Indeed, inhibition of the proteasome by MG132 causes the 

accumulation of unfolded/misfolded proteins within the endoplasmic reticulum (“ER 

stress”), resulting in the activation of the so-called “unfolded protein response” 

which culminates in the induction of apoptosis (Obeng et al., 2006). By accelerating 

the flux of cellular proteins through the proteasome, SKi is likely to favour the 

removal of unfolded/misfolded proteins thereby relieving cells from MG132-induced 

ER stress to reduce apoptosis. 

 

It is well established that proteins have to be modified by covalent attachment of a 

lysine-48-linked polyubiquitin chain to be targeted for degradation by the 

proteasome. Kihara and colleagues reported that SK1 is polyubiquitinated and 

degraded by the proteasome under basal conditions (Kihara et al., 2006). Indeed, 

SK1a and SK1b accumulate in LNCaP-AI cells when treated with MG132, 

suggesting an active turnover of these proteins through the ubiquitin-proteasomal 

pathway. Loveridge et al. also showed that SK1 is polyubiquitinated under basal 

conditions and that SKi promotes the proteasomal degradation of polyubiquitinated 

SK1 by activating the proteasome (Loveridge et al., 2010). 

Taken together, these findings are consistent with a model where SKi activates the 

proteasome to increase removal of polyubiquitinated SK1.  
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Others have shown that SKi induces the cathepsin B-dependent lysosomal 

degradation of SK1 in various human cell lines (Ren et al. 2010). However, we can 

exclude a role for this pathway in the SKi-induced degradation of SK1 as the specific 

cathepsin B inhibitor CA074Me did not reverse the effect of SKi in LNCaP cells. In 

addition, an alternative proteasomal inhibitor, lactacystin, which lacks inhibition of 

cathepsin B also blocked the SKi-induced down-regulation of SK1a in hPASMC 

(Loveridge et al., 2010). The difference with the study by Ren et al. might be related 

to the fact that the relative contribution of lysosomal and proteasomal pathways to 

protein degradation may vary between cell types (Clague and Urbè, 2010). 

 

Obeid and colleagues demonstrated that DNA damaging agents reduce SK1 

expression via a post-transcriptional mechanism that involves multiple proteases, 

including cathepsin B and effector caspase-3 and -7 (Taha et al., 2004). The data 

presented in the current study provide evidence that caspase-3/7 do not participate in 

the down-regulation of SK1 in prostate cancer cells treated with SKi, as the caspase-

3/7 inhibitor, Ac-DEVD-CHO had no effect on the degradation of SK1 in response 

to SKi. Similarly, Ac-DEVD-CHO failed to rescue SKi-induced down-regulation of 

SK1 in hPASMC and MCF-7 cells (Loveridge et al., 2010). Moreover, SKi reduces 

SK1a expression in LNCaP-AI cells that do not undergo apoptosis upon treatment 

with SKi. 

 

Obeid and colleagues have also demonstrated that SK1 down-regulation in response 

to genotoxic agents is dependent on p53 accumulation (Taha et al., 2004; Heffernan-

Stroud et al., 2012). SKi treatment did not result in p53 up-regulation in LNCaP cells 

(Chapter 6), indicating that p53 is not required for SKi-induced degradation of SK1, 

although this needs to be confirmed using a p53-specific inhibitor. 

 

3.3.3 SKi activates the proteasome by tilting the sphingolipid rheostat toward 

ceramide 

 

The data presented in this Chapter provide evidence that the stimulation of 

proteasome activity in LNCaP cells treated with SKi and the subsequent down-
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regulation of SK1 expression are due to acute SK1 catalytic inhibition by SKi, which 

results in the accumulation of ceramide formed by the salvage pathway. This is based 

on the finding that SKi-induced proteasomal degradation of SK1 and cyclin D1 is 

partially reversed by the ceramide synthase inhibitor fumonisin B1 while is not 

affected by myriocin (which by inhibiting serine palmitoyltransferase reduces the de 

novo ceramide formation). In addition, the cell-permeable analogue of ceramide, C2-

ceramide mimics the effect of SKi, promoting the proteasomal degradation of SK1 in 

LNCaP and LNCaP-AI cells, while C2-dihydroceramide fails to do so. Indeed, C2-

ceramide also induced the MG132-sensitive down-regulation of SK1 in hPASMC 

(Loveridge et al., 2010). 

 

Furthermore, C2-ceramide activates the proteasome in astrocytes (Calatayud et al., 

2005) and MCF-7 breast cancer cells (Loveridge et al., 2010). In line with these 

findings, the treatment of LNCaP-AI cells with C2-ceramide resulted in increased 

proteasomal activity, as assessed using a proteasomal luminogenic activity assay. In 

addition, C2-ceramide reduces cyclin D1 expression and prevents MG132-induced 

apoptosis in LNCaP cells, which is also consistent with the ability of this lipid to 

activate the proteasome. 

 

The mechanism by which ceramide activates the proteasome remains to be 

elucidated. In this regard, preliminary data showed that PP2A might mediate the 

effect of ceramide, as the inhibition of this enzyme with okadaic acid partially 

reverses SKi-induced proteasomal degradation of cyclin D1. 

 

The finding that S1P inhibits the proteasome in MCF-7 breast cancer cells 

(Loveridge et al., 2010) suggests that the flux of proteins through the proteasomal 

degradative pathway might be modulated by the intracellular balance between 

ceramide and S1P. Interestingly, S1P has been recently shown to inhibit PP2A 

activity via S1P2 in chronic myeloid leukemia cells (Salas et al., 2011). 

 

The partial reversal of SKi effect by fumonisin B1 is in line with previous studies by 

Garzotto et al., reporting that the same concentration of fumonisin B1 could not 
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completely abrogate ceramide accumulation and apoptosis in LNCaP cells 

challenged with phorbol ester (PMA) (Garzotto et al., 1998; Garzotto et al., 1999). 

Thus, the accumulation of lower levels of ceramide in LNCaP cells co-treated with 

SKi and fumonisin B1 might be sufficient to activate the proteasome, although to a 

lesser extent. In order to test this hypothesis, it would be necessary to measure 

ceramide levels in LNCaP cells challenged with SKi in the presence or absence of 

fumonisin B1. 

 

Alternatively, the inability of fumonisin B1 to fully reverse SKi effect might indicate 

that the activation of the proteasome by SKi is only partly dependent on the 

inhibition of SK1 activity (i.e. on ceramide accumulation), while additional 

mechanism(s) might be involved. 

 

Consistent with the possibility that the SKi-induced proteasomal degradation of SK1 

is partly due to acute inhibition of SK1 catalytic activity and subsequent ceramide 

accumulation, SKi (10 µM), which induces the proteasomal degradation of 

endogenous SK1 in LNCaP cells, failed to down-regulate over-expressed SK1a and 

SK1b, suggesting that the proteasome is not activated in these cells. Indeed, the 

ceramide/S1P balance is predicted to be more resistant to perturbation by SKi in cells 

over-expressing SK1. In contrast, a higher concentration of SKi (50 µM) induced the 

degradation of ectopically expressed recombinant SK1a and SK1b, suggesting that 

the proteasome is activated under these conditions due to a higher fractional 

inhibition of SK1 activity. 

 

The results of SK1 siRNA studies provide evidence that SKi acutely inhibits the 

activity of both SK1a and SK1b to activate the proteasome in LNCaP cells. Indeed, 

treatment of these cells with SK1 siRNA, which reduces the expression of SK1a but 

not SK1b, does not result in proteasome activation, as indicated by the failure to 

reduce cyclin D1 and c-Myc expression. This possibility is consistent with the 

finding that SKi inhibits both SK1a and SK1b in vitro.  
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SKi activates the proteasome to a similar extent in LNCaP and LNCaP-AI cells, as 

assessed by the measurement of proteasomal activity. In line with this, the expression 

of proteins targeted to the proteasome (SK1a, cyclin D1) was reduced in LNCaP-AI 

cells as efficiently as in LNCaP cells. In light of the data discussed above, this 

finding indicates that SKi acutely inhibits both SK1a and SK1b in LNCaP-AI cells. 

Interestingly, although SKi stimulates proteasomal activity to a similar extent in 

LNCaP and LNCaP-AI cells, SK1b evades the proteasome in LNCaP-AI cells treated 

with SKi. This finding prompted the investigation of the molecular basis underlying 

the “protection” of SK1b from proteasomal degradation induced by SKi (see below). 

Significantly, the resistance of SK1b to proteasomal degradation is associated with a 

different effect of SKi on sphingolipid levels in LNCaP cells versus LNCaP-AI cells 

and consequently with a distinct cell fate outcome in response to this inhibitor, as 

will be discussed below. 

 

Finally, the inhibitor kinetic analysis revealed that SKi has a poor inhibitory effect on 

SK1 activity in vitro, with an IC50 of approximately 100 µM, which is in good 

agreement with a previous study (Ren et al., 2010). However, SKi effectively inhibits 

endogenous SK1a and SK1b in intact LNCaP and LNCaP-AI cells, as demonstrated 

by the ceramide-dependent activation of the proteasome in these cells in response to 

SKi treatment. A possible explanation is that SKi applied to the outside of cells 

might accumulate into cells thereby reaching intracellular concentrations that are 

significantly higher than the extracellular concentration and efficiently inhibit SK1 

activity, resulting in ceramide accumulation. This possibility is supported by the 

finding that FTY720 is phosphorylated by SK2 when applied to cells at nanomolar 

concentrations although the KM of SK2 for FTY720 is in the micromolar range 

(Billich et al., 2003), indicating that the cells concentrate the inhibitor to 

concentrations that are in the KM of SK2. 

 

3.3.4 Effect of SKi on sphingolipid levels in LNCaP and LNCaP-AI cells 

 

SK1 is a key modulator of the ceramide/S1P ratio and its inhibition has profound 

effects on sphingolipid metabolism (Ogretmen and Hannun, 2004). We therefore 
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assessed the effect of SK1 down-regulation in response to SKi on sphingolipid 

intracellular levels, measured by LC-MS (in collaboration with Dr E. Berdyshev, 

University of Illinois at Chicago) (Loveridge et al., 2010; Lim et al., 2012b) 

(Supplementary data, Figure S6). 

Treatment of LNCaP cells with SKi (10 µM, 24 hours) decreased S1P levels and 

markedly increased C22:0 ceramide levels, while it had no significant effect on the 

other ceramide species that could be detected in these cells (C14:0, C16:0, C18:1, 

C18:0, C20:0, C24:1, C24:0, C26:1, C26:0). Sphingosine levels were also increased. 

These data are indicative of a perturbation of the ceramide/S1P balance due to SKi-

induced inhibition/down-regulation of SK1a and SK1b in LNCaP cells. 

 

SKi also substantially increased the levels of various dihydroceramide species in 

LNCaP cells. The same effect was observed in SKi-treated LNCaP-AI cells. 

Similarly, the accumulation of dihydroceramide in response to SKi treatment was 

reported by others (Illuzzi et al., 2010). Spiegel and colleagues have suggested that 

S1P might inhibit dihydroceramide synthase (CerS), based on the finding that SK1 

over-expression markedly increases dihydrosphingosine levels while decreasing 

dihydroceramide levels in HEK 293 cells (Maceyka et al., 2005). According to this 

model, down-regulation of SK1 by SKi would increase dihydroceramide levels in 

LNCaP cells by relieving dihydroceramide synthase from S1P inhibitory effect. It 

should be noted, however, that S1P inhibits CerS2 only (Laviad et al., 2008), which 

utilizes long-chain acyl-CoA (C20-C26) for dihydroceramide synthesis, while it 

shows low or no activity on C16- or C18-CoA (Laviad et al., 2008). Since SKi 

elevates all the dihydroceramide species (including C16- and C18-dihydroceramide), 

it is more likely that SKi effect is due to the inhibition of dihydroceramide desaturase 

activity by SKi. Interestingly, it has been shown that resveratrol which is structurally 

similar to SKi, inhibits dihydroceramide desaturase and increases dihydroceramide 

levels (Signorelli et al., 2009). 

An alternative explanation for the accumulation of dihydroceramide in SKi-treated 

cells is provided by a study from Hannun and colleagues, showing that oxidative 

stress induces a marked inhibition of dihydroceramide desaturase activity thereby 

resulting in increased dihydroceramide levels in various human cell lines (Idkowiak-
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Baldys et al., 2010). Since SKi activates oxidative stress in both LNCaP and LNCaP-

AI cells (Chapter 6), the mechanism described by Hannun and colleagues might 

account for the accumulation of dihydroceramide in cells treated with this inhibitor. 

 

The finding that SKi treatment substantially elevates the levels of various 

dihydroceramide species while it does not induce the accumulation of the 

corresponding ceramides suggests that all these ceramide species are predominantly 

formed through the de novo pathway in LNCaP cells. In contrast, C22:0 ceramide 

might be predominantly synthesized from the salvage pathway, as SKi causes the 

accumulation of this ceramide species. Indeed, Berdyshev and colleagues have 

previously shown that ceramide formed from the salvage pathway is a major 

contributor to the intracellular pool of S1P (Berdyshev et al., 2006). These data also 

suggest that fumonisin B1 might inhibit SKi effect on the proteasome by targeting 

the back-conversion of sphingosine to C22:0 ceramide, i.e. C22:0 ceramide activates 

the proteasome. 

 

Interestingly, the increase in C22:0 ceramide levels in SKi-treated LNCaP cells is 

100-fold higher than S1P levels. This finding suggests that SK1-derived S1P is 

actively removed from cells by the action of S1P lyase. Thus, SK1 and S1P lyase 

might be functionally coupled in LNCaP cells to remove ceramide and thereby 

protect cells from apoptosis (see below). 

 

Unlike LNCaP cells, treatment of LNCaP-AI cells with SKi failed to increase 

ceramide and sphingosine levels. This is consistent with the failure of SKi to down-

regulate SK1b expression in LNCaP-AI cells and indicates that SK1b activity is 

sufficient to maintain the flow through the ceramide-sphingosine-S1P pathway. 

Interestingly, however, SKi reduced S1P mass in LNCaP-AI cells. A possible 

explanation is that S1P might be removed at a faster rate by S1P lyase in LNCaP-AI 

cells treated with SKi (i.e. SKi might induce the up-regulation of S1P lyase 

activity/expression).  

The data from the analysis of sphingolipid levels in LNCaP and LNCaP-AI cells 

support a model in which the modulation of ceramide levels might depend on the 
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concerted action of SK1 and S1P lyase via the phosphorylation of sphingosine to S1P 

by SK1 and the irreversible removal of SK1-derived S1P by S1P lyase. Consistent 

with this model, ceramide levels are lower in LNCaP-AI cells compared with LNCaP 

cells and this is associated with the up-regulation of SK1 and, possibly, S1P lyase in 

LNCaP-AI cells versus LNCaP cells. 

 

Taken together, the data presented so far provide evidence that SKi has a biphasic 

effect on ceramide levels in LNCaP cells. The first phase is due to acute inhibition of 

the activity of SK1a and SK1b to increase ceramide levels and activate the 

proteasome. The second phase is due to SK1a and SK1b proteasomal degradation 

which results in sustained accumulation of ceramide to induce apoptosis (see below) 

(Figure 3.28).  

In LNCaP-AI cells, SKi acutely inhibits the activity of both SK1a and SK1b, as 

evidenced by the activation of the proteasome in these cells in response to SKi. 

However, the resistance of SK1b to proteasomal degradation prevents the delayed 

accumulation of ceramide in LNCaP-AI cells. 

 

3.3.5 Mechanisms underlying the different sensitivity of SK1a and SK1b to SKi-

induced proteasomal degradation 

 

A major finding of the current study is that SK1 isoforms SK1a and SK1b exhibit 

distinct properties. In particular, SK1b is resistant to SKi-induced proteasomal 

degradation in LNCaP-AI cells. Similarly, SK1a and SK1b show a different 

sensitivity to SKi when over-expressed in LNCaP cells, where SK1a is down-

regulated by SKi while SK1b is not. These data suggest that the sensitivity of SK1b 

to SKi-induced degradation is dependent on its expression level. Indeed, the 

expression of SK1b is higher in LNCaP-AI cells compared with LNCaP cells. 

Consistent with this possibility, the resistance of SK1b to SKi-induced proteasomal 

degradation in LNCaP-AI cells can be overcome by the combined treatment with 

SKi and SK1 siRNA. 
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It is reasonable to suppose that the expression level of SK1b might contribute to its 

resistance to proteasomal degradation by promoting the interaction with a partner 

protein which might physically “shield” SK1b from proteasomal degradation. Thus, 

the up-regulation of SK1b levels might bring SK1b concentration closer to the 

binding affinity of the partner protein, thereby resulting in enhanced association. 

However, it was not possible to detect any protein associated with SK1b in response 

to treatment with SKi in LNCaP cells over-expressing recombinant SK1b. This 

finding suggests that SK1b protection from proteasomal degradation might not be 

due to its binding to a “shielding protein”. 

 

An alternative possibility is that SK1b resistance to SKi-induced degradation might 

be due to post-translational modifications of this protein which might reduce the 

availability of SK1b for proteasomal degradation. In this regard, evidence exists for a 

cross-talk between protein lysine acetylation and ubiquitination that modulates 

protein stability (Caron et al., 2005). In particular, lysine acetylation can inhibit 

ubiquitination, thereby preventing proteasomal degradation of the target protein. This 

can be either via a direct mechanism (competition for the same lysine residues) or via 

a more complex mechanism (the acetylation of a protein interferes with its ability to 

interact with the ubiquitin-proteasomal machinery) (Caron et al., 2005). 

 

An online tool for the prediction of protein acetylation sites (PAIL, Prediction of 

Acetylation on Internal Lysines, available at http://bdmpail.biocuckoo.org/) 

identified seven potential acetylation sites in SK1b, two of which (Lysine 58 and 

Lysine 61) are unique to SK1b as they are in the N-terminal extension that is not 

present in SK1a. Interestingly, a study by Zhao and coworkers demonstrated that 

SK1b is actually acetylated in vivo at Lysine 58 (Zhao et al., 2010). Thus, SK1b 

protection from SKi-induced proteasomal degradation might result from its 

acetylation at Lysine 58, which would prevent SK1b ubiquitination and therefore its 

targeting to the proteasome. According to this model, the up-regulation of SK1b 

expression would contribute to SK1b resistance by increasing the concentration of 

this protein closer to the KM of the enzyme that catalyses its acetylation. In addition, 

it cannot be excluded that the differential susceptibility of SK1b to SKi-induced 
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proteasomal degradation in LNCaP cells versus LNCaP-AI cells might be due to 

differences in the expression/activity levels of lysine acetyltransferases (KAT) and/or 

lysine deacetylases (KDAC) between the two cell lines (i.e. lower KAT activity 

and/or higher KDAC activity in LNCaP cells compared with LNCaP-AI cells).  

This model would also account for the different sensitivity of endogenous SK1a and 

SK1b to proteasomal degradation in response to SKi in LNCaP cells (i.e. while SK1a 

is completely removed by SKi, a fraction of SK1b is retained), as the Lysine 58 

acetylation site is unique to SK1b. 

 

Future experiments will be aimed at testing a role for Lysine 58 acetylation in 

protecting SK1b. For this purpose, plasmids encoding SK1b variants mutated at 

Lysine 58 (acetylation-mimicking mutant and non-acetylable mutant) were generated 

to test the sensitivity of these mutants to SKi-induced proteasomal degradation (in 

collaboration with Dr Stuart Pitson, University of Adelaide). In addition, proteomic 

analysis of cell extracts from LNCaP and LNCaP-AI cells treated with SKi would 

assist in assessing any changes in Lysine 58 acetylation of SK1b in response to SKi. 

 

Interestingly, C2-ceramide was able to “by-pass” the resistance of SK1b in LNCaP-

AI cells. This finding suggests that the modifications that protect SK1b from 

proteasomal degradation in response to SKi might be induced by SKi itself. 

According to the proposed model, SKi might activate KAT and/or inhibit KDAC, 

thereby promoting SK1b acetylation and increasing its stability. 

 

Significantly, the resistance of SK1b in LNCaP-AI cells can be overcome by two 

different SK1 inhibitors, FTY720 and (S)-FTY720 vinylphosphonate (Chapter 4). 

This finding suggests that the inhibitor-induced conformation adopted by 

SK1a/SK1b might be an additional factor that contributes to determine the 

susceptibility of these enzymes to degradation by the proteasome (i.e. the binding to 

the inhibitor might induce conformational changes in the enzyme to prime it to the 

proteasome). In addition, (S)-FTY720 vinylphosphonate might overcome the 

resistance of SK1b to proteasomal degradation by activating the E3 ubiquitin ligase 

specific for SK1b. Indeed, (S)-FTY720-vinylphosphonate is structurally similar to 
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S1P, which binds to the RING domain of TRAF2 thereby stimulating its E3 ubiquitin 

ligase activity (Alvarez et al., 2010). In contrast, by lowering S1P levels SKi might 

inhibit the E3 ubiquitin ligase specific for SK1b. This would explain why SK1b is 

resistant to SKi in LNCaP-AI cells while it is sensitive to ceramide-induced 

proteasomal degradation. 

All these issues are further discussed in Chapter 4. 

 

Importantly, a different sensitivity of SK1a and SK1b to SKi-induced proteasomal 

degradation was also observed in a HEK 293 cell system with inducible SK1a or 

SK1b expression, where SK1a was removed in response to SKi while SK1b was not 

(Lim et al., 2012b). This finding provides evidence that the regulatory mechanisms 

that confer on SK1b the ability to evade the ubiquitin-proteasomal machinery are not 

unique to prostate cancer cells. 

 

3.3.6 SKi induces apoptosis in LNCaP cells by removing SK1a and SK1b 

 

Chronic treatment with SKi induced cell death by apoptosis in LNCaP cells, as 

indicated by cell shrinkage, activation of a pro-survival pathway (ERK-1/2), 

activation of caspase-3 (a well established initiator of apoptosis) and PARP cleavage. 

In addition, the metabolomic analysis of LNCaP cells revealed the accumulation of 

diadenosine triphosphate in response to treatment with SKi (unpublished data), a 

metabolite whose intracellular levels are increased in cells challenged with various 

apoptotic stimuli and correlate with the degree of apoptosis induced by these 

treatments (Fisher et al., 2008). In contrast, the chronic treatment of LNCaP-AI cells 

with SKi did not result in apoptosis, as evidenced by the lack of apoptotic 

morphological features, caspase-3 activation and PARP cleavage. Also, diadenosine 

triphosphate intracellular levels did not change in SKi-treated LNCaP-AI cells 

(unpublished data). 

 

Significantly, the differential effect of SKi on LNCaP and LNCaP-AI cell survival is 

associated with the different sensitivity of SK1b to SKi-induced proteasomal 

degradation in the two cell lines. Thus, the inability of SKi to reduce SK1b 
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expression in LNCaP-AI cells might explain the resistance of these cells to SKi-

induced apoptosis. This is supported by the finding that treatment of LNCaP and 

LNCaP-AI cells with SK1 siRNA, which removes SK1a but not SK1b, does not 

result in apoptosis, whereas LNCaP-AI cells undergo apoptosis when treated with a 

combination of SK1 siRNA and SKi, which results in the down-regulation of both 

SK1a and SK1b.   

 

It is well established that the balance between pro-apoptotic ceramide and pro-

survival S1P, which is critically regulated by SK1, controls cell fate (Cuvillier et al., 

1996). MS analysis of sphingolipid levels provides evidence that SKi induces 

apoptosis in LNCaP cells by increasing the intracellular levels of pro-apoptotic 

ceramide. Indeed, SKi treatment does not result in ceramide accumulation in LNCaP-

AI cells (where SK1b is retained), and these cells are resistant to SKi-induced 

apoptosis. Interestingly, SKi reduces S1P levels in both LNCaP and LNCaP-AI cells. 

Taken together, these findings suggest that SK1 might maintain prostate cancer cell 

survival by preventing the accumulation of ceramide rather than promoting the 

formation of S1P. 

 

The mechanism by which ceramide accumulation activates apoptosis in SKi-treated 

LNCaP cells has not been investigated. In this regard, it is well established that 

ceramide promotes apoptotic cell death via different mechanisms. These include the 

activation of the intrinsic and extrinsic apoptotic cascades and the modulation of 

intracellular signalling pathways that regulate cell survival (JNK/p38, ERK-1/2, Akt) 

(Oskouian and Saba, 2010). 

The finding that SKi treatment results in caspase-3 activation in LNCaP cells is 

consistent with a role for ceramide in mediating SKi-induced apoptosis. Indeed, 

ceramide has been shown to activate caspase-3-mediated apoptosis (Cuvillier et al., 

1998). It cannot be excluded, however, that additional ceramide-activated pathways 

(caspase-independent) might contribute to SKi-induced apoptosis in LNCaP cells. 

 

The finding that SKi promotes apoptosis in LNCaP cells by elevating intracellular 

ceramide is in line with previous reports showing that siRNA knock down of SK1 or 
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treatment with SK1 inhibitors reduce prostate cancer cell viability, an effect that is 

associated with increased ceramide/S1P ratio (Pchejetski et al., 2005; Akao et al., 

2006; Brizuela at al., 2010; Pchejetski et al., 2010). The data presented in this 

Chapter extend these studies by demonstrating that SK1 inhibitors might promote 

apoptosis by inducing the removal of SK1 via the ubiquitin-proteasomal degradation 

pathway (which is translated in a sustained accumulation of ceramide) rather than by 

simply reversibly inhibiting SK1 activity. In addition, the present study uncovered a 

crucial role for SK1b in modulating the ceramide/S1P rheostat and therefore in 

maintaining prostate cancer cell survival. 

 

As discussed in Chapter 1, a number of studies have shown that the resistance of 

prostate cancer cells to chemotherapy and irradiation is associated with the failure of 

these treatments to down-regulate SK1 and to shift the ceramide/S1P balance toward 

pro-apoptotic ceramide (Nava et al., 2000b; Pchejetski et al., 2005; Pchejetski et al., 

2008; Sauer et al., 2009; Pchejetski et al., 2010). In light of the findings presented in 

the current study, it is tempting to speculate that the altered regulation of SK1b might 

control the resistance of prostate cancer cells to therapeutic agents. If this was the 

case, irradiation and chemotherapeutics might not be able to elevate the 

ceramide/S1P ratio in therapy-resistant prostate cancer cells because they might fail 

to reduce SK1b expression. To test this possibility, it will be necessary to assess 

whether the modifications that render SK1b protein less sensitive to SKi-induced 

degradation are also protective toward the down-regulation promoted by therapeutic 

agents. 

It is important to appreciate that the regulation of the sensitivity of prostate cancer 

cells to therapeutic agents is likely to be complex and to involve multiple 

mechanisms. For example, docetaxel induces apoptosis in prostate cancer cells via 

both SK1-dependent and -independent mechanisms (Sauer et al., 2009). Nonetheless, 

in vivo studies demonstrated the efficacy of down-regulating SK1 to sensitize 

prostate cancer cells to anti-cancer treatments (Nava et al., 2000b; Pchejetski et al., 

2008; Sauer et al., 2009; Pchejetski et al., 2010). The data presented in this study 

provide evidence that removing both SK1a and SK1b is necessary to induce 

apoptosis of therapeutic resistant prostate cancer cells. 
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It is important to appreciate that although SKi inhibits the activity of SK2 in vitro 

(Ren et al., 2010; Lim et al., 2011a), its effects on ceramide levels and therefore on 

apoptosis in LNCaP cells are likely independent of SK2. Indeed, the SK2-specific 

inhibitor, (R)-FTY720-OMe does not affect ceramide mass nor activates apoptosis in 

LNCaP cells (Chapter 5). These findings indicate that SKi acts predominantly on 

SK1 in LNCaP cells. This is further supported by the finding that SKi and (R)-

FTY720-OMe have opposing effects in regulating autophagy in these cells (see 

below). 

 

3.3.7 SK1 and SK2 have opposing roles in the regulation of autophagy in 

LNCaP and LNCaP-AI cells 

 

Autophagy is a highly regulated process that takes place in all eukaryotic cells, by 

which cellular components (proteins and organelles) are degraded by lysosomal 

hydrolases (Klionsky and Emr, 2000). Under basal conditions, this process prevents 

the accumulation of abnormal protein aggregates and damaged organelles to 

maintain intracellular homeostasis, whereas under nutrient starvation or stress 

conditions it enables recycling of intracellular components to sustain cellular 

metabolism (Klionsky and Emr, 2000). 

 

The current study provides evidence that SK1 and SK2 regulate autophagy in LNCaP 

and LNCaP-AI cells. This is based on the finding that the pharmacological inhibition 

of these enzymes affects the autophagic pathway in these cells, as assessed by 

monitoring LC3 expression by immunoblotting analysis. In particular, treatment of 

LNCaP and LNCaP-AI cells with SKi induces a marked accumulation of LC3-I 

which is not accompanied by an increase in LC3-II levels, suggesting that this 

inhibitor impairs the conversion of LC3-I to LC3-II, i.e. SKi inhibits autophagy. In 

contrast, the SK2-specific inhibitor, (R)-FTY720-OMe stimulates autophagy in these 

cells, as evidenced by the accumulation of LC3-II. Thus, these data suggest that SK1 

promotes, while SK2 inhibits autophagy in LNCaP and LNCaP-AI cells. 
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These findings are in line with previous studies reporting that SK1 over-expression 

stimulates autophagy in MCF-7 breast cancer cells (Lavieu et al., 2006) and that the 

SK2-specific inhibitor, ABC292640 induces autophagy in various human cancer cell 

lines, including PC-3 prostate cancer cells (Beljanski et al., 2010). 

 

The finding that SK1 and SK2 have opposing effects on autophagy is consistent with 

the notion that these enzymes might regulate distinct functional pools of 

sphingolipids, as will be discussed in Chapter 7. The mechanisms by which SK1 and 

SK2 modulate autophagy remain to be elucidated. Since SKi reduces S1P levels in 

both LNCaP and LNCaP-AI cells, it might be speculated that the regulation of 

autophagy by SK1 might be mediated by S1P. Consistent with this possibility, S1P 

induces autophagy in MCF-7 cells (Lavieu et al., 2006) and PC-3 cells (Chang et al., 

2009). (R)-FTY720-OMe also reduces S1P levels in LNCaP cells (Chapter 5), but in 

contrast to SKi, promotes autophagy in these cells. A model that might explain these 

findings is one in which SK1-derived S1P might promote autophagy while SK2-

derived S1P might inhibit this cellular process. This difference might be related to 

the sub-cellular compartment where S1P is generated, which might determine the 

interaction of S1P with distinct downstream effectors to elicit different cellular 

responses. This hypothesis is entirely consistent with previous studies. For instance, 

it has been shown that SK1 promotes cell proliferation when targeted to the plasma 

membrane (Pitson et al., 2005) whereas it inhibits DNA synthesis when artificially 

targeted to the nucleus (Igarashi et al., 2003). 

 

To obtain further insight into the role of SK1 and SK2 in regulating autophagy, it 

would be useful to assess the effect of genetic manipulation of SK1/SK2 expression 

(over-expression and siRNA-mediated knock-down) on the autophagic pathway. 

 

Beljanski and colleagues hypothesised that ABC292640 might induce autophagy by 

increasing the intracellular levels of ceramide (Beljanski et al., 2010), based on a 

previous report that ceramide stimulates autophagy in cancer cells (Scarlatti et al., 

2004). However, treatment of LNCaP cells with (R)-FTY720-OMe did not increase 

ceramide levels (Chapter 5). 
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A recent study reported that FTY720 induces autophagy in human cancer cell lines 

by down-regulating the expression of nutrient transporter proteins, thereby limiting 

the nutrient uptake by the cells (Romero Rosales et al., 2011). The loss of 

transporters is mediated by PP2A, which is activated by FTY720 either directly or 

indirectly (via ceramide accumulation) (Romero Rosales et al., 2011). Thus, although 

(R)-FTY720-OMe does not induce ceramide accumulation in LNCaP cells, it would 

be interesting to assess whether this inhibitor, which is structurally similar to 

FTY720, can activate PP2A and down-regulate nutrient transporters. 

 

Interestingly, the finding that SKi inhibits autophagy in LNCaP and LNCaP-AI cells 

might provide an explanation as to why treatment of these cells with SKi induces the 

activation of an oxidative stress response in these cells (Chapter 6). In fact, blocking 

the autophagic pathway would impair the removal of damaged mitochondria from 

cells (which indeed occurs via the autophagic degradative pathway) thereby leading 

to abnormal reactive oxygen species generation (Jin and White, 2008). To test this 

hypothesis it will be necessary to assess whether preventing the sequestration of 

mitochondria into autophagosome results in oxidative stress in LNCaP and LNCaP-

AI cells. 

 

Finally, the stimulation of autophagy might represent one of the mechanisms by 

which SK1 promotes the resistance of prostate cancer cells to therapeutic agents. 

Indeed, it has been shown that autophagy represents a protective mechanism that 

allows cancer cells to survive under stress conditions, including cytotoxic damage 

induced by chemotherapeutic drugs and radiation (Chen et al., 2010). Thus, SK1 

inhibitors might sensitise prostate cancer cells to chemotherapy and radiotherapy by 

blocking autophagy-mediated survival. 
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3.4 Summary 

 

A major finding of the current study is that the SK inhibitor SKi induces the 

proteasomal degradation of SK1 in LNCaP and LNCaP-AI cells. The data presented 

in this Chapter provide evidence that this is due to the acute inhibition of SK1 

activity, which disrupts the ceramide/S1P balance and leads to ceramide-dependent 

activation of the proteasome. 

 

Significantly, the present study demonstrated that SK1 isoforms SK1a and SK1b 

exhibit different properties. In particular, SKi induces the proteasomal degradation of 

both SK1a and SK1b in LNCaP cells. In contrast, SKi promotes the proteasomal 

degradation of SK1a in LNCaP-AI cells, while it fails to reduce the expression of 

SK1b. This is translated into specific changes in sphingolipid levels and a different 

cell fate outcome. Indeed, SKi-induced removal of SK1a and SK1b from LNCaP 

cells results in sustained accumulation of ceramide and subsequent ceramide-

dependent apoptosis. In contrast, SKi fails to increase ceramide levels in LNCaP-AI 

cells, where SK1b is retained, and these cells do not undergo apoptosis. However, 

LNCaP-AI cells are forced to undergo apoptosis upon removal of both SK1a and 

SK1b. 

Thus, the present study extend the current knowledge on the function of SK1 in 

regulating prostate cancer cell survival, providing compelling evidence that 

eliminating both SK1a and SK1b is necessary to effectively disrupt the ceramide/S1P 

balance and promote apoptosis in prostate cancer cells. Therefore, elucidating the 

mechanisms underlying the resistance of SK1b is a critical issue for designing more 

effective SK1 inhibitors for prostate cancer treatment. In this regard, the data 

obtained so far provide evidence that the sensitivity of SK1b to SKi-induced 

proteasomal degradation is dependent on its expression level and on modifications 

that are unique to SK1b and might occur in conjunction with the progression to 

androgen independence. Selective knock-down of SK1b would assist in defining 

whether this isoform is solely responsible for maintaining prostate cancer cell 

survival or whether this is controlled by both SK1a and SK1b. 
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In addition, pharmacological studies provided evidence that SK1 and SK2 might 

oppositely regulate autophagy in prostate cancer cells. Future experiments will be 

aimed at understanding the mechanisms involved and the functional significance. 

 

Finally, further work is required to elucidate the molecular basis of SK1 up-

regulation in LNCaP-AI cells compared to LNCaP cells and to assess how this 

contributes to androgen escape. 
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Figure 3.28 Schematic representation of the mechanism by which the SK1 

inhibitor, SKi induces the proteasomal degradation of SK1 and apoptosis in 

LNCaP cells. 
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4. EFFECT OF FTY720 AND (S)-FTY720 VINYLPHOSPHONATE 

ON SK1 EXPRESSION AND SURVIVAL OF LNCaP-AI CELLS 

 

 

4.1 Introduction 

 

The findings reported in the previous Chapter support a model in which SKi inhibits 

SK1 activity, and the ceramide that accumulates induces SK1 proteasomal 

degradation by activating the proteasome. We therefore tested whether other SK1 

inhibitors induce the proteasomal degradation of SK1. For this purpose we used two 

novel SK1 inhibitors, structurally dissimilar from SKi: FTY720 (2-amino-2-[2-(4-

octylphenyl)ethyl]-1,3-propanediol hydrochloride) and its analogue (S)-FTY720 

vinylphosphonate (Tonelli et al., 2010; Lim et al., 2011b). The structures of these 

inhibitors are presented in Figure 1.5. 

 

FTY720 is a sphingosine analogue which is taken up by cells and converted to (S)-

FTY720 phosphate by SK2. The phosphorylated (S)-FTY720 is then released by 

cells and acts as an S1P1 “functional antagonist” (Brinkmann et al., 2002; 

Matloubian et al., 2004; Gräler and Goetzl, 2004) (Chapter 1). We have recently 

shown that FTY720 also inhibits the activity of purified SK1a (Tonelli et al., 2010). 

Although FTY720 had been previously reported to inhibit SK1 activity in a 

chromatographic fraction containing an anti-SK1 immunoreactive protein (Vessey et 

al., 2007), the study by Tonelli and colleagues is the first to demonstrate that 

FTY720 inhibits SK1 activity using purified SK1. 

Further kinetic studies revealed that FTY720 is a competitive inhibitor with 

sphingosine (Kic= 2 μM) (Lim et al., 2011b) and an uncompetitive inhibitor against 

ATP (Kiu= 13 μM) (Lim et al., 2012b). FTY720 also competes with sphingosine for 

the catalytic site of SK2, thereby inhibiting SK2 activity, when sphingosine is used 

as the substrate (Paugh et al., 2003). 

An unsaturated phosphonate enantiomer of FTY720, (S)-FTY720 vinylphosphonate, 

has been synthesized (Lu et al., 2009), which also inhibits purified SK1a activity 

(Tonelli et al., 2010). Remarkably, minor modifications in FTY720 chemical 
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structure confer to (S)-FTY720 vinylphosphonate distinct inhibition kinetic 

properties. Thus, (S)-FTY720 vinylphosphonate is an uncompetitive inhibitor with 

respect to sphingosine (Kiu = 14.5 μM) (Lim et al., 2011b) and a mixed inhibitor 

against ATP (Kic= 10 μM; Kiu= 65 μM) (Lim et al., 2012b). Additionally, (S)-

FTY720 vinylphosphonate inhibits SK2 activity (Lim et al., 2011a). 

 

Both (S)-FTY720 phosphate and (S)-FTY720 vinylphosphonate bind to S1P 

receptors with nanomolar potency (Mandala et al., 2002; Brinkmann et al., 2002; 

Valentine et al., 2010). However, although (S)-FTY720 phosphate binds to and 

activates S1P1,3,4,5 (Mandala et al., 2002; Brinkmann et al., 2002), (S)-FTY720 

vinylphosphonate is a pan-antagonist of S1P receptors (Valentine et al., 2010). 

 

In addition to its action at S1P receptors and SK, FTY720 inhibits phospholipase A2 

(Payne et al., 2007), S1P lyase (Bandhuvula et al., 2005) and ceramide synthase 

(Lahiri et al., 2009; Berdyshev et al., 2009) and activates PP2A and PP2A-like 

phosphatases (Neviani et al., 2007; Matsuoka et al., 2003). The effects on these 

molecular targets might underlie the anti-cancer activity of FTY720 that has been 

reported in in vitro and in vivo tumour models. In this regard, FTY720 has been 

shown to decrease cell proliferation and promote apoptosis in various cancer cell 

lines, including prostate cancer cells (Wang et al., 1999; Azuma et al., 2003; Ho et 

al., 2005; Hung et al., 2008; Nagaoka et al., 2008) and to inhibit prostate cancer cell 

invasive ability (Zhou et al., 2006). Also, pre-clinical studies demonstrated that 

FTY720 reduces tumour growth and metastasis in prostate cancer (Pchejetski et al., 

2010), melanoma (LaMontagne et al., 2006), hepatocellular carcinoma (Ho et al., 

2005) and breast cancer (Azuma et al., 2002) murine models and exhibits additional 

anti-cancer properties due to the inhibition of tumour angiogenesis and vascular 

permeability (Ho et al., 2005; LaMontagne et al., 2006). 

A novel mechanism of action has been recently described for FTY720, which might 

also contribute to its anti-tumoral activity. In particular, FTY720 down-regulates the 

expression of nutrient transporter proteins in in vitro and in vivo cancer models in a 

S1P receptors-independent manner, thereby inducing cell death by starvation 

(Romero Rosales et al., 2011). 
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Importantly, FTY720 has been approved by the FDA/EMA for the treatment of 

multiple sclerosis (Brinkmann et al., 2010), representing the first clinically useful 

SK1 inhibitor. 
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4.2 Results 

 

4.2.1 Effect of FTY720 and (S)-FTY720 vinylphosphonate on SK1 expression 

and proteasome activity in LNCaP-AI cells 

 

Chronic treatment of LNCaP-AI cells with FTY720 or (S)-FTY720 

vinylphosphonate reduced SK1a expression, an effect that was reversed by MG132 

(Figure 4.1; supplementary data, Figure S2). Remarkably, while SKi failed to induce 

SK1b proteasomal degradation in LNCaP-AI cells (Chapter 3), an MG132-sensitive 

down-regulation of SK1b protein levels was observed in these cells in response to 

both inhibitors (Figure 4.1; supplementary data, Figure S3). However, FTY720 

appears less effective than an equal concentration of (S)-FTY720 vinylphosphonate 

in inducing the proteasomal degradation of SK1b (Figure 4.1; supplementary data, 

Figure S3).  

 

FTY720 appears to activate the proteasome as it induced down-regulation of cyclin 

D1 and c-Myc expression, which are targeted to the proteasome (Chapter 3). In 

contrast, (S)-FTY720 vinylphosphonate failed to reduce c-Myc protein levels in 

LNCaP and LNCaP-AI cells even when used at high micromolar concentrations 

(Figure 4.2c), suggesting that the treatment with this inhibitor does not result in the 

activation of the proteasomal machinery in these cell lines. 
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Figure 4.1 Effect of FTY720 and (S)-FTY720 vinylphosphonate on SK1 expression 

in LNCaP-AI cells. Cells were treated for 48 hours with 10 μM of (a) FTY720 or (b) 

(S)-FTY720 vinylphosphonate ((S)-vinylPn), in the absence or presence of MG132 

(10 μM, 30 minutes pre-treatment). SK1a and SK1b protein expression was then 

measured by western blotting analysis. Blots were stripped and re-probed with anti-

actin antibody to ensure comparable protein loading. Results are representative of 

three separate experiments. Also shown is the densitometric quantification of SK1a 

and SK1b immunoreactivity, expressed as a percentage of the control (DMSO) 

(ctrl=100%). p values were as follows: SK1a: FTY720 vs control, <0.01; (S)-

FTY720-vinylphosphonate vs control, <0.001; MG132 vs control, <0.001; 

MG132+FTY720 vs FTY720, <0.05; MG132+(S)-FTY720-vinylphosphonate vs (S)-

FTY720-vinylphosphonate, <0.01; SK1b: FTY720 vs control, <0.001; (S)-FTY720-

vinylphosphonate vs control, <0.001; MG132 vs control, <0.01; MG132+FTY720 vs 

FTY720, <0.05; MG132+(S)-FTY720-vinylphosphonate vs (S)-FTY720-

vinylphosphonate, <0.05. 
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Figure 4.1 Effect of FTY720 and (S)-FTY720 vinylphosphonate on SK1 expression 

in LNCaP-AI cells (continued).  
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Figure 4.2 Effect of FTY720 and (S)-FTY720 vinylphosphonate on proteasome 

activity in LNCaP and LNCaP-AI cells. (a) Western blots showing the effect of 

FTY720 (25 μM, 24 hours) on cyclin D1 and c-Myc expression in LNCaP cells. The 

blot was then stripped and re-probed with anti-actin antibody to ensure comparable 

protein loading between samples. Results are representative of three separate 

experiments. (b) Western blots showing the lack of effect of (S)-FTY720 

vinylphosphonate ((S)-vinylPn) (50 μM, 24 hours) on c-Myc expression in LNCaP 

and LNCaP-AI cells. SKi (50 μM, 24 hours) was used as a positive control. Blots 

were stripped and re-probed with anti-actin antibody to ensure comparable protein 

loading between samples. Results are representative of three separate experiments.  
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4.2.2 Effect of FTY720 and (S)-FTY720 vinylphosphonate on LNCaP-AI cell 

survival 

 

Since (S)-FTY720 vinylphosphonate reduces the expression of both SK1a and SK1b 

in LNCaP-AI cells, we established whether this inhibitor induces apoptosis, and 

comparison was made with FTY720.  

 

Chronic treatment of LNCaP-AI cells with (S)-FTY720 vinylphosphonate induced 

the onset of apoptosis, as assessed by detection of 89 kDa cleaved PARP, while 

FTY720 failed to do so (Figure 4.3a). Similarly, treatment of androgen-independent 

PC-3 prostate cancer cells with (S)-FTY720 vinylphosphonate resulted in increased 

levels of cleaved PARP (Figure 4.3b). 
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Figure 4.3 Effect of FTY720 and (S)-FTY720 vinylphosphonate on PARP cleavage 

in LNCaP-AI and PC-3 cells. (a) LNCaP-AI cells were treated for 48 hours with 

FTY720 or (S)-FTY720 vinylphosphonate ((S)-vinylPn) (either compound at 10 μM), 

and (b) PC-3 cells were treated with (S)-FTY720 vinylphosphonate ((S)-vinylPn) (10 

µM, 24 hours), before measuring cleaved PARP levels by western blotting analysis 

using an antibody that recognizes both full-length (116 kDa) and cleaved (89 kDa) 

PARP. Blots were then stripped and re-probed with anti-actin antibody to ensure 

comparable protein loading. Results are representative of three separate 

experiments. 
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4.3 Discussion 

 

4.3.1 SK inhibitors FTY720 and (S)-FTY720 vinylphosphonate induce the 

proteasomal degradation of SK1a and SK1b in LNCaP-AI cells 

 

This study demonstrates that the chronic treatment of LNCaP-AI cells with FTY720 

or (S)-FTY720 vinylphosphonate, two novel SK1 inhibitors (Tonelli et al., 2010; 

Lim et al., 2011b), results in SK1a and SK1b proteasomal degradation, although 

sensitivity of SK1b to FTY720 is reduced compared with (S)-FTY720 

vinylphosphonate. Similarly, an MG132-sensitive down-regulation of SK1a 

expression was reported to occur in primary hPASMC and MCF-7 breast cancer cells 

treated with FTY720 or (S)-FTY720 vinylphosphonate (Tonelli et al., 2010; Lim et 

al., 2011b). 

 

In contrast with SKi, (S)-FTY720 vinylphosphonate does not appear to activate the 

proteasome, as evidenced by the lack of effect on c-Myc expression. The data 

presented in the previous Chapter provide evidence that the acute inhibition of SK1 

activity by SKi results in proteasome activation. In vitro assays demonstrated that 

(S)-FTY720 vinylphosphonate is more effective than SKi in inhibiting purified SK1 

catalytic activity (Tonelli et al., 2010; Lim et al., 2011b). Thus, the finding that (S)-

FTY720 vinylphosphonate does not stimulate proteasomal activity in LNCaP and 

LNCaP-AI cells was unexpected. A possible explanation is that (S)-FTY720 

vinylphosphonate might be less effective than SKi in inhibiting SK1 activity in intact 

cells. This might be related to the nature of the inhibition. In fact, SKi is a 

competitive inhibitor with sphingosine (Lim et al., 2011b) whereas (S)-FTY720 

vinylphosphonate is competitive with ATP, but like SKi also has an allosteric effect 

(Lim et al., 2012b). Thus, it might be speculated that in the presence of low cellular 

concentrations of sphingosine and high levels of ATP, SKi might be more effective 

than (S)-FTY720 vinylphosphonate in inhibiting SK1 activity (because competitive 

inhibition might be favoured) in these cells, thereby providing an explanation as to 

why only SKi activates the proteasome. 
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An additional explanation for the lack of effect of (S)-FTY720 vinylphosphonate on 

proteasome activity is that, being structurally similar to S1P, (S)-FTY720 

vinylphosphonate itself might inhibit the proteasome. Indeed, S1P has been shown to 

exert an inhibitory effect on proteasome activity in MCF-7 cells (Loveridge et al., 

2010). This effect might counter the activation of the proteasome due to ceramide 

accumulation. 

Interestingly, treatment with (S)-FTY720 vinylphosphonate results in a substantial 

increase in S1P content in LNCaP and LNCaP-AI cells (see below) and this might 

also contribute to neutralise the effect of ceramide on the proteasome, although the 

temporal relationship between the (S)-FTY720 vinylphosphonate-induced S1P 

accumulation and the effect on the proteasome remains to be determined.  

 

There are at least two possible mechanisms by which (S)-FTY720 vinylphosphonate 

might promote SK1 proteasomal degradation without activating the proteasome. 

These two models are not necessarily mutually exclusive and might operate together. 

First, the binding of this inhibitor to SK1 might induce conformational changes in the 

enzyme, which might result in an increased susceptibility of SK1 to proteasomal 

degradation. Indeed, it is well established that protein unfolding represents a signal 

for degradation by the ubiquitin-proteasome system. Second, (S)-FTY720 

vinylphosphonate might stimulate the activity of the E3 ubiquitin ligase specific for 

SK1, thereby promoting the polyubiquitination and, consequently, the degradation of 

this protein via the proteasome. In this regard, it has been recently reported that S1P 

binds to the RING domain of TRAF2, thereby stimulating its E3 ubiquitin ligase 

activity (Alvarez et al., 2010). Since (S)-FTY720 vinylphosphonate is structurally 

similar to S1P, it is possible that these compounds might also bind to and activate E3 

ubiquitin ligase(s). 

In order to test this hypothesis, it would be necessary to assess whether the treatment 

with (S)-FTY720 vinylphosphonate results in an increased ubiquitination of SK1 in 

LNCaP-AI cells. 

 

Significantly, (S)-FTY720 vinylphosphonate induced the proteasomal degradation of 

SK1b in LNCaP-AI cells while FTY720 and SKi were less effective (Chapter 3). 
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There are at least two possibilities that might explain this, based on the two different 

models proposed above. First, SK1b might adopt a conformation or be protected by 

an accessory protein, which confers resistance to proteasomal degradation when 

bound to SKi (and to some degree, to FTY720) and specifically in LNCaP-AI cells. 

In contrast, the binding to (S)-FTY720 vinylphosphonate might force SK1b to adopt 

a conformation (or induce dissociation of the accessory protective protein) which 

increases its susceptibility to proteasomal degradation. Second, the process of 

ubiquitination might represent the rate-limiting step in SK1b processing through the 

proteasomal degradative machinery in LNCaP-AI cells. Thus, (S)-FTY720 

vinylphosphonate might overcome the “resistance” of SK1b to proteasomal 

degradation by activating the E3 ubiquitin ligase specific for this protein. In contrast, 

SKi might not be able to efficiently remove SK1b from LNCaP-AI cells because 

although stimulating the proteasome, the basal polyubiquitination of SK1b might be 

impaired in LNCaP-AI cells through an unidentified mechanism.  

 

This is consistent with the finding by Loveridge et al. that SKi does not induce the 

polyubiquitination of SK1a (Loveridge et al., 2010). As discussed in Chapter 3, the 

reduced sensitivity of SK1b to SKi-induced proteasomal degradation might be 

contingent on acetylation of SK1b that prevents its polyubiquitination (and 

subsequent removal by the proteasome) due to competition between the two protein 

modifications. By activating the E3 ligase, (S)-FTY720 vinylphosphonate might 

favour SK1b polyubiquitination over acetylation to promote the proteasomal 

degradation of SK1b.  

 

Whether (S)-FTY720 vinylphosphonate induces SK1b unfolding and/or activates the 

SK1b-specific E3 ubiquitin ligase remains to be determined. Significantly, the 

increased efficacy of (S)-FTY720 vinylphosphonate compared with FTY720 in 

down-regulating SK1b expression in LNCaP-AI cells might determine the sensitivity 

of these cells to the induction of apoptosis (see below). 

 

Consistent with the ability of (S)-FTY720 vinylphosphonate to induce the 

proteasomal degradation of both SK1a and SK1b, the treatment of LNCaP-AI cells 
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with this inhibitor increased ceramide (C16:0 and C24:0) and sphingosine levels, as 

assessed by MS analysis of sphingolipid levels in these cells (in collaboration with 

Dr E. Berdyshev, University of Illinois at Chicago; unpublished data) 

(Supplementary data, Figure S7). In contrast, SKi did not induce the accumulation of 

ceramide nor sphingosine in LNCaP-AI cells, where SK1b is resistant to SKi-

induced degradation (Chapter 3), suggesting a key role for SK1b in regulating 

ceramide levels.   

 

Unexpectedly, (S)-FTY720 vinylphosphonate induced a substantial increase in S1P 

intracellular levels in LNCaP-AI cells (Supplementary data, Figure S7). Similarly, 

treatment of LNCaP cells with (S)-FTY720 vinylphosphonate resulted in the 

accumulation of S1P, an effect that was far more pronounced than in LNCaP-AI cells 

(unpublished data). This might be due to the inhibition of S1P lyase activity by (S)-

FTY720 vinylphosphonate, and future experiments will be aimed at testing this 

possibility. Indeed, it has been reported that FTY720 inhibits S1P lyase activity in 

vitro and in vivo (Bandhuvula et al., 2005). As discussed in Chapter 3, the finding 

that S1P levels are lower in LNCaP-AI cells than in LNCaP cells despite a higher 

SK1 expression suggests that S1P lyase activity might be up-regulated in LNCaP-AI 

cells. If (S)-FTY720 vinylphosphonate increased S1P levels by inhibiting S1P lyase 

activity, it is expected that a higher expression of this enzyme would result in a less 

marked accumulation of S1P in LNCaP-AI cells compared with LNCaP cells in 

response to (S)-FTY720 vinylphosphonate. Alternatively, the net effect on S1P levels 

might be less pronounced in LNCaP-AI cells because of the down-regulation of SK1 

expression by (S)-FTY720 vinylphosphonate. 

 

Interestingly, (S)-FTY720 vinylphosphonate induced the up-regulation of ectopically 

expressed SK2 in LNCaP cells (Chapter 5), which, if recapitulated for the 

endogenous SK2 might also account for the elevation in S1P intracellular levels. 

Indeed, SK2 over-expression has been previously shown to increase S1P levels (Liu 

et al., 2000; Liu et al., 2003; Maceyka et al., 2005). 
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4.3.2 (S)-FTY720 vinylphosphonate, but not FTY720 induces apoptosis of 

LNCaP-AI cells 

 

This study revealed that (S)-FTY720 vinylphosphonate induces the onset of 

apoptosis in LNCaP-AI cells, as assessed by detection of PARP cleavage, while 

FTY720 was not effective in activating apoptosis in LNCaP-AI cells. Significantly, 

the differential effect on survival can be correlated with the extent to which the two 

inhibitors down-regulate SK1b expression in LNCaP-AI cells, (S)-FTY720 

vinylphosphonate being more effective than FTY720 in removing SK1b from these 

cells. This suggests that (S)-FTY720 vinylphosphonate might reduce SK1 levels 

below a threshold which is required for survival, thereby promoting apoptosis, while 

FTY720 fails to do so. This hypothesis is in line with the finding that LNCaP-AI 

cells undergo apoptosis when both SK1a and SK1b are removed (Chapter 3).  

 

MS analysis of sphingolipid levels provides evidence that (S)-FTY720 

vinylphosphonate induces a loss of LNCaP-AI cell viability by increasing the 

intracellular levels of the pro-apoptotic sphingolipids ceramide and sphingosine. 

Indeed, SKi treatment leads to ceramide accumulation and apoptosis in LNCaP cells, 

while an elevation in ceramide mass is not observed in LNCaP-AI cells which are 

resistant to SKi-induced apoptosis (Chapter 3). Thus, it might be speculated that the 

modest effect of FTY720 on SK1 expression in LNCaP-AI cells might not induce 

ceramide accumulation and these cells therefore do not undergo apoptosis.  

The substantial increase in S1P intracellular levels induced by (S)-FTY720 

vinylphosphonate might also contribute to the pro-apoptotic action of this inhibitor 

on LNCaP-AI cells. Indeed, a study by Mulders and coworkers reported that high 

micromolar concentrations of S1P promote apoptosis in PC-3 and DU145 prostate 

cancer cell lines, associated with increased intracellular Ca
2+

 levels (Mulders et al., 

2007). Moreover, previous studies reported that SK2 over-expression results in S1P 

accumulation and apoptotic cell death (Liu et al., 2003; Maceyka et al., 2005), 

providing evidence that SK2-derived S1P is linked to apoptosis.  
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Taken together, the findings presented in this Chapter and Chapter 3 support a 

critical role for SK1 in promoting LNCaP and LNCaP-AI cell survival and suggest 

that this might be achieved by the ability of this enzyme to remove ceramide rather 

than to generate S1P. 

These findings are in line with previous studies demonstrating that inhibition of SK1 

activates apoptosis in prostate cancer cells by shifting the ceramide/S1P balance 

toward ceramide (Pchejetski et al., 2005, 2008, 2010; Brizuela et al., 2010), as it has 

been extensively discussed in Chapter 1. However, this study is the first to 

demonstrate that the induction of apoptosis by SK1 inhibitors in prostate cancer cells 

is associated with the proteasomal degradation of SK1 (resulting in a sustained 

deregulation of the ceramide/S1P balance) and to highlight a crucial role for both 

SK1a and SK1b in promoting prostate cancer cell viability. Additionally, the finding 

that (S)-FTY720 vinylphosphonate reduces cell viability in LNCaP-AI cells is 

particularly significant, as the therapeutic options for the treatment of hormone 

refractory prostate cancer are currently limited. 

 

 

4.3.3 SK1 as a novel target of FTY720 

 

The finding that FTY720 modulates the activity (Tonelli et al., 2010) and expression 

of SK1 extends the number of intracellular targets of this agent. In light of this newly 

uncovered mechanism of action of FTY720, it is tempting to speculate that the 

previously reported anti-cancer properties of this agent (i.e. inhibition of cell 

proliferation, survival and migration in vitro and suppression of tumour growth, 

metastasis and angiogenesis in vivo) might be at least in part due to its ability to 

inhibit SK1 catalytic activity and/or induce proteasomal degradation of SK1. 

Indeed, other studies provide evidence that FTY720 behaves as a typical SK1 

inhibitor in cancer cells. In particular, a study by Pchejetski and colleagues reported 

that treatment of PC-3 prostate cancer cells with FTY720 increases the intracellular 

levels of ceramide and sphingosine while reducing intracellular S1P to induce 

apoptosis, an effect that was reversed by SK1 over-expression (Pchejetski et al., 

2010). The findings reported in this Chapter indicate that the down-regulation of SK1 
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expression rather than the reversible inhibition of SK1 activity might be a crucial 

step in FTY720-induced apoptosis of PC-3 cells.  

In this context, the different sensitivity of PC-3 and LNCaP-AI cells to FTY720-

induced apoptosis might be ascribed to differences in the expression and/or 

regulation of SK1a/b between the two cell lines. As a consequence, FTY720 might 

lower SK1 expression to below a threshold at which cells undergo apoptosis in PC-3 

cells but not in LNCaP-AI cells. This hypothesis is supported by the finding that SK1 

siRNA promotes the onset of apoptosis in PC-3 cells (Pchejetski et al., 2005) but not 

in LNCaP-AI cells, where SK1b is not knocked-down (Chapter 3). 

 

The study by Pchejetski and colleagues also demonstrated that FTY720 mimics the 

effect of SK1 siRNA and well-established pharmacological inhibitors of SK1 in 

sensitising prostate cancer cells to γ-irradiation both in vitro and in vivo (Pchejetski 

et al., 2010; Nava et al., 2000b), an effect that was associated with the inhibition of 

SK1 activity and was reversed by SK1 over-expression (Pchejetski et al., 2010). 

 

Since the effects of FTY720 in prostate cancer cells appear to be due to SK1 

inhibition, it is likely that (S)-FTY720 vinylphosphonate, which is more effective 

than FTY720 in reducing SK1 expression in LNCaP-AI cells, might prove to be even 

more effective than FTY720 in suppressing prostate cancer cell growth in vivo and 

sensitizing these cells to γ-irradiation. 

 

Finally, additional evidence of the efficacy of FTY720 as an SK1 inhibitor in cancer 

cells is provided by the finding that this compound suppresses the S1P-induced 

rearrangement of actin into membrane ruffles/lamellipodia (indicative of a migratory 

phenotype) in MCF-7 breast cancer cells (Lim et al., 2011b), recapitulating the effect 

of siRNA knock-down of SK1 (Long et al., 2010a). A similar effect was observed in 

response to (S)-FTY720 vinylphosphonate (Lim et al., 2011b). 
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4.4 Summary 

 

In common with SKi, two novel SK inhibitors, FTY720 and (S)-FTY720 

vinylphosphonate, modulate the expression of SK1 in LNCaP-AI cells. In contrast 

with SKi and FTY720, (S)-FTY720 vinylphosphonate promotes SK1 proteasomal 

degradation without stimulating proteasome activity. Moreover, (S)-FTY720 

vinylphosphonate overcomes the resistance of SK1b to proteasomal degradation. The 

current study can be progressed with further investigation of the mechanisms by 

which (S)-FTY720 vinylphosphonate modulates SK1 expression in LNCaP-AI cells. 

Taken together, the data presented in this Chapter support a model where acute 

inhibition of SK1 activity by (S)-FTY720 vinylphosphonate in LNCaP-AI cells does 

not substantially acutely tilt the ceramide/S1P balance toward ceramide, as suggested 

by the lack of effect of this agent on proteasome activity. However, chronic treatment 

with this inhibitor promotes accumulation of ceramide and sphingosine in LNCaP-AI 

cells, resulting from the proteasomal degradation of both SK1a and SK1b. This, in 

turn, is associated with the activation of apoptosis. In contrast with (S)-FTY720 

vinylphosphonate, FTY720 does not induce the onset of apoptosis in LNCaP-AI 

cells, and this can be correlated with a less marked effect of this inhibitor on SK1b 

expression. Finally, chronic treatment of LNCaP cells with SKi promotes 

accumulation of C22:0 ceramide, while (S)-FTY720 vinylphosphonate promotes 

accumulation of C16:0 ceramide in LNCaP-AI cells, suggesting that androgen-

independence might also be associated with changes in the substrate utilisation by 

the ceramide synthase that is functionally coupled with SK1a/b in the ceramide-

sphingosine-S1P rheostat. 

For its ability to overcome SK1b resistance and activate apoptosis in LNCaP-AI 

cells, (S)-FTY720 vinylphosphonate might prove useful in the clinical management 

of castration-resistant prostate cancer. 
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CHAPTER 5: 

 

MODULATION OF SK2 EXPRESSION BY SK INHIBITORS AND 

EFFECT OF SK2-SELECTIVE ABLATION IN LNCaP CELLS 
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5. MODULATION OF SK2 EXPRESSION BY SK INHIBITORS 

AND EFFECT OF SK2-SELECTIVE ABLATION IN LNCaP 

CELLS 

 

 

5.1 Introduction 

 

In contrast with SK1, there are no published reports showing a correlation between 

SK2 over-expression and cancer. In addition, SK2 over-expression was reported to 

exert an anti-proliferative and pro-apoptotic effect (Liu et al., 2003; Maceyka et al., 

2005). Thus, most of the research on SK and cancer has focused on SK1. As 

discussed in Chapter 1, however, emerging evidence suggests that similar to SK1, 

SK2 also plays an important role in cancer, promoting tumour cell survival, 

proliferation and migration (Hait et al., 2005; Van Brocklyn et al., 2005; Gao and 

Smith, 2011). Significantly, a recent report demonstrated that SK2 knock-down has 

stronger anti-tumour activities than SK1 knock-down in various human cancer cell 

lines (Gao and Smith, 2011). In addition, SK2 ablation inhibits tumour growth in a 

murine model of breast cancer (Weigert et al., 2009) and sensitizes cancer cells to 

chemotherapeutic agents (Sankala et al., 2007; Beljanski et al., 2011). These studies 

provide strong evidence that SK2 might represent a promising target for cancer 

therapy and prompt further investigation of the function of SK2 in tumour cells. 

 

Two selective inhibitors of SK2 have been recently described in the literature, 

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

ylmethyl)amide] (French et al., 2010) and (R)-FTY720 methyl ether [referred to as 

(R)-FTY720-OMe in the text] (Lim et al., 2011a) (Figure 1.5). ABC294640 has been 

synthesised from SKi (Smith et al., 2008), while (R)-FTY720-OMe is a non-

phosphorylable analogue of FTY720, which has been synthesised by replacing one 

of the prochiral hydroxyl groups of FTY720 with a methoxy group (Lim et al., 

2011a). 

ABC294640 and (R)-FTY720-OMe inhibit SK2 in vitro, without affecting SK1 

activity. Both compounds act as competitive inhibitors with respect to sphingosine 
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and exhibit similar potency (Kic= 10 µM and 16.5 µM, respectively) (French et al., 

2010; Lim et al., 2011a). When tested against a panel of protein kinases, ABC294640 

was found to be highly selective for SK2 (French et al., 2010). Interestingly, (R)-

FTY720-OMe reduces SK2 expression in HEK 293 cells (Lim et al., 2011a), 

suggesting that the efficacy of this inhibitor might be superior to that predicted from 

the reversible inhibition of SK2 activity. Importantly, (R)-FTY720-OMe does not 

affect SK1 expression in HEK 293 cells (Lim et al., 2011a), demonstrating the 

selectivity of this compound not only in inhibiting the catalytic activity, but also in 

modulating the expression of SK2 over SK1. Hence, (R)-FTY720-OMe represents a 

useful tool to interrogate SK2 function in cell systems. 

 

Besides inhibiting SK2 activity in vitro, ABC294640 and (R)-FTY720-OMe are also 

active in cells. Significantly, ABC294640 has anti-tumour effects in vitro and in vivo, 

reinforcing the hypothesis that targeting SK2 might represent a successful strategy 

for cancer treatment (French et al., 2010). Similarly, (R)-FTY720-OMe reduces cell 

viability and inhibits S1P-stimulated migration (Lim et al., 2011). 

 

Having established that the chronic treatment with SKi and (S)-FTY720-

vinylphosphonate modulates SK1 expression in LNCaP and LNCaP-AI cells 

(Chapter 3; Chapter 4), we also investigated the effect of these inhibitors on SK2 

expression. In addition, the SK2-selective inhibitor, (R)-FTY720-OMe was used to 

probe the role of SK2 in regulating prostate cancer cell survival. Indeed, the 

knowledge about the function of SK2 in prostate cancer is very limited. 
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5.2 Results 

 

5.2.1 Effect of SKi and (S)-FTY720-vinylphosphonate on ectopically expressed 

SK2 in LNCaP cells 

 

LNCaP and LNCaP-AI cells express SK2, as assessed by RT-PCR using SK2 gene-

specific primers that amplified a single product of 315 bp (Figure 5.1). RT-PCR 

analysis also revealed that SK2 mRNA levels are not significantly different in 

LNCaP cells compared with LNCaP-AI cells (LNCaP cells vs LNCaP-AI cells, p 

value >0.05) (Figure 5.1). 

 

The commercially available anti-SK2 antibodies perform poorly in immunoblotting 

experiments, as they lack of selectivity. Therefore, to investigate the effect of SK 

inhibitors on SK2 protein expression, it was necessary to over-express recombinant 

SK2 in LNCaP and LNCaP-AI cells by transient transfection with a plasmid 

construct encoding Myc-tagged SK2. 

 

Western blotting analysis of lysates from these cells using an anti-Myc antibody 

detected a band of the predicted size (molecular weight of 63 kDa), confirming that 

the recombinant protein was expressed (Figure 5.2). Recombinant SK2 was not 

detected in lysates from LNCaP cells transfected with the vector plasmid, confirming 

the specificity of the anti-Myc antibody used to detect recombinant SK2 (Figure 5.2). 

 

Treatment with SKi (10 μM) did not down-regulate recombinant SK2 in LNCaP 

cells, while it was effective in reducing the expression of endogenous c-Myc (Figure 

5.3a). In contrast, a higher concentration of SKi (50 μM) down-regulated the 

expression of recombinant SK2 in LNCaP and LNCaP-AI cells (Figure 5.3). 

 

Surprisingly, treatment of LNCaP cells with (S)-FTY720-vinylphosphonate resulted 

in elevated expression of recombinant SK2 protein levels (66±16% increase in 

treated cells vs control, p value <0.01) (Figure 5.4). 
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Figure 5.1 Expression of SK2 in LNCaP and LNCaP-AI cells. SK2 mRNA levels 

were examined by RT-PCR using gene-specific primers, followed by agarose gel 

electrophoresis of the amplification products. A negative control with omission of 

reverse transcriptase (RT-) was included to establish a lack of genomic DNA 

contamination. The expression of the housekeeping gene GAPDH was analysed 

using gene-specific primers to ensure that comparable amounts of cDNA were used 

for the two cell lines. The results shown are representative of three independent 

experiments.  

 

 

 

 

Myc-SK2 - +
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Myc-SK2

actin

 
 

Figure 5.2 Expression of recombinant SK2 in LNCaP cells. Cells were transiently 

transfected with Myc-tagged SK2 plasmid construct (Myc-SK2) or vector plasmid 

construct (vector), as described under Methods section. Ectopic expression of 

recombinant SK2 was measured by western blotting analysis using an anti-Myc 

antibody. Blot was then stripped and re-probed with anti-actin antibody to ensure 

comparable protein loading between samples. Results are representative of more 

than three separate experiments. 
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Figure 5.3 Effect of SKi on recombinant SK2 expression in LNCaP and LNCaP-

AI cells. Cells transiently over-expressing Myc-tagged SK2 were treated with the 

indicated concentrations of SKi or with the vehicle alone (DMSO, 0.1% v/v) for 24 

hours. The effect of SKi on recombinant SK2 expression in (a) LNCaP and (b) 

LNCaP-AI cells was then measured by western blotting analysis using an anti-Myc 

antibody. Also shown in (a) is the effect of SKi on endogenous c-Myc expression in 

LNCaP cells. Blots were then stripped and re-probed with anti-actin antibody to 

ensure comparable protein loading. Results are representative of at least three 

separate experiments. 
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Figure 5.4 Effect of (S)-FTY720-vinylphosphonate on recombinant SK2 

expression in LNCaP cells. Cells transiently over-expressing Myc-tagged SK2 were 

treated with (S)-FTY720-vinylphosphonate ((S)-vinylPn) or with the vehicle alone 

(DMSO, 0.1% v/v) for 24 hours. SKi (50 μM, 24 hours) was used as a control. 

Recombinant SK2 levels were measured by western blotting analysis using an anti-

Myc antibody. Blots were then stripped and re-probed with anti-actin antibody to 

ensure comparable protein loading. Results are representative of three separate 

experiments. 
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The mechanism by which high concentrations of SKi induce the down-regulation of 

SK2 in LNCaP cells was then investigated. The proteasome inhibitor MG132 did not 

prevent SKi effect on recombinant SK2 expression in LNCaP cells, while c-Myc 

protein levels were restored under the same conditions (Figure 5.5a). The treatment 

with MG132 alone induced a substantial accumulation of recombinant SK2, 

suggesting that this protein is actively processed through the ubiquitin-proteasome 

pathway (Figure 5.5a). 

 

Pre-treatment with CA074Me, which inhibits the lysosomal protease cathepsin B 

also failed to reverse the effect of SKi on recombinant SK2 protein levels in LNCaP 

cells (Figure 5.5b), excluding a role for the lysosomal degradation pathway in 

mediating SK2 down-regulation in response to SKi. 



 

190 

(a)

(b)

c-Myc

actin

Myc-SK2

SKi

MG132

- + - +

- - + +

SKi

CA074Me

- + - +

- - + +

actin

Myc-SK2

 
 

Figure 5.5 Effect of proteasomal or lysosomal degradative pathway inhibition on 

SKi-induced down-regulation of recombinant SK2 expression in LNCaP cells. 

Cells transiently over-expressing Myc-tagged SK2 were pre-treated with (a) the 

proteasome inhibitor MG132 (10 μM, 30 minutes) or (b) the cathepsin B inhibitor 

CA074Me (10 μM, 30 minutes) before being treated with SKi (50 μM, 24 hours) or 

with the vehicle (DMSO, 0.1% v/v). The levels of recombinant SK2 were measured 

by western blotting analysis using an anti-Myc antibody. Also shown in (a) is the 

reversal of SKi effect on endogenous c-Myc expression by MG132. Blots were 

stripped and re-probed with anti-actin antibody to ensure comparable protein 

loading. Results are representative of three separate experiments.  
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5.2.2 Effect of (R)-FTY720-OMe on ectopically expressed SK2 and proteasome 

activity in LNCaP cells 

 

We next investigated the effect of the SK2-specific inhibitor (R)-FTY720-OMe on 

recombinant SK2 expression in LNCaP cells. 

Treatment with (R)-FTY720-OMe (10 µM) induced the down-regulation of SK2 

protein levels in these cells (Figure 5.6). Higher concentrations of the inhibitor did 

not further reduce SK2 expression (Figure 5.6a). 

The effect of (R)-FTY720-OMe persisted in the presence of the proteasome inhibitor, 

MG132. Indeed, in cells pre-treated with MG132, (R)-FTY720-OMe reduced SK2 

expression to the same extent as in control cells not pre-treated with MG132 (Figure 

5.6b). This finding suggests that the proteasomal degradation pathway does not 

mediate SK2 down-regulation in response to (R)-FTY720-OMe treatment. 
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Figure 5.6 Effect of (R)-FTY720-OMe on SK2 expression in LNCaP cells. (a) 

Cells transiently over-expressing Myc-tagged SK2 were treated with the indicated 

concentrations of (R)-FTY720-OMe ((R)-OMe) or with the vehicle alone (DMSO, 

0.1% v/v) for 24 hours. Recombinant SK2 levels were then measured by western 

blotting analysis using an anti-Myc antibody. Blots were stripped and re-probed with 

anti-actin antibody to ensure comparable protein loading. (b) Western blot showing 

the effect of proteasomal degradation pathway inhibition on (R)-FTY720-OMe-

induced down-regulation of recombinant SK2 expression in LNCaP cells. Cells 

transiently over-expressing Myc-tagged SK2 were pre-treated with the proteasome 

inhibitor MG132 (10 μM, 30 minutes) before being treated with (R)-FTY720-OMe 

(10 μM, 24 hours) or with the vehicle (DMSO, 0.1% v/v). The levels of recombinant 

SK2 were measured by western blotting analysis using an anti-Myc antibody. Blots 

were then stripped and re-probed with anti-actin antibody to ensure comparable 

protein loading. Results are representative of three separate experiments. 
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The effect of (R)-FTY720-OMe on proteasome activity was next assessed. Treatment 

of LNCaP cells with (R)-FTY720-OMe did not increase the proteasomal activity 

against endogenous proteins, as assessed using the Proteasome-Glo™ Cell-Based 

Assay (Figure 5.7a). SKi, that was previously shown to activate the proteasome 

(Chapter 3), was used along with (R)-FTY720-OMe in this experiment as a positive 

control, to validate the assay. In agreement with the lack of effect on proteasome 

activity, cyclin D1 and c-Myc protein levels were not reduced in LNCaP cells treated 

with (R)-FTY720-OMe (Figure 5.7b). In contrast, SKi induced the MG132-sensitive 

down-regulation of cyclin D1 and c-Myc in these cells (Chapter 3). Thus, these 

findings indicate that (R)-FTY720-OMe does not activate the proteasome in LNCaP 

cells. 
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Figure 5.7 Effect of (R)-FTY720-OMe on proteasome activity in LNCaP cells. (a) 

Proteasomal luminogenic assay showing the effect of (R)-FTY720-OMe ((R)-OMe) 

(10 μM, 8 hours) on proteasome activity in LNCaP cells. SKi (10 μM, 8 hours) was 

used as a reference compound to validate the assay. For each treatment, results are 

expressed as 100-% of proteasomal activity against luminogenic substrate in cells 

treated with the vehicle alone (ctrl) (DMSO 0.1% v/v) (which corresponds to 

inhibitor-stimulated activity against endogenous proteins). Data are presented as 

mean with standard deviation of triplicate assays (n=3). *** denotes a p-value 

<0.001, while N.S. denotes a p-value >0.05 (not statistically significant) compared 

with control. (b) Western blots showing the lack of effect of (R)-FTY720-OMe ((R)-

OMe) (10 μM, 24 hours) on cyclin D1 and c-Myc expression in LNCaP cells. Blots 

were stripped and reprobed with anti-actin antibody to ensure comparable protein 

loading between samples. Results are representative of three separate experiments.  
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5.2.3 Effect of (R)-FTY720-OMe on LNCaP cell survival 

 

Treatment with (R)-FTY720-OMe (10 μM) did not promote apoptosis in LNCaP 

cells, as assessed by the absence of apoptosis-specific 89 kDa cleaved PARP in cells 

treated with this inhibitor (Figure 5.8). Higher concentrations of (R)-FTY720-OMe 

induced PARP cleavage (Figure 5.8), although this was not associated with a further 

reduction in SK2 expression (Figure 5.6a), suggesting that apoptosis in response to 

these concentrations of the inhibitor is an “off-target” effect rather than a 

consequence of inhibitor-induced removal of SK2. 
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Figure 5.8 Effect of (R)-FTY720-OMe on LNCaP cell survival. Cells were treated 

for 24 hours with the indicated concentrations of (R)-FTY720-OMe ((R)-OMe) or 

with the vehicle alone (DMSO, 0.1% v/v) before measuring cleaved PARP levels by 

western blotting analysis using an antibody that recognizes both full-length (116 

kDa) and cleaved (89 kDa) PARP. Blots were then stripped and reprobed with anti-

actin antibody to ensure comparable protein loading. Results are representative of 

two/three separate experiments. 
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5.3 Discussion 

 

5.3.1 SK inhibitors modulate SK2 expression in LNCaP cells 

 

This study demonstrates that high concentrations of SKi induce a reduction in SK2 

expression via a mechanism that does not involve the proteasome. Basal expression 

of SK2 is likely regulated by the ubiquitin-proteasome pathway, as evidenced by the 

finding that its levels are increased by treatment of cells with the proteasome 

inhibitor, MG132. These findings suggest that SKi does not modulate the flux of 

SK2 through the proteasomal pathway in LNCaP cells, while it increases the 

proteasome-dependent removal of SK1 in these cells by stimulating proteasomal 

activity (Chapter 3). This might be accounted for by a different sub-cellular 

localization of SK1 and SK2, which is consistent with the possibility that SK1 and 

SK2 might regulate distinct sub-cellular pools of S1P and ceramide, as will be 

discussed in Chapter 7.  

 

A role for the lysosomal degradation pathway in mediating SKi effect on SK2 

expression can also be excluded, based on the finding that the lysosomal cathepsin B 

specific inhibitor (CA074Me) failed to reverse SKi-induced down-regulation of SK2 

in LNCaP cells.  

It is not known whether SKi-induced down-regulation of SK2 expression occurs at 

the transcriptional or post-translational level. 

 

It has been recently shown that SK2 down-regulation occurs in apoptotic cells due to 

caspase-1-mediated cleavage (Weigert et al., 2010). However, SKi (10 µM) activates 

apoptosis in LNCaP cells (Chapter 3) while it fails to reduce SK2 expression in these 

cells, suggesting that SKi does not activate caspase-1 or that SK2 is not a substrate 

for this enzyme.  

 

Surprisingly, treatment of LNCaP cells with (S)-FTY720 vinylphosphonate results in 

the up-regulation of recombinant SK2 protein levels. This might account for the 

substantial increase in S1P levels that is observed in LNCaP cells treated with (S)-
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FTY720 vinylphosphonate, and thus for the apoptotic effect of this inhibitor, as 

discussed in Chapter 4. Indeed, while low levels of S1P are protective against 

apoptosis (Cuvillier et al., 1996), very high levels of S1P are pro-apoptotic in 

prostate cancer cell lines (Mulders et al., 2007). 

Further studies are required to establish the mechanism by which (S)-FTY720 

vinylphosphonate modulates the expression of SK2 and whether this effect is 

transcriptional or post-translational. 

 

Finally, treatment with the SK2-specific inhibitor (R)-FTY720-OMe down-regulates 

ectopically expressed SK2 in LNCaP cells. A similar effect was reported in HEK 293 

cells over-expressing recombinant SK2 (Lim et al., 2011a), indicating that it is not a 

cell type-specific effect.  

The mechanism(s) of SK2 down-regulation in response to (R)-FTY720-OMe remains 

to be elucidated. In particular, it is not known whether this effect is contingent on 

SK2 activity inhibition and whether (R)-FTY720-OMe affects SK2 gene expression 

and/or SK2 protein degradation. In this regard, the finding that the proteasome 

inhibitor MG132 did not reduce the effect of (R)-FTY720-OMe on SK2 suggests that 

(R)-FTY720-OMe-induced down-regulation of SK2 does not involve the 

proteasome. In addition, a role for caspase-1-mediated cleavage can be excluded, 

since (R)-FTY720-OMe does not induce apoptosis in these cells. Alternatively, SK2 

might not be a substrate for caspase-1 in these cells.  

It is important to appreciate that (R)-FTY720-OMe (10 µM) does not down-regulate 

ectopically expressed SK1 in HEK 293 cells (Lim et al., 2011a). Since the SK1 

plasmid used by Lim and colleagues and the SK2 plasmid used for the current study 

carry the same promoter, this finding provides evidence that (R)-FTY720-OMe (10 

µM) does not affect CMV promoter activity to reduce the expression of SK2 in 

LNCaP cells. 

 

(R)-FTY720-OMe does not increase the flux of cellular protein through the 

proteasomal degradation pathway, as demonstrated by the measurement of 

proteasome activity and by the finding that this inhibitor (in contrast with SKi: 

Chapter 3) does not induce the proteasomal degradation of cyclin D1 and c-Myc. The 
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data presented in Chapter 3 support a model in which SKi-induced activation of the 

proteasome is due to the accumulation of ceramide resulting from acute SK1 activity 

inhibition. MS analysis of sphingolipid levels showed that chronic treatment of 

LNCaP cells with (R)-FTY720-OMe does not result in increased ceramide levels (see 

below). Thus, it is likely that acute inhibition of SK2 activity by (R)-FTY720-OMe 

might also fail to elevate intracellular ceramide mass in these cells. This would 

provide an explanation as to why this inhibitor does not activate the proteasome in 

LNCaP cells. Whether the lack of increased ceramide formation is due to an off-

target effect of (R)-FTY720-OMe (i.e. inhibition of ceramide synthase) remains to be 

determined. 

 

5.3.2 Effect of (R)-FTY720-OMe on sphingolipid levels in LNCaP cells 

 

To assess the effect of SK2 ablation on sphingolipid metabolism in LNCaP cells, we 

measured the sphingolipid levels in cells treated with (R)-FTY720-OMe by LC-MS 

analysis (in collaboration with Dr E. Berdyshev, University of Illinois at Chicago) 

(unpublished data; Supplementary data, Figure S8). Treatment with (R)-FTY720-

OMe (10 µM, 24 hours), under conditions that remove ectopically expressed SK2, 

had no significant effect on ceramide levels, while it increased sphingosine levels 

and decreased S1P levels. These data suggest that there is not an active flux from 

ceramide to sphingosine in the ceramide-sphingosine-S1P pathway regulated by 

SK2. This can be accounted for by a model in which SK2-derived S1P is not 

accessible to S1P lyase, and sphingosine and S1P are rapidly recycled by the 

combined action of SK2 and S1P phosphatase. This model is supported by a study 

from Spiegel and colleagues demonstrating that SK2 acts in concert with S1P 

phosphatase in a sphingosine-S1P recycling pathway in HEK 293 cells (Maceyka et 

al., 2005). In these cells, sphingosine formed from S1P dephosphorylation is then 

converted back to ceramide by the action of ceramide synthase (Maceyka et al., 

2005). In contrast, the lack of effect of (R)-FTY720-OMe on ceramide levels in 

LNCaP cells suggests that the back-conversion of sphingosine to ceramide is not 

operative in the ceramide-sphingosine-S1P network regulated by SK2 in these cells. 
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An alternative possibility to explain the lack of ceramide accumulation in LNCaP 

cells treated with (R)-FTY720-OMe is that this compound might prevent the back-

conversion of sphingosine to ceramide by inhibiting ceramide synthase. Indeed, 

FTY720 which is structurally similar to (R)-FTY720-OMe inhibits ceramide 

synthase activity in vitro and in vivo (Berdyshev et al., 2009; Lahiri et al., 2009). (R)-

FTY720-OMe might therefore be expected to reduce dihydroceramide and ceramide 

levels due to inhibition of the de novo pathway. However, this was not the case. 

 

The analysis of sphingolipid levels in LNCaP cells where SK2 expression has been 

selectively knocked-down by siRNA treatment would assist in defining how SK2 

modulates sphingolipid metabolism in these cells. 

 

In HEK 293 cells, the SK2-mediated generation of ceramide is partly responsible for 

the pro-apoptotic function of SK2 in these cells (Maceyka et al., 2005). Thus, over-

expression of SK2 results in ceramide accumulation and activation of apoptosis 

(Maceyka et al., 2005). In contrast, in the absence of the back-conversion of 

sphingosine to ceramide, SK2 might function to promote S1P formation and 

therefore a pro-growth signal. In this regard, it has been shown that the SK2 

inhibitor, ABC294640 exerts an anti-proliferative effect in DU145 prostate cancer 

cells (French et al., 2010), suggesting that SK2 might promote prostate cancer cell 

proliferation. Future experiments will be aimed at characterising the function of SK2 

in regulating LNCaP cell proliferation. 

 

5.3.3 SK2 regulation of LNCaP cell survival 

 

There are currently no published reports regarding the role of SK2 in regulating 

prostate cancer cell survival. The data presented in this Chapter demonstrate that (R)-

FTY720-OMe fails to promote apoptosis at a concentration which reduces SK2 

expression in LNCaP cells. This finding indicates that in contrast with SK1 (Chapter 

3; Chapter 4), SK2 is not involved in controlling the apoptotic status of LNCaP cells. 

To confirm this, it will be necessary to examine whether siRNA-mediated ablation of 

SK2 activates the onset of apoptosis in LNCaP cells. 
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The failure of (R)-FTY720-OMe to induce apoptosis in LNCaP cells is consistent 

with the finding that treatment with this inhibitor does not increase ceramide levels in 

these cells. Indeed, apoptosis in LNCaP and LNCaP-AI cells in response to SKi or 

(S)-FTY720-vinylphosphonate, respectively, is associated with the accumulation of 

ceramide (Chapter 3; Chapter 4). These data are also in agreement with the finding 

that SK1 knock-down sensitises prostate cancer cells to γ-irradiation by elevating the 

intracellular levels of ceramide (Nava et al., 2000b; Pchejetski et al., 2010), while 

SK2 knock-down fails to do so (Pchejetski et al., 2010).  

 

Although SK2 does not appear to regulate the apoptotic status of LNCaP cells, it 

cannot be excluded that SK2 might control LNCaP cell survival. Indeed, the data 

presented in the current study suggest that SK2 might inhibit autophagy in LNCaP 

cells, as discussed in Chapter 3. Evidence exists that autophagy might represent a 

pro-survival pathway in tumour cells, including prostate cancer cells (Lavieu et al., 

2006; Li et al., 2008). Thus, by inhibiting autophagy, SK2 might reduce LNCaP cell 

viability. Additionally, it has been shown that the activation of autophagy maintains 

the survival of LNCaP cells subjected to hormone ablation (Li et al., 2008; Chhipa et 

al., 2011), thereby favouring the transition of these cells to androgen independence. 

Therefore, SK2 might hinder androgen escape by preventing the activation of this 

pro-survival pathway. Evaluating these hypotheses requires further investigation. 

 

Taken together, these findings support a model in which SK1 and SK2 regulate 

distinct functional pools of sphingolipids in prostate cancer cells, as will be further 

discussed in Chapter 7. 
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5.4 Summary 

 

This study shows that SK2 expression is modulated by SK inhibitors in LNCaP cells. 

Further studies are required to elucidate the mechanisms involved.  

The selective elimination of SK2 from LNCaP cells has distinct effects on 

sphingolipid levels and cell survival compared with SK1, providing evidence that the 

two enzymes might regulate different pools of sphingolipids in these cells. In 

particular, the data presented in this Chapter provide evidence that SK2 is not 

involved in regulating proteasome activity and the apoptotic status of LNCaP cells. 

This is associated with the failure to increase intracellular ceramide levels, when SK2 

is eliminated from these cells in response to (R)-FTY720-OMe. 

The functional significance of the modulation of SK2 expression by SK1 inhibitors 

in prostate cancer cells (i.e. whether this is favourable to the anticancer activity of 

SK1 inhibitors) remains to be determined. 
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6. CHARACTERISATION OF SK REGULATION OF 

ANDROGEN RECEPTOR EXPRESSION IN PROSTATE 

CANCER CELL MODELS 

 

 

6.1 Introduction 

 

As discussed in Chapter 1, a functional androgen receptor (AR) is required for 

prostate tumorigenesis and aberrant AR signalling is a critical factor in the resistance 

to antiandrogen therapy and in the progression of prostate cancer to a hormone 

refractory state (Buchanan et al., 2001; Chen et al., 2004; Dehm and Tindall, 2006). 

Thus, abrogating AR signalling represents a promising therapeutic strategy in the 

management of this disease. 

 

Interestingly, SK1 is linked with AR signalling pathway in prostate cancer cells. 

Indeed, dihydrotestosterone induces a rapid and transient stimulation of SK1 activity 

in LNCaP cells in an AR-dependent manner (Dayon et al., 2009). This effect is 

mediated by PI3K/Akt and is required for androgen-stimulated proliferation of 

hormone-sensitive prostate cancer cells (Dayon et al., 2009). Significantly, the anti-

proliferative effect which results from androgen deprivation in in vitro and in vivo 

models of hormone-sensitive prostate cancer is reversed by SK1 over-expression, 

confirming a role for SK1 in sustaining prostate cancer cell growth. 

SK1 is also involved in the response of androgen-dependent prostate cancer cells to 

hormone deprivation. Interestingly, androgen withdrawal exerts a dual effect on SK1 

in these cells (Dayon et al., 2009). Thus, short-term androgen depletion induces SK1 

activity inhibition whereas long-term removal of androgen results in a sustained up-

regulation in SK1 expression and activity, which is associated with the progression 

of prostate cancer cells to androgen independence (Dayon et al., 2009). Significantly, 

inhibiting SK1 prevents the transition of prostate cancer cells to a hormone refractory 

state during chronic androgen depletion (Dayon et al., 2009), providing evidence of 

an instrumental role for SK1 in this process. 
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In contrast with SK1, an interaction between SK2 and AR signalling in prostate 

cancer cells has not been reported in the literature. 

 

Having established that SK inhibitors induce a chemical knock-down of SK1/2 

(Chapter 3; Chapter 4; Chapter 5), these agents were employed to investigate the 

effects of SK inhibition/down-regulation on AR expression in LNCaP and LNCaP-

AI cells. 
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6.2 Results 

 

6.2.1 Analysis of AR expression in LNCaP and LNCaP-AI cells 

 

The expression of AR protein was examined in LNCaP and LNCaP-AI cells by 

western blotting analysis, which confirmed that both cell lines express AR (Figure 

6.1a). AR protein levels in LNCaP-AI cells were higher than those in the parental 

cell line (25±17% increase vs LNCaP cells, p value <0.001), indicating that the 

transition of LNCaP cells to androgen independence is associated with a modulation 

of AR expression. 

 

In addition to full-length AR, which has a molecular mass of 110 kDa, the anti-AR 

antibody that was used for western blotting analysis detected an additional 

immunoreactive band, with an apparent molecular mass of ~100 kDa (Figure 6.1a). 

This band might correspond to a truncated isoform of AR, although its identity needs 

to be confirmed using an AR specific siRNA. SK inhibitors had a similar effect on 

the expression levels of full-length AR and of this putative AR truncated variant (see 

below), and the AR annotation is therefore used herein to indicate both. 

 

6.2.2 Effect of SKi on AR expression in LNCaP and LNCaP-AI cells 

 

The treatment of LNCaP and LNCaP-AI cells with SKi induced a substantial 

reduction in AR protein levels (Figure 6.1a; supplementary data, Figures S9, S10), an 

effect that was detectable within 8 hours of treatment with the inhibitor (Figure 6.5a; 

supplementary data, Figure S9). 

The change in AR protein expression in LNCaP cells treated with SKi was associated 

with a significant reduction in AR mRNA levels (70±5% decrease vs control, p value 

<0.05), as assessed by quantitative Real Time-PCR (Figure 6.1b), indicating that SKi 

affects AR gene expression. However, the effect of SKi on AR protein expression 

persisted in LNCaP cells pre-treated with the protein synthesis inhibitor 

cycloheximide (Figure 6.2; supplementary data, Figure S9).  
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The effect of siRNA-mediated SK1 silencing on AR expression was also assessed. 

As shown in Figure 6.3, a 72 hours treatment with SK1 siRNA, which knocks-down 

SK1a in LNCaP and LNCaP-AI cells without however reducing SK1b expression 

(Chapter 3), had no significant effect on AR protein levels in the two cell lines (SK1 

siRNA vs scrambled siRNA, p value >0.05 in both cell lines). 
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Figure 6.1 Effect of SKi on AR expression in LNCaP and LNCaP-AI cells. (a) 

Western blotting analysis of AR protein levels in LNCaP and LNCaP-AI cells treated 

for 48 hours with SKi (10 μM). Blots were then stripped and re-probed with anti-

ERK-2 antibody to ensure comparable protein loading. Results are representative of 

at least three separate experiments. Also shown is the densitometric quantification of 

AR immunoreactivity, expressed as a percentage of the control (DMSO) 

(ctrl=100%). *** denotes a p value <0.001. (b) Quantitative Real Time-PCR 

analysis of AR mRNA levels in LNCaP cells treated with SKi (10 μM, 24 hours) or 

with the vehicle (DMSO 0.1% v/v, ctrl). GAPDH was used as a reference gene. Data 

are expressed as relative AR mRNA expression, normalized to GAPDH mRNA levels. 

Bars represent mean of triplicate values ± S.E. and are expressed as % of control 

(vehicle-treated cells). * denotes a p-value <0.05 compared with control (vehicle-

treated cells). 

 



 

209 

(b)

0

20

40

60

80

100

120

*

re
la

ti
v
e 

A
R

 m
R

N
A

 

ex
p

re
ss

io
n

ctrl SKi
 

 

Figure 6.1 Effect of SKi on AR expression in LNCaP and LNCaP-AI cells 

(continued).
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Figure 6.2 Effect of protein synthesis inhibition on SKi-induced down-regulation 

of AR in LNCaP cells. Cells were incubated for 30 minutes with the protein 

synthesis inhibitor cycloheximide (CHX) (5 µg/ml, 30 minutes pre-treatment) before 

being treated with SKi (10 µM, 24 hours). AR protein levels were then measured by 

western blotting analysis. Blots were stripped and re-probed with anti-ERK-2 

antibody to ensure comparable protein loading. Results are representative of three 

separate experiments. Also shown is the densitometric quantification of AR 

immunoreactivity, expressed as a percentage of the control (DMSO) (ctrl=100%). p 

values were as follows: SKi vs control, <0.001; CHX vs control, <0.01; CHX+SKi vs 

SKi, N.S. N.S. denotes not statistically significant (p value >0.05). 
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Figure 6.3 Effect of transfection with siRNA oligonucleotides targeting SK1 on AR 

expression in LNCaP and LNCaP-AI cells. Western blotting analysis of AR levels in 

LNCaP and LNCaP-AI cells transfected with siRNA oligonucleotides targeting SK1 

(200 nM) or with scrambled siRNA oligonucleotides (200 nM) for 72 hours. Blots 

were stripped and re-probed with anti-actin antibody to ensure comparable protein 

loading. Results are representative of three separate experiments. Samples used for 

western blotting analysis are the same as for Figure 3.25b. 
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Having established that SKi reduces AR expression in prostate cancer cells, the study 

focused on characterising the mechanism involved. 

 

Pharmacological inhibition of the executioner caspase-3 and -7 using Ac-DEVD-

CHO did not block AR down-regulation in response to SKi (Figure 6.4a), nor did the 

caspase-2 inhibitor ICH-1 (Figure 6.4b). 

 

Since SKi promotes the degradation of SK1 and other proteins through the 

proteasomal pathway in LNCaP and LNCaP-AI cells (Chapter 3), the involvement of 

this proteolytic route in SKi-induced down-regulation of AR was investigated, using 

the proteasomal inhibitor MG132.  

In line with previous reports (Lin et al., 2002; Yang et al., 2008), MG132 itself 

induced a reduction in AR protein levels in LNCaP cells treated for 48 hours with 

this compound (not shown). A short time-point (8 hours) was therefore chosen for 

these experiments, where AR expression was still down-regulated by SKi, without 

however being affected by MG132 alone. MG132 did not inhibit the effect of SKi on 

AR protein levels in LNCaP cells while it reversed SKi-induced down-regulation of 

c-Myc under the same conditions (Figure 6.5a; supplementary data, Figure S9), 

indicating that MG132 was effectively inhibiting the proteasome in these 

experiments. 

 

Pre-treatment with the cathepsin B inhibitor CA074Me also failed to reverse SKi-

induced down-regulation of AR in LNCaP cells (Figure 6.5b), thereby excluding a 

role for the lysosomal degradation pathway in mediating AR proteolysis. 

 

Since AR contains a calpain cleavage site and is a substrate for calpain-catalysed 

proteolysis (Pelley et al., 2006; Libertini et al., 2007), a role for this protease in 

mediating the degradation of AR in response to SKi was tested. As shown in Figure 

6.5c, pre-treatment of LNCaP cells with the calpain 1/2 inhibitor PD150606 did not 

reverse SKi effect on AR expression. 
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AR has also been reported to be a substrate for serine protease-catalysed cleavage (de 

Boer et al., 1987). However, the serine protease inhibitor phenylmethylsulfonyl 

fluoride did not block AR down-regulation in SKi-treated LNCaP cells (Figure 6.5d). 

 

A recent study has shown that the activation of ERK-1/2 leads to AR mRNA and 

protein down-regulation in LNCaP cells (Hong et al., 2011), demonstrating a role for 

this pathway in modulating AR expression in prostate cancer cells. Since SKi 

induces ERK-1/2 activation in LNCaP cells (Chapter 3), a role for this signalling 

cascade in mediating AR down-regulation was tested. For this purpose, LNCaP cells 

were pre-treated with the MEK inhibitor PD98059, which completely abrogates SKi-

induced ERK-1/2 phosphorylation in these cells (Chapter 3). However, the effect of 

SKi on AR protein expression in LNCaP cells persisted in the presence of PD98059 

(Figure 6.6). This is consistent with the finding that SKi reduces AR levels in 

LNCaP-AI cells, where ERK-1/2 is not activated in response to the treatment with 

this inhibitor (Chapter 3). 
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Figure 6.4 Effect of caspase inhibitors on SKi-induced down-regulation of AR in 

LNCaP cells. Western blotting analysis of AR expression in lysates from (a) cells 

incubated for 30 minutes with the caspase-3/7 inhibitor Ac-DEVD-CHO (100 μM) 

before being treated for 48 hours with SKi 10 μM; (b) cells incubated with the 

caspase-2 inhibitor ICH-1 (40 µM, 1 hour pre-treatment) before being treated with 

SKi (10 µM, 24 hours). Blots were then stripped and re-probed with anti-ERK-2 or 

anti-actin antibodies to ensure comparable protein loading. Results are 

representative of three separate experiments. 
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Figure 6.5 Effect of the inhibition of various proteolytic pathways on SKi-induced 

downregulation of AR expression in LNCaP cells. Western blotting analysis of AR 

expression in lysates from: (a) cells incubated with the proteasomal inhibitor MG132 

(10 μM, 30 minutes pre-treatment) before being treated with SKi (10 µM, 8 hours). 

Also shown is a western blot showing c-Myc expression under these conditions. Also 

shown is the densitometric quantification of AR immunoreactivity, expressed as a 

percentage of the control (DMSO) (ctrl=100%). p values were as follows: SKi vs 

control, <0.001; MG132 vs control, N.S.; MG132+SKi vs SKi, N.S. N.S. denotes not 

statistically significant (p value >0.05). (b) cells incubated with the cathepsin B 

inhibitor CA074Me (10 μM, 30 minutes pre-treatment) before being treated with SKi 

(10 μM, 48 hours); (c) cells incubated with the calpain inhibitor PD150606 (250 

µM, 4 hours pre-treatment) before being treated with SKi (10 µM, 20 hours). (d) 

cells incubated with the serine proteases inhibitor phenylmethylsulphonyl fluoride 

(PMSF) (1 mM, 4 hours pre-treatment) before being treated with SKi (10 µM, 20 

hours). Blots were then stripped and re-probed with anti-ERK-2 or anti-actin 

antibodies to ensure comparable loading between samples. Results are 

representative of three separate experiments. 
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Figure 6.5 Effect of the inhibition of various proteolytic pathways on SKi-induced 

downregulation of AR expression in LNCaP cells (continued). 
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Figure 6.6 Effect of MEK inhibition on SKi-induced down-regulation of AR in 

LNCaP cells. Cells were incubated for 30 minutes with PD98059 (10 μM), before 

being treated with SKi (10 μM, 48 hours). AR protein levels were then measured by 

western blotting analysis. Blots were stripped and re-probed with anti-ERK-2 

antibody to ensure comparable protein loading. Results are representative of three 

separate experiments. 
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The effect of SKi on AR expression in LNCaP cells might be due to the 

inhibition/down-regulation of SK1, which results in an increase in ceramide and a 

decrease in S1P intracellular levels (Chapter 3; Loveridge et al., 2010).  

 

In order to test a role for ceramide in mediating SKi-induced down-regulation of AR 

expression, LNCaP cells were treated with a cell permeable analogue of ceramide, 

C2-ceramide. C2-ceramide reduced AR protein levels, an effect that was detectable 

within 8 hours of treatment (Figure 6.7; supplementary data, Figure S9). The down-

regulation of AR expression induced by C2-ceramide was reversed by pre-treating 

cells with the proteasome inhibitor MG132 (Figure 6.7b; supplementary data, Figure 

S9), indicating that C2-ceramide promotes AR degradation via the proteasomal 

pathway. 

 

It was then assessed whether inhibiting the SKi-induced increase in intracellular 

ceramide levels could prevent the down-regulation of AR expression.  

Pre-treatment of LNCaP cells with fumonisin B1, which inhibits ceramide synthase 

and therefore the back-conversion of sphingosine to ceramide, did not reverse the 

reduction in AR protein levels promoted by SKi (Figure 6.8b). Additionally, 

inhibition of serine palmitoyltransferase with myriocin failed to reverse the SKi-

induced down-regulation of AR in LNCaP cells (Figure 6.8a), excluding a role for de 

novo-synthesized ceramide in mediating SKi effect on AR expression. 

 

To test the possibility that AR down-regulation is due to a reduction in S1P, LNCaP 

cells were co-treated with S1P and SKi. Figure 6.8c shows that the addition of 

exogenous S1P to the cells did not rescue the SKi-induced down-regulation of AR. 

 

Since the treatment of LNCaP cells with SKi also results in increased intracellular 

levels of dihydrosphingosine and of various dihydroceramide species (Loveridge et 

al., 2010), the effect of these sphingolipids on AR expression was tested. However, 

neither C2-dihydroceramide, a cell permeable analogue of dihydroceramide, nor 

dihydrosphingosine significantly reduced AR expression in LNCaP cells (control vs 

treated cells, p value >0.05 for both treatments) (Figure 6.7a). 
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Figure 6.7 Effect of C2-ceramide, C2-dihydroceramide and dihydrosphingosine on 

AR expression in LNCaP cells. (a) Cells were treated for 24 hours with C2-

ceramide (C2-cer, 50 µM), C2-dihydroceramide (C2-DHC, 50 µM), or 

dihydrosphingosine (DHS, 25 μM) and AR protein levels were measured by western 

blotting analysis. (b) Western blot showing the effect of the proteasome inhibitor 

MG132 (10 µM, 30 minutes pre-treatment) on C2-ceramide (C2-cer) (50 µM, 8 

hours)-induced down-regulation of AR in LNCaP cells. Blots were stripped and re-

probed with anti-actin antibody to ensure comparable protein loading. Results are 

representative of three separate experiments. Also shown is the densitometric 

quantification of AR immunoreactivity, expressed as a percentage of the control 

(DMSO) (ctrl=100%). p values were as follows: C2-ceramide (24h) vs control, 

<0.001; C2-ceramide (8h) vs control, <0.001; MG132 (8h) vs control, N.S.; 

MG132+C2-ceramide vs C2-ceramide, <0.01. N.S. denotes not statistically 

significant (p value >0.05). 
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Figure 6.7 Effect of C2-ceramide, C2-dihydroceramide and dihydrosphingosine on 

AR expression in LNCaP cells (continued).  
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Figure 6.8 Effect of ceramide synthesis inhibition or exogenous S1P on SKi-

induced down-regulation of AR in LNCaP cells. Western blots showing the effect of 

SKi (10 µM, 24 hours) on AR protein levels in LNCaP cells pre-treated with (a) 

myriocin (100 nM, 2 hours pre-treatment) or (b) fumonisin B1 (FB1) (100 µM, 1 

hour pre-treatment), to inhibit the de novo ceramide synthesis or the sphingosine 

recycling pathway, respectively. (c) Western blot showing the effect of exogenously 

added S1P (10 µM, 48 hours) on AR expression in cells treated with SKi (10 μM, 48 

hours). Blots were then stripped and re-probed with anti-ERK-2 or anti-actin 

antibodies to ensure comparable loading. Results are representative of two/three 

separate experiments. 
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6.2.3 Role of oxidative stress response in SKi-induced AR down-regulation 

 

Fajardo and co-workers demonstrated the oxidative stress-induced down-regulation 

of AR expression in several prostate cancer cell lines, including LNCaP cells 

(Fajardo et al., 2011). A mass spectrometry-based metabolome analysis revealed that 

chronic treatment of LNCaP and LNCaP-AI cells with SKi leads to a pronounced 

oxidative stress response (see below). Therefore, it was of interest to determine 

whether the down-regulation of AR expression is linked to the activation of oxidative 

stress by SKi. For this purpose, LNCaP cells were pre-treated with the reactive 

oxygen species (ROS) scavenger, N-acetyl L-cysteine (NAC), before being 

challenged with SKi. SKi-induced down-regulation of AR protein levels was 

partially but significantly reversed by NAC (Figure 6.9; supplementary data, Figure 

S9), indicating that the effect of SKi on AR expression is mediated by a ROS-

dependent pathway. Higher concentrations of NAC were tested, but could not be 

used because they resulted in cytotoxicity (data not shown). 
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Figure 6.9 Effect of ROS scavenging on SKi-induced down-regulation of AR 

expression in LNCaP cells. Cells were treated with SKi (10 µM, 24 hours) in the 

absence or presence of the ROS scavenger N-acetyl L-cysteine (NAC) (10 mM, 1 

hour pre-treatment). AR expression was measured by western blotting analysis. Blots 

were then stripped and re-probed with anti-actin antibody to ensure comparable 

protein loading. Results are representative of three separate experiments. Also 

shown is the densitometric quantification of AR immunoreactivity, expressed as a 

percentage of the control (DMSO) (ctrl=100%). p values were as follows: SKi vs 

control, <0.001; NAC vs control, N.S.; NAC+SKi vs SKi, <0.05. N.S. denotes not 

statistically significant (p value >0.05). 
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Alimirah and colleagues demonstrated that p53 negatively regulates AR expression 

in LNCaP cells (Alimirah et al., 2007). Additionally, p53 modulates ROS generation 

in mammalian cells (Liu et al., 2008). In particular, the accumulation of p53 leads to 

the activation of oxidative stress (Liu et al., 2008). Therefore, in an attempt to 

interrogate a role for p53 in the ROS-dependent AR down-regulation induced by 

SKi, the effect of SKi treatment on p53 expression in LNCaP and LNCaP-AI cells 

was assessed. 

Both LNCaP and LNCaP-AI cells express p53 (Figure 6.10). As expected for a 

protein which is rapidly turned-over through the ubiquitin-proteasomal pathway 

(Maki et al., 1996), treatment with MG132 led to a marked increase in p53 levels in 

both LNCaP and LNCaP-AI cells (Figure 6.10), in line with previous studies 

showing that p53 accumulates in cells treated with proteasome inhibitors (Maki et 

al., 1996). Therefore, lysates from LNCaP or LNCaP-AI cells treated with MG132 

were used as positive controls when immunoblotting for p53. 

Treatment of LNCaP-AI cells with SKi induced a substantial increase in p53 

expression (Figure 6.10). In contrast, SKi failed to increase p53 levels in LNCaP 

cells (Figure 6.10), while it reduced AR expression under the same conditions 

(Figure 6.1a; Figure 6.2). These findings indicate that p53 might not be involved in 

the regulation of AR expression by SKi. 
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Figure 6.10 Effect of SKi on p53 protein levels in LNCaP and LNCaP-AI cells. 

Western blotting analysis of p53 expression in LNCaP and LNCaP-AI cells treated 

with SKi (10 μM) for 24 (a) or 48 (b) hours. For each cell line, lysates from cells 

treated with MG132 (10 μM, 48 hours) were used as a positive control. Blots were 

stripped and re-probed with anti-ERK-2 or anti-actin antibodies to ensure 

comparable protein loading. Results are representative of two/three separate 

experiments. 
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6.2.4 Effect of FTY720 and (S)-FTY720 vinylphosphonate on AR expression in 

LNCaP-AI cells 

 

Having established that the chronic treatment with SKi reduces AR protein levels in 

LNCaP and LNCaP-AI cells, it was assessed whether different SK1 inhibitors, 

structurally unrelated to SKi, have the potential to modulate AR expression in 

prostate cancer cells. In particular, we tested the effect of FTY720 and (S)-FTY720 

vinylphosphonate on AR expression in LNCaP-AI cells, since these inhibitors down-

regulate SK1 in these cells (Chapter 4). 

 

Both FTY720 and (S)-FTY720 vinylphosphonate reduced AR protein levels in 

LNCaP-AI cells (Figure 6.11; supplementary data, Figure S10). 
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Figure 6.11 Effect of FTY720 and (S)-FTY720 vinylphosphonate on AR 

expression in LNCaP-AI cells. Western blot showing the effect of FTY720 or (S)-

FTY720 vinylphosphonate ((S)-vinylPn) (both 10 μM, 48 hours) on AR protein levels 

in LNCaP-AI cells. Blots were then stripped and re-probed with anti-actin antibody 

to ensure comparable protein loading. Results are representative of three separate 

experiments. Also shown is the densitometric quantification of AR immunoreactivity, 

expressed as a percentage of the control (DMSO) (ctrl=100%). p values were as 

follows: FTY720 vs control, <0.001; (S)-FTY720-vinylphosphonate, <0.001. 

 



 

228 

6.2.5 Effect of a SK2-specific inhibitor on AR expression in LNCaP cells 

 

To investigate whether SK2 has a role in regulating AR expression in prostate cancer 

cells, an SK2-selective inhibitor, (R)-FTY720-OMe, was used. 

(R)-FTY720-OMe did not significantly reduce AR protein levels in LNCaP cells 

(Figure 6.12; supplementary data, Figure S9), while it completely down-regulated 

ectopically expressed SK2 in these cells under the same conditions (Chapter 5). 

Higher concentrations of (R)-FTY720-OMe reduced AR protein levels (Figure 6.12) 

without however further down-regulating SK2 expression (Chapter 5), suggesting 

that the effect of this inhibitor on AR expression is independent of SK2. 
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Figure 6.12 Effect of (R)-FTY720-OMe on AR expression in LNCaP cells. Cells 

were treated for 24 hours with the indicated concentrations of (R)-FTY720-OMe 

((R)-OMe). AR protein levels were then measured by western blotting analysis. Blots 

were stripped and re-probed with anti-actin antibody to ensure comparable protein 

loading. Results are representative of two/three separate experiments. Also shown is 

the densitometric quantification of AR immunoreactivity, expressed as a percentage 

of the control (DMSO) (ctrl=100%). N.S. denotes not statistically significant (p value 

>0.05). 
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6.3 Discussion 

 

6.3.1 AR protein expression is up-regulated in LNCaP-AI cells compared with 

LNCaP cells 

 

This study confirms that LNCaP and LNCaP-AI cells express AR and shows that AR 

protein levels are up-regulated in LNCaP-AI cells compared with LNCaP cells, as 

assessed by western blotting analysis. Similarly, other studies reported an up-

regulation of AR expression in LNCaP cells that have progressed to androgen-

independence following long-term culture in androgen deprivation conditions 

(Kokontis et al., 1994; Halkidou et al., 2003), which is accompanied by an increase 

in AR transcriptional activity upon androgen stimulation (Kokontis et al., 1994). 

Thus, AR up-regulation might represent a compensatory mechanism that allows 

LNCaP cells to adapt to a hormone-deprived environment by increasing their 

sensitivity to androgens (Linja et al., 2001). Additionally, it has been shown that the 

up-regulation of AR decreases the specificity of this receptor for its ligand, allowing 

its activation by other steroids (Chen et al., 2004). Furthermore, it has been reported 

that high expression of AR results in a ligand-independent activation of this receptor 

(Huang et al., 2002). 

 

The molecular mechanism underlying the up-regulation of AR protein expression in 

LNCaP-AI cells compared with LNCaP cells remains to be investigated. In this 

regard, Kokontis and colleagues demonstrated an increase in AR mRNA levels in 

LNCaP cells subjected to androgen withdrawal (Kokontis et al., 1994). It is therefore 

likely that the up-regulation of AR protein observed in LNCaP-AI cells used in the 

current study is also the result of an increase in the levels of the corresponding 

mRNA. 

 

Among the molecules that positively regulate AR gene expression, cyclic adenosine 

monophosphate (cAMP) (acting via the transcription factor cAMP response element-

binding protein) and Myc have been shown to be up-regulated in LNCaP cells that 

have progressed to androgen independence (Mizokami et al., 1994; Dayon et al., 
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2009; Lee et al., 2009; Kokontis et al., 1994; Karan et al., 2002). It would be 

interesting to test whether these molecules mediate the increase in AR expression in 

LNCaP-AI cells. 

 

Additionally, the data presented in this study show that the up-regulation of AR in 

LNCaP-AI cells compared with LNCaP cells correlates with increased expression of 

SK1. The finding the SK1 inhibitors down-regulate AR in LNCaP and LNCaP-AI 

cells is consistent with the hypothesis that SK1 modulates AR expression in these 

cells. In order to test a role for SK1 in driving AR up-regulation, it will be necessary 

to assess whether SK1 over-expression in LNCaP cells results in an increase in AR 

protein levels. 

 

Numerous studies have shown that AR is up-regulated in most hormone-refractory 

prostate cancers compared with hormone-dependent cancers (Van der Kwast et al., 

1991; Ruizeveld de Winter et al., 1994; Latil et al., 2001; Linja et al., 2001; Edwards 

et al., 2003). Thus, in addition to their ability to grow in the absence of androgens 

and their responsiveness to hormone stimulation, LNCaP-AI cells share another 

common feature with hormone-refractory tumour cells that originate in patients 

following androgen ablation therapy, i.e. the over-expression of AR. These 

characteristics support the relevance of LNCaP-AI cells as an in vitro model for 

androgen-independent prostate cancer. In contrast, PC-3 and DU145 cells do not 

express AR (Tilley et al., 1990; Trapman et al., 1990) and therefore their behaviour 

might not resemble the human tumours. 

 

6.3.2 SKi activates oxidative stress in LNCaP and LNCaP-AI cells 

 

Treatment of LNCaP and LNCaP-AI cells with SKi modulates the metabolome, as 

assessed by the detection of changes in the intracellular levels of various metabolites 

measured using liquid chromatography-mass spectrometry (LC-MS) (in 

collaboration with Dr D. Watson, University of Strathclyde; unpublished data) 

(Supplementary data, Table 1). In particular, SKi induces a pronounced oxidative 

stress response in these cells, as indicated by marked changes in the levels of 
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glutathione, NADPH, and various intermediates of the pentose phosphate and the 

glycolytic pathways.  

 

LNCaP and LNCaP-AI cells treated with SKi show an increased ratio of oxidized 

glutathione (GSSG) to reduced glutathione (GSH), which is indicative of oxidative 

stress. In fact, GSH functions as an antioxidant to remove hydrogen peroxide, 

thereby preventing the formation of free radicals and their potential damaging 

effects. Thus, GSSG is formed from the reaction between GSH and hydrogen 

peroxide, which is catalysed by glutathione peroxidase. 

 

Treatment of LNCaP and LNCaP-AI cells with SKi results in a substantial decrease 

in NADPH levels, which is consistent with the activation of an oxidative stress 

response by SKi and which might occur via different mechanisms. First, NADPH 

functions as a reducing agent to remove hydrogen peroxide, in a reaction catalysed 

by catalase. Second, NADPH is needed to convert GSSG back into GSH by the 

action of glutathione reductase. Third, SKi treatment might activate NADPH 

oxidase, which utilizes NADPH to produce superoxide. This hypothesis is in line 

with a recent study reporting that genetic knock-down of SK1 promotes ROS 

generation in human carcinoma cell lines, an effect which is partially reversed by an 

NADPH oxidase inhibitor (Huwiler et al., 2011).  

 

Treatment of LNCaP and LNCaP-AI cells with SKi leads to an increased flux 

through the pentose phosphate pathway, as indicated by the accumulation of 

phosphogluconate and ribulose 5-phosphate, an intermediate and an end-product, 

respectively, of this metabolic cascade. This is suggestive of an attempt by the cells 

to maintain NADPH levels using the pentose phosphate shunt. Indeed, the pentose 

phosphate pathway is a major source of cellular NADPH. The activation of the 

pentose phosphate shunt might be accomplished by enhanced glycolysis. Indeed, the 

levels of various intermediates of the glycolytic pathway (fructose 1,6-bisphosphate 

and glyceraldehyde 3-phosphate), as well as the levels of S-lactoylglutathione, a 

derivative of methylglyoxal (a side product of this pathway), are elevated in cells 

treated with SKi. In this regard, it has been previously proposed that an increased 



 

233 

flux through the glycolytic pathway might protect cells against oxidative stress via 

the activation of the pentose phosphate pathway (Kondoh, 2008). Additionally, it has 

been hypothesized that enhanced glycolysis might be accompanied by a reduction in 

mitochondrial respiration, which would result in a decreased generation of ROS 

(Kondoh, 2008). 

Interestingly, it has been shown that ROS up-regulate glycolytic activity in hepatoma 

cells, an affect that might be mediated by HIF1-α (Shi et al., 2009), providing a link 

between oxidative stress and glycolysis. 

 

Similarly to LNCaP and LNCaP-AI cells, SKi modulates the intracellular levels of 

various metabolites and activates oxidative stress in MCF-7 breast cancer cells 

(unpublished data), providing evidence that SKi regulates the metabolome of cancer 

cells. 

 

The activation of an oxidative stress response that we observed in SKi-treated 

LNCaP, LNCaP-AI and MCF-7 cells is recapitulated by SK1 genetic knock-down in 

various carcinoma cells (Huwiler et al., 2011), providing evidence that this does not 

represent an off-target effect of SKi. To further prove this, ongoing experiments are 

aimed at assessing whether forced over-expression of SK1 by stable transfection of 

LNCaP cells is protective against SKi-induced oxidative stress. Additionally, the 

effect of an SK2-specific inhibitor, (R)-FTY720-OMe, will be tested, to establish 

whether SKi modulates the metabolome by inhibiting/down-regulating SK2. 

 

The mechanism by which SK1 knock-down leads to increased ROS formation is 

currently unknown. As mentioned above, the study by Huwiler et al. suggests that 

the activation of NADPH oxidase in cells were SK1 is down-regulated might be 

responsible for the onset of an oxidative stress response (Huwiler et al., 2011). 

Indeed, NADPH oxidase plays a major role in generating ROS. 

The activation of oxidative stress in cells in which SK1 function is compromised, 

either by genetic knock-down or by pharmacological inhibition, might result from 

the disruption of the sphingolipid rheostat. In this regard, ceramide has a well 

established role in promoting ROS formation, either by activating ROS-generating 
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enzymes or by interacting with the mitochondrial electron transport chain (Li et al., 

2010). 

 

Importantly, the activation of oxidative stress in LNCaP and LNCaP-AI cells is 

linked with the effect of SKi on AR expression (see below). 

 

6.3.3 SKi modulates AR expression in LNCaP cells via an oxidative stress-

dependent mechanism 

 

The data presented provide evidence that SKi reduces AR expression in LNCaP cells 

by activating an oxidative stress response, as proven by the demonstration that AR 

down-regulation in response to SKi is attenuated by the ROS scavenger N-

acetylcysteine. The oxidative stress-mediated down-regulation of AR expression in 

prostate cancer cells has been recently reported by others, although the proteolytic 

pathway involved has not been defined (Fajardo et al., 2011). 

It is important to appreciate that N-acetylcysteine might not be able to completely 

abrogate SKi-induced increase in ROS levels in LNCaP cells. Indeed, the 

metabolome analysis revealed that SKi treatment causes high levels of oxidative 

stress in LNCaP and LNCaP-AI cells (section 6.3.2). Thus, ROS levels in cells co-

treated with SKi and N-acetylcysteine might be still sufficient to promote AR down-

regulation to some extent and this might explain the partial recovery of AR 

expression in the presence of the ROS scavenger. To address this issue, it will be 

useful to assess whether pre-treatment with N-acetylcysteine can completely block 

ROS production in SKi-treated LNCaP cells, as well as to test whether the SKi effect 

on AR expression can be fully recovered by a different, more potent antioxidant. 

Alternatively, the partial effect of N-acetylcysteine might suggest the involvement of 

additional mechanism(s), oxidative stress-independent, in mediating SKi-induced 

down-regulation of AR. 

 

The oxidative stress-dependent pathway that mediates AR down-regulation in SKi-

treated prostate cancer cells is currently unknown, although the data presented here 

exclude a role for lysosomal cathepsin B, calpain and serine proteases. 
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It has been reported that various apoptotic stimuli decrease AR protein levels in 

LNCaP cells (Yang et al., 2008). However, the finding that SKi reduces AR 

expression in LNCaP-AI cells, which do not undergo apoptosis upon treatment with 

this inhibitor (Chapter 3), suggests that AR down-regulation does not occur 

downstream of the activation of apoptotic cell death. Indeed, the pharmacological 

inhibition of executioner caspase-3 and -7 or caspase-2, which has been recently 

shown to have an important function in apoptosis (Bouchier-Hayes, 2010), failed to 

reverse the effect of SKi on AR expression. These results are consistent with the fact 

that AR does not contain consensus sequences for caspase cleavage, as assessed 

using the PeptideCutter on the ExPASy Proteomics Server (Swiss Institute of 

Bioinformatics). 

 

The proteasome inhibitor MG132 failed to reverse SKi-induced decrease in AR 

expression in LNCaP cells. It is important to appreciate that this finding does not 

conclusively exclude a role for the proteasomal pathway in mediating AR down-

regulation. Indeed, the data presented in Chapter 3 provide evidence that SKi 

activates the proteasome, thereby partially countering the block of the proteasome by 

MG132. This results in an incomplete inhibition of this degradation pathway. Thus, 

the residual proteasome activity in LNCaP cells co-treated with SKi and MG132 

might be sufficient to induce AR degradation. This possibility is further supported by 

the finding that p53 (which is processed through the ubiquitin-proteasome pathway: 

Maki et al., 1996) accumulates in LNCaP cells treated with MG132, while p53 levels 

in LNCaP cells co-treated with SKi and MG132 are not different than those in 

untreated cells (data not shown), indicating that the proteasome activity in these cells 

is (at least to some degree) restored. 

Since ubiquitination represents the first step in protein processing via the proteasome 

system, investigating whether AR is ubiquitinated in response to SKi treatment may 

assist in understanding whether SKi promotes the proteasomal degradation of AR. 

 

The change in AR protein expression upon treatment with SKi was associated with a 

reduction in AR mRNA as assessed by quantitative PCR. However, SKi appears to 

modulate AR protein expression principally via a post-translational mechanism as 



 

236 

the response persisted in cells treated with cycloheximide, which inhibits de novo 

protein synthesis. It is, therefore, possible that the down-regulation of AR protein 

expression in response to SKi reduces AR-dependent transcriptional regulation of the 

AR gene. This possibility is supported by studies showing that AR functions as a 

transcription factor to modulate the expression of AR gene, in an auto-regulatory 

loop. In particular, androgen treatment up-regulates AR mRNA and protein levels in 

PC-3 cells ectopically expressing AR (Dai et al., 1996).  

 

A hypothesis that is being currently tested is that the accumulation of methylglyoxal 

in SKi-treated LNCaP and LNCaP-AI cells might be responsible for AR down-

regulation. Indeed, methylglyoxal has been shown to reduce HIF-1α expression by 

promoting its polyubiquitination and proteasomal degradation (Bento et al., 2010), 

and it is therefore possible that other cellular proteins are similarly affected in 

response to methylglyoxal. 

Interestingly, N-acetylcysteine forms a mercaptal with methylglyoxal that can be 

detected by LC-MS (Dr David Watson, personal communication). Thus, N-

acetylcysteine might attenuate the effect of SKi on AR expression by “inactivating” 

methylglyoxal. In order to test this hypothesis, LC-MS analysis will be used to assess 

whether a mercaptal is formed in LNCaP cells co-treated with N-acetylcysteine and 

SKi. Additionally, it will be necessary to test whether methylglyoxal treatment 

down-regulates AR in LNCaP cells and whether the over-expression of glyoxilase I, 

to accelerate methylglyoxal elimination, inhibits SKi effect on AR expression. 

 

6.3.4 Role of the sphingolipid rheostat in mediating SKi-induced AR down-

regulation 

 

As discussed in Chapter 3, treatment of LNCaP cells with SKi has a profound effect 

on sphingolipid levels, resulting in ceramide accumulation and S1P reduction as a 

consequence of the acute inhibition of SK1 activity and the subsequent proteasomal 

degradation of SK1. The SKi-induced down-regulation of AR in LNCaP cells, 

however, is not blocked by the ceramide synthase inhibitor fumonisin B1 nor by 

myriocin, which inhibits ceramide de novo synthesis, suggesting that ceramide that 
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accumulates as a consequence of SK1 inhibition/down-regulation is not involved in 

regulating AR expression. It is important to note, however, that the data presented in 

Chapter 3 provide evidence that fumonisin B1 does not completely block the back-

conversion of sphingosine to ceramide in SKi-treated LNCaP cells. Thus, the 

intracellular levels of ceramide in cells co-treated with SKi and fumonisin B1 might 

be sufficient to promote AR down-regulation.  

 

Although ceramide might not mediate SKi-induced down-regulation of AR, C2-

ceramide induces an MG132-sensitive degradation of AR in LNCaP cells. This 

finding is consistent with the demonstration that C2-ceramide stimulates proteasome 

activity in these cells (Chapter 3). Indeed, AR is processed by the ubiquitin-

proteasomal pathway under basal conditions (Sheflin et al., 2000; Lin et al., 2002) 

and C2-ceramide, by activating the proteasome, is likely to accelerate the rate at 

which AR is removed from cells. 

 

It is also important to appreciate that the lack of effect of exogenously added S1P in 

restoring AR expression in SKi-treated LNCaP cells does not necessarily exclude the 

possibility that AR down-regulation is linked to the reduction in S1P induced by SKi. 

In fact, S1P might modulate AR expression by acting on intracellular targets and 

exogenous S1P, which enters cells only poorly, might not be able to reach them.  

 

An alternative possibility is that AR expression is regulated by non-catalytic 

activities of SK1. Indeed, by acutely inhibiting SK1 activity and consequently down-

regulating SK1 expression, SKi impairs both catalytic and non-catalytic functions of 

SK1. To address this issue, it would be useful to assess whether SK1 expression is 

reduced by an 8 hours treatment with SKi, which was found to down-regulate AR.  

In this case, the lack of effect of fumonisin B1 in reversing SKi-induced down-

regulation of AR might be explained by the finding that fumonisin B1 only partially 

restores the expression of SK1 in SKi-treated cells (Chapter 3). Thus, SK1 levels in 

LNCaP cells co-treated with fumonisin B1 and SKi might fall below a threshold 

required to prevent AR down-regulation. 
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Since SKi down-regulates AR in both LNCaP and LNCaP-AI cells, while SK1b is 

retained in LNCaP-AI cells under the same conditions (Chapter 3), it might be 

argued that AR expression is regulated by SK1a only. However, the finding that 

treatment with SK1 siRNA, which removes SK1a but not SK1b from LNCaP and 

LNCaP-AI cells (Chapter 3), does not result in AR down-regulation suggests that AR 

expression is likely to be modulated by both SK1a and SK1b activity/ expression 

levels. 

 

SKi inhibits the activity and down-regulates the expression of both SK1 and SK2 

(Chapter 3; Chapter 5). However, the finding that the SK2-specific inhibitor (R)-

FTY720-OMe did not down-regulate AR in LNCaP cells when used at a 

concentration that eliminates SK2 from these cells indicates that this enzyme is not 

involved in the regulation of AR expression in prostate cancer cells and that the 

major effect of SKi on AR is via inhibition/down-regulation of SK1. 

 

To definitively prove that SKi down-regulates AR by reducing SK1 

activity/expression it will be necessary to test whether the effect of SKi on AR is 

reversed by enforced expression of SK1.  

Antoon and colleagues have recently shown that SKi binds the estrogen receptor 

(ER), thereby inhibiting ER signalling in human breast cancer cells and consequently 

reducing cell viability, survival and proliferation (Antoon et al., 2011). In contrast 

with this “off-target” effect of SKi, however, the data presented in the current study 

provide evidence that SKi reduces AR expression through a different mechanism, i.e. 

by inducing ROS generation. Additionally, two other SK1 inhibitors, FTY720 and 

(S)-FTY720 vinylphosphonate, which are structurally dissimilar to SKi, reduce AR 

protein levels in LNCaP-AI cells, suggesting that the ability to modulate AR 

expression is a common feature of SK1 inhibitors. Significantly, (S)-FTY720 

vinylphosphonate fails to down-regulate AR in LNCaP cells, and this is correlated 

with the lack of effect of this inhibitor on SK1 expression in these cells (data not 

shown). 

It remains to be established whether FTY720 and (S)-FTY720 vinylphosphonate 

reduce AR expression via the same mechanism as SKi, i.e. by activating an oxidative 
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stress response. In this regard, it is interesting to note that FTY720 has been reported 

to induce oxidative stress in hepatocellular carcinoma cells (Hung et al., 2008) and 

acute lymphoblastic leukemia cells (Wallington-Beddoe et al., 2011). 

In addition to the inhibitors tested in the present study, resveratrol, which has been 

recently shown to inhibit SK1 in vitro (Lim et al., 2012a) and to reduce SK1 activity 

and expression in PC-3 cells (Brizuela et al., 2010), down-regulates AR mRNA and 

protein levels in LNCaP cells, thereby impairing AR transcriptional activity 

(Mitchell et al., 1999; Kai and Levenson, 2011). 

 

6.3.5 Significance of AR down-regulation by SK1 inhibitors 

 

It is well established that both androgen-dependent and androgen-independent 

prostate cancers rely on a functional AR pathway for their growth and survival 

(Zegarra-Moro et al., 2002; Chen et al., 2008) and that genetic knock-down of AR 

results in growth inhibition and tumour regression in in vitro and in vivo models of 

prostate cancer (Eder et al., 2000; Haag et al., 2005; Snoek et al., 2009). The 

requirement of prostate cancer cells for AR is exploited in the clinic. Indeed, the 

standard therapeutic strategies for the treatment of advanced prostate cancer aim at 

antagonizing AR action via various approaches, as discussed in Chapter 1. 

Additionally, AR remains an important therapeutic target in androgen-independent 

prostate cancer. 

Remarkably, SK1 inhibitors, by removing AR from prostate cancer cells, have the 

potential to completely abrogate AR-mediated signalling. This suggests that the 

therapeutic efficacy of SK1 inhibitors might be superior to that of the currently 

available AR-targeted clinical options. In this context, the ability of SK1 inhibitors to 

remove AR from androgen-independent prostate cancer cells is particularly 

important, given the lack of curative therapies for hormone-refractory prostate 

cancer. 
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6.4 Summary 

 

The present study demonstrates that SK1 inhibitors, namely SKi, FTY720 and (S)-

FTY720 vinylphosphonate, down-regulate AR in androgen-dependent and androgen-

independent prostate cancer cells, providing evidence for a role for SK1 in 

modulating AR expression. In contrast, eliminating SK2 from LNCaP cells did not 

affect AR protein levels. In particular, the data presented in this Chapter demonstrate 

that SKi reduces AR expression via an oxidative stress-induced mechanism in 

LNCaP cells. Current studies are aimed at establishing whether the effect of SKi on 

the prostate cancer cell metabolome and AR is contingent on the inhibition of SK1 

activity/expression. 

 

This study can be progressed by elucidating the exact mechanism(s) by which SK1 

inhibitors reduce AR protein levels and integrating the post-translational down-

regulation of AR with the effect on AR gene transcription. Also, it will be important 

to test additional prostate cancer cell lines in order to assess the generality of the 

effect of SK1 inhibitors on AR expression. 

 

Removal of AR from prostate cancer cells provides a means for inhibiting prostate 

cancer cell growth and could represent an additional therapeutic value of SK1 

inhibitors along with their ability to affect the expression of SK1 thereby inducing 

apoptosis (Chapter 3; Chapter 4). Further work is required to prove the functional 

significance of AR down-regulation by SK1 inhibitors, i.e. whether this does actually 

result in an effective block of AR transcriptional activity and in prostate cancer cell 

growth inhibition. 
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7. GENERAL DISCUSSION 

 

 

There is considerable evidence implicating the SK1/S1P signalling pathway in 

human cancer (discussed in Chapter 1 and reviewed in Shida et al., 2008 and Pyne 

and Pyne, 2010). Clinical studies have shown that SK1 expression is elevated in 

various types of cancer and correlates with adverse clinical features such as reduced 

cancer patient survival, acquisition of resistance to therapeutic agents and increased 

disease recurrence (French et al., 2003; Johnson et al., 2005; Van Brocklyn et al., 

2005; Kawamori et al., 2006; Ruckäberle et al., 2008; Li et al., 2009; Long et al., 

2010a; Watson et al., 2010; Ohotski et al., 2012). This is consistent with a plethora of 

in vitro and in vivo studies showing that the SK1/S1P axis regulates many processes 

that are fundamental for cancer development and progression. In particular, 

aberrations in this pathway promote enhanced proliferation, reduced apoptosis and 

increased invasiveness of tumour cells (Nava et al., 2002; Bektas et al., 2005; Sarkar 

et al., 2005; Van Brocklyn et al., 2005; Bonhoure et al., 2008; Sukocheva et al., 

2009; Pchejetski et al., 2008; Brizuela et al., 2010; Van Brocklyn et al., 2003; Park et 

al., 2007; Kim et al., 2011). In addition, acting on endothelial cells S1P potently 

stimulates angiogenesis and therefore tumour vascularisation (Nava et al., 2002; 

Anelli et al., 2010).  

 

These observations provide compelling evidence that targeting SK1 might represent 

an effective therapeutic strategy to treat cancer, by affecting multiple hallmarks of 

cancer. Significantly, in vivo studies provided validation of SK1 as a therapeutic 

target, demonstrating that SK1 inhibition exhibits potent anti-tumour activity 

(reducing tumour growth and metastasis) in animal models of cancer (French et al., 

2006; Brizuela et al., 2010; Pchejetski et al., 2010). In addition, inhibition of SK1 

sensitizes tumour cells to apoptosis induced by anti-cancer therapeutic agents (Baran 

et al., 2007; Pchejetski et al., 2008; Guillermet-Guibert et al., 2009; Pchejetski et al., 

2010). The results of a Phase I clinical trial of the SK inhibitor Safingol (L-threo-

dihydrosphingosine) in combination with cisplatin for the treatment of advanced 
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tumours have been recently published and show that the drug combination is 

effective in inducing some degree of tumour regression (Dickson et al., 2011).  

 

Notably, targeting SK1 offers two advantages: 1) limitation of the availability of S1P 

at its membrane receptors and intracellular targets, and 2) elevation of ceramide and 

sphingosine levels to promote a pro-apoptotic signal (Ogretmen and Hannun, 2004). 

Given the potential of SK1 as a therapeutic target, the design of effective SK1 

inhibitors for anti-cancer clinical use is a primary goal of drug discovery in this 

research area. 

 

 

7.1 SK1 inhibitors induce the proteasomal degradation of SK1: 

potential for translation into the clinic 

 

A major finding of the current study is the identification of an entirely new 

mechanism of action of SK1 inhibitors. In particular, we demonstrated that various 

SK1 inhibitors (SKi, FTY720, (S)-FTY720 vinylphosphonate) have the ability to 

remove SK1 from prostate cancer cells by inducing its proteasomal degradation. 

Similarly, these inhibitors promote SK1 proteasomal degradation in other cell types 

(Tonelli et al., 2010; Loveridge et al., 2010; Lim et al., 2011b). 

Interestingly, resveratrol, which is structurally similar to SKi and inhibits purified 

SK1 activity in vitro (Lim et al., 2012a), reduces SK1 protein levels in PC-3 cells 

(Brizuela et al., 2010). This effect is temporally preceded by SK1 activity inhibition 

and ceramide accumulation and is reversed by enforced over-expression of SK1 

(Brizuela et al., 2010). Resveratrol-induced down-regulation of SK1 expression was 

also observed in MCF-7 breast cancer cells (Lim et al., 2012a). Thus, the down-

regulation of SK1 expression might be a common feature of SK1 inhibitors. 

 

The finding that SK1 inhibitors have the potential to create chemical knock-down of 

SK1 is particularly significant in that it might help to overcome two major obstacles 

that have thus far hampered the translation of SK1 inhibitors into the clinic: poor 

inhibitor potency and limited duration of sphingolipid levels modulation. In fact, it is 
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anticipated that SK1 inhibitors that induce the removal of SK1 from cancer cells will 

exhibit significantly improved efficacy and duration of action compared with those 

that simply reversibly inhibit SK1 activity. Indeed, removal of SK1 in response to 

SK1 inhibitors results in a sustained perturbation of sphingolipid metabolism and 

subsequent activation of apoptosis in prostate cancer cells. 

Thus, these findings provide impetus for the development of SK1 inhibitors that 

exploit this mechanism of action (i.e. activation of SK1 proteasomal degradation) to 

be used as anti-cancer therapeutics. 

 

SK1 inhibitors that promote the proteasomal degradation of SK1 and consequently a 

durable accumulation of ceramide could also prove useful to overcome the resistance 

of cancer cells to therapy. Indeed, a number of studies provide evidence that SK1 

protects cancer cells from apoptosis induced by therapeutic agents by countering the 

elevation of ceramide induced by these treatments. Thus, SK1 inhibition sensitizes 

cancer cells to therapeutic treatments (chemotherapy and radiation therapy) by 

elevating the cellular content of ceramide (Nava et al., 2000b; Baran et al., 2007; 

Scarlatti et al., 2007; Pchejetski et al., 2008; Guillermet-Guibert et al., 2009, 

Pchejetski et al., 2010). These findings strongly support the rationale for the 

employment of SK1 inhibitors that remove SK1 from cancer cells in combination 

with conventional therapeutic regimens for the treatment of chemo- and radio-

therapy resistant cancers. 

 

Significantly, this study demonstrates that the SK1 isoforms, SK1a and SK1b exhibit 

different regulatory properties (that modulate their sensitivity to proteasomal 

degradation) and uncovered the importance of SK1b in maintaining prostate cancer 

cell survival. In particular, the current study demonstrates that removing SK1b from 

these cells is necessary to disrupt the ceramide/sphingosine/S1P rheostat and to 

therefore induce ceramide-dependent apoptosis. Thus, this study provides the first 

evidence that SK1b might control chemotherapeutic resistance of prostate cancer 

cells. 

These findings highlight the necessity to effectively target SK1b to kill cancer cells. 

In this regard, understanding the mechanisms that regulate the sensitivity of SK1 to 
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SK1 inhibitors-induced degradation would definitely help in the design of more 

effective SK1 inhibitors for therapeutic intervention. 

 

 

7.2 SK1 inhibitors affect multiple targets: potential for a multi-

pronged attack on prostate cancer 

 

The current study, in line with previous reports (Pchejetski et al., 2005; Akao et al., 

2006; Brizuela et al., 2010; Pchejetski et al., 2010), demonstrates that SK1 ablation is 

associated with the induction of apoptosis in prostate cancer cells. 

In addition, others have shown that knock-down of SK1 induces growth inhibition in 

prostate cancer cells, providing evidence that SK1 has a key role in prostate cancer 

cell proliferation (Akao et al., 2006; Dayon et al., 2009). Furthermore, S1P promotes 

prostate cancer cell migration and invasion (Sekine et al., 2011). These findings 

suggest that SK1 inhibitors might also suppress prostate cancer cell growth and 

metastatic potential, in addition to their pro-apoptotic effect. Thus, acute inhibition of 

SK1 activity by SK1 inhibitors might reduce S1P levels to suppress cell proliferation 

and migration, whereas the sustained dysregulation of the sphingolipid rheostat 

resulting from SK1 removal might result in the induction of apoptosis. 

 

Moreover, evidence exists that SK1 might be involved in the acquisition of androgen 

independence. Indeed, androgen-dependent prostate cancer cells progress to an 

androgen-independent state when subjected to chronic androgen deprivation, which 

mimics the development of a castration-resistant prostate cancer in patients treated 

with androgen ablation therapy (Halkidou et al., 2003; Shi et al., 2004; Dayon et al., 

2009). Significantly, inhibition of SK1 prevents the development of androgen 

independence in vitro (Dayon et al., 2009). Hence, SK1 inhibitors might be a 

valuable therapeutic option for preventing androgen escape in human prostate cancer, 

a major issue in the clinical management of this pathology. 

 

Interestingly, the current study identified novel effects of SK1 inhibitors that might 

offer additional therapeutic advantages. In particular, SK1 inhibitors substantially 
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reduce the expression of androgen receptor (AR) in prostate cancer cells. AR is 

essential not only in androgen-dependent prostate cancer cells but also in hormone-

refractory cells, where aberrant activation of AR mediates a pro-growth signal in the 

absence of androgen stimulation (Buchanan et al., 2001; Chen et al., 2008). 

Significantly, in vivo studies demonstrated that genetic knock-down of AR results in 

growth inhibition and regression of both androgen-dependent and androgen-

independent prostate (Eder et al., 2002; Snoek et al., 2009). Thus, the removal of AR 

by SK1 inhibitors would deprive prostate cancer cells of an essential signalling 

pathway and might therefore represent an additional means for suppressing prostate 

cancer growth. This could represent a further facet for enhancing the efficacy of SK1 

inhibitors as anti-cancer agents. 

 

In addition, the SK1 inhibitor SKi reduces autophagy in prostate cancer cells. 

Evidence exists that the activation of autophagy might represent a pro-survival 

mechanism in prostate cancer cells that might favour the transition to androgen 

independence (Li et al., 2008a; Chhipa et al., 2011). Thus, the ability of SK1 

inhibitors to block autophagy to remove this adaptive survival response of cancer 

cells might represent an added therapeutic value of these compounds. 

 

Among the SK1 inhibitors used in the current study, (S)-FTY720 vinylphosphonate 

has properties that might be particularly advantageous for its employment as an anti-

cancer agent. In fact, besides acting on SK1 (to induce its proteasomal degradation) 

and down-regulating AR, this compound is also a pan S1P receptor antagonist 

(Valentine et al., 2010). Thus, (S)-FTY720 vinylphosphonate has the potential to 

interrupt S1P inside-out signalling in tumour cells to inhibit their proliferation, 

survival and migration. Significantly, clinical studies demonstrated that high 

expression of S1P1, S1P3 and S1P4 in breast cancer tumours correlates with poor 

prognosis (Watson et al., 2010; Ohotski et al., 2012), highlighting the functional 

relevance of S1P receptors in human cancer. 

Importantly, S1P released by cancer cells can also act on endothelial cells via a 

paracrine mechanism to promote angiogenesis (Anelli et al., 2010). Thus, interfering 

with S1P inside-out signalling, either via genetic knock-down of S1P1 or using an 
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anti-S1P antibody, strongly inhibits angiogenesis and therefore tumour growth in 

vivo (Chae et al., 2004; Visentin et al., 2006). Therefore, (S)-FTY720 

vinylphosphonate might also be effective in blocking tumour neovascularisation by 

virtue of antagonism of S1P receptors. 

 

Significantly, (S)-FTY720 vinylphosphonate can overcome the resistance of SK1b to 

proteasomal degradation that is observed with SKi in LNCaP-AI cells to induce 

apoptosis. In this regard, (S)-FTY720 vinylphosphonate does not appear to induce 

activation of the proteasome to accelerate degradation of SK1b. Thus, this inhibitor 

might promote SK1b proteasomal degradation 1) by inducing conformational 

changes in this protein that increase its susceptibility to be removed by the 

proteasome, and/or 2) by activating the E3 ubiquitin ligase specific for SK1b. Indeed, 

(S)-FTY720 vinylphosphonate is structurally similar to S1P, which binds to the 

RING domain of TRAF2 to stimulate its E3 ubiquitin ligase activity (Alvarez et al., 

2010). 

 

This finding is remarkable as (S)-FTY720 vinylphosphonate might represent the 

prototype for the development of chemotherapeutic drugs effective in the treatment 

of androgen-independent prostate cancer, which at present are still lacking. 

 

The fact that SK1 inhibitors have the potential to affect multiple pathways is 

particularly significant from the standpoint of translation to the clinic, as it is 

anticipated that the combined inhibition of multiple targets in cancer cells would 

offer increased therapeutic efficacy. 

 

 

7.3 SK1 and SK2 have distinct functions in prostate cancer cells 

 

SK1 and SK2 appear to have redundant functions in normal, non-cancerous cells, i.e. 

they may compensate for a deficiency in each other function (section 7.4). The 

redundancy for SK1 seems to be lost in some cancer cells (section 7.4). However, 
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SK1 and SK2 might have distinct functions in other cancer cell types, as discussed 

below for prostate cancer. 

 

The data presented in the current study demonstrate that SK1 and SK2 have distinct 

and non-redundant functions in prostate cancer cells. This conclusion is based on the 

finding that inhibition of the two enzyme isoforms has distinct effects on intracellular 

sphingolipid levels in LNCaP cells, which is translated into different responses in 

these cells. In particular, treatment of LNCaP cells with SKi induces ceramide-

dependent apoptosis and inhibits autophagy, whereas a specific inhibitor of SK2, (R)-

FTY720-OMe fails to promote apoptosis while stimulating autophagy in these cells. 

In addition, SKi induces the ceramide-mediated activation of the proteasome while 

(R)-FTY720-OMe fails to do so. 

Taken together, these findings support a model in which SK1 and SK2 regulate 

distinct functional pools of sphingolipids in LNCaP cells. This might be 

accomplished by differential employment of S1P metabolizing enzymes by SK1 and 

SK2 (S1P lyase versus S1P phosphatase, respectively). A major consequence is that 

SK1 functions to remove ceramide from prostate cancer cells, while SK2 appears to 

have a minor role in this regard. It remains to be defined whether SK2 controls a pool 

of S1P that has a more proactive role in signalling.  

The functional coupling of SK1 and SK2 with different S1P-metabolizing enzymes 

might be dependent on their localization to distinct intracellular compartments.  

Additionally, the functional differences observed for SK1 and SK2 might be due to a 

distinct subcellular localization of the two enzymes in that the site where S1P is 

generated might dictate its interaction with distinct downstream effectors to modulate 

different signalling pathways. 

The significance of SK1 and SK2 subcellular localization in regulating the functions 

of these enzymes in prostate cancer cells requires formal investigation. 

 

These findings are entirely consistent with previous studies showing that SK1 and 

SK2 are functionally different with respect to the regulation of sphingolipid 

metabolism and their knock-down is associated with distinct effects on cells, and 

with the notion that the functional differences between SK1 and SK2 might reflect a 
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different subcellular localization of the two enzymes (Maceyka et al., 2005; 

Wattenberg et al., 2006; Le Stunff et al., 2007; Gao and Smith, 2011; Pitson, 2011). 

In this regard, Spiegel and colleagues have shown that SK2, but not SK1, is involved 

in the recycling of sphingosine into ceramide, and this is accomplished by the 

concerted action with S1P phosphatase (Maceyka et al., 2005; Le Stunff et al., 2007). 

This function of SK2 is dependent on its localization to the endoplasmic reticulum 

and underlies the ability of SK2 to induce apoptosis (Maceyka et al., 2005). Indeed, 

targeting SK1 to the endoplasmic reticulum converts this enzyme from a pro-survival 

to a pro-apoptotic molecule (Maceyka et al., 2005).  

Interestingly, Gao and Smith (2011) demonstrated that SK2 knock-down results in 

SK1 up-regulation and subsequent increase in intracellular S1P in various cancer cell 

lines. However, SK1-derived S1P was not able to compensate the anti-proliferative 

and anti-migratory effects due to SK2 knock-down in these cells (Gao and Smith, 

2011). These observations provide strong evidence that SK1 and SK2 regulate 

functionally distinct pools of S1P in the cancer cell types studied by Gao and Smith, 

hence the lack of redundancy.  

In addition to the regulation of distinct pools of sphingolipids, another possible 

explanation for the lack of redundancy is that some of the isoform-specific effects of 

SK1/SK2 in cancer cells might be due to yet unidentified non-catalytic activities of 

these enzymes, where the functionality of these enzymes is not related to their kinase 

activity. For instance, SK1 appears to regulate EGF signalling independently of its 

kinase activity in MDA-MB-231 breast cancer cells (Pyne et al., 2009). SK2 also 

possesses a non-catalytic (BH3-like) domain that in part mediates its pro-apoptotic 

function (Maceyka et al., 2005). Thus, SK1 and SK2 might function as adaptor 

proteins to modulate signalling cascades. Indeed, SK1 is involved in a number of 

protein-protein and lipid-protein interactions (Taha et al., 2006b). The use of 

pharmacological inhibitors of SK catalytic activity versus SK siRNA would assist in 

discriminating between catalytic and non-catalytic activities of these enzymes. 
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7.4 SK inhibitors: exploiting the addiction 

 

The SK1/S1P pathway has crucial functions not only in diseased cells, but also in 

normal cells where it regulates many physiological processes (discussed in Chapter 1 

and reviewed in Hannun and Obeid, 2008). Hence, it might be argued that the use of 

SK1 inhibitors as anticancer agents might result in severe adverse effects. However, 

it is important to appreciate that cancer cells that over-express SK1 appear to have a 

“non-oncogene addiction” for SK1, that is, an over-reliance on this enzyme for 

proliferation and survival compared with normal cells (Vadas et al., 2008). 

SK1 and SK2 could have redundant functions in normal cells, as evidenced by the 

finding that selective knock-out of Sk1 or Sk2 does not result in major phenotypic 

abnormalities in mice whereas Sk1/Sk2 double knock-out results in an embryonic 

lethal phenotype (Allende et al., 2004; Mizugishi et al., 2005). These studies indicate 

that in normal cells, SK1 and SK2 might compensate for a deficiency in each other 

activity. Conversely, the addiction of cancer cells to SK1 is indicative of a loss of 

redundancy for SK1 in cancer. 

Hence, the “addiction” and lack of redundancy for SK1 in cancer cells might be 

exploited for therapeutic purposes, that is, the use of SK1 inhibitors to exert cancer 

cell-selective growth inhibition and apoptosis. This notion is supported by studies 

showing that FTY720 induces the loss of cell viability in cancer cell lines (including 

prostate cancer cells), while the normal counterparts of these cells are resistant to 

FTY720-induced apoptosis (Wang et al., 1999; Azuma et al., 2003; Ubai et al., 

2007).  

Interestingly, it has been recently shown that in some cancer cell lines, SK2-selective 

ablation is more effective than SK1 removal in inhibiting cell proliferation and 

migration, and combined deletion of both SK1 and SK2 does not further enhance the 

anti-tumour effects of SK2 knock-down alone (Van Brocklyn et al., 2005; Gao and 

Smith, 2011). These findings suggest that SK2-targeted therapy might be more 

efficacious for the treatment of some types of cancer. Conversely, in tumour cells 

where SK2 exerts a pro-apoptotic function, ablation of this enzyme by anti-cancer 

agents might be deleterious.  
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Thus, further investigation is required to establish whether SK1 and SK2 exert 

redundant, complementary or opposing activities in cancer cells and to define the 

exact roles of the two enzymes in different cancer types. This information is needed 

for developing effective SK-targeted therapeutic strategies. In particular, this would 

allow assessment of whether isoform-selective ablation is to be preferred to obtain 

the optimal anti-cancer activity or whether dual inhibition of both isoforms is 

required. In this regard, the data from knock-out mice (Allende et al., 2004; 

Mizugishi et al., 2005) underscore the need for caution in using SK1/SK2 dual 

inhibitors as anti-cancer agents, so that tumour-targeted delivery of these inhibitors 

would probably be the best option in this case. 

 

 

7.5 Conclusions 

 

The results presented in the current study provide important information about the 

function of SK in prostate cancer cells and provide further evidence that targeting 

SK1 might represent a successful therapeutic approach for the treatment of prostate 

cancer. Indeed, inhibition of this enzyme has multiple effects that are anticipated to 

reduce prostate cancer growth and progression. 

In addition, the findings presented in this study could assist in the design of more 

effective SK1 inhibitors for treatment of cancer and help to overcome some of the 

major issues related to anti-cancer therapies (i.e. limited efficacy of current therapies 

and the development of resistance to therapy). 
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Figure S1 Densitometric quantification of SK1b immunoreactivity in LNCaP cells. 

Immunoreactivity of western blots for SK1b (total cell lysate protein 

equalised/sample using the BCA protein assay) was quantified by densitometry and 

expressed as a percentage of the control (DMSO, 24h or 48h) (control=100%). p 

values were as follows: SKi (24h) vs control, <0.001; SKi (48h) vs control, <0.001; 

cycloheximide (CHX) vs control, N.S.; cycloheximide+SKi vs SKi (24h), N.S.; 

MG132 (48h) vs control, N.S.; MG132+SKi vs SKi (48h), <0.01; fumonisin vs 

control, N.S.; fumonisin+SKi vs SKi (24h), <0.01; CA074Me vs control, <0.05; 

CA074Me+SKi vs SKi (48h), N.S.; Ac-DEVD-CHO vs control, N.S.; Ac-DEVD-

CHO+SKi vs SKi (48 h), N.S.; C2-ceramide vs control, <0.001; MG132 (24h) vs 

control, N.S.; MG132+C2-ceramide vs C2-ceramide, <0.01. Data are presented as 

mean with standard deviation. Values of n were from at least three experiments. N.S. 

denotes not statistically significant (p value >0.05). The data refer to western blots 

in Chapter 3. 
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Figure S2 Densitometric quantification of SK1a immunoreactivity in LNCaP-AI 

cells. Immunoreactivity of western blots for SK1a (total cell lysate protein 

equalised/sample using the BCA protein assay) was quantified by densitometry and 

expressed as a percentage of the control (DMSO, 24h or 48h) (control=100%). p 

values were as follows: C2-ceramide vs control, <0.001; MG132 (24h) vs control, 

<0.0001; MG132+C2-ceramide vs C2-ceramide, <0.0001; FTY720 vs control, 

<0.01; (S)-FTY720-vinylphosphonate vs control, <0.001; MG132 (48h) vs control, 

<0.001; MG132+FTY720 vs FTY720, <0.05; MG132+(S)-FTY720-

vinylphosphonate vs (S)-FTY720-vinylphosphonate, <0.01. Data are presented as 

mean with standard deviation. Values of n were from at least three experiments. The 

data refer to western blots in Chapter 3 and Chapter 4. 
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Figure S3 Densitometric quantification of SK1b immunoreactivity in LNCaP-AI 

cells. Immunoreactivity of western blots for SK1b (total cell lysate protein 

equalised/sample using the BCA protein assay) was quantified by densitometry and 

expressed as a percentage of the control (DMSO, 24h or 48h, unless otherwise 

specified) (control=100%). p values were as follows: SKi (48h) vs control, N.S.; C2-

ceramide vs control, <0.01; FTY720 vs control, <0.001; (S)-FTY720-

vinylphosphonate vs control, <0.001; MG132 (48h) vs control, <0.01; 

MG132+FTY720 vs FTY720, <0.05; MG132+(S)-FTY720-vinylphosphonate vs (S)-

FTY720-vinylphosphonate, <0.01; FTY720 vs (S)-FTY720-vinylphosphonate, <0.05; 

SK1 siRNA vs control (scrambled siRNA), N.S.; scrambled siRNA+SKi vs control, 

N.S.; SK1 siRNA+SKi vs SK1 siRNA, <0.05; SK1 siRNA+SKi vs scrambled 

siRNA+SKi, <0.05. Data are presented as mean with standard deviation. Values of n 

were from at least three experiments. N.S. denotes not statistically significant (p 

>0.05). The data refer to western blots in Chapter 3 and Chapter 4. 
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Figure S4 RT-PCR analysis of mRNA transcript levels of S1P receptors in LNCaP 

and LNCaP-AI cells. S1P1, S1P2 and S1P3 mRNA levels were examined by RT-PCR 

using gene-specific primers, followed by agarose gel electrophoresis of the 

amplification products. The expression of the housekeeping gene GAPDH was 

analysed using gene-specific primers to ensure that comparable amounts of cDNA 

template were used for the two cell lines. When conducting PCR analysis for S1P1, a 

control reaction was also set up in parallel using an S1P1 plasmid as a template, 

which gave an amplification product of the predicted size (+ve ctrl). In each case, 

the results shown are representative of three independent experiments. The optical 

density of each band (amplification product) was quantified by densitometry. p 

values for LNCaP cells vs LNCaP-AI cells were as follows: S1P2, <0.01; S1P3, 

<0.05. 
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Figure S5 RT-PCR analysis of mRNA transcript levels of LPPs in LNCaP and 

LNCaP-AI cells. LPP1, LPP2 and LPP3 mRNA levels were examined by RT-PCR 

using gene-specific primers, followed by agarose gel electrophoresis of the 

amplification products. The expression of the housekeeping gene GAPDH was 

analysed using gene-specific primers to ensure that comparable amounts of cDNA 

template were used for the two cell lines. In each case, the results shown are 

representative of three independent experiments. The optical density of each band 

(amplification product) was quantified by densitometry. p values for LNCaP cells vs 

LNCaP-AI cells were as follows: LPP1, N.S.; LPP2, <0.05; LPP3, N.S.. N.S. denotes 

not statistically significant (p value >0.05). 
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Figure S6 MS analysis of sphingolipid levels in LNCaP and LNCaP-AI cells 

treated with SKi. Bar charts showing the effect of SKi (10 µM, 24 hours) on 

sphingolipid levels in (a) LNCaP cells and (b) LNCaP-AI cells. Data are presented 

as mean with standard deviation of triplicate assays. * p value <0.05, ** p value 

<0.01, *** p value <0.001 for control vs SKi-treated cells. The sphingolipids 

analysed were: ceramide (C14:0-C28:0), dihydroceramide (DH-16:0-DH-24:0), 

sphingosine (Sph) and sphingosine 1-phosphate (S1P). 
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Figure S6 MS analysis of sphingolipid levels in LNCaP and LNCaP-AI cells 

treated with SKi (continued). 
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Figure S7 MS analysis of sphingolipid levels in LNCaP-AI cells treated with (S)-

FTY720 vinylphosphonate. Bar charts showing the effect of (S)-FTY720 

vinylphosphonate ((S)-vinylPn) (10 µM, 24 hours) on sphingolipid levels in LNCaP-

AI cells. Data are presented as mean with standard deviation of triplicate assays. * p 

value <0.05, ** p value <0.01, *** p value <0.001 for control vs (S)-FTY720 

vinylphosphonate-treated cells. The sphingolipids analysed were: ceramide (C14:0-

C28:0), sphingosine (Sph) and sphingosine 1-phosphate (S1P). 
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Figure S8 MS analysis of sphingolipid levels in LNCaP cells treated with (R)-

FTY720 methyl ether. Bar charts showing the effect of (R)-FTY720-methyl ether 

((R)-OMe) (10 µM, 24 hours) on sphingolipid levels in LNCaP cells. Data are 

presented as mean with standard deviation of triplicate assays. * p value <0.05, ** p 

value <0.01 for control vs (R)-FTY720-OMe-treated cells. The sphingolipids 

analysed were: ceramide (C14:0-C28:0), sphingosine (Sph) and sphingosine 1-

phosphate (S1P). 
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Figure S9 Densitometric quantification of AR immunoreactivity in LNCaP cells. 

Immunoreactivity of western blots for AR (total cell lysate protein equalised/sample 

using the BCA protein assay) was quantified by densitometry and expressed as a 

percentage of the control (DMSO, 24h or 48h) (control=100%). p values were as 

follows: SKi (24h) vs control, <0.001; SKi (48h) vs control, <0.001; cycloheximide 

vs control, <0.01; cycloheximide+SKi vs SKi (24h), N.S.; NAC vs control, N.S.; 

NAC+SKi vs SKi (24h), <0.05; C2-ceramide (24h) vs control, <0.001; MG132 (8h) 

vs control, N.S.; SKi (8h) vs control, <0.001; C2-ceramide (8h) vs control, <0.001; 

MG132+SKi vs SKi, N.S.; MG132+C2-ceramide vs C2-ceramide, <0.01; (R)-

FTY720-OMe vs control, N.S.. Data are presented as mean with standard deviation. 

Values of n were from at least three experiments. N.S. denotes not statistically 

significant (p value >0.05). The data refer to western blots in Chapter 6. 



 

293 

0

20

40

60

80

100

120

SKi FTY720 (S)-vinylPn

%
 o

f 
c
o

n
tr

o
l 
(1

0
0
%

)

 
 

Figure S10 Densitometric quantification of AR immunoreactivity in LNCaP-AI 

cells. Immunoreactivity of western blots for AR (total cell lysate protein 

equalised/sample using the BCA protein assay) was quantified by densitometry and 

expressed as a percentage of the control (DMSO, 48h) (control=100%). p values 

were as follows: SKi vs control, <0.001; FTY720 vs control, <0.001; (S)-FTY720-

vinylphosphonate vs control, <0.001. Data are presented as mean with standard 

deviation. Values of n were from at least three experiments. These data refer to 

western blots in Chapter 6.  
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 LNCaP (1) LNCaP-AI (1) LNCaP (2) LNCaP-AI (2) 

Metabolite SKi/C p value SKi/C p value SKi/C p value SKi/C p value 

GSH 1.1 0.5 2.0 <0.05 1.9 <0.01 2.1 <0.01 

GSSG 67.6 0.9 310.0 <0.05 
ND in 

C 
 

ND in 

C 
 

NADPH 0.11 <0.01 0.16 <0.001 0.21 <0.01 0.21 <0.01 

Phosphogluconate 5.1 <0.01 5.0 0.7 3.5 <0.05 3.5 <0.05 

Ribulose 5-P 2.7 <0.05 4.2 <0.01 3.7 <0.001 2.9 <0.05 

Fructose 1,6-bisP 7.5 <0.001 5.9 <0.01 28.8 <0.05 5.1 <0.001 

Glyceraldehyde 3-P 6.7 <0.05 10.6 <0.05 16.3 <0.05 6.0 <0.05 

S-Lactoyl-GSH ND  ND  13.4 <0.05 21.6 <0.05 

 

 

Table S1 MS analysis of the metabolome in LNCaP and LNCaP-AI cells treated 

with SKi. Cells were treated for 24 hours with SKi (10 μM) or with the vehicle alone 

(DMSO, 0.1%). The levels of glutathione (GSH), oxidized glutathione (GSSG), 

NADPH, phosphogluconate, ribulose 5-phosphate (ribulose 5-P), fructose 1,6-

bisphosphate (fructose 1,6-bisP), glyceraldehyde 3-phosphate (glyceraldehyde 3-P) 

and S-lactoylglutathione (S-lactoyl-GSH) were determined by MS analysis. Changes 

in metabolite levels are means for n=3 samples, two batches analysed six weeks 

apart. p values are also reported in the table. C: control (DMSO); ND: not detected. 

 

  


