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MG132, carbobenzoxy-Leu-Leu-leucinal;  MHP, (S)-methyl 2-(hexanamide)-3-(4-

hydroxyphenyl) propanoate; MS, multiple sclerosis;  NAC, N-acetyl-L-cysteine; NF-

κB, nuclear factor kappa B;  NIK, NF-κB-inducing kinase; NLS, nuclear localisation 

sequence; ODN, oligodeoxynucleotide; ORMDL, orosomucoid-like; p53BS, p53 

binding site; PARP, poly (ADP-ribose) polymerase;  PBS, phosphate-buffered 

saline; PDGF, platelet-derived growth factor; PDI, protein disulfide isomerase; 

PDPK1, 3-phosphoinositide-dependent protein kinase 1; PERK, protein kinase r-like 

endoplasmic reticulum kinase; PHA, phytohemagglutinin; PHB2, prohibitin 2; PI3K, 

phosphatidylinositol 3-kinase; PKB, protein kinase B; PKC, protein kinase C; PLA, 
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associated kinase; ROMe, (R)-FTY720-methyl ether; ROS, reactive oxygen species; 

RSK2, ribosomal S6 kinase 2; S1P, sphingosine 1-phosphate;  S1P1-5, sphingosine 1-

phosphate receptors 1 to 5 receptors;  S1PP, S1P phosphatase; SAPKs, stress-

activated protein kinases; SB203580, 4-(4-Fluorophenyl)-2-(4-
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methylsulfinylphenyl)-5-(4-pyridyl)1H-imidazole; SDK1, sphingosine-dependent 

protein kinase; SEM, standard error margin; SK1, sphingosine kinase 1; SK2, 
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ABSTRACT 

 

The literature details significant controversy regarding the role of dihydroceramide 

desaturase (Degs1) in regulating cell survival/apoptosis and therefore this study 

primarily examined the molecular basis of the reported opposing roles of Degs1.  

The sphingosine kinase inhibitor SKi [2-(p-hydroxyanilino)-4-(p-

chlorophenyl)thiazole] or the Degs1 inhibitor fenretinide promoted the 

polyubiquitination of Degs1 (Mr = 40-140 kDa) through a mechanism involving p38 

mitogen-activated protein kinase (MAPK), oxidative stress, and Mdm2 (E3 ligase) in 

HEK293T cells.  The polyubiquitinated forms of Degs1 acquire a “gain of function” 

and activate pro-survival pathways, p38 MAPK/c-Jun N-terminal kinase (JNK), and 

X-box protein 1s (XBP-1s) in HEK293T cells.  In contrast, the sphingosine kinase 

inhibitor, ABC294640 [3-(4- chlorophenyl)-adamantane-1-carboxylic acid (pyridin-

4-ylmethyl)amide] (25 to 50 μM), did not promote formation of polyubiquitinated 

Degs1 forms and induced apoptosis of HEK293T cells via a mechanism involving 

native Degs1.  Native Degs1 appears to function in this context via substrate 

induction to increase de novo synthesis of apoptotic ceramides.  These results were 

achieved using siRNA transfections, western protein analysis of protein expression, 

immunoprecipitation, [3H]-Thymidine incorporation assay, and mass spectrometry.  

These novel findings are the first to reveal that the polyubiquitinated forms of Degs1 

exhibit opposing function compared with the native form, which could explain the 

controversy concerning the role of this enzyme in apoptosis versus cell survival 

described within literature.   

 

The study next investigated the role of sphingosine kinases (SK1, SK2) in regulating 

p53, stress activated protein kinases, and XBP-1s in HEK293T cells since SK 

inhibitors are known to promote p53-dependent cell death.  SKi stimulated 

polyubquitination of p53 to form two higher molecular mass proteins (63 and 90 

kDa), which might represent inactive forms of p53.  The formation of p63/p90 in 

response to SKi was enhanced by completely eliminating SK1 from HEK293T cells 

using a combination of SK1 siRNA and SKi.  In addition, sphingolipids 

measurements showed a decrease in the levels of S1P and increase in the levels of 
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sphingosine under these conditions.  However, SK2 or Degs1 had no role in 

regulating the formation of p63/p90.  In addition, the complete elimination of SK1 

enhanced the activation of p38 MAPK/JNK pro-survival pathways in response to 

SKi.  Taken together with the effect on p53, these findings suggest that SK1 opposes 

pro-survival signalling pathways in HEK293T cells.  The proteasome inhibitor, 

MG132 also induced expression of the pro-survival protein XBP-1s and this was 

enhanced when HEK293T cells were treated with SKi.  SK2 siRNA reduced XBP-1s 

levels in response to MG132/SKi while p53 siRNA promoted this effect.  These 

findings were achieved using siRNA and transient plasmid transfections, western 

protein analysis of protein expression, immunoprecipitation, [3H]-Thymidine 

incorporation assay, mass spectrometry, and immunofluorescence microscopy which 

suggest that SK2 opposes the death promoting function of p53. 

 

Lastly, the role of SK1 and SK2 in regulating inflammation-based transcriptional 

factors in keratinocytes was investigated using western protein analysis of protein 

expression and luciferase reporter assays.  SK2 inhibitors, such as ABC294640 or 

SKi or K145 or (R)-methylether FTY720 (ROMe) were shown to reverse the 

degradation of inhibitor kappa B (IκB) and transcriptional regulation of nuclear 

factor kappa B (NF-κB) in response to TNFα.  In contrast, the potent SK1 inhibitor, 

PF-543 did not reverse IκB degradation and only weakly inhibited transcriptional 

regulation of NF-κB at a concentration that is 50-fold higher than the Ki for 

inhibition of SK1 activity.  Thus SK2 and not SK1 is proposed to regulate NF-κB 

signalling and transcription.  The effect of the sphingosine kinases on transcriptional 

regulation of Activator Protein-1 (AP-1) was also investigated.  SK2 inhibitors, 

ABC294640 or K145 reduced phorbol myristate acetate (PMA) stimulated 

phosphorylation of JNK and ERK-1/2 and transcriptional activity of AP-1.  In 

contrast, other SK inhibitors including PF-543, SKi and ROMe did not inhibit JNK 

and ERK-1/2 signalling and only produced a minimal reduction in AP-1 

transcriptional activity, thereby suggesting that the effects of SK2 inhibitors on 

JNK/ERK signalling and AP-1 transcriptional activity are likely to be ‘off-target’.   
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These novel significant findings provide improved understanding of the role of 

Degs1, SK1 and SK2 in regulating cell survival and inflammation and this might 

ultimately aid in the identification of novel signalling networks and therapeutic 

targets for treatment of various diseases, including cancer. 
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CHAPTER1: GENERAL INRODUCTION 

1.1 Sphingolipids synthesis and metabolism 

Sphingolipids comprise a class of lipids commonly found in cell membranes 

characterised by sphingoid backbones of 18-carbon amino-alcohol that are 

synthesised from non-sphingolipid precursors in the endoplasmic reticulum (ER) 

(Gault et al., 2010).  Changes of this basic structure give rise to the sphingolipids 

family, including sphingomyelin (SM), dihydrosphingomyelin (dhSM), 

lysosphingomyelin (Lyso-SM), ceramide (Cer), dihydroceramide (dhCer), 

sphingosine (Sph), sphingosine-1-phosphate (S1P), and ceramide-1-phosphate (C1P).  

Sphingolipids are an essential component of eukaryotes’ cellular membranes and 

several of them function as regulatory signalling molecules involved in cell growth, 

proliferation, migration, inflammation, angiogenesis, adhesion, differentiation, 

intracellular trafficking, survival, and cell death in health and disease (Hannun and 

Obeid, 2008).  

 

Sphingolipid metabolism involves a complex interconnected network of reversible 

reactions catalysed through different enzymes, and there is often more than one route 

to the generation and breakdown of each molecule (Gault et al., 2010).  Despite this, 

sphingolipids have a sole metabolic entry point (serine palmitoyl transferase; SPT) 

that forms the first sphingolipid in the de novo pathway, and they meet on a sole exit 

point (S1P lyase (SPL), that breaks S1P down into non-lipid precursors) (Gault et al., 

2010; Hannun and Obeid, 2008).  The main sphingolipid, sphingomyelin (SM), is 

formed by transfer of the phosphocholine headgroup from phosphatidylcholine to 

Cer, catalysed by the enzyme sphingomyelin synthase (SMS).  SM is hydrolysed by a 
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family of sphingomyelinases (SMase) into Cer due to many stresses (i.e., cytotoxic 

agents, UV irradiation, and pathogens) or the stimulation of particular receptors (e.g., 

interferon gamma [IFN-γ], tumour necrosis factor alpha [TNFα], and interleukin-1 

[IL-1]) (Pyne and Pyne, 2011).  In this complex network, Cer (and, to a lesser degree, 

dihydroceramide) is considered the main centre of sphingolipid biosynthesis and 

metabolism (Hannun and Obeid, 2008).   

 

Cer can be synthesised through two different metabolic pathways: the de novo and 

salvage pathways.  The de novo pathway occurs on the cytoplasmic surface of the 

endoplasmic reticulum (ER) and starts with the condensation of serine and palmitoyl 

CoA catalysed through the enzyme serine palmitoyltransferase (SPT), the rate-

limiting step, to form 3-keto-dihydrosphingosine (3KdhSph), known as 3-keto-

sphinganine (Merrill, 2002).  SPT is a heterotrimeric complex negatively regulated 

by orosomucoid-like (ORMDL) proteins (Breslow et al., 2010).  Intrestingly, a 

genetic variant that raises ORMDL3 expression has been related through genome-

wide association studies (GWAS) with increasing susceptibility to the development 

of childhood asthma (Han et al., 2009).  Next, two rapid enzymatic reactions occur: 

first, 3KdhSph is reduced into dihydrosphingosine (dhSph), also called sphinganine, 

catalysed by the enzyme 3-keto-sphinganine reductase (3-KSR) in a NADH-

dependent reaction; and second, dhSph is converted into dhCer through N-acylation 

by the enzyme dihydroceramide synthase.  This enzyme uses different chain lengths 

of fatty acyl CoAs to produce multiple dihydroceramide species (and subsequently 

Cers with different chain lengths depending on the acyl CoA used).  Finally, dhCer is 

converted to Cer catalysed by the enzyme dihydroceramide desaturase (Degs1) 
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(thereby producing a trans 4,5-double bond).  Cer and dhCer are transported from the 

ER to the Golgi apparatus through either vesicular trafficking or a non-vesicular 

transport through Cer transfer protein (CERT) (a cytoplasmic protein that contains a 

phosphatidylinositol-4-phosphate-binding domain and a putative catalytic lipid 

transfer domain) (Hanada et al., 2003).  Once Cer and dhCer are in the Golgi 

apparatus, they are used to form SM and dhSM respectively, through the action of 

the enzyme sphingomyelin synthase (SMS) on the lumenal side of the Golgi.  

Alternatively, glucosylceramide (GluCer) and dihydroglucosylceramide (dh-GluCer) 

are formed through the action of the enzyme glucosylceramide synthase (GCerS) on 

the cytosolic surface of the Golgi apparatus (Van Meer and Holthuis, 2000).  After 

the translocation of GluCers into the Golgi lumen through four-phosphate adaptor 

protein 2 (FAPP2), they are further converted into lactosylceramides and other more 

complex glycosphingolipids (GSL), essential components of eukaryotic cell 

membranes involved in the regulation of cell differentiation, growth and neoplastic 

transformation (Spiegel and Milstien, 2003).   

 

Cer can also be formed through the salvage pathway, a less energy-consuming route 

than the de novo pathway of Cer synthesis.  In the salvage pathway, Cer is 

synthesised by re-acylation of Sph that has been formed by sphingomyelin hydrolysis 

to Cer, catalysed by the enzyme sphingomyelinase (SMase), and Cer deacylation.  

Cer can also be phosphorylated by ceramide kinase (CERK) to produce ceramide 1-

phosphate (C1P).  Finally, SM and GSLs are transported to the plasma membrane by 

vesicular transport and C1P by a C1P-specific transfer protein (CPTP) (Kolesnick 

and Hemer, 1990). 
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The sphingoid base Sph is not synthesised de novo; the only pathway known to 

generate Sph is through the deacylation of Cer catalysed by ceramidase (CDase) 

(Hannun and Obeid, 2008).  This can be from the degradation of plasma membrane 

SM and glycosphingolipids (via Cer) in the endocytic recycling pathway, which is 

called the salvage pathway.  At the ER, Sph and dhSph can be phosphorylated by 

sphingosine kinase 1, SK1, to form S1P and dihydro-S1P, respectively (Hait et al., 

2006; Pitson, 2011b; Pyne and Pyne, 2011).  Subsequently, dephosphorylation of 

S1P to Sph is catalysed by either S1P phosphatases (S1PP) or lipid phosphate 

phosphatases (LPP); alternatively, S1P can be irreversibly converted to hexadecenal 

and phosphoethanolamine by S1P lyase (SPL) (Pyne and Pyne, 2011; Fyrst and Saba, 

2010).  Additionally, a second isoform of sphingosine kinase, SK2, shuttles between 

the cytoplasm and the nucleus (Wattenberg, 2010).  S1P produced in the nucleus by 

SK2 inhibits histone deacetylases (HDAC) signalling and thereby exerts epigenetic 

regulation (Hait et al., 2009).  Membrane sphingolipids are internalised through the 

endocytic pathway and degraded in the lysosome via acidic forms of SMase, 

glycosidase (GCase) and CDase (Maceyka and Spiegel, 2014).  The sphingolipids’ 

biosynthesis and metabolism is illustrated in Figure 1.1.
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Figure 1.1 Sphingolipid metabolism.  A scheme that summarises de novo synthesis and salvage pathways of sphingolipids synthesis and metabolism.  

Rectangles show key enzymes involved while circles show transporters [Adapted from (Maceyka and Spiegel, 2014)]. 3-KSR, 3-keto-sphinganine 

reductase; ABC, ATP binding cassette; C1P, ceramide-1-phosphate; CDase, ceramidase; Cer, ceramide; CERK, ceramide kinase; CerS, ceramide 

synthase; CERT, ceramide transfer protein; CPTP, C1P-specific transfer protein; Degs1, dihydroceramide desaturase; dhCer, dihydroceramide; 

dhCS, dihydroceramide synthase; FAPP2, four-phosphate adaptor protein 2; GCase, glycosidase; GCerS, glucosylceramide synthase; GluCer, 

glucosylceramide; GSL, glycosphingolipids; S1P, sphingosine 1-phosphate; S1PP, S1P phosphatases; S1PR, sphingosine 1-phosphate receptor; SK1, 

sphingosine kinase 1; SK2, sphingosine kinase 2; SM, sphingomyelin; SMase, sphingomyelinases; SMS, sphingomyelin synthase; Sph, sphingosine; 

SPL, S1P lyase; SPNS2, spinster homologue protein 2; SPT, serine palmitoyl transferase.
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1.2 Sphingolipid rheostat 

The ‘sphingolipid rheostat’ was first proposed in 1996 to connect several findings 

that demonstrate the ability of Cer and S1P to regulate cell survival and growth by 

modulating opposing signalling pathways (Cuvillier et al., 1996; Pyne et al., 1996).  

This concept was established according to the findings that higher levels of Cer 

induce apoptosis and cell growth arrest (Obeid et al., 1993) whereas S1P production 

promotes proliferation in response to growth factors (Olivera and Spiegel, 1993) 

while also suppressing Cer-mediated apoptosis (Cuvillier et al., 1996).  Moreover, 

these sphingolipids were shown to have differential effects upon protein kinase 

cascades that regulate cell fate, such as ERK-1/2 and JNK (Pyne et al., 1996).  

Although many enzymes are involved in the regulation of the sphingolipid rheostat, 

SKs are proposed to play a critical role in reducing the intracellular levels of pro-

apoptotic Cer/Sph while concurrently increasing pro-survival S1P levels (Spiegel 

and Milstien, 2003).  Indeed, many studies have provided evidence that SK1 is a 

major regulator of cell fate that correlates inversely with intracellular Cer amounts in 

various cellular systems (Olivera et al., 1999; French et al., 2003; Maceyka et al., 

2005; Nava et al., 2002; Taha et al., 2006b; Gault and Obeid, 2011).  S1P, Cer, and 

Sph play roles in the aetiologies of several human diseases, including cancer, by 

affecting biological programmes and cellular responses (Newton et al., 2015).  Many 

studies have aimed to clarify the signalling pathways and molecular mechanisms by 

which these sphingolipids exert their effects as well as how the balance of S1P/Cer is 

controlled in order to direct cells to specific pathways.  This may provide new 

strategies to produce therapeutics for specific diseases, such as cancers and 

cardiovascular and metabolic disorders.  
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Therefore, the sphingolipid rheostat is considered to be a sensing mechanism to co-

ordinately regulate cellular fate by the inter-conversion of S1P, Sph, and Cer 

(Newton et al., 2015).  Changes in the regulation of the S1P-to-Cer ratio could result 

in an imbalance of the sphingolipid rheostat as shown in Figure 1.2 (Fyrst and Saba, 

2010).  However, the sphingolipid rheostat is only one of many factors that 

contribute to cellular fate. 

 

Figure 1.2 The sphingolipid rheostat. Cer has been linked with apoptosis, 

senescence, or differentiation.  Sph also exhibits pro-apoptotic properties whereas 

S1P promotes cellular growth, survival, and proliferation.  The sphingolipid rheostat 

functions to regulate the levels of sphingolipid metabolites through intercoversion of 

the pro-apoptotic sphingolipids Cer and Sph and the proliferative sphingosine-1-

phosphate (S1P) in order to control cell fate [Adapted from (Gault and Obeid, 

2011)]. CDase, ceramidase; CerS, ceramide synthase; S1P, sphingosine 1-

phosphate; S1PP, S1P phosphatases; SK, sphingosine kinase. 

 
Importantly, the effects of sphingolipids on cellular fate are modulated by their 

cellular import/export, subcellular localisation, receptor or other protein target 

expression, and protein carrier binding.  Indeed, in certain cases, it is difficult to 

determine how sphingolipids will affect cell behaviour.  For example, opposing 
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signals derived from different pathways may be stimulated by different S1P receptor 

subtypes.  Additionally, tissue gradients of S1P can be produced by the opposite 

actions of SK and SPL.  Moreover, as an extension of the rheostat concept, it has 

also been suggested that ceramide kinase (CERK) plays a critical role in regulating 

the balance between Cer and C1P (Fyrst and Saba, 2010; Chalfant and Spiegel, 

2005).  Therefore, the multidimensional “sphingodynamics” model has been utilised 

to represent the intricacy of sphingolipid-mediated biology, as shown in Figure 1.3 

(Fyrst and Saba, 2010). 

 

Figure 1.3 Sphingodynamics. A sphingodynamics model illustrates the complexity 

of factors affecting cellular outcomes mediated by bioactive sphingolipids [Adapted 

from (Fyrst and Saba, 2010)]. C1P, ceramide-1-phosphate; Cer, ceramide; S1P, 

sphingosine 1-phosphate; S1P1, sphingosine 1-phosphate receptor 1; S1P2, 

sphingosine 1-phosphate receptor 2; SK1, sphingosine kinase 1; SK2, sphingosine 

kinase 2; Sph, sphingosine; SPL, S1P lyase. 



 10 

1.3 Sphingolipid metabolites 

1.3.1 Sphingomyelin (SM) and dihydrosphingomyelin (dhSM) 

SM is a lipid discovered and named by Johann L.W. Thudicum in the 1880s when he 

first isolated it from brain tissue (Thudicum, 1884). Pick and Bielschowsky 

determined the structure of SM to be N-acyl-sphingosine-1-phosphorylcholine (Pick 

and Bielschowsky, 1927).  SM is produced by the SM synthase (SMS) enzymes that 

convert Cer and phosphatidylcholine into SM and diacylglycerol.  SMS1 is mainly 

found in the trans-Golgi membranes whereas SMS2 is localised in the plasma 

membrane and concentrated structures in the Golgi complex (Huitema et al., 2004; 

Hayashi et al., 2014).  Moreover, a SMS-related protein localised in ER has been 

recognised to affect SM homeostasis at the Golgi complex (Vacaru et al., 2009).  

SMS1 is considered the main producer of bulk cellular SM because SMS1 in the 

Golgi is proximal to the movement of newly synthesised Cers from the ER (Huitema 

et al., 2004).  SM is an essential class of phospholipids in eukaryotic plasma 

membranes and key components of sphingolipid domains (Abe and Kobayashi, 

2014; Frisz et al., 2013; Kishimoto et al., 2016) and cholesterol-dependent raft 

domains (Sezgin et al., 2012; Lin and London, 2015; Lingwood and Simons, 2010).  

For example, SM is essential in the formation of raft-based FAS-associated 

signalling clusters that lead to cell apoptosis (Miyaji et al., 2005).  The rafts are 

considered critical in lipid and protein transport and sorting as well as in numerous 

signalling networks (Simons and Ikonen, 1997).  In most mammalian tissues, SM 

content ranges from 2% to 15% of total organ phospholipids, although even greater 

levels are found in the brain, peripheral nerve tissue, ocular lenses, and erythrocytes 
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(Koval and Pagano, 1991; Talbott et al., 2000).  Meanwhile, dhSM accounts for 

almost 50% of all phospholipids in human ocular lens membranes (Byrdwell and 

Borchman, 1997).  In addition to its structural role in membranes, SM and its 

metabolites contribute to cell signalling cascades related to cell cycle arrest, 

apoptosis, cell senescence, T-cell receptor signalling, differentiation, lipid transport 

and many more (Merrill, 2008; Huwiler et al., 2000; Hannun et al., 2001).  

 

1.3.2 Sphingosine (Sph) 

Sph is the simplest sphingolipid and is generated by deacylation of Cer, catalysed by 

a family of ceramidases localised in plasma membrane, lysosomes, mitochondria, 

and Golgi (Mao and Obeid, 2008; Tani et al., 2007).  A family of five ceramidases 

exists, encoded by five different genes and which have their highest activities in 

acidic, neutral, and alkaline environments; thus acid ceramidase, neutral ceramidase, 

and alkaline ceramidases 1–3, respectively (Mao and Obeid, 2008).  Several studies 

have reported that high cellular Sph levels are associated with apoptosis (Cuvillier, 

2002).  For example, Sweeney et al. showed that Sph induced apoptosis of HL-60 

cells through the stimulation of caspase (Sweeney et al., 1998).  Moreover, the 

treatment of breast cancer MCF-7 cells with doxorubicin stimulated Sph 

accumulation along with the production of Cer that led to a release of cytochrome c 

and the activation of caspase-7 (Cuvillier et al., 2001).  In certain cell lines, the 

induction of cell death by exogenous Sph was inhibited by the alkaline ceramidase 

inhibitor, dimethylallyl diphosphate (D-MAPP), and by the ceramide synthase 

inhibitor, fumonisin B1 (FB1).  Therefore, it was proposed that exogenous Sph could 
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first be acetylated to Cer and then deacylated to Sph to promote apoptosis (Cuvillier 

et al., 2001).   

 

Sph has been shown to inhibit the activity of the mitogen activated protein kinases 

(MAPKs), ERK-1/2 and concurrently stimulate stress-activated protein kinases 

(SAPKs) including JNK and p38 in various cell types (Ruvolo, 2003; Cuvillier, 

2002).  The imbalance of MAPKs and SAPKs has also been shown to induce cell 

apoptosis as a result of growth factor withdrawal (Xia et al., 1995).  The time course 

of MAPK inhibition and SAPK activation induced by Sph is consistent with the time 

course of Sph accumulation, however, the effect of Sph on MAPK activation has 

been demonstrated in in vitro studies to be in-direct effect (Sakakura et al., 1997) 

suggesting that Sph acts upstream of ERKs in de-activating the MAPK pathway.  

Sph-induced apoptosis has been shown to be through the mitochondrial pathway.  

For example, cells treated with Sph have been associated with down-regulation of 

the PI3K-Akt pathway, resulting in de-phosphorylation of Bad and stimulation of 

mitochondrial apoptotic pathways (Siskind, 2005).  Over-expression of active-Akt 

has been shown to partially counteract Sph apoptotic activity (Cuvillier, 2002).  

Whereas, over-expression of Bcl-2 has a protective effect against Sph-apoptosis 

through opposing permeabilisation of Sph on mitochondrial outer membrane, an 

essential step in the induction of apoptosis (Patwardhan et al., 2016).  In contrast, 

Sph has direct effects on signalling kinases such as inhibiting protein kinase C (PKC) 

(Smith et al., 2000) and calmodulin-dependent kinases (Cuvillier, 2002), whereas 

stimulating signalling of the epidermal growth factor receptor (EGFR) (Davis et al., 

1988), casein kinase II (CKII) (McDonald et al., 1991), p21-activated kinase 1 
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(Bokoch et al., 1998), and 3-phosphoinositide-dependent protein kinase 1 (PDPK1) 

(King et al., 2000).  Thus Sph can positively and negatively affect kinase activities 

without being restricted to membrane fractions, making it an ideal second messenger.  

Due to the complexity of Sph signalling, investigators have taken more universal 

approaches to distinguish effectors involved.  Two different research groups 

characterised kinase activities which are directly activated by Sph in Jurkat (MYu et 

al., 1992) and Balb/3T3 cell extracts (Megidish et al., 1998).  Megidish et al. isolated 

a kinase activity that specifically phosphorylated members of the 14-3-3 protein 

family in response to Sph and this was described as a Sph-dependent kinase 1 

(SDK1) (Megidish et al., 1998).  The 14-3-3 proteins are a family of ubiquitously 

expressed dimeric phosphoserine binding proteins which regulate functions of vital 

cellular proteins associated in signalling (Bridges and Moorhead, 2005).  The 

dimeric 14-3-3 molecule is phosphorylated at a site at the interface through SDK1 

resulting in disruption of the protein dimeric structure (Woodcock et al., 2003).  This 

finding is important since the dimeric 14-3-3 was shown to protect cells from 

apoptosis through affecting pro-apoptotic mediators such as Bad, and the SAPK-

activating kinase apoptosis signal regulating kinase (ASK-1), while promoting cell 

survival and proliferation such as enabling the efficient activation of Raf-1 (Xing et 

al., 2000; Bridges and Moorhead, 2005).  Therefore, Sph-induced monomerisation of 

14-3-3 protein could promote cell apoptosis via disruption of the anti-apoptotic 

function of 14-3-3 protein.  Thus there is a potential for targeting 14-3-3 protein 

dimerisation for therapeutic applications through destabilisation of the dimeric 14-3-

3 proteins as Woodcock et al provided novel approach to anti-cancer therapeutics 

(Woodcock et al., 2015).  SDK1 has been subsequently identified as the caspase-
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cleaved fragment of PKCδ (Hamaguchi et al., 2003), which further emphasised the 

potential role of this pathway in Sph-induced apoptosis.  PKCδ is well-known in 

promoting apoptosis induced via various DNA damaging agents such as UV 

radiation and chemotherapeutic agents (Brodie and Blumberg, 2003).  Sph has also 

been shown to activate protein kinase A (PKA), a cAMP-dependent kinase (Ma et 

al., 2005) and the localisation of PKA to the plasma membrane through A-kinase 

anchoring proteins (AKAPs) places it in a suitable position to be a front-line effector 

of Sph signalling (Manni et al., 2008).  Moreover, Sph has been shown to interact 

with acidic leucine-rich nuclear phosphoprotein-32A (ANP32A), which activates 

PP2A phosphatase resulting in increasing the expression of p38 stress-activated 

protein kinase (SAPK) and cyclooxygenase (COX)-2 in human endothelial cells 

(Habrukowich et al., 2010).  Recently, Sph has been shown to interact with flotillin 

proteins which increase recruitment of Sph to cell membranes thereby maintaining 

cellular S1P levels (Riento et al., 2018). 

 

1.3.3 Ceramide (Cer) and dihydroceramide (dhCer) 

Cer is a significant signalling molecule as well as a central metabolic and structural 

precursor for several other sphingolipids.  Cer is involved in cell responses, such as 

apoptosis, senescence, and cell cycle arrest.  Various extracellular agents and stress 

stimuli, such as environmental stresses, cytokines, TNFα, chemotherapeutic agents, 

and irradiation, cause Cer accumulation (Hannun and Luberto, 2000).  Roles for Cers 

produced from either de novo synthesis and/or the activation of sphingomyelinase in 

cytochrome c release from mitochondria or the stimulation of apoptosis are firmly 

established.  Roles include effects on members of the Bcl-2 family that regulate 
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apoptosis (Ruvolo et al., 1999; Lee et al., 2011), the formation of large stable 

channels in mitochondrial outer membranes (thereby increasing small proteins’ 

permeability) (Siskind and Colombini, 2000; Colombini, 2013), the inhibition of the 

pro-survival Akt/PKB kinase (Zhou et al., 1998), and the clustering of death 

receptors within the plasma membrane (Grassmé et al., 2002; Grassmé et al., 2001; 

Colombini, 2010).  In addition, certain functions of Cer are specific to different 

ceremide chain lengths due to multiple intracellular pools of Cer which can 

differentially affect cellular fate (Grösch et al., 2012). 

 

In contrast to Cers, dhCers were first considered only as intermediates in Cer 

biosynthesis, and the conversion of dhCer to Cer was assumed to be a fundamental 

step for obtaining any biological response.  Indeed, many studies stated that the 

addition of exogenous dhCers did not promote cellular growth arrest or apoptosis 

(Bielawska et al., 1993; Sugiki et al., 2000).  Contrastingly, the concept of dhCer 

being biologically inactive was opposed when Rodriguez-Cuenca et al. proposed that 

dhCer-mediated effects did not correlate with the functions of Cer (Rodriguez-

Cuenca et al., 2015).  For example, the specific Degs1 inhibitor XM462 promoted 

accumulation of dhCer in HCG27 gastric carcinoma cells that resulted in delayed cell 

cycle G1/S transition, ER stress and autophagy.  These effects were recapitulated by 

addition of short chain dhCers (Gagliostro et al., 2012).  The role of dhCer in 

apoptosis remains controversial.  Some studies have linked dhCers to the induction 

of apoptosis.  Thus, inhibitors of dihydroceramide desaturase (Degs1), such as 

fenretenide and resveratrol, promote apoptosis in transformed cell lines (Signorelli et 

al., 2009; Erdreich-Epstein et al., 2002; Hail et al., 2006; Delmas et al., 2011).  In 
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contrast, others suggest that dhCers could oppose Cer-induced cell death e.g., Degs1 

knockdown in human head and neck squamous carcinoma cells reduced 

photodynamic therapy-induced apoptosis (Breen et al., 2013).  This was 

accompanied by attenuated mitochondrial depolarization, reduced cell death and late 

apoptosis together with an increase in the levels of dhCers without affecting the 

levels of Cers.  DhCers disrupt the formation of Cer channels in mitochondria 

(Stiban et al., 2006), even when dhCer was only 10% of Cer.  Thus it was proposed 

that the proportions of Cers and dhCers could be an important factor in the induction 

of apoptosis by Cer. 

 

Cer mediates apoptosis through intrinsic (mitochondrial) and extrinsic (receptor-

mediated) signalling pathways (Morad and Cabot, 2013).  In the intrinsic pathway, 

chronic stress up-regulates de novo Cer synthesis while acute stress produces Cer 

with a faster route through SM hydrolysis, which then acts on intracellular target 

proteins to induce apoptosis (Oskouian and Saba, 2010).  Cer activates signalling of 

the tumour suppressor serine/threonine protein phosphatases 2A (PP2A), which 

either activates pro-apoptotic Bax (Bidère et al., 2003) or in-activates anti-apoptotic 

Bcl-2 (Xin and Deng, 2006) (members of the Bcl-2 protein family).  Thus, these Bcl-

2 family proteins, which govern the permeabilisation of the mitochondria outer 

membrane, are essential downstream mediators of Cer action (von Haefen et al., 

2002; Lee et al., 2011).  Moreover, Cer activates the protease cathepsin D, which 

cleaves BID, a member of the Bcl-2 family, resulting in its activation and 

translocation to the outer mitochondrial membrane, where it can induce apoptosis 

(Heinrich et al., 2004).  In contrast, the extrinsic apoptotic pathway is initiated 



 17 

through activation of FAS death receptors at the cell surface and through the up-

regulation of FAS receptor clusters to enhance FAS ligand binding (Park et al., 

2008).  Intrestingly, cancer cells down-regulate FAS receptor expression as a means 

of cancer progression and increase resistance to apoptosis (Paschall et al., 2015).  

 

Cer can also induce cell senescence.  Venable et al. reported that exogenous Cer led 

to the induction of a senescent phenotype (inhibition of DNA synthesis and 

mitogenesis) in young WI-38 fibroblasts as well as a 4-fold increase in levels of 

endogenous Cer in these fibroblasts as they aged (reached replicative senescence) 

(Venable et al., 1995).  Similarly, Venable and Yin reported that Cer could induce 

senescence in endothelial cells (Venable and Yin, 2009).  Cer is also linked to the 

senescent mediator p53; Dbaibo et al. reported that the accumulation of Cer in 

response to cell stress was dependent on accumulation of p53 (Dbaibo et al., 1998).  

This was a result of up-regulation of CerS5 involving p53 and consequent C16 Cer 

accumulation.  Various other studies have also reported Cer as an essential 

downstream mediator of the p53 response (Kim et al., 2002; El-assaad et al., 2003; 

Villani et al., 2006).  In contrast, others report Cer and p53 to be activated 

concomitantly in response to cellular stress or that cellular accumulation of ceremide 

occurs irrespective of p53 status (Villani et al., 2006; Deng et al., 2009; Nasr et al., 

2005).   

 

Cer can also trigger autophagy by interfering with the activation of Akt/PKB 

upstream of the mTOR-signalling pathway (Scarlatti et al., 2004) and 

phosphorylation of Bcl-2 when it first dissociates from the Beclin 1:Bcl-2 complex 
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involving c-Jun N-terminal kinase 1 (JNK1)-mediated signalling (Wei et al., 2008).  

Autophagy requires the conversion of short-chain Cers (C2-Cer and C6-Cer) into 

long-chain Cers facilitated by the enzyme ceramide synthase; this was observed 

when treating cells with tamoxifen or PDMP (an inhibitor of glucosylceramide 

synthase that converts Cer to glucosylceramide), resulting in higher intracellular 

levels of long-chain Cers (Pattingre et al., 2009).  Interestingly, Cer has previously 

been shown to interfere with the transport of amino acids at the plasma membrane 

(Hyde et al., 2005).  Following this observation, Guenther et al. showed that Cers 

starve cells by blocking amino acids entry, thereby stimulating autophagy through 

the down-regulation of nutrient transporters (Guenther et al., 2008).  Cers have a 

higher affinity for the mature autophagosomal protein LC3-II (which is a 

phosphatidylethanolamine-bound form) rather than LC3-I (which is cytosolic and 

uncleaved).  Cer binding to LC3 involves a central hydrophobic domain that is 

similar to the CERT structure (Hernández-Corbacho et al., 2017), where Ile35 and 

Phe52 are required (Sentelle et al., 2012; Jiang and Ogretmen, 2013).   Cer may 

work as a ‘receptor’ to target LC3-II-containing autophagosomes to the 

mitochondrial membrane.  In contrast, the exact mechanism that links dhCer to 

autophagy is still unclear.  However, Siddique et al. (2013) showed that knocking 

down Degs1 reduced ATP synthesis in embryonic fibroblasts.  This resulted from the 

diminished activity of the electron transport chain, affecting the ability of one or 

more dihydrosphingolipids to interrupt the activity of electron transport chain 

components (Siddique et al., 2013). 
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Like Cers, there are various molecular species of dhCers with different chain lengths.  

A full analysis of their specific properties that has yet to be made.  Moreover, the 

specific intracellular targets of dhCer as well as the precise regulation affecting Cer 

and dhCer balances have yet to be fully defined.  The overall abundance of dhCer to 

Cer would be integrated with the Cer to S1P ratio in two rheostat models (with 

S1P/Cer regulating the survival/apoptosis axis and dhCer/Cer directing the 

adaptation/apoptosis axis). 

 

1.3.4 Sphingosine-1-phosphate (S1P) 

S1P is a bioactive lipid mediator formed by Sph phosphorylation, catalysed by either 

SK1 or SK2.  S1P has different concentrations depending on compartment, low in 

intracellular or interstitial fluids, whereas enriched in, lymph and blood creating a 

steep S1P gradient in the sub-micromolar range (Hla et al., 2008).  S1P is maintained 

at very low nano molar concentrations under normal basal conditions.  However, 

upon receptor stimulation, the concentration of intracellular S1P can rapidly increase 

due to either high rates of formation by activation of SK or a lower rate of 

breakdown by S1PPs and SPL (Spiegel and Milstien, 2003).  S1P is subject to tight 

regulation, but dysregulated S1P production can contribute to the pathogenesis of 

cancers, inflammatory and other diseases (Pyne and Pyne, 2010).  S1P has well-

established roles in both normal physiology and in pathophysiology.  Examples of 

the effects of S1P at a cellular level are on the promotion of cell proliferation (Zhang 

et al., 1991), the suppression of apoptosis (Goetzl et al., 1999), the modulation of 

tumour invasiveness and cell motility (Sadahira et al., 1992), and platelet activation 
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(Yatomi et al., 1997).  At an organismal level, S1P is established as a major regulator 

of cardiovascular, immune and nervous system functions (Blaho and Hla, 2014). 

 

S1P mediates its effect through both intracellular target proteins and by S1P-specific 

G protein-coupled receptors (GPCR) activation at the plasma membrane, as shown in 

Figure 1.5.  To date, most reported S1P effects are receptor-mediated (Strub et al., 

2010).  Receptor-mediated S1P signalling occurs by binding to one of five 

mammalian S1P-specific G-protein coupled receptors (GPCRs), termed S1P1−S1P5 

(Chun et al., 2010).  Interestingly, S1P receptors are closely related to 

lysophosphatidic acid and cannabinoid receptors.  S1P exhibits low nanomolar 

affinity and all S1P receptors bind S1P with high affinity to stimulate cellular 

responses through defined G protein-coupling mechanisms (see Figure 1.4) (Chun et 

al., 2002).  The biological functions of each receptor subtype were identified with the 

use of receptor-selective antagonists, agonists and murine receptor knockout models, 

combined with the characterisation of particular receptor expression patterns (Choi et 

al., 2008; Skoura and Hla, 2009a).  S1P can bind to S1PRs in both a paracrine and 

autocrine manner in a process termed ‘inside-out signalling’ which involves the S1P 

release from cells to bind and activate S1P receptors (i.e., S1P released into the 

extracellular milieu) (Takabe et al., 2008).  Several transporters of S1P have been 

discovered, including ATP binding cassette (ABC) transporters ABCC1, ABCA1, 

and ABCG2 (Nishi et al., 2014), spinster homologue protein 2 (SPNS2) (Kawahara 

et al., 2009), and major facilitator superfamily transporter 2b (Mfsd2b) (Vu et al., 

2017).  Alternatively, S1P can be partitioned into a lipid microenvironments that has 

privileged access to S1P receptors (Takabe et al., 2008).  S1P is concentrated in 
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plasma (~1 μM) and mainly carried via the the apolipoprotein ApoM+ subfraction of 

high density lipoproteins HDL (~65%; ApoM+HDL) (Christoffersen et al., 2011), 

with the remainder bound to plasma albumin (~35%) (Hla et al., 2008).  These 

carriers act as biased agonists that control the signalling and levels of S1P in blood 

(Galvani et al., 2015).  Additionally, S1P may move between two transmemberane 

helices of S1P1 to access the binding pocket, as suggested by Hanson et al. (Hanson 

et al., 2012b) who crystallised S1P1, in complex with an antagonist.  Recently, 

S1PRs has been shown to laterally diffuse through the cell membrane in endosomes 

which can also contain S1P.  Then, this S1P is able to mediate ‘intracrine signalling’ 

to induce intracellular responses (Adada et al., 2015).  S1P receptor signalling leads 

to many physiological functions, including vascular system maturation, modulation 

of the permeability of blood vessels and pathological angiogenesis (S1P1,2), the 

regulation of blood pressure, the clearance of histamine, and recovery from 

anaphylaxis (S1P2), immune cell egress from tissue compartments (S1P1,5), 

development of inner ear (S1P2), pulmonary epithelial integrity (S1P3), perinatal 

survival (S1P2,3), hematopoietic, stem cell, and vascular survival as well as cytokine 

production (S1P1,4) and neuronal functions such as oligodendrocyte survival and 

axon guidance (S1P5)  (Skoura and Hla, 2009b; Strochlic et al., 2008; Miron et al., 

2010; Olivera et al., 2010; Pébay et al., 2005).   

 

The activation of S1P receptors results in their differential coupling to heterotrimeric 

G-proteins (Gi, Gq, and G12/13) to activate downstream effector enzymes (e.g., small 

guanosine triphosphatase proteins (GTPase), Ras, Rac, and Rho, extracellular signal-

regulated kinase (ERK-1/2), phosphatidylinositol 3-kinase (PI3K), protein kinase B 
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(PKB/Akt), protein kinase C (PKC), phospholipase C (PLC), adenylyl cyclase (AC)), 

thereby stimulating cellular responses, including survival, proliferation, migration, 

and gene expression, as shown in Figure 1.4 (Pyne and Pyne, 2000; Spiegel and 

Milstien, 2003; Strub et al., 2010).  In addition to S1P receptors signalling on their 

own, they can functionally interact ‘cross-talk’ with growth factors, including the 

platelet-derived growth factor (PDGF), epidermal growth factor (EGF), transforming 

growth factor β (TGFβ), and vascular endothelial growth factor (VEGF) (Lebman 

and Spiegel, 2008).  For example, a functional PDGFβ receptor–S1P1 receptor 

signalling complex has been reported in Long et al. to enhance PDGF-stimulated 

migration of mouse embryonic fibroblasts (MEF) (Long et al., 2006).  The S1P/S1P1 

axis is necessary for cell migration toward PDGF, as Hobson et al. demonstrated that 

ablating SK1 or S1P1 blocks PDGF-induced cell motility as it blocks the cross-talk 

between PDGF and S1P signalling pathways (Hobson et al., 2001).  In contrast with 

S1P1, S1P2 inhibits PDGF-induced cell migration (Goparaju et al., 2005).  These 

opposing effects of the two receptor subtypes results in regulation of cell motility. 
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Figure 1.4 S1P receptors, G-protein-coupling and signalling pathways. The 

differential coupling of S1P receptors to Gi, Gq, and G12/13 proteins and their major 

signalling downstream effectors. Signalling via Gi protein can stimulate 1) 

activation of Ras and ERK-1/2 to stimulate proliferation; 2) activation of PI3K and 

PKB/Akt to promote survival and prevent apoptosis; 3) induction of PI3K and Rac to 

promote migration, induce vasodilation, and enhance endothelial barrier function; 

and 4) activation of PLC to increase intracellular free calcium [Ca2+] and activate 

PKC that is required for many cellular responses. Moreover, signalling through Gi 

can inhibit AC thereby preventing cAMP synthesis. Signalling through Gq primarily 

activates PLC pathways, and signalling through G12/13 can promote activation of the 

small GTPase Rho and the Rho-associated kinase (ROCK) to inhibit migration, 

reduce function of endothelial barrier and promote vasoconstriction [Adapted from 

(Brinkmann, 2007)]. AC, adenylyl cyclase; ERK, extracellular signal-regulated 

kinases; G, G protein; PI3K, phosphatidylinositol 3-kinase; PKC, protein kinase C; 

PLC, phospholipase C; S1P1-5, sphingosine-1-phosphate receptors 1-5. 
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Direct intracellular molecular S1P targets have only been recently characterised 

despite the available evidence of receptor-independent actions and intracellular 

signalling by S1P (Maceyka et al., 2012).  There are various intracellular target 

proteins of S1P that are differentially regulated by SK1 and SK2, according to SK 

differential subcellular localisation.  For example, intracellular cytoplasmic S1P, 

derived from SK1, has been shown to be essential for the activity of TNF receptor-

associated factor 2 (TRAF2) E3 ubiquitin ligase, which catalyses the Lys63-

polyubiquitination of the protein kinase RIP1 (Xia et al., 2002; Alvarez et al., 2010).  

RIP1 is crucial for the activation of the important pro-inflammatory transcription 

factor NF-κΒ in response to TNFα that regulates cell survival, inflammatory and 

immune responses (Alvarez et al., 2010).  In addition, the interaction of TRAF2 with 

TRAF-interacting protein (TRIP), which attenuates the activity of TRAF2 E3 ligase 

and reduces production of pro-inflammatory cytokines, decreases S1P binding to the 

TRAF2 RING domain (Park et al., 2015).  In contrast, others have reported that 

TRAF2 regulates signalling of TNF and NF-κΒ independently of SK1 to suppress 

apoptosis and skin inflammation in Sk1 -/- cells (Etemadi et al., 2015).  Moreover, 

nuclear S1P, produced from SK2, has been shown to control epigenetic-mediated 

gene expression through the inhibition of histone deacetylaces 1 and 2 (HDAC1/2), 

which in turn enhances the transcription of senescence marker p21 and the 

transcription factor c-FOS (Hait et al., 2009).  Nuclear SK2-phosphorylated FTY720 

has been shown to similarly inhibit HDAC resulting in suppression of breast cancer 

development, restoration of oestrogen receptor alpha (ERα) expression, and 

promotion of therapeutic sensitivity to tamoxifen in mouse models of breast cancer 

acting independently of S1P receptors (Hait et al., 2015).  S1P also interacts with 
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prohibitin 2 (PHB2), a protein that regulates the assembly and the function of 

mitochondria.  Mitochondrial S1P is mainly derived from SK2 that localises to the 

inner membrane of mitochondria (Strub et al., 2011).  SK2 knockdown has been 

shown to impair mitochondrial respiration due to defective assembly of the 

respiratory chain complex (Strub et al., 2011).  Moreover, Sk2−/− mice are not 

protected from ischaemic heart injury by preconditioning, comparing to the WT 

mice, and knockdown of SK2 or PHB2 or cytochrome c oxidase in cardiomyocytes 

has been shown to similarly abolish cytoprotection (Gomez et al., 2011).  These 

reports suggest that interaction of mitochondrial S1P with PHB2 is essential for 

regulation of mitochondrial function including assembly of cytochrome-c oxidase, 

mitochondrial respiration, and cytoprotection.  However, others reported that SK2-

derived S1P inhibits the translocation of the mitochondrial protein, BAK, which 

affect mitochondrial outer membrane potential and inhibits cytochrome c release 

leading to apoptosis (Chipuk et al., 2012).  Therefore, the role of mitochondrial S1P 

could be cell context dependent.  Moreover, S1P has been shown to stimulate 

phospholipase D (PLD) through activation of protein kinase C delta (PKCδ) in 

human lung adenocarcinoma cells (Meacci et al., 2003).  Main intracellular actions 

of S1P are shown in figure 1.5. 
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Figure 1.5 Intracellular and extracellular actions of S1P. Intracellular S1P can 

oppose pro-apoptotic Cer, which is associated with apoptosis, senescence, and 

autophagy. S1P interacts with intracellular targets (in rectangles) or at S1P-specific 

GPCR, S1PRs after export to act in an autocrine and/or paracrine manner [Adapted 

from (Maceyka et al., 2012)]. HDAC, histone deacetylaces; NF-κB, nuclear factor 

kappa B; PHB2, Prohibitin 2; PKCδ, protein kinase C delta, S1P, sphingosine 1-

phosphate; S1PR, sphingosine 1-phosphate receptor; TRAF2, TNF receptor-

associated factor 2; α, alpha; β, beta; γ, gamma. 
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1.4 Sphingolipid metabolising enzymes 

Many of the sphingolipid metabolising enzymes, including SMS, SMase, CDase, 

GCase, GCerS, CerS, S1PP, SPL, SPT and CERK have been introduced to in earlier 

sections.  However, it is beyond the scope of this thesis to discuss all of these in 

detail, for details refer to the following recent reviews (Lewis et al., 2018; Hannun 

and Obeid, 2018).  In the context of this study, it is appropriate to focus upon 

dihydroceramide desaturase (Degs1) and the sphingosine kinases (SKs) – see below. 

 

1.4.1 Dihydroceramide desaturase 1 (Degs1) 

Two distinct dihydroceramide desaturases, Degs1 and Degs2, catalyse the 

desaturation of dhCers to Cers, the final step in the de novo pathway of Cer synthesis 

(Ternes et al., 2002).  In 1997, Degs1 was first identified as a Δ4 desaturase, i.e. 

converting dhCer into Cer through desaturation at the C4 – C5 bond to generate a 4,5 

trans double bond in the sphingoid moiety (Michel et al., 1997).  In contrast, Degs2 

has both Δ4 desaturase and c-4 hydroxylase activities, which control the synthesis of 

phytoceramides and dhCers, to a lesser extent (Omae et al., 2004a; Omae et al., 

2004b).  The two enzymes have different tissue distribution profiles.  Degs1 is 

ubiquitously expressed and accounts for the Cer synthesis in most body tissues, 

especially the liver, kidneys, Harderian gland, and lungs (Omae et al., 2004b; 

Causeret et al., 2000).  Moreover, Degs1 has been shown to play a unique role in 

spermatogenesis (Endo et al., 1996).  Basu and Li reported that lethal alleles of the 

Degs1 gene, which are associated with the contractile ring in the anaphase and 

telophase of meiosis in the spermatocyte, lead to male sterility as a result of its 

protein dysfunction (Basu and Li, 1998).  On the other hand, the expression of Degs2 
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is mainly restricted to the skin, kidneys, and intestines, where phytoceramides are 

essential (Omae et al., 2004a; Mizutani et al., 2004).   

 

Degs1 is a trans-membrane protein residing in the endoplasmic reticulum (ER) 

membrane, which contains three conserved histidine-based motifs typical for 

membrane lipid desaturases and membrane hydrocarbon hydroxylases (Ternes et al., 

2002).  The active site of Degs1 is likely located at the cytosolic face of the 

membrane, as deduced from mild proteolytic susceptibility measurements and further 

predicted by the requirement of cytochrome b5, which is also located at the cytosolic 

face of the membrane for the reaction (Michel and van Echten-Deckert, 1997; 

Yamaji and Hanada, 2015).  Degs1 has also been shown to have some substrate 

preferences; with regard to the sphingoid base stereochemistry, D-erythro-

dihydroceramides are more readily used than L-threo-dihydroceramides while there 

is a preference for C18 > C12 > C8 within the head group.  The highest activity of 

Degs1 is observed with dhCer as a substrate and dhSM to a lesser extent (20%) 

(Rodriguez-Cuenca et al., 2015). 

 

Degs1 is an emerging important enzyme which regulates essential biological 

functions, including hypoxia, autophagy, and proliferation, now implicated in the 

aetiology, diagnosis, and/or treatment of cancer, diabetes, neurodegenerative 

diseases, and ischemia/reperfusion injury (Siddique et al., 2015).  However, it is 

unclear whether Degs1 is a pro-survival or pro-apoptotic enzyme as there are 

conflicting results within the literature.  Degs1 could act as a stress sensor to protect 

cells by initiating autophagy or growth arrest/senescence in order to apoptose or 
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adapt cells (Gagliostro et al., 2012; Hernández-Tiedra et al., 2016).  Degs1 is 

sensitive to thiols (i.e., GSH); thiol accumulation leads to the inhibition of Degs1 that 

would result in the accumulation of dhCer and the activation of downstream adaptive 

or protective mechanisms, including the induction of autophagy and/or the delaying 

of the cell cycle in gastric cancer cells (Gagliostro et al., 2012).  This was 

recapitulated by Siddique et al. who showed that Degs1 ablation in mouse embryonic 

fibroblasts promoted autophagy and inhibited proliferation (Siddique et al., 2013) as 

well as resistance to chemotherapeutic agents through the activation of defensive 

pro-survival pathways (Siddique et al., 2012).  Moreover, recent studies have 

suggested that the inhibition of Degs1 and consequent dhCer accumulation might be 

mainly responsible for the anticancer properties of some SK inhibitors (Aurelio et 

al., 2016). 

 

Degs1 is also a biosensor for oxidative stress in cells where it requires O2 and 

NADPH for its enzymatic function (Fabrias et al., 2012).  Degs1 activity is inhibited 

by oxidative stress, resulting in the accumulation of dhCers in HEK293, A549, 

MCF7, and SMS-KCNR cells (Idkowiak-Baldys et al., 2010).  Similarly, Degs1 acts 

as an oxygen biosensor in colon and lung cancer cell lines (Devlin et al., 2011).  

Furthermore, Azzam et al. showed that Degs1 mediated adaption to chronic hypoxia 

cardiomyocytes in a hypoxic mouse heart model, where the accumulation of dhCer 

with hypoxia caused Degs1 mRNA levels to be down-regulated over time (Azzam et 

al., 2013).  Moreover, the siRNA knockdown of Degs1 in normoxia recapitulated the 

effects of hypoxia on cell proliferation.  On the other hand, the over expression of 

Degs1 or Degs2 promoted proliferation in hypoxic MCF7 cells (Devlin et al., 2011). 
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1.4.2 Sphingosine kinases (SKs) 

Sphingosine kinases catalyse the ATP-dependent phosphorylation of Sph and dhSph 

to generate S1P and dihydrosphingosine-1-phosphate (dhS1P), respectively (Kohama 

et al., 1998; Olivera et al., 1998).  There are two mammalian isoforms, SK1 and 

SK2, which are transcribed from two different genes, SPHK1 on chromosome 17 

(17q25.2) and SPHK2 on chromosome 19 (19q13.2).  They differ in their amino acid 

sequences, functions, physiological roles, biochemical characteristics, tissue 

distributions, catalytic properties, and subcellular localisations (Liu et al., 2000; Taha 

et al., 2006a; Pyne et al., 2016b).  Three splice variants of SK1 (SK1a, SK1b, and 

SK1c) and three splice variants of SK2 (SK2a, SK2b, and SK2c) have been 

discovered in human cells; these differ in their N-terminal extensions (Pitson, 

2011a).  SK1 and SK2 share approximately 80% similarity with the amino acid 

sequence, although SK2 possesses a larger amino acid sequence (383 amino acids for 

human SK1 versus 618 for human SK2) with two N-terminal and central additional 

regions (Liu et al., 2000).  Five highly conserved regions (C1–C5) are identified in 

the sequence of all known eukaryotic SKs, with an ATP-binding domain (C2), a 

catalytic domain (C1–C3), and a sphingosine-binding domain (C4) (Liu et al., 2000; 

Kohama et al., 1998; Pitson et al., 2002).  New insights into the structural features 

and mechanistic functioning of SK1 have been aided when human SK1 was 

crysalised by different groups (Wang et al., 2013b; Wang et al., 2014).  It is now 

proposed that SK1 exhibits a dimeric quaternary structure in which it can dimerise 

through interactions of the N-terminal domain (NTD) of two protomers creating a 

head-to-head homodimer complex (Adams et al., 2016).  Recently, Bayraktar et al. 

used computational analysis to better understand how SK1 might dimerise and 
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suggested a putative dimerisation interface which overlaps with the proposed 

mechanism of Adams, Pyne, and Pyne (Bayraktar et al., 2017).  Interestingly, a 

dimerisation through the NTDs of two SK1 protomers allows alignment of the 

interface, curvature sensing of SK1, and the strengthening of the interaction between 

SK1 and membranes (Pulkoski-Gross et al., 2018).  Similarly, Shen at al. proposed 

that SK1 can sense the negative curvature of membranes (Shen et al., 2014).  For 

example, SK1 activates in the presence of certain anionic phospholipids, such as 

phosphatidylserine (PS) and phosphatidic acid (PA) (Olivera et al., 1996).  This 

finding is important when considering how SK1 associates with the plasma 

membrane where a positive charged region at the dimer interface interacts with 

negative charged lipids on the membrane resulting in opening of a lipid-binding loop 

(LBL-1) to allow Sph into the catalytic site (Adams et al., 2016).  Whereas there is 

no crystal structure available till date for SK2 to allow for comparisons between the 

two SKs (Pitson, 2011a; Neubauer and Pitson, 2013). 

 

SK1 is mainly expressed in the spleen, lungs, brain, heart, thymus and immune 

system whereas SK2 is mostly expressed in the liver and kidneys (Neubauer and 

Pitson, 2013).  Therefore, these enzymes likely have different physiological roles.  

SK1 is largely located in the cytoplasm and, upon stimulation, can be phosphorylated 

on Ser225 by ERK1/2 and in turn translocates to the plasma membrane where it is 

most active (Pitson et al., 2003; Wattenberg, 2010).  Currently, three proposed 

mechanisms that explain translocation of SK1 and interaction with membranes.  Two 

of the mechanisms recognise specific residues that mediate membrane localisation 

(Stahelin et al., 2005; Shen et al., 2014), whereas the third mechanism explains 
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localisation of SK1 to be dependent on another protein known as calcium/integrin 

binding protein 1 (CIB1) (Jarman et al., 2010; Zhu et al., 2017a).  Indeed, the 

protein-protein interaction between SK1 and CIB1 occurs at a hydrophobic site on 

SK1 that was identified by Stahelin et al. for membrane interaction where Thr54 and 

Asn89 residues were proposed to interact with PS in the membrane (Stahelin et al., 

2005).  In contrast, Shen et al. identified residues that are part of a small hydrophobic 

patch on SK1 surface and these residues have been implicated to mediate 

endocytosis and neurotransmission (Shen et al., 2014).  Similarly, Pulkoski-Gross et 

al. (2018) showed that SK1 interacts with membrane-associated anionic 

phospholipids through a single contiguous interface, consisting of an electrostatic 

site and a hydrophobic site.  This describes that SK1 has a multifactorial domain that 

controls intrinsic binding ability to membranes, which is crucial for proper SK1 

function (Pulkoski-Gross et al., 2018).  Recently, Zhu et al. (2017) showed that 

calcium and integrin-binding protein 2 (CIB2) negatively regulates SK1 plasma 

membrane redistribution.  Although CIB2 binds SK1 at the same location as CIB1, it 

lacks the Ca2+-myristoyl switch function thus it inhibits the interaction of SK1 at the 

plasma membrane.  This results in inhibition of SK1 oncogenic signalling in ovarian 

cancer cells in vitro while reducing in vivo tumour growth (Zhu et al., 2017b).  This 

shows that redistribution of SK1 rather than phosphorylation is responsible for 

increase of SK activity.  Indeed, induction of SK1-related cell growth has been 

blocked when SK1 translocation to the plasma membrane but not SK1 

phosphorylation was blocked (Pitson et al., 2005; Jarman et al., 2010).  These studies 

demonstrate that sub-cellular localisation of SK1 is important for its activation and 

consequent oncogenic actions.  This is due to the fact that the SK1 substrate Sph is 
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mostly abundant at the plasma membrane and that S1P produced by SK1 at the 

plasma membrane is in an optimal location for export and subsequent action at 

S1PRs.  Additionally, S1P stimulates ERK1/2 that phosphorylates SK1 which leads 

to propagation of translocated-SK1 in a positive feedback loop.  Moreover, 

breakdown or de-phosphorylation of S1P by ER bound SPL or S1PP is minimal in 

relation to S1P formed at the plasma membrane (Gault et al., 2010).  Deactivation of 

SK1 occurs through de-phosphorylation on Ser225 by PPA2, an effector of Cer (Barr 

et al., 2008).  Since PP2A belongs to serine/threonine phosphatases family, it also 

de-phosphorylates other pro-survival signals including p-Akt, β-catenin, p-ERK1/2, 

BAD and Bcl-2 (Kuo et al., 2008).  In addition, negative regulation of SK1 occurs 

through degradation with the ubiquitin-proteasomal and lysosomal systems (Ren et 

al., 2010). 

 

Similarly, SK2 is a cytoplasmic enzyme but has a nuclear export region that can 

facilitate nuclear-cytoplasmic shuttling (Ding et al., 2007; Wattenberg, 2010).  Like 

SK1, SK2 is activated through ERK1/2-mediated phosphorylation (Hait et al., 2007).  

SK1 and SK2 differences in sequence and structure likely account for the different 

kinetic properties (Liu et al., 2000; Pitson, 2011a).  For example, human SK2 

phosphorylates a wider range of substrates than human SK1, including the Sph 

analogue FTY720 (Paugh et al., 2003; Billich et al., 2003).  Although both enzymes 

catalyse the same reaction, they may possess opposing functions when co-expressed 

(Maceyka et al., 2005).  Indeed, whereas SK1 mainly promotes cell proliferation and 

survival (Olivera et al., 1999; Xia et al., 1999), SK2 was reported to be involved in 

the suppression of cellular growth and activation of apoptosis without the 
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involvement of S1P receptors (Liu et al., 2003).  The opposing effects of SK1 and 

SK2 on cell survival were suggested to be due to their different effects on levels of 

Cer, due to their differing subcellular localisations (Maceyka et al., 2005).  However, 

other evidence supports a pro-survival role for SK2 in some cell types; hence, the 

down-regulation of SK2 decreased cell proliferation and induced apoptosis both in 

vitro and in vivo (Gao and Smith, 2011; Sankala et al., 2007; Weigert et al., 2009).  

Therefore, although SK1 promotes cell proliferation and survival, the effects of SK2 

are more complex and may be localisation-dependent and cell type specific 

(Maceyka et al., 2005).  Intrestingly, SK1 and SK2 may play a compensatory role in 

the absence or down-regulation of one isoforms.  As an example, Gao and Smith 

showed that knocking down SK2 resulted in higher SK1 activity (Gao and Smith, 

2011).  Moreover, SK1/SK2 double knockout mice die in utero due to severe 

developmental defects in both cardiovascular and central nervous systems whereas 

SK1 or SK2 single knockout mice appear phenotypically normal (Mizugishi et al., 

2005; Allende et al., 2004). 

 

Various stimuli of their cognate receptors can stimulate the activity of both SK1 and 

SK2, including cytokines such as IL-1β and TNFα (Mastrandrea et al., 2005), 

ERK1/2, PKC and growth factors such as EGF (Hait et al., 2005).  In the absence of 

stimuli, both SK isoforms have a basal catalytic function to form ‘housekeeping’ S1P 

that sustains physiological levels of Sph and Cer (Chan and Pitson, 2013).  

Furthermore, SK1 and SK2 may exert non-catalytic activities unrelated to the 

formation of S1P.  For example, Pyne et al. found that over-expression of either wild 

type or a dominant negative mutant form of SK1 inhibited EGF-stimulated ERK-1/2 
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in breast cancer cells whereas pharmacological inhibition of SK1 failed to exert this 

effect (Pyne et al., 2009).  On the other hand, although the pro-apoptotic function of 

SK2 is due to its enzymatic activity (Maceyka et al., 2005), SK2-induced apoptosis 

may also partly be due to its non-catalytic activity through its putative BH3 domain 

(Liu et al., 2003). 

 

1.5 Sphingosine kinase inhibitors 

Sphingosine kinases (SK1/SK2) inhibitors hold potential for the treatment of various 

diseases, including cancer, vascular disorders, and inflammatory diseases.  Inhibiting 

the SK/S1P pathway reduce S1P and increase pro-apoptotic Cer, inhibits both intra- 

and extracellular S1P effects, inhibits growth factors and hypoxia-related effects, and 

sensitises cancer cells to therapeutics (Kunkel et al., 2013).  SK inhibitors have been 

classified into non-selective SK inhibitors, selective SK1 inhibitors, and selective 

SK2 inhibitors as recently reviewed in details by Pyne et al. (Pyne et al., 2018); only 

the inhibitors used experimentally in this study will be introduced in the following 

section.  A summary of SK inhibitors employed here, with their chemical structures, 

is provided in Table 1.1. 
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Table 1.1 Structures and potencies of SK inhibitors. [Adapted from (Gandy and 

Obeid, 2013; Pitman et al., 2016)]. 
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1.5.1 Non-selective SK inhibitor [SKI-II inhibitor (SKi)] 

SKI-II ([2-(p-hydroxyanilino)-4-(p-chlorophenyl)thiazole]; also known as SKi) is the 

first non-lipid small molecule SK inhibitor to be reported; it failed  to inhibit 

extracellular signal-regulated kinase 2 (ERK2), protein kinase C (PKC), and 

phosphatidylinositol 3-kinase (PI3K) (French et al., 2003).  SKi inhibits both SK1 

(French et al., 2003) and SK2 (Aurelio et al., 2016) with an IC50 of 35 and 25 μM for 

SK1 and SK2, respectively, which suggests that it has a slightly higher inhibition 

potency for SK2 over SK1 (Gao et al., 2012).  SKi is a dual SK1/SK2 mixed 

inhibitor with a competitive inhibition constant (Ki) whose value is 17 μM towards 

Sph and an uncompetitive inhibition constant (Kiu) whose value is 48 μM towards 

ATP in relation to SK1 (Lim et al., 2012).   

 

SKi has been shown to degrade SK1 that, in turn, reduces cellular S1P levels and 

inhibits proliferation; in addition, SKi increases cellular levels of Sph and C22:0 

Cers, leading to the apoptosis of LNCaP prostate cancer cells (Loveridge et al., 

2010).  Similar changes in sphingolipids and the induction of apoptosis has been 

reported in several other cancer cell lines (Gao et al., 2012).  SK1 degradation 

induced by SKi occurs through activation of the ubiquitin proteasomal pathway 

(Loveridge et al., 2010; Lim et al., 2012), however, in some cell lines, the lysosomal 

pathway has been implicated (Ren et al., 2010).  In addition, Watson et al. (2013) 

reported that SKi induced the proteasomal degradation of the master transcription 

factor (c-Myc), leading to an indirect antagonism of the Warburg effect.  In contrast, 

the SK2-selective inhibitor, (R)-FTY720-OMe (ROMe), was without effect on SK1 

or Myc, but did reduce SK2 levels independently of the proteasome (Watson et al., 
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2013).  Recent studies discovered that SKi indirectly inhibits the enzyme Degs1 

through the inhibition of an upstream Degs1 activator, NADH-cytochrome B5 

reductase (Cingolani et al., 2014).  Alternatively, SKi could inhibit redox-sensitive 

Degs1 through the induction of cellular oxidative stress (McNaughton et al., 2016; 

Idkowiak-Baldys et al., 2010).  Regardless of the mechanism of Degs1 inhibition, 

this inhibition leads to a substantial reduction in cellular S1P and an elevation in 

dihydroceramides (Illuzzi et al., 2010; Loveridge et al., 2010; Cingolani et al., 

2014), leading to cell cycle arrest (Siddique et al., 2015).  Moreover, Aurelio et al. 

demonstrated that the SKi anticancer activity is mainly due to the inhibition of Degs1 

rather than SK (Aurelio et al., 2016). 

 

SKi has also been shown to stabilise the nuclear factor erythroid 2-related factor 2 

(Nrf2) through the de-stabilisation of its negative regulator, Keap1 (Mercado et al., 

2014).  However, this effect is independent of SK inhibition or changes in levels of 

Sph/dhSph or S1P/dhS1P and results in cellular protection against oxidative stress.  

Thus, SKi could play a protective role in diseases that involve oxidative stress, such 

as neurodegenerative diseases, chronic obstructive pulmonary disease (COPD), and 

cancer (Barnes, 2015).  SKi has also been shown to enhance the efficiency of other 

anti-cancer agents on different cell lines, such as sensitising glioblastoma cell lines 

resistant to temozolomide (Noack et al., 2014), chemo-resistant MCF7-TN-R breast 

cancer cells to doxorubicin (Antoon et al., 2012), head and neck squamous cell 

carcinoma cell lines to Cetuximab (Schiefler et al., 2014), and MDA-MB-468 breast 

cancer xenografts to Gefitinib (Martin et al., 2014). 
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1.5.2 Selective SK1 inhibitors 

1.5.2.1 PF-543 

PF-543 [(R)-(1-(4-((3-methyl-5-(phenylsulfonylmethyl) phenoxy) methyl) benzyl) 

pyrrolidin-2-yl) methanol] is a potent SK1 selective Sph competitive inhibitor with a 

Ki of 4 nM.  It exhibits 130-fold selectivity for SK1 over SK2, making it the most 

selective commercially available inhibitor for SK1 with nano-molar potency 

(Schnute et al., 2012).  PF-543 induces proteasomal degradation of SK1, similar to 

many other Sph-competitive inhibitors, reduces cellular S1P levels, and increases 

levels of Sph (Byun et al., 2013; Aurelio et al., 2016).  However, although PF-543 

effectively reduces S1P, it fails to induce apoptosis in a range of cancer cell lines 

(Schnute et al., 2012; Schrecengost et al., 2015),  unless incubated with Sph although 

an assessment of apoptosis under these conditions was not made (Schnute et al., 

2012).  PF-543 has been shown to be a potential therapeutic in inflammatory 

disorders as it reduces S1P levels without leading to apoptosis.  Indeed, PF-543 

proved to be efficient at blocking sickling, inflammation, and haemolysis in a sickle-

cell anaemia mouse model (Zhang et al., 2014), promoted cardio protection in a 

hypoxic mouse model of pulmonary arterial hypertension (MacRitchie et al., 2016) 

and reduced cardiac remodelling and dysfunction in a myocardial infarction model 

(Zhang et al., 2016).  In addition, pre-treatment with PF-543 has been shown to 

reduce inflammatory responses in a cerebral ischemia rat model (Lv et al., 2016).  

However, PF-543 exacerbated symptoms in the experimental autoimmune 

encephalomyelitis (EAE) murine model of multiple sclerosis (Pyne et al., 2016a). 
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1.5.2.2 FTY720 

FTY720 [2-amino-2-[2-(4-octylphenyl) ethyl] propane-1,3-diol], known as 

Fingolimod or the trade name Gilenya™ is a Sph analogue derived from the 

immunosuppressive natural product ISP-I (myriocin) (Adachi and Chiba, 2007).  

FTY720 is a SK1 Sph competitive inhibitor with a Ki of ~2 μM that induces 

proteasomal degradation of the SK1a splice variant (Lim et al., 2011b).  Fingolimod 

is a pro-drug used clinically to slow the progression and suppress symptoms of 

multiple sclerosis (MS) (Groves et al., 2013).  Indeed, FTY720 is phosphorylated by 

SK2 to FTY720-phosphate (FTY720-P), which is subsequently released and acts as 

an agonist at four of the five S1P receptor types (i.e., S1P1, S1P3, S1P4, and S1P5) 

(Chun and Hartung, 2010).  Chun and Hartung illustrated the primary mode of action 

of Fingolimod to be as a T-lymphocyte-specific immunosuppressant.  This occurs 

since activation and the subsequent proteasomal degradation of the S1P1 receptor 

after ligation by FTY720-P, results in T-cell sequestration to the lymph nodes as they 

are no longer able to sense the S1P gradient between the lymph nodes and efferent 

lymph (Chun and Hartung, 2010).  Emerging research for over a decade have 

indicated that Fingolimod can accesses the central nervous system (CNS) where its 

active metabolite, FTY720-P, has pleotropic neuroprotective effects in CNS 

inflammatory disease states.  Geffin et al. showed that Fingolimod affects expression 

of neuronal genes in inflammatory viral-infected microenvironments, with the 

potential for neuroprotective effects (Geffin et al., 2017).  Others demonstrated that 

Fingolimod provides neuroprotection against excitotoxic neuronal cell death in vitro 

through direct action on neuronal S1P1 receptors that promotes survival of neurons 

via intracellular pathways (Di Menna et al., 2013).  Additionally, the in vivo S1P1-
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mediated effects of fingolimod were tested successfully in two Parkinsonian 

neurodegeneration mouse models (Zhao et al., 2016).  Moreover, Fingolimod has 

been shown to elicit a neuronal gene expression response in rodent neuronal cell 

cultures, which modulated the morphology of actin-rich neuronal growth cones and 

promoted in vitro neurite growth (Anastasiadou and Knöll, 2016).  Furthermore, 

there is some available evidence in relation to Fingolimond in favor of neurotrophic 

activity (Groves et al., 2013) and neurorestorative effects (Hemmati et al., 2013) as 

well as attenuation of β-amyloid peptide accumulation that impairs spatial learning 

and memory, in Alzheimer’s disease rat models (Asle-Rousta et al., 2013).  Due to 

FTY720’s clinical success, several pharmaceutical companies have sought to identify 

FTY720 chemical derivatives that have shown increased specificity and potency.  

For example, the discovery of Siponimod (BAF312), a selective modulator of S1P1 

and S1P5 receptors, which exerts anti-inflammatory and neuroprotective effects in 

secondary progressive MS patients without the FTY720-related cardiovascular side 

effects (Behrangi et al., 2019). 

 

1.5.3 Selective SK2 inhibitors 

1.5.3.1 ABC294640 

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

ylmethyl)amide] is a non-lipid small molecule analogue of SKi reported to 

selectively inhibit SK2 with a Ki of ~10 μM with respect to Sph; it was shown to 

have dose-dependent antitumor activity in in vivo mice studies (French et al., 2010).  

ABC294640 (YELIVA™) is currently in phase I clinical trials for advanced solid 
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tumours (Britten et al., 2017) and in phase II clinical trials for cholangiocarcinoma 

and hepatocellular carcinoma (HCC) (Beljanski et al., 2011; Ding et al., 2016; 

Mahipal et al., 2018).  ABC294640 reduces S1P levels and proliferation through 

limiting S1P-driven activation of Akt and MAPK pathways.  At the same time, 

ABC294640 increases intracellular Sph and Cer species that attribute to either 

autophagy, through LC3-II and Beclin-1, or apoptosis depending on cellular type 

(French et al., 2010; Beljanski et al., 2010).  ABC294640 acts as a weak antagonist 

of estrogen receptor (ERα), with low micromolar affinity (100-fold greater than 

estrogen and 200-fold greater than tamoxifen) (Antoon et al., 2010), and inhibits 

NFκB-mediated chemo-resistance in breast cancer (Antoon et al., 2011).  

Significantly, ABC294640 also inhibits Degs1 through its proteasomal degradation, 

leading to a 3-fold increase in levels of dihydroceramide (Venant et al., 2015; 

McNaughton et al., 2016).  In addition, ABC294640 degrades SK1 through the 

proteasome in LNCaP AI prostate cancer cells; thus, its absolute selectivity as a SK2 

inhibitor is questionable when used under chronic conditions (McNaughton et al., 

2016).  ABC294640 has also been shown to down-regulate several onco-proteins, 

such as c-Myc, P-Akt, and androgen receptors, which inhibit cellular growth in 

LNCaP cells (Schrecengost et al., 2015).  Furthermore, ABC294640 was found to 

sensitise cancer cells to chemotherapy (Beljanski et al., 2011), Bcl-2 inhibitors 

(Venkata et al., 2014), the proteasome inhibitor Bortezomib (Wallington-Beddoe et 

al., 2017), and the Bcr-Abl inhibitor Imatinib (Wallington-Beddoe et al., 2014).  

Various in vivo studies have demonstrated the efficacy of ABC294640 in animal 

models of blood cancers (Wallington-Beddoe et al., 2014), solid tumours 

(Schrecengost et al., 2015; Beljanski et al., 2011), osteoarthritis (Xu et al., 2014), 
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and stroke/ischemia (Yung et al., 2012). 

 

1.5.3.2 ROMe [(R)-FTY720-OMe] 

ROMe [(R)-FTY720-methyl ether], a derivative of the clinically successful FTY720 

(in which the hydroxyl group of FTY720 is replaced with a methoxy group), is a 

SK2 selective Sph competitive inhibitor with a Ki of ~17 μM (Lim et al., 2011a).  As 

ROMe is an analogue of FTY720, it shares similar molecular targets (Pitman et al., 

2012).  In HEK293 cells, ROMe induced cellular apoptosis and stimulated focal 

adhesion assembly; in MCF-7 breast cancer cells, ROMe inhibited DNA synthesis 

and prevented the S1P-stimulated rearrangement of actin (Lim et al., 2011a; Lim et 

al., 2011b).  In T cell leukaemia cell lines, ROMe appears to induce autophagy with 

EC50 values of ~10 μM while reducing c-Myc and p-Akt (Evangelisti et al., 2014).  

In LNCaP prostate cancer cells, ROMe increased levels of Sph and reduced S1P 

levels, but had no observed effects on levels of C22:0 Cer, so it did not induce 

apoptosis (Watson et al., 2013); this finding suggests a possible effect on the enzyme 

ceramide synthase, a recognised FTY720 target (Berdyshev et al., 2009).  

Subsequently, Tonelli et al. showed that ROMe increased levels of 

lysophosphatidylinositol (Lyso-PI) (produced by phospholipase A (PLA1 and 

PLA2)), and lysophosphatidic acid (LPA) (produced by autotaxin) in LNCaP prostate 

cancer cells (Tonelli et al., 2013).  However, both Lyso-PI and LPA were inhibited 

by FTY720 (Pitman et al., 2012).  Moreover, in MDA-MB-231 breast cancer cells, 

ROMe reduced cellular growth by blocking the action of SK2-derived S1P on S1P4 

and S1P2 that promotes growth effects (Ohotski et al., 2014).  ROMe was also shown 
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to modulate the signalling of the S1P1 receptor to the same extent as FTY720, 

resulting in improved pulmonary endothelial vascular integrity (Camp et al., 2016). 

 

1.5.3.3 K145 

K145 [3-(2-amino-ethyl)-5-[3-(4-butoxyl-phenyl)-propylidene]-thiazolidine-2,4-

dione] is a Sph-competitive inhibitor of SK2 with Ki of 6.4 μM and an IC50 of 4.3 

μM; it is selective for SK2 at concentrations up to 10 μM as no SK1 or CERK 

inhibition was observed at this concentration (Liu et al., 2013).  K145 reduced total 

levels of cellular S1P without affecting levels of Cer (Liu et al., 2013); this result 

was consistent with that of Sanchez et al. who showed that inhibition of SK2 by 

K145 led to blockade of FTY720 phosphorylation in vascular endothelial cells 

(Sanchez et al., 2003).  Liu et al. demonstrated that K145 reduced proliferation and 

promoted apoptosis through the inhibition of ERK-1/2 and Akt phosphorylation in 

U937 cells at low concentrations (4 μM) (Liu et al., 2013).  K145 also inhibited 

tumour growth in vivo and reduced levels of S1P in U937 xenograft tumours in nude 

mice when administered orally.  Similarly, K145 inhibited tumour growth in JC 

murine mammary adenocarcinoma allografts when injected into immunocompetent 

BALB/c mice (Liu et al., 2013). 
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1.6 Post-translational modification and ubiquitination of proteins 

Protein post-translational modifications (PTMs) are enzymatic, covalent chemical 

modifications of proteins that usually occur after mRNA translation; PTMs often 

change a protein’s properties and play crucial roles in regulating cell biology (Farley 

and Link, 2009).  More than 400 protein modifications have been recognised (Creasy 

and Cottrell, 2004)  The most common PTMs include ubiquitination, sumoylation, 

phosphorylation, nitrosylation, acetylation, methylation, glycosylation, sulfation, and 

acylation (Farley and Link, 2009).  Ubiquitination involves the PTM of target 

proteins through the formation of covalent attachments with ubiquitin (Ub), a highly 

preserved 76-amino acid protein with an extraordinary property of creating stable 

chemical bonds with other proteins.  Ubiquitin forms an isopeptide bond in the 

carboxyl group of the carboxy-terminal glycine with the ε-amino group of target 

lysine residues and sometimes with the amino group at the amino terminus of 

targeted protein (Hershko and Ciechanover, 1998; Hochstrasser, 2006).  Ubiquitin 

conjugation occurs through a three-step reaction catalysed by three enzymes, which 

involves the activation of ubiquitin by a ubiquitin-activating enzyme (E1), followed 

by ubiquitin conjugation with a ubiquitin-conjugating enzyme (E2), and finally the 

transfer of ubiquitin to the target substrate by a ubiquitin ligase (E3), as shown in 

Figure 1.6 (Ye and Rape, 2009).   
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Figure 1.6 The ubiquitin proteasome system. Ubiquitin gets conjugated to the target 

protein via an organised milieu of E1, E2, and E3 enzymes which promote ligation of 

ubiquitin molecules.  Tagged proteins (only K48-linked polyubiquitin chains) are 

recognised by the 26S proteasome and therefore get degraded.  Deubiquitination 

(DUB) involves removal of polyubiquitin chains resulting in a free target [Adapted 

from (Hershko et al., 1983; Suresh et al., 2016)]. 

 
The ubiquitin sequence consists of seven lysines which could be selected for the 

formation of ubiquitin chains (Fang and Weissman, 2004).  Therefore, the biological 

significance of this modification is determined according to the chosen internal 

lysines within ubiquitin for further ubiquitination.  For example, ubiquitin chains 

linked to K48 signal the attached protein for degradation by the 26S proteasome, 

called the ubiquitin–proteasome system (UPS), while K63 linkages are associated in 

protein trafficking, DNA damage responses, and signal transduction in NF-κB 

signalling, as shown in Figure 1.7 (Ikeda and Dikic, 2008; Pickart and Fushman, 

2004).  
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Figure 1.7 Ubiquitin modifications and related diverse cellular functions.  

Different types of polyubiquitin chains associated with different cellular functions 

according to their differential links to the lysine residues on the protein substrate 

[Adapted from (Suresh et al., 2016)]. 

 
The ubiquitination of proteins can occur by attaching a single ubiquitin moiety 

(monoubiquitin), modifying several target lysines with a single ubiquitin (multiple 

monoubiquitination), or attaching four or more ubiquitin moieties 

(polyubiquitination) (Figure 1.8) (Weissman, 2001).  Each type of ubiquitin 

conjugate regulates specific cellular processes.  Polyubiquitination is usually 

responsible for the degradation of substrates, while adding fewer ubiquitin moieties 

could change the protein function or target the protein to endosomes (Zhang et al., 

2004).   
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Figure 1.8 Types of ubiquitination. Different modes of ubiquitination result in 

different substrate fates [Adapted from (Sadowski et al., 2012)]. 

PTMs by ubiquitin and ubiquitin-like proteins are critical regulatory events that 

affect various cellular processes, including inflammation, gene transcription, cell 

cycle progression, DNA repair, membrane trafficking, and autophagy (Pickart, 2001; 

Hershko and Ciechanover, 1998; Haglund et al., 2003; Mukhopadhyay and Riezman, 

2007; Chen and Sun, 2009; Kirkin et al., 2009).  Therefore, depending on the type of 

ubiquitin chains and how they are linked, PTMs of cellular proteins result in different 

cellular events.  Ubiquitination usually targets proteins involved in numerous cellular 

processes, where their ubiquitination acts as a recognition signal by a ubiquitin-

binding protein (UBP).  A rapid turnover of ubiquitinated proteins occurs, resulting 

in low steady-state levels of this PTM (Peng et al., 2003).  Ubiquitination is a 

reversible process; ubiquitin cleavage from substrates could occur through certain 

deubiquitination enzymes (DUBs) by a process called deubiquitination (Hochstrasser 

et al., 1995).  Target proteins’ activity and their cellular localisation are modulated 
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through ubiquitination in various ways, including proteasomal degradation of some 

target proteins, whereas deubiquitination results in the prevention of protein 

degradation and the stabilisation of other proteins, thereby playing a critical role in 

the regulation of the proteasomal pathway (Mei et al., 2011).  DUBs play an 

essential role in various cellular functions, including the processing of ubiquitin 

precursors, editing of ubiquitin chains, recycling of ubiquitin molecules during 

ubiquitination, reversal of ubiquitin conjugation, apoptosis, cell cycle progression, 

gene expression, DNA repair, kinase activation, and localisation and degradation of 

signalling intermediates (Amerik and Hochstrasser, 2004; Ramakrishna et al., 2014; 

Ramakrishna et al., 2011; Ramakrishna et al., 2015; Reyes-Turcu et al., 2009).  

However, the activity and specificity of DUBs are affected by protein–protein 

interactions with DUBs, subcellular localisation, changes in their expression levels, 

and their varying activities in the different phases of the cell cycle (Amerik and 

Hochstrasser, 2004; Reyes-Turcu et al., 2009). 

 

1.7 Endoplasmic reticulum (ER) stress pathway 

The endoplasmic reticulum (ER) is a multifunctional organelle that extends from the 

perinuclear space throughout the cytoplasm and is responsible for a variety of 

important cellular housekeeping functions.  There is both rough and smooth ER.  The 

rough ER assembled with membrane-bound ribosomes play an essential role in the 

synthesis, folding, transport, post-translational modification, and processing of 

secretory and transmembrane proteins.  Meanwhile, the smooth ER plays a 

significant role in lipids and steroids biosynthesis, the assembly of lipid bilayers, the 

regulation of calcium intracellular homeostasis, and the metabolism of carbohydrates 
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and drugs (Alberts et al., 2008).  ER homeostasis is important for proper protein 

folding and stresses, such as the elevation of protein synthesis, perturbations in 

calcium homeostasis, expression of misfolded or mutant proteins, the overload of 

cellular cholesterol, and the reduction of glucose or nutrients, which could lead to 

protein aggregates or the accumulation of unfolded proteins (Kaufman et al., 2002).  

When unfolded proteins accumulate, the ER activates the unfolded protein response 

(UPR) system in order to prevent the accumulation of misfolded and unfolded 

proteins, a condition known as ER stress.  UPR increases the capacity of protein 

folding, reduces newly translated proteins entering into the ER, and promotes the 

degradation of misfolded proteins to restore homeostasis.  However, if the UPR fails 

to achieve ER normality, it signals for cell apoptosis in order to protect the adjacent 

normal cells (Ma and Hendershot, 2001; Kim et al., 2008).  An overview of the ER 

stress pathway and UPR is illustrated in Figure 1.9 that will be further explained in 

the following section.  Recent evidence indicates that cellular dysfunction or death 

associated with ER stress is a major cause in the pathogenesis of some human 

disorders such as cancer, diabetes, cardiovascular, and neurodegenerative diseases 

(Ron and Walter, 2007).  
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Figure 1.9 ER stress and UPR. Accumulation of unfolded proteins promotes dissociation of BiP from the luminal domain of the ER stress 

sensors IRE1, PERK and ATF6, resulting in their activation. Both IRE1 and PERK oligomerise and autophosphorylate, while ATF6 gets cleaved 

in the Golgi to form active ATF6. Activated form of IRE1 has both endoribonuclease activity that produce XBP-1s, and kinase activity that 

phosphorylates several targets, including JNK and p38 MAPK. Activated form of PERK phosphorylates eIF2α leading to a decrease in cap-

dependent translation and the production of the transcription factor ATF4. Since cleaved ATF6 is an active transcription factor it relocates to 

the nucleus where it can upregulate several genes including XBP-1s and BiP [Adapted from (Bennett et al., 2019)]. ATF4, activating 

transcription factor 4; ATF6, activating transcription factor 6; BiP, binding Ig protein; CHOP, CCAAT-enhancer-binding protein homologous 

protein; elFα, eukaryotic initiation factor 2 alpha; ER, endoplasmic reticulum; ERAD, ER-associated degradation; GADD34, growth arrest and 

DNA-damage-inducible protein 34; IRE1, inositol requiring 1; JNK, c-JUN N-terminal kinase; MAPK, mitogen activated protein kinase; PERK, 

protein kinase r-like endoplasmic reticulum kinase; RIDD, regulated IRE1-dependent decay; XBP-1s, X-box DNA-binding protein-1s.
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1.7.1 ER stress sensors 

The ER contains a series of molecular chaperones and foldases that retain the newly 

synthesised polypeptide in a soluble form in order to promote its appropriate folding 

into a thermodynamically specific structure (Luoma, 2013).  A Ca2+-dependent 

molecular chaperone available in ER lumen is the Binding Ig Protein (BiP), also 

known as Glucose Regulated Protein 78 (GRP78), which transiently binds to newly 

synthesised proteins (Harding et al., 2002; Zhang and Kaufman, 2004).  Under 

normal conditions, BiP is also bound to the luminal domains of three ER 

transmembrane proteins—namely, Inositol Requiring 1 (IRE1), Protein kinase r-like 

Endoplasmic Reticulum Kinase (PERK), and Activating Transcription Factor 6 

(ATF6)—keeping them inactive.  However, upon ER stress with higher unfolded 

proteins, BiP will dissociate from these sensors and bind to the misfolded proteins, 

leading to their activation to regulate downstream effectors to perform their 

functions, including feedback control, adaptive response, and regulation of cell fate 

(Oslowski and Urano, 2010).   

 

Two homologues of IRE1 are found in mammals: IRE1α is expressed in most cell 

types and has been extensively studied whereas IRE1β is expressed in 

gastrointestinal epithelial cells (Ma and Hendershot, 2001).  When BiP is released 

upon sensing the presence of unfolded or misfolded proteins, IRE1α/ β dimerises and 

autophosphorylates to stimulate its cytosolic RNase domain, which in turn splices a 

26-nucleotide intron sequence from X-box DNA-binding protein (XBP1) mRNA 

(Figure 1) (Zhang and Kaufman, 2004).  XBP1 then migrates to the nucleus and 

binds the upstream DNA UPR element (UPRE); as a result, it is considered a potent 
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activator of UPR genes, which are responsible for the regulation of protein 

maturation, folding, and degradation (Yoshida et al., 2003).  Zhang et al. showed 

that, in hyperhomocysteinaemia, homocysteine induces vascular endothelial cell 

apoptosis through the activation of IRE1 supressed by overexpression of the point 

mutants of IRE1 with defective RNase.  This suggests that high homocysteine levels 

indirectly activate UPR though the false stimulation of XBP1 (Zhang et al., 2001).  

Furthermore, IRE1 is also responsible for regulating the transcription of proteins 

needed in the ER-associated degradation (ERAD) system signalling in order to 

degrade misfolded proteins (Yoshida et al., 2003; Travers et al., 2000).  One of these 

proteins is the ER degradation-enhancing α-mannosidase-like protein (EDEM), a 

membrane protein that interacts with calnexin (CNX) to assist in the retro-

translocation of irreparably misfolded proteins from ER back to cytoplasm, where 

they get ubiquitinated and subjected to proteasomal degradation (Kaufman et al., 

2002; Yoshida et al., 2003; Oda et al., 2003).  Moreover, insoluble misfolded 

proteins could assemble with other cell debris into aggresomes, a highly regulated 

process that forms juxtanuclear complexes for the sequestration of toxic accumulated 

proteins, which get recycled through autophagy (Nakatsukasa and Brodsky, 2008; 

Clarke et al., 2012).  

 

PERK is also a type I ER transmembrane kinase and has a similar luminal domain of 

double stranded RNA of IRE1.  When PERK is activated by ER stress, it 

oligomerizes, autophosphorylates, and then directly phosphorylates the α-subunit of 

eIF2α which prevents the formation of ribosomal complexes and, thus, transiently 

attenuates mRNA translation and protein synthesis (Harding et al., 1999; Harding et 
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al., 2000b).  Therefore, when ER workload is reduced, it protects cells from 

apoptosis related to ER stress (Harding et al., 2000b).  On the other hand, some 

mRNAs, such as the mRNA encoding activating transcription factor 4 (ATF4), a b-

ZIP transcription factor, require the phosphorylation of eIF2α for translation.  ATF4 

regulates numerous UPR target genes, including those involved in ER stress-

mediated apoptosis, such as C/EBP homologous protein (CHOP) (Harding et al., 

2000a).  CHOP is associated with both growth arrest and cellular apoptosis. CHOP 

expression is activated by IRE1- and PERK-mediated signalling, which in turn 

stimulate ATF4 and ATF6 transcription factors (Schönthal, 2012).  Therefore, when 

UPR is activated for a prolonged time, ATF4 can stimulate CHOP expression, 

leading to the activation of caspase-3 and cell death (Ma et al., 2002).  Otherwise, 

under prolonged UPR, calcium homeostasis in the ER could be disrupted, leading to 

the activation of caspase-12, an ER-associated effector of caspase activity which 

promotes apoptosis through the activation of caspases 9 and 3 (Zhang and Kaufman, 

2004).  

 

Similarly, two forms of ATF6 are available in the ER of mammalian cells, ATF6α 

and ATF6β, which upon release of BiP can move to the Golgi compartment 

(Kaufman et al., 2002).  The cytosolic region of ATF6 α/β is cleaved by site-1 and 

site-2 proteases (S1P/S2P) in the Golgi to produce an ATF6 active domain which is 

transferred to the nucleus to bind to the ER stress response element (ERSE) with 

CCAAT-binding factor (CBF) in order to activate the transcription of molecular 

chaperones and other associate-folding enzymes (Ye et al., 2000; Kaufman et al., 

2002; Yoshida et al., 2003).  ATF6 could be working with XBP1 to stimulate 
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proteins required in the folding of unfolded proteins in the ER (Zhang and Kaufman, 

2004).  

 

1.7.2 Pharmaceutical ER stress inducers 

The induction of ER stress and activation of UPR in cellular tissue can be achieved 

through numerous chemicals, including tunicamycin, MG132, dithiothreitol (DTT), 

Brefedin A, and thapsigargin.  The treatment duration and concentration are essential 

in inducing ER stress; usually ER stress is induced with only a few hours of cell 

treatment, while extended exposures often lead to ER stress-mediated cellular death 

(Oslowski and Urano, 2010).  Tunicamycin is a naturally occurring antibiotic and a 

UDP-N-acetylglucosamine-dolichol phosphate N-acetylglucosamine-1-phosphate 

transferase (GPT) inhibitor which blocks glycoprotein biosynthesis’s initial step (N-

linked glycans) in the ER, leading to the accumulation of unfolded glycoproteins in 

the ER and, hence, to ER stress (Banerjee et al., 2011).  Treating cells with 2.5–5 

μg/ml of tunicamycin for 5 hours is usually required to induce ER stress in many cell 

types (Duksin and Mahoney, 1982; Oslowski and Urano, 2010).  Some studies have 

proposed that tunicamycin could be a therapeutic drug used in cancer cells because it 

sensitises human prostate and colon cancer cells to TRAIL-induced apoptosis (de‑

Freitas‑ Junior et al., 2012; Jung et al., 2012).  A second ER stress inducer used in 

this study is MG132, a specific and cell-permeable proteasome inhibitor which 

stimulates ER stress indirectly by blocking ERAD that leads to the accumulation of 

unfolded/misfolded proteins (Oslowski and Urano, 2010). 
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1.8 Tumour suppressor protein (p53)  

1.8.1 p53 

In 1979, six independently working groups of investigators discovered p53, a 53 kDa 

protein present in mouse and human cells (DeLeo et al., 1979; Kress et al., 1979; 

Lane and Crawford, 1979; Linzer and Levine, 1979; Melero et al., 1979; Smith et al., 

1979).  Five of these studies discovered this protein due to its interaction with the 

oncogenic large T-antigen in SV40-infected cells that were co-immunoprecipitated 

with specific antibodies produced against the viral protein.  In 1989, p53 changed 

from being a potential oncogene to a product of vital tumour-suppressor gene (TP53) 

in mammals whose inactivation by mutation or interaction with overexpressed 

cellular proteins or viruses occurs in almost all human cancers (Baker et al., 1989; 

Oren, 2003).  p53, “the guardian of cellular genome” has been known as a cellular 

sensor for DNA damage that responds to cellular genotoxic stresses in order to avoid 

genetic alterations in cells and maintain genome integrity (Vogelstein et al., 2000; 

Lengauer et al., 1998).  Cells undergo either cell cycle arrest or apoptosis depending 

on the type and degree of DNA damage in cells (Rich et al., 2000; Zhou and Elledge, 

2000).  These effects are mainly due to the ability of p53 to bind to DNA by a p53-

responsive element (p53RE) and regulate the transcription of genes involved in this 

process (Lane, 1992; El-Deiry et al., 1992) or through the non-transcriptional 

regulation of tumour suppression through the overexpression of p53 that induces 

cellular apoptosis without binding to DNA (Green and Kroemer, 2009; Haupt et al., 

1995; Kakudo et al., 2005).  Transcriptional and non-transcriptional activities of p53 

involve the stimulation of p21 (cell cycle arrest) (El-Deiry et al., 1993), Scotin 
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(apoptosis) (Bourdon et al., 2002), caspase 6 (MacLachlan and El-Deiry, 2002), 

extrinsic apoptosis cascade FAS/FASL (Müller et al., 1998; Li et al., 2015), death 

receptor 5 (DR5) (Wu et al., 1997), and pro-apoptotic “Bax/Bak” which directly 

stimulate oligomerisation or indirectly supress pro-survival members “Bcl-2 and Bcl-

xL” (Wei et al., 2001).  Moreover, p53 promotes apoptosis by targeting members of 

BH3-only proteins, including PUMA (Nakano and Vousden, 2001) and NOXA (Oda 

et al., 2000).  The role of p53 as a tumour suppressor has been established through 

various investigations and studies.  For example, p53-null mice showed increased 

tumorigenesis (Donehower et al., 1992; Jacks et al., 1994).  Moreover, patients with 

p53 mutations were more susceptible to the development of cancer (Malkin et al., 

1990; Srivastava et al., 1990).  In addition, the overexpression of p53 resulted in 

cellular growth arrest as well as the induction of apoptosis in myeloid leukemic cells 

and human colon cancer cells (Yonish-Rouach et al., 1991; Shaw et al., 1992). 

 

1.8.1.1 Mdm2 and p53 

In the absence of stress, p53 is expressed in very low steady-state basal levels that 

prevent it from exerting profound changes on cellular phenotype.  Under these 

conditions, p53 regulation is performed by the ubiquitin proteasomal pathway 

through the Mdm2 protein (Michael and Oren, 2002; Deb, 2002; Daujat et al., 2001; 

Momand et al., 2000), a product of a proto-oncogene overexpressed in a many 

human cancers that tightly binds to p53, rendering it inactive.  Two different 

molecular mechanisms govern this inactivation (Figure 1.1).  The first mechanism 

involves direct binding of Mdm2 to the N-terminal transactivation domain of p53, 

which interferes with p53 transcriptional activity and blocks essential protein 
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interactions necessary for the p53-dependent regulation of gene expression.  The 

second mechanism involves p53 degradation achieved through the binding of Mdm2 

to p53 and acting as a p53-specific E3 ubiquitin ligase by attaching to p53 ubiquitin 

moieties that, in turn, target p53 for rapid degradation by the 26S proteasome (Honda 

et al., 1997; Oren, 2003).  Therefore, high Mdm2 levels affect p53 activity even 

under normal p53 functional conditions.  It should also be mentioned that other 

mechanisms have been discovered by different investigators for p53 degradation 

unrelated to Mdm2, which contribute to the maintenance of low steady-state p53 

levels (Asher et al., 2002; Benetti et al., 2001; Fuchs et al., 1998; Kubbutat and 

Vousden, 1997).  The Mdm2 gene is a major target for p53 because it has two 

adjacent p53 binding sites (p53BS) within its first intron.  p53 can therefore bind to 

these p53BS and activate the expression of Mdm2.  As a result, a negative auto-

regulatory feedback loop is established, where stimulation of Mdm2 synthesis by p53 

would in turn switch off p53 synthesis (Figure 1.8) (Michael and Oren, 2002).  p53 is 

a leading transcription factor which regulates the expression of various signalling 

molecules involved in apoptosis, senescence, cell cycle regulation, DNA 

metabolism, cell differentiation, angiogenesis, immune response, motility and 

migration, and cell–cell interaction (Menendez et al., 2009).  
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Figure 1.10 p53-Mdm2 auto-regulatory loop. Mdm2 protein inactivates p53 

through physical blocking of p53 transcriptional activity or promoting ubiquitination 

of p53 and consequent degradation via the proteasome.  Similarly, expression of 

Mdm2 can be positively regulated through p53 when it binds to p53 binding sites 

within mdm2 gene promoter [Adapted from (Oren, 2003)]. 

 

1.8.2 p63, p73, and p90 

In 1997, almost two decades after p53 discovery, two genes named p63 and p73 were 

discovered that have significant structural and functional similarities to the well-

studied p53 (Kaghad et al., 1997; Augustin et al., 1998; Yang et al., 1998).  p63 and 

p73 share hallmark features of the tumour-suppressor protein p53 which includes an 

acidic, amino-terminal transactivation (TA) domain, a core domain for DNA binding 

(DBD), and a carboxy-terminal oligomerisation domain, as shown in Figure 1.11 

(Dötsch et al., 2010; Yang and McKeon, 2000).  Both p63 and p73 are available as 

numerous protein variants, exhibiting similar or opposed activities due to different 

splicing that occurs at the carboxy-terminal end as well as the presence of an 

alternative promoter located in the third intron (Dötsch et al., 2010).  The full-length 
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isoforms of p63 and p73 (TAp63 and TAp73), with a transactivation domain (TAD), 

usually have similar behaviours as p53 in target promoters and biological functions; 

however, different splicing events produce different transactivation capacity proteins 

among the TA variants.  Therefore, using an alternative promoter creates amino-

terminally truncated DN isoforms which lack TAD and, thus, are transcriptionally 

inactive, thereby inhibiting the active p53 family members (Dötsch et al., 2010; 

Murray-Zmijewski et al., 2006).  Hence, p53 family members possess structural 

complexity with molecular flexibility that affects functional diversity.  As p63 and 

p73 share similar sequence identity and domain architecture with p53, they can form 

oligomers and bind DNA which allows for the transactivation of p53-responsive 

genes in response to DNA damage leading to cell cycle arrest, cellular senescence, or 

apoptosis (Yang et al., 1998; Melino et al., 2003; Keyes et al., 2005).  Indeed, both 

p63 and p73 display unique and distinct biological functions; p63 plays a significant 

role in the development of squamous epithelia and their derivatives whereas p73 is 

vital in the differentiation of neurons and the development of olfactory and nervous 

systems.  p63 and p73 knockout mice have consistently shown severe limb 

truncations and the absence of hair, skin, teeth, and lachrymal, mammary, and 

salivary glands (Yang et al., 1999; Mills et al., 1999) as well as neuronal 

development abnormalities (Pozniak et al., 2000; Yang et al., 2000), respectively.  

Consequently, an imbalance in the members of the p53 family results in a substantial 

amount of congenital developmental abnormalities in humans. 

 

p90, also known as coiled-coil domain-containing protein 8 (CCDC8), is a 538– 

amino acid protein that contains 2 coiled-coil domains (Hanson et al., 2011), and the 
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proteins contained within this domain are involved in various biological processes, 

such as the regulation of cell division, gene expression, and membrane fusion 

(Burkhard et al., 2001; Woolfson, 2005).  p90 is evolutionarily conserved, and p90 

mutation leads to the development of 3M syndrome in humans, a primordial growth 

disorder, through interacting with p53, CUL7 (Cullin 7), and OBSL1 (Obscurin-Like 

1) (Dai et al., 2011; Hanson et al., 2011; Hanson et al., 2012a).  p90 is a unique 

regulator of p53 and has been shown to interact with p53 both in vitro and in vivo 

(Dai et al., 2011). Knockdown of p90 has no obvious effect on p53-mediated 

activation of p21 but specifically abrogates its effect on p53 upregulated modulator 

of apoptosis, also known as Bbc3 (PUMA) activation.  Moreover, p90 has also been 

shown to interact with Tip60 and promote Tip60-dependent Lys120 acetylation of 

p53, therefore enhancing the apoptotic response of p53 (Dai, 2014).  This 

demonstrates that p90 acts as an upstream regulator of the Tip60-p53 interaction and 

is specifically required for p53-mediated apoptosis upon DNA damage.  Low-level 

or no expression of p90 was shown to be related to the development of some tumors, 

such as multiple myeloma (Zhan et al., 2007), renal cell carcinoma (Morris et al., 

2011), prostate cancer (Law et al., 2010), and breast cancer (Pangeni et al., 2015).  

However, the roles and possible mechanisms of action of p90 in other tumors are yet 

to be elucidated.  In addition, it was primarily demonstrated that inhibition of p90 

affects cancer cell proliferation; however, roles of p90 in cancer metastasis have not 

been completely understood. 
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Figure 1.11 Modular structure of the p53 family members [Adapted from (Dötsch 

et al., 2010)]. 

 

1.9 Nuclear factor kappa B (NF-κB)  

Nuclear factor kappa B (NF-κB) is a master transcription factor initially discovered 

by David Baltimore in 1986 as a nuclear activity with a specific binding toward a 

ten-base-pair DNA sequence 5’-GGGACTTTCC-3’ present within the 

immunoglobulin kappa light chain in mature antibody-producing B lymphocytes (Sen 

and Baltimore, 1986).  Since this initial identification, NF-κB has also been shown to 

be a ubiquitously expressed cytoplasmic signalling molecule; once activated, it can 

undergo nuclear translocation and consequently regulate transcription of selective 

target genes.  NF-κB activates the expression of stress response genes in response to 

multiple stimuli, including growth factors, cytokines, engagement of the T-cell 

receptor, and bacterial and viral products (Hayden and Ghosh, 2008).  NF-κB 

controls important cellular processes, including cell proliferation, growth, survival, 

inflammation, immunity, and apoptosis (Bours et al., 2000; Karin et al., 2002).  

Dysregulation of NF-κB pathways results in severe diseases, such as 

immunodeficiency, arthritis, autoimmunity, and cancer (Courtois and Gilmore, 

2006). 
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1.9.1 The NF-κB family 

The NF-κB family of transcription factors consists of five members that have been 

identified in eukaryotic cells, known as p50, p52, p65 (RelA), c-Rel, and RelB, 

encoded by NFKB1, NFKB2, RELA, REL, and RELB, respectively (Ghosh et al., 

1998; Ghosh and Hayden, 2008).  p65 (Rel A), Rel B, and c-Rel proteins are 

synthesised as fully functional proteins and possess a transcription activation domain 

(TAD) necessary for the positive regulation of gene expression.  p50 and p52 

proteins are produced in vivo as their precursor proteins, p105 and p100, and require 

proteolytic cleavage in order to generate the active molecules; since p50 and p52 

lack TADs, they could suppress transcription unless associated with a TAD-

containing NF-κB family member or other proteins with the ability of coactivator 

recruitment (Perkins and Gilmore, 2006).  The TAD is divided into two distinct 

transactivation domains, TA1 and TA2.  TA1 is found in the C-terminal portion 

(residues 521–551) of the TAD while TA2 is located within the adjacent 90 amino 

acids (residues 428–521).  The transcriptional activation of RelA has been found to 

be regulated by the two TADs (Schmitz and Baeuerle, 1991; O'Shea and Perkins, 

2008).  Published evidence has proposed that RelA phosphorylation in the TAD 

regions functions as a method of post-translational modification to regulate 

transcriptional activation (Viatour et al., 2005).  The NF-κB family shares an N-

terminal Rel homology domain (RHD) responsible for DNA-binding, homo-/hetero-

dimerisation, nuclear translocation, as well as interaction with IκBs as the family is 

regulated by eight IκB family members (Ghosh et al., 1998; Ghosh and Hayden, 

2008).  The nuclear localisation sequence (NLS) was found within the RHD that 

becomes apparent upon proteasomal degradation of IκB-α (Ghosh and Hayden, 
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2008). 

 

1.9.2 Inhibitory kappa B (IκB) 

In unstimulated cells, NF-κB is located in the cytoplasm where it is physically 

sequestered by the inhibitory kappa B (IκB) proteins because they mask the NLS, 

thereby preventing translocation of the NF-κB to the nucleus (Beg et al., 1992).  The 

IκB protein family consists of three functional groups: the typical IκB proteins IκB-

α, IκB-β, and IκB-ε, which are present in the cytoplasm of unstimulated cells and 

upon stimulation can get degraded and re-synthesised; the atypical IκB proteins IκB-

ζ (encoded by NFKBIZ), BCL-3 (B-cell lymphoma 3), and IκBNS (encoded by 

NFKBID), which are expressed following activation and mediate their effects in the 

nucleus; and the precursor p100 and p105 NF-κB members which could be processed 

to produce p52 and p50 NF-κB family members, respectively, or get degraded 

(Ghosh and Hayden, 2008).  The first IκB protein identified—and probably the most 

well characterised within this family—is IκB-α (Ishikawa et al., 1995).  Upon 

stimulation, IκB-α undergoes phosphorylation followed by rapid ubiquitin-mediated 

proteasomal degradation that results in the release of the cytoplasmic-bound NF-κB 

dimers which then translocates to the nucleus to initiate gene expression (Hayden 

and Ghosh, 2008).  

 

1.9.3 The Inhibitory kappa B kinases (IKKs) 

The inhibitory kappa B kinase (IKK) complex is the major regulatory kinase 

complex within the NF-κB pathway and consists of two homologous kinase subunits, 
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IKKα (IKK1) and IKKβ (IKK2), as well as a regulatory subunit, IKKγ (NEMO) 

(Scheidereit, 2006; Häcker and Karin, 2006).  IKKα and IKKβ are catalytically 

active and share 52% of their protein sequence identity; they have an N-terminal 

kinase domain, a C-terminal helix-loop-helix (HLH) domain that controls the kinase 

activity, and a leucine-zipper (LZ) region that facilitates the kinases dimerisation 

(Mercurio et al., 1997).  Although IKKγ is a non-catalytic enzyme that lacks kinase 

activity, it plays a major regulatory function in the canonical NF-κB pathway 

(Rothwarf et al., 1998).  The N-terminal region of NEMO is responsible for 

interaction with the carboxyl terminus of the IKKα and IKKβ subunits required for 

the activation of the IKK complex (May et al., 2002).  In most canonical NF-κB 

signalling pathways, IKKβ is necessary in the phosphorylation of IκB-α following its 

activation by the pro-inflammatory cytokines TNF, interleukin-1 (IL-1), or several 

microbial products, although there is increasing evidence of a role for IKKα in this 

process (Hayden and Ghosh, 2008).  IKKα has been shown to function as a 

significant regulator of the NF-κB-dependent transcriptional response by non-IκB 

substrates, including transcriptional co-activator, transcriptional co-repressors, and 

NF-κB itself.  In addition, the non-canonical NF-κB pathway mainly depends on 

IKKα (Scheidereit, 2006; Hayden and Ghosh, 2008) whereas IKKγ is essential for all 

canonical NF-κB signalling pathways, including those catalysed by IKKα (Häcker 

and Karin, 2006).  IκB-α expression induced by the signalling of NF-κB provides a 

dominant and robust negative feedback loop directed against NF-κB-dependent 

transcriptional activity.  Therefore, recent evidence has proposed an analogous role 

for the post-translational ubiquitylation of signalling intermediates (Liu et al., 2005). 

 



 66 

1.9.4 Three distinctive pathways of NF-κB activation 

Three intracellular mechanisms have been shown to activate the NF-κB pathway: the 

classical (canonical), alternative (non-canonical), and atypical pathways (Figure 

1.12).   

 

Figure 1.12 The three distinctive NF-κB pathways. The canonical NF-κB pathway 

(left) when activated through different stimuli it activates and phosphorylates the 

IKKβ subunit of the IKK complex. That phosphorylates IκB proteins bound to NF-κB 

dimers such as p50-p65 results in ubiquitination (Ub) of IκB and proteasome-

induced degradation, which allows NF-κB to enter the nucleus where it binds 

specific DNA sequences. The non-canonical pathway (middle) when activated it 

requires NIK to activate IKKα, which then phosphorylates p100 (NF-κB2), 

triggering its proteosomal processing needed for the activation of p52-RelB dimers. 

Whereas the atypical pathway (right) when activated it results in tyrosine 42 
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phosphorylation of IκB-α that results in NF-κB translocation without degradation of 

the IκB-α protein [Adapted from (Gerondakis et al., 2014)]. BAFF, B-cell-activating 

factor of the TNF family; EBV, Epstein–Barr virus; IKK, IκB kinase; IL-1, 

Interleukin-1; IκB-α, inhibitory kappa B alfa; LPS, lipopolysaccharides; NEMO, 

IKKγ; NIK, NF-κB-inducing kinase; P, phosphorylation; TNF-α, tumour necrosis 

factor alpha Ub, ubiquitination; UV-C, ultraviolet. 

 

1.9.4.1 Classical (canonical) pathway 

The classical (canonical) pathway is the initial pathway to be characterised, and it 

involves the rapid activation and nuclear translocation of cytoplasmic NF-κB that 

leads to the degradation of its inhibitor IκB-α, as a result of IκB-α phosphorylation 

by the activated IκB kinase (IKK) complex through inflammatory mediators, such as 

LPS, IL-1, and TNF-α (Soloff et al., 2006; Hayden and Ghosh, 2008).  Cytokine 

receptors including TNFR1, the IL-1β receptor, and toll-like receptors (TLRs) have 

been shown to activate the canonical NF-κB pathway in a number of cell types 

(Plotnikov et al., 2011).  For example, TNFα activates NF-κB by binding a 

trimerised TNF protein to one of two cell surface receptors, known as p55 (TNFR-1, 

TNFRSF1A) or p75 (TNFR-2, TNFRSF1B) (Ding and Yin, 2004).  Once the TNF 

receptor is activated, it results in the recruitment of the TNF receptor-associated 

death domain (TRADD), which in turn recruits TRAF-2 along with a 

serine/threonine kinase known as the ring-finger interacting protein (RIP).  TRAF-2 

is the protein responsible for the binding and recruiting of IKKβ, thereby facilitating 

its activation, which in turn mediates the IKKβ-dependent phosphorylation of IκB-α 

at serine 32 and 36 (Häcker and Karin, 2006; Karin and Ben-Neriah, 2000).  

Consequently, IκB-α gets ubiquitinated and undergoes proteasomal degradation; 
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thus, the NF-κB member translocates to the nucleus, where it initiates the 

transcription of its target genes (Mercurio and Manning, 1999). 

 

1.9.4.2 Alternative (non-canonical) pathway 

The alternative (non-canonical) pathway involves the stimulation of the B-cell-

activating factor of the TNF family (BAFF), LPS, CD40 and lymphotoxin-b 

receptors, and latent membrane protein (LMP)-1 of the Epstein–Barr virus (EBV).  

The non-canonical pathway proceeds through the activation of TRAF, which 

stimulates the activation of the NF-κB-inducing kinase (NIK); this action in turn 

activates an IKKα dimer, which mediates a site-specific phosphorylation of C-

terminus of the precursor protein of the p100 (NF-κB2) NF-κB subunit and 

stimulation of its proteolytic processing to p52 (Hayden and Ghosh, 2004; Bonizzi 

and Karin, 2004).  The processing of p100 to p52 results in the activation of 

complexes containing this subunit, which in most circumstances consists of 

p52/RelB heterodimers translocating to the nucleus in order to regulate gene 

transcription (Bonizzi and Karin, 2004; Bonizzi et al., 2004). 

 

1.9.4.3 Atypical pathway 

The atypical pathway involves IKK-independent mechanisms as well as the use of 

IKK activity in a different manner than that found in the canonical and non-canonical 

pathways, resulting in the tyrosine phosphorylation of IκB-α on tyrosine 42 as 

opposed to the classical residues serine 32 and 36, such as the casein kinase II 

(CK2)-dependent phosphorylation and degradation of IκB-α as a result of either short 
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wavelength ultraviolet (UV-C) light or the expression of the Her2/Neu oncogene 

(Kato Jr et al., 2003; Romieu-Mourez et al., 2002).  Interestingly, the 

phosphorylation of IκB-α at Tyr42 results in NF-κB translocation without 

degradation of the IκB-α protein (Sethi et al., 2007). 

 

1.10 Activator protein-1 (AP-1)  

Activator protein-1 (AP-1), one of the first mammalian transcriptional factors to be 

identified, regulates a broad range of cellular processes, including cellular growth, 

survival, differentiation, proliferation, cell migration, transformation, and apoptosis 

(Angel et al., 1987; Shaulian and Karin, 2002).  Various studies have shown that AP-

1 plays an essential role in many disorders including fibrosis, cancer, and organ 

injury, as well as inflammatory disorders such as psoriasis, asthma, and rheumatoid 

arthritis (Palanki, 2002; Shaulian and Karin, 2002; Eferl and Wagner, 2003); 

therefore, in the past two decades AP-1 has emerged as a pursued drug discovery 

target, with a resurgence of attention in recent years. 

 

AP-1 is a dimeric complex composed of homodimers and heterodimers members 

from the JUN (v-JUN, c-JUN, JUNB, and JUND), FOS (v-FOS, c-FOS, FOSB, 

FRA-1, and FRA-2), ATF (ATF-2, ATF-3, ATF-4, ATF-5, ATF-6, ATF-6B, ATF-7, 

BATF, BATF-2, BATF-3, JDP1, and JDP2), or MAF (c-MAF, MAFA, MAFB, 

MAFF, MAFG, MAFK, and NRL) protein families (Shaulian and Karin, 2002; Eferl 

and Wagner, 2003).  All active AP-1 members are characterised by the possession of 

basic leucine-zipper (bZIP) domains, which are essential for DNA binding and 

dimerization as they recognise different response elements (REs) in genomic 



 70 

regulatory regions.  The bZIP domain, together with its adjacent basic domain, forms 

a unique and flexible “scissor-shaped” α-helix structure; the carboxy-terminal 

regions of the α-helixes align to form parallel “coiled coils”, whereas the amino-

terminal regions provide base-specific contacts with DNA in the main groove (c-

FOS/c-JUN, PDB code 1FOS) (Glover and Harrison, 1995).  AP-1 is activated by 

phorbol 12-myristate 13-acetate (PMA), the tumour-promoting agent 12-O-

tetradecanoylphorbol-13-acetate (TPA), allowing its binding to the TPA-response 

element (TRE) with the consensus sequence 5’-TGAG/CTCA-3’ (Hess et al., 2004).  

AP-1 activity is stimulated by a plethora of physiological and environmental stimuli, 

such as growth factors, cytokines, onco-proteins, neurotransmitters, cell–matrix 

interactions, polypeptide hormones, UV irradiation, and bacterial or viral infections 

(Shaulian and Karin, 2002; Suto and Ransone, 1997; Wang et al., 2013a).    

 

The AP-1 transcription factor family is ruled under strict transcriptional, 

translational, and post-translational regulations specific to cellular type and context 

except in the case of cancer cells.  AP-1 is mainly regulated by the transcriptional 

levels of both JUN and FOS that involves activation of mitogen-activated protein 

kinase (MAPK) pathways and by post-translational modification through 

phosphorylation and de-phosphorylation (Suto and Ransone, 1997).  The MAPK 

cascade is activated by a MAPK kinase (MAPKK), which is activated by a MAPK 

kinase kinase (MAPKKK) that is either directly stimulated by a small G-protein such 

as Ras or through another upstream kinase (Fanger et al., 1997).  The MAPK 

pathway consists of three separate groups of c-JUN N-terminal kinases (JNKs), also 

referred to as stress-activated kinases (SAPKs), extracellular signal-regulated kinases 
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(ERKs), and the later discovered p38s.  JNKs have three alternative forms of proteins 

(JNK1, JNK2, JNK3) with different abilities to bind and phosphorylate family 

members of AP-1 (Gupta et al., 1996).  JNKs are activated by the MAPKKs MKK4, 

and MKK7, whereas the ERKs are activated by MEK1 and MEK2, and p38 is 

activated by MKK3 and MKK6.  Once the MAPK pathway is activated, it regulates 

downstream transcription factors that promote the transcription of FOS and JUN 

genes, thereby increasing the expression of AP-1 complexes.  FOS expression is 

stimulated by TCFs, which are activated through phosphorylation by the p38, JNKs, 

and ERKs, whereas JUN expression is induced by MEF2C, ATF2, and JUN, which 

are activated through phosphorylation by the p38 and JNK (Eferl and Wagner, 2003).  

AP-1 activity could also be regulated through various kinases via post-translational 

phosphorylation that regulate AP-1 DNA-binding capacity, transactivating potential, 

and the stability of AP-1 components, such as glycogen synthase kinase-3β (GSK-

3β), casein kinase II (CKII), and ribosomal S6 kinase 2 (RSK2).  AP-1 was recently 

shown to be regulated through other mechanisms, including genetic interaction with 

other oncoproteins, mRNA turnover, and protein stability (Shaulian and Karin, 

2002). 

 

AP-1 family members are controlled through rapid degradation by the proteasome 

(Salvat et al., 1998); interestingly, c-FOS has been shown to be degraded via the 

proteasome independently of its own ubiquitination (Bossis et al., 2003) whereas c-

JUN is degraded through the proteasome in a ubiquitin-dependent manner (Treier et 

al., 1994).  It was recently suggested that c-JUN/c-FOS dimers are degraded through 

the SUMO pathway (Bossis et al., 2005).  In addition, reversible protein acetylation 
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has been shown to be involved in the regulation of AP-1 as well, because osmotic 

stress down-regulates c-JUN via the histone deacetylase, HDAC3-dependent 

transcriptional repression (Xia et al., 2007).  Moreover, HDAC inhibitors have been 

shown to suppress c-JUN binding to Cyclooxygenase-2 (COX-2), Collagenase-1, 

and Cyclin D1 promoter regions, resulting in the blocking of transcription 

(Yamaguchi et al., 2005). 

 

1.11 Project aims 

As SKs represent a promising target for the development of novel therapeutics, the 

main aim of this research is to add knowledge to the role of Degs1, SK1 and SK2 in 

regulating cell survival/apoptosis pathways to help identify novel signalling 

networks and therapeutic targets that advance treatment options for various 

disorders, including cancer, T2D, metabolic disorders, and inflammatory skin 

disease.  The specific aims of the thesis include the following: 

i. To investigate the controversy concerning the role of dihydroceramide 

desaturase (Degs1) in regulating cell survival/apoptosis. A molecular and 

pharmacological approach was taken and the role of Degs1 

polyubiquitination was further investigated.   

ii. To evaluate the role of SK1 and SK2 in relation to the downstream effectors 

p53, p38 MAPK, JNK, and XBP-1s as these kinases are involved in 

survival/apoptosis fates. 

iii. To examine the role of SK1 and SK2 in inflammation-based transcriptional 

regulation in keratinocytes in relation to NF-κB/AP-1 as the role of SKs in 

inflammation is controversial. 
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CHAPTER2: MATERIALS AND METHODS 

 

2.1 Materials 

2.1.1 General reagents 

All general biochemical materials and reagents were purchased from Sigma-Aldrich 

(Poole, UK) unless otherwise indicated. 

 

Bio-Rad (UK) 

1.0 mm integrated spacer plate for Mini-PROTEAN® 3 Multi-Casting Chamber (Cat 

No. 165-3311); short plate for Mini-PROTEAN® 3 (Cat No. 165-3308). 

 

Christiansen-Linhart (Munich) 

CEA RP New X-ray film (Cat No. C011824); KODAK RP X-OMAT developer (Cat 

No. KK17E2); KODAK RP X-OMAT fixer (Cat No. KK17F1). 

 

Fisher Scientific (Leicestershire, England) 

Amersham nitrocellulose blotting membrane (Cat No. 15259794); Bovine Serum 

Albumin (Cat No. 11413164); Geneticin G-418 Sulphate (Cat No. 10463982); 

Pierce™ BCA Protein Assay Kit (Cat No. 10678484); Pierce™ D-Luciferin 

Monosodium Salt (Cat No. 88291); Scintsafe2 scintillation cocktail (Cat No. 

10659633); UltraPure DNase/RNase-Free Distilled Water (Cat No. 11538646); 

Western Blotting Filter Papers (Cat No. 10675935). 
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Vector Laboratories (Peterborough, UK) 

VECTASHIELD HardSet Antifade Mounting Medium with DAPI (Cat No. H1500). 

 

2.1.2 Cell culture 

All cell culture materials and reagents were purchased from Fisher Scientific 

(Leicestershire, England) unless otherwise indicated.  HEK293 cells were purchased 

from European Collection of Animal Cell Cultures, supplied through Public Health 

England (Salisbury, UK) and HEK293T cells were gifted from Professor Anthony 

Futerman (Weizmann Institute, Israel); while NCTC-NF-κB and NCTC-AP1 

reporter keratinocyes were gifted from Dr Andrew Paul (SIPBS, Glasgow, UK). 

 

VWR (Leicestershire, UK) 

96-well Black plates with clear bottom for fluorescent and luminescent (Cat No. 734-

2327). 

 

Sera Labs (UK) 

Foetal Bovine Serum (Cat No. EU-000-F). 

 

2.1.3 Antibodies 

Abcam (UK) 

Anti-Degs1 (EPR9680) monoclonal antibody (Cat No. ab185237); anti-SK1 

antibody (lab reference number 48:2) was custom made by Abcam using antigens 

detailed in (Huwiler et al., 2006). 
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Insight Biotechnology LTD (Wembley, UK) 

Anti-P-ERK-1/2 monoclonal antibody (Cat No. sc-7383); anti-GAPDH (0411) 

monoclonal antibody (Cat No. sc-47724). 

 

New England Biolabs Ltd. (Hitchin, UK) 

Anti-CHOP (D46F1) monoclonal antibody (Cat No. 5554); anti-IκΒ-α polyclonal 

antibody (Cat No. 9242); anti-LC3B polyclonal antibody (Cat No. 2775); anti-P-

AKT (Thr308) (C31E5E) monoclonal antibody (Cat No. 2965); anti-PARP 

polyclonal antibody (Cat No. 9542); anti-PERK (D11A8) monoclonal antibody (Cat 

no. 5683); anti-P-p38 MAPK (Thr180/Tyr182) polyclonal antibody (Cat No. 9211); 

anti-P-SAPK/JNK (Thr183/Tyr185) (98F2) monoclonal antibody (Cat No. 4671); 

anti-XBP-1s (D2C1F) monoclonal antibody (Cat No. 12782). 

 

Sigma-Aldrich (Poole, UK) 

Anti-actin polyclonal antibody (Cat No. A2066); anti-p53 (DO-7) monoclonal 

antibody (Cat No. P8999); anti-Mouse IgG–tetramethyl rhodamine isothiocyanate 

(TRITC) antibody (Cat No. T5393); anti-Mouse IgG–reporter horseradish peroxidase 

(HRP) antibody (Cat No. A9044); anti-Rabbit IgG–tetramethyl rhodamine 

isothiocyanate (TRITC) antibody (Cat No. T6778); anti-Rabbit IgG–reporter 

horseradish peroxidase (HRP) antibody (Cat No. A0545); protein A-Sepharose® 4B, 

Fast Flow (Cat No. P9424); protein G Sepharose®, Fast Flow (Cat No. P3296). 
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2.1.4 Agonists and inhibitors 

Cambridge Bioscience (Cambridge, UK) 

BMS345541 (IKK inhibitor) (N1–(1,8-dimethylimidazo[1,2-a]quinoxalin-4-yl)-1,2-

ethanediamine) (trifluoroacetate salt) (Cat No. CAY16667). 

 

Enzo Life Sciences (UK) 

SB203580 (p38 MAPK inhibitor) (4-(4-Fluorophenyl)-2-(4-methylsulfinylphenyl)-5-

(4-pyridyl)1H-imidazole) (Cat No. BML-EI286); SP600125 (JNK inhibitor) 

(Anthra(1,9-cd)pyrazol-6(2H)-one, 1,9-Pyrazoloanthrone) (Cat No. BML-EI305). 

 

Merck Biosciences (Nottingham, UK) 

PF-543 (Cat No. 567741); SKi (2-(p-Hydroxyanilino)-4-(p-chlorophenyl)thiazole) 

(Cat No. 567731). 

 

R & D Systems (Bio-Techne) (UK) 

Recombinant Human TNFα (Cat No. 210-TA/CF). 

 

Insight Biotechnology LTD (UK) 

Bortezomib (Cat No. sc-217785); Fenretenide (Cat No. HY-15373). 

 

Sigma-Aldrich (Poole, UK) 

FTY720 (2-amino-2-[2-(4-octylphenyl)ethyl]propane-1,3-diol) (Cat No. SML0700); 

K145 hydrochloride ((Z)-3-(2-Aminoethyl)-5-(3-(4-butoxyphenyl) propylidene) 

thiazolidine-2,4-dione Hydrochloride) (Cat No. SML1003); MG132 (Z-Leu-Leu-
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Leu-al) (Cat No. C2211); N-acetyl-L-cysteine (NAC) (Cat No. A7250); Nutlin (Cat 

No. N6287); PMA (Phorbol 12-Myristate 13-Acetate) (Cat No. P8139); 

Tunicamycin (Cat No. T7765). 

 

Stratech Scientific (UK) 

ABC294640 (3-(4-chlorophenyl)-adamantane-1-carboxylicacid(pyridin-4-ylmethyl) 

amide) (Cat No. S7174). 

 

(R)-FTY720 methylether (ROMe) was synthesised as described previously in (Lim et 

al., 2011a) and gifted by Professor Robert Bittman (City University of New York, 

USA). 

 

2.1.5 Molecular biology 

Addgene (Teddington, UK) 

HA-Ubiquitin plasmid construct (Cat No. 18712). 

 

BD Biosciences (UK) 

BactoTM Agar (Cat No. 214010); Bacto™ Tryptone pancreatic digest of casein (Cat 

No. 211705); Bacto™ Yeast Extract of autolysed yeast cells (Cat No. 212750). 

 

Dharmacon (Cromlington, UK) 

DharmaFECTTM2 reagent (Cat No. T-2002); ON-TARGETplus SMARTpool® 

DEGS1 siRNA (Cat No. L-006675-00-0005); ON-TARGETplus SMARTpool® SK1 

siRNA (Cat No. L-004172-00-0005); ON-TARGETplus SMARTpool® SK2 siRNA 
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(Cat No. L-004831-00-0005); ON-TARGETplus SMARTpool® TP53 siRNA (Cat 

No. L-003329-00-0005). 

 

Fisher Scientific (Leicestershire, England) 

Lipofectamine™ 2000 Transfection Reagent (Cat No. 11668019); plasmid construct 

(pcDNA3.1) (Cat No. V79020); PureLink™ HiPure Plasmid Maxiprep Kit (Cat No. 

K210006). 

 

Qiagen (Crawley, UK) 

Scrambled siRNA (ALLSTARS Negative control) (Cat No. 1027310); QIAGEN 

Plasmid plus Kits (Cat No. 12943). 

 

2.1.6 Radioisotopes 

PerkinElmer (UK) 

[Methyl-3H] thymidine (25 Ci/mmol; 37 MBq/ml) (Cat No. NET027A) 
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2.2 Methods 

2.2.1 Cell culture 

All cell culture work was carried out in a class II cell culture hood under aseptic 

conditions.  Human embryonic kidney (HEK293 and HEK293T) cells and 

keratinocytes reporter cells (NCTC-NF-κB and NCTC-AP-1) were cultivated in 75 

cm2 cell culture flasks (T-75) containing DMEM/Glutamax supplemented with 100 

U/ml penicillin, 100 μg/ml streptomycin, and 10 % (v/v) foetal bovine serum in a 

humidified atmosphere at 37°C with 5 % CO2.  Once per month, 400 μg/ml Geniticin 

(G-418 Sulfate) was added to NCTC-NF-κB/NCTC-AP-1 reporter keratinocytes 

culture media in the absence of antibiotics to ensure continued selection of the 

reporter construct-containing cells. 

 

Cells were replenished with complete fresh medium every 2–3 days until confluent.  

Confluent cells were detached from the flask surface by incubating them in a 

trypsin/EDTA solution for 2–3 minutes at 37°C after washing the cells’ surface 

gently with a serum-free DMEM/Glutamax medium.  The complete medium was 

then added to dilute the cell/trypsin suspension at ratios of 1:8 to 1:10 before 

transferring it to a new flask.  Cells between passages 1 and 20 were used for the 

experiments stated in the current study.  Figure 2.1 shows the typical phenotype of 

HEK293T cells and NCTC-NF-κB or NCTC-AP-1 reporter keratinocytes under the 

TMS inverted phase contrast microscope. 
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Figure 2.1 Cells’ morphology. Phase contrast images of healthy HEK293T cells and 

NCTC- NF-κB/NCTC-AP-1 reporter keratinocytes. Images were taken using a Nikon 

TMS inverted phase contrast microscope connected to Motic Images Plus 2.0 

software. Objective lens is 20x. Scale bar represents 100 μm for all images. Images 

are from an individual experiment, typical of 2 others. 

 

2.2.2 Treatment protocol 

For experiments, cells were plated on 12-well plates or 6-well plates, as required, and 

grown to approximately 70% confluence before being treated as described in each 

figure legend in the Results chapters.  NCTC-NFκB/NCTC-AP-1 reporter cells were 

quiesced with serum-free medium for 24 hours before the addition of compounds, 

whereas HEK293/HEK293T cells were not quiesced. 
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SKi, ABC294640, K145, ROMe, PF-543, FTY720, MG132, nutlin, fenretinide, 

bortezomib, tunicamycin, SP600125, SB203580, BMS345541, and PMA (used at the 

final concentrations indicated in the Figure legends) were reconstituted in DMSO 

before being added to the culture medium for cell stimulation/inhibition at a final 

concentration of 0.1–0.2% DMSO.  TNFα was reconstituted in sterile distilled H2O 

whereas NAC was dissolved to the required final concentration in sterile 

DMEM/Glutamax supplemented with 100 U/ml penicillin, 100 μg/ml streptomycin, 

and 10% (v/v) foetal bovine serum and incubated overnight at 37°C with 5% CO2 

before being used for experimentation. 

 

2.2.3 Plasmid DNA transformation and purification 

A sterile loop was dabbed onto HA-Ubiquitin plasmid-containing agar supplied, then 

stirred in a vial containing 5 ml of sterilised L-Broth media (1% (w/v) Bacto-

Tryptone, 0.5% (w/v) Bacto-yeast extract, and 1% (w/v) NaCl) and 5 l of ampicillin 

(1:1000) added into the miniprep culture.  The vial was left to shake in a shaking 

incubator at 200 rpm overnight at 37C.  Then, the overnight culture was added to a 

sterile centrifuge tube before being pelleted for 3 minutes at 120 g.  Plasmid DNA 

from the resulting pellet was purified using the PureLink™ HiPure Plasmid 

Maxiprep Kit, as per the manufacturer’s instructions.  The DNA yield was 

determined by measuring absorbance at 260 nm using the Nanodrop 2000 UV-Vis 

Spectrophotometer and Nanodrop 2000/2000 c Software. 
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2.2.4 Cell transfections 

2.2.4.1 siRNA transfections 

HEK293T cells were transiently transfected with siRNA constructs or scrambled 

siRNA (as a negative control) at a final concentration of 100 nM.  Cells were grown 

to approximately 70% confluence, and for three wells a mixture of 1 μM siRNA in 

175 μl of antibiotic-free DMEM/Glutamax medium and 2.8 μl of DharmaFECT® 2 

transfection reagent in 172.2 μl of antibiotic-free DMEM/Glutamax medium was 

prepared.  These preparations were incubated for 5 minutes at room temperature to 

mix and then combined and incubated for 20 minutes at room temperature to allow 

for the formation of siRNA and DharmaFECT® 2 transfection reagent complexes.  

Next, 1.4 ml of antibiotic-free DMEM/Glutamax medium supplemented with 10% 

(v/v) foetal bovine serum was added to the 350 μl transfection mixture and mixed 

gently.  Then 500 μl of the transfection mixture was used to replace the cell culture 

medium of each well, and the cells were incubated at 37°C in 5% CO2 for 48 hours. 

 

2.2.4.2 Transient plasmid transfection 

HEK293T cells were transiently transfected with plasmid constructs or vector 

plasmid (pcDNA3.1) as a control.  For each well of cells to be transfected, 1 μg of 

the appropriate plasmid DNA and 1.5 μl of Lipofectamine™ 2000 were diluted 

separately in 200 μl of serum-free media and incubated at room temperature for 20 

minutes before 800 μl of DMEM/Glutamax antibiotic-free media supplemented with 

1% (v/v) of foetal bovine serum was added to the DNA complexes and then used to 

replace the medium in relevant wells.  Cells were incubated at 37°C in 5% CO2 for 8 
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hours.  The medium was then replaced with DMEM/Glutamax supplemented with 

10% (v/v) of foetal bovine serum before being treated with compounds (as indicated 

in Figure legends) for a further 24 hours and harvested.  

 

2.2.5 Immunoprecipitation 

Cells were placed in an ice-cold lysis buffer (500 μl/3 wells) containing 137 mM 

NaCl, 2.7 mM KCl, 1 mM MgCl2, 1 mM CaCl2, 1% (w/v) Na deoxycolate, 10% 

(v/v) Glycerol, 20 mM Tris-Base, 1 mg/ml BSA, 0.5 mM Na3VO4, 0.2 mM PMSF, 

and 10 μg/ml of both leupeptin and aprotinin (pH 8.0).  The samples were 

homogenised using a 0.24 mm gauge needle and syringe and left to shake at 4°C for 

60 minutes.  After centrifugation to remove cell debris, 250 μl of supernatant was 

pre-cleared with 20 μl of protein A or G Sepharose beads (1:1 with lysis buffer; 20 

minutes at 4°C) for rabbit/mouse, depending on the antibody used, before subsequent 

immunoprecipitation was achieved by adding 2 μl of the anti-Degs1 or anti-p53 

antibody and 20 μl protein A or G Sepharose beads, respectively (mixed by rotation; 

2 hours at 4°C).  Immunoprecipitates were collected by centrifugation and washed 

three times with Buffer A (10 mM HEPES, 100 mM NaCl, 0.5% (v/v) NP-40, and 

0.2 mM PMSF; pH 7.0) and three times with Buffer B (Buffer A without NP-40).  

The beads were then sedimented by centrifugation, the supernatant removed, and 20 

μl 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) added to the 

beads, which were then heated at 100°C for 3 minutes.  The samples were then 

subjected to SDS-PAGE. 

 



 85 

2.2.6 Preparation of the pellet and supernatant fractions: 

Cells were first treated as previously described and lysed with either a sucrose-based 

isotonic buffer containing [10 mM Tris, ph 7.4, 1 mM EDTA and 0.25 M sucrose] or 

an ionic detergent lysis buffer containing [137 mM NaCl, 2.7 mM KCl, 1 mM 

MgCl2, 1 mM CaCl2, 1% (w/v) Na deoxycolate, 10% (v/v) Glycerol, 20 mM Tris-

Base, 1 mg/ml BSA, 0.5 mM Na3VO4, 0.2 mM PMSF, and 10 μg/ml of both 

leupeptin and aprotinin (pH 8.0)] before being transferred to microcentrifuge tubes 

and centrifuged at high speed 22000 g at 4°C for 10 minutes.  The pellet and 

supernatant fractions were carefully seperated in different microcentrifuge tubes and 

lysed with a sample buffer containing [62.5 mM Tris-base (pH 6.7), 0.5 mM sodium 

pyrophosphate, 1.25 mM EDTA, 1.25% (w/v) sodium dodecyl sulphate (SDS), 

0.06% (w/v) bromophenol blue, 12.5% (v/v) glycerol, and 50 mM dithiothreitol 

(DTT)].  Cell lysates fractions were homogenised by repeated passages (10 x) 

through a 0.24 mm gauge needle and syringe and kept at -20°C if not used 

immediately for SDS-PAGE and western blotting analysis. 

 

 

2.2.7 Preparation of cell lysates for western blotting analysis of 

protein expression 

Any floating cells present in different proportions depending on the treatment used 

were transferred to microcentrifuge tubes and pelleted by centrifugation at 1000 rpm 

for 5 minutes before being combined and lysed with the scraped adherent cells in a 

sample buffer containing 62.5 mM Tris-base (pH 6.7), 0.5 mM sodium 

pyrophosphate, 1.25 mM EDTA, 1.25% (w/v) sodium dodecyl sulphate (SDS), 
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0.06% (w/v) bromophenol blue, 12.5% (v/v) glycerol, and 50 mM dithiothreitol 

(DTT).  Cell lysates were homogenised by repeated passages (10 x) through a 0.24 

mm gauge needle and syringe and kept at -20°C if not used immediately for SDS-

PAGE and western blotting analysis. 

 

2.2.8 SDS-PAGE and western blotting 

2.2.8.1 Preparation of polyacrylamide gels 

Proteins were resolved by electrophoresis using polyacrylamide gels consisting of 

two layers: the resolving gel (lower layer), made of 10% (v/v) acrylamide:bis-

acrylamide (29:1), 0.375 M Tris-Base (pH 8.8), 0.1% (w/v) SDS, 0.05% (w/v) 

ammonium persulfate (APS), and 0.025% (w/v) tetramethylethylenediamine 

(TEMED), and the stacking gel (upper layer) made of 4.5% (v/v) acrylamide-bis-

acrylamide (29:1), 0.125 M Tris-Base (pH 6.7), 0.1% (w/v) SDS, 0.05% (w/v) APS, 

and 0.1% (v/v) TEMED.  The resolution of proteins by electrophoresis occurs in the 

resolving (separating) lower layer while the stacking upper layer allows the proteins 

to concentrate before entering the separating layer. 

 

2.2.8.2 Polyacrylamide gel electrophoresis (SDS-PAGE) 

The Bio-Rad Mini-Protean II electrophoresis kit was used to carry out 

polyacrylamide gel electrophoresis of samples (typically 15 μl) loaded into the gel 

using a Hamilton syringe.  Pre-stained molecular weight markers with known 

molecular weights (Table 2.1) were also loaded (typically 5 μl) into one well of the 

gel in order to identify the band related to the protein of interest.  Electrophoresis 
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was carried out at a voltage of 120 V and a current limit of 1.0 mA for around 2 

hours using a running buffer containing 25 mM Tris-Base, 0.21 M glycine, and 0.1% 

(w/v) SDS. 

 

Table 2.1 Pre-stained molecular weight marker standards. Molecular weight 

marker with known molecular weights used for comparison with bands of 

immunoreactive proteins of interest. 

Pre-stained Protein Molecular weight (kDa) 

α2-Macroglobulin  

from equine serum 

180  

β-galactosidase 

from E.coli 

116  

Lactoferrin 

From human milk 

90  

Pyruvate kinase 

From rabbit muscle 

58  

Fumarase 

From porcine heart 

48.5  

Lactic dehydrogenase 

From rabbit muscle 

36.5  

Triosephosphate isomerase 

From rabbit muscle 

26.6 

 

2.2.8.3 Transfer to nitrocellulose membranes 

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 was used to carry out the electrophoretic 

transfer of the resolved proteins from the gel to a nitrocellulose membrane.  A 

voltage of 100 V with a current limit of 0.6 mA for 60 minutes was applied for the 

transfer to occur.  
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2.2.8.4 Western blotting 

Nitrocellulose membranes were incubated for 60 minutes at room temperature in a 

blocking solution consisting 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), depending on the primary antibody to be used.  Membranes were 

then incubated with the antibody specific for the protein of interest to be detected 

(typically diluted at 1:1000 in 1% (w/v) BSA) in TBST overnight with gentle 

agitation at 4°C.  Nitrocellulose membranes were then washed 3 times (7 minutes 

each) with TBST to remove any unbound antibody.  Membranes were then incubated 

in horseradish peroxidase-conjugated secondary antibody (anti-mouse or anti-rabbit 

IgG, depending on the primary antibody origin) diluted at a ratio of 1:26,000 in 1% 

(w/v) non-fat dry milk or 1% (w/v) BSA in TBST for 60 minutes at room 

temperature.  Membranes were washed with 3 further washes (7 minutes each) to 

remove any excess antibody.  Membranes were then incubated in enhanced 

chemiluminescence (ECL) reagent (developing solution) that provides the substrate 

for the peroxidase, thereby allowing the detection of immunoreactive proteins.  The 

developing solution was freshly prepared each time 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).  

 

Membranes were incubated for 2 minutes in the ECL mixture at room temperature, 

placed between two transparent plastic sheets in a radiography cassette, and exposed 

to X-ray film before being developed through an X-ray film developing machine (X-
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OMAT or JP-33).  Immunoreactive proteins appeared as dark bands on the film, and 

their molecular weights were estimated by comparing their mobility on SDS-PAGE 

to that of pre-stained molecular weight markers with known molecular weights. 

 

2.2.8.5 Stripping and re-probing nitrocellulose membranes 

Bound antibodies were removed by incubating membranes at 70°C for 1 hour with 

gentle agitation in a buffer containing 62.5 mM Tris-HCl (pH 6.7), 2% (w/v) SDS, 

and 100 mM β-mercaptoethanol.  Membranes were washed three times with TBST 

(10 minutes each) in gentle agitation before being incubated overnight with the 

specific primary antibody for the protein of interest.  In each experiment, blots were 

stripped and re-probed with an antibody known to be unaffected with treatments 

(such as anti-actin or anti-GAPDH) to ensure comparable protein loading between 

samples.  

 

2.2.8.6 Quantification and statistical analysis of western blots 

Protein bands’ densities were determined using Image J software program (Scion 

Corporation, Frederick, MD) and expressed as the ratio of protein of interest versus 

GAPDH (or actin) and represented as mean ratio +/− SEM for fold changes of three 

separate experiments.  Statistical analysis was undertaken using Unpaired t-test or 

one way ANOVA Dunnet’s or Bonferroni’s multiple comparisons test and 

considered significant when *p< 0.05. 
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2.2.9 [3H]-Thymidine incorporation assay 

The thymidine incorporation assay measures the amount of a radioactive nucleoside, 

[3H]-thymidine, incorporation into new strands of chromosomal DNA during mitotic 

cell division.  This gives a measure of the extent of cell division and proliferation in 

response to a test agent (Haugland, 2005).  HEK293T cells were seeded in 24-well 

plates and maintained overnight in 1 ml of complete DMEM medium.  Once the cells 

reached 60%–70% confluency, they were treated with compounds as indicated in the 

Figure legends or a vehicle control (0.1% DMSO) for 24 hours.  Five hours before 

the end of the incubation period, [3H] thymidine (37 kBq) was added to each well.  

Cells were then washed (three 10-minute washes) on ice with 1 ml of ice-cold 10% 

(w/v) trichloroacetic acid (TCA).  Residual nuclear material, including newly 

synthesised DNA, was dissolved in 0.25 ml of 0.1% (w/v) SDS/0.3M NaOH.  

Samples were transferred to scintillation vials and mixed with 2 ml of a Scintisafe 2 

scintillation cocktail before measuring the radioactivity incorporated using a liquid 

scintillation counter. 

 

2.2.10  Luciferase reporter assay 

The luciferase reporter assay is commonly used to study gene expression at the 

transcriptional level.  Luciferases are oxidative enzymes originating from different 

species, which enable the organisms to “bioluminesce”, or emit light when 

expressed.  Firefly luciferase is the most famous enzyme catalysing a chemical 

reaction that converts luciferin to oxyluciferin, leading to light emission (Figure 2.2).  

This chemical reaction is highly efficient as nearly all the energy put into the reaction 
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is promptly converted to light, making it a great tool for studying transcriptional 

activity (Allard and Kopish, 2008). 

 

 

Figure 2.2 Luciferase reaction. Bioluminescent reaction scheme which involves 

luciferase enzyme that uses ATP to catalyse the two-step oxidation of luciferin to 

oxyluciferin that, in turn, generates the light bioluminescence signal. 

 

NCTC-NF-B and NCTC-AP-1 reporter cells were separately seeded in a 96-well 

plate at a density of 10,000 cells per well in 200 µL of complete DMEM medium 

(50,000 cells/ml) and incubated overnight for 24 hours.  Cells were quiesced with 40 

µL/well of serum-free phenol red-free DMEM medium for another 24 hours.  NCTC-

NF-B and NCTC-AP-1 reporter cells were then pre-treated with inhibitors at the 

indicated concentration for 10 minutes before the addition of TNF (15 ng/ml) or 

PMA (100 nM), respectively, and incubated for 4 hours.  The medium was then 

removed, and 100 μL of complete lysis buffer containing 25 mM Tris Base (pH7.8), 

8 mM MgCl2, 1% Triton X 100, 15% (v/v) Glycerol with 1 mM ATP, 1% BSA, 1 
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mM DTT, and 0.2 mM Luciferin were added to each well and incubated at room 

temperature in the dark for 5 minutes before luminescence was measured using a 

Wallac 1420 Victor plate reader (Perkin-Elmer, UK) using Iso96lum.  GraphPad 

Prism 8 software was used to analyse data, and results were expressed as means with 

SEM. 

 

2.2.11  Immunofluorescence microscopy 

Immunofluorescence microscopy is a powerful technique used extensively by 

researchers to measure both the localisation and endogenous expression levels of a 

target protein of interest.  This method uses specific antibodies that are conjugated 

(directly or indirectly) to a fluorescent dye to visualise the distribution of the protein 

of interest throughout the sample (Miller and Shakes, 1995).  Cells were plated on 

autoclaved glass coverslips, each of which was placed in one well of a 12-well plate, 

and treated or transfected as previously described.  Cells were fixed by a 10-minute 

incubation in 3.7% (v/v) formaldehyde in phosphate-buffered saline (PBS) [0.01 M 

phosphate buffer, 0.0027 M potassium chloride and 0.137 M sodium chloride, pH 

7.4] then kept at 4°C overnight in PBS to enhance the cells’ sticking down on 

coverslips.  Cells were permeabilised using 0.1% (v/v) Triton X-100 in PBS for 1 

minute.  Cells were then incubated with a blocking solution (5% (v/v) FCS and 1% 

(w/v) BSA in PBS) for 30 minutes at room temperature, followed by 60 minutes of 

incubation at room temperature with the primary (anti-p53) antibody (1:100 dilution 

in the blocking solution).  Coverslips were then washed three times with PBS and 

incubated for another 60 minutes at room temperature with the secondary antibody 

(TRITC-conjugated anti-mouse IgG according to primary antibody used) at 1:100 
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dilution in the blocking solution.  The coverslips were then washed three times 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 Leica SP5 confocal microscope through HC PL APO CS2 

20x/0.75 DRY lense with 20x magnification using Velocity software. 

 

2.2.12  Lipidomics (Cell pellet preparation for mass spectrometry for 

sphingolipid analysis) 

Lipidomics refers to the large-scale study of pathways and networks of diversified 

cellular lipids (lipidomes) in a biological system that describes a complete lipid 

profile within a cell.  It requires advanced and complementary analytical techniques 

as well as multiple statistical tools (Wenk, 2005).  HEK293T cells were treated with 

a vehicle—namely, DMSO (0.1% v/v final), ABC294640 (25 μM), or SKi (10 

μM)—for 24 hours, then carefully rinsed twice with 1 ml of ice-cold PBS before 

being scraped into ice-cold PBS.  Cells were pelleted by centrifugation (180 g, 4oC, 3 

minutes), and the supernatant was carefully removed.  The cell pellet was snap 

frozen in liquid nitrogen for 5 seconds before being stored in −80oC for sphingolipid 

analysis, which was conducted by Samuel L. Kelly and Alfred H. Merrill in School 

of Biological Sciences and Petit Institute for Bioengineering and Bioscience 

(Georgia Institute of Technology, Atlanta, Georgia, USA) as previously described in 

(Shaner et al., 2009; Sullards et al., 2011), using liquid chromatography, 

electrospray-ionization tandem mass spectrometry, and multiple reaction monitoring 

for quantitation. 
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2.2.13  Statistical analysis 

Experiments were repeated at least three times, unless otherwise stated.  GraphPad 

Prism 8 software was used to analyse data, and results were expressed as mean ± 

standard error of the mean (SEM), unless otherwise stated.  Statistical analysis was 

performed using Unpaired t-test or one way ANOVA with Dunnet’s post-hoc 

multiple comparisons test and considered significant when p< 0.05. 
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CHAPTER 3: THE ROLE OF DIHYDROCERAMIDE 

DESATURASE IN REGULATING THE SURVIVAL OF HUMAN 

EMBRYONIC KIDNEY CELLS 

 

3.1 INTRODUCTION 

Dihydroceramides were primarily considered as a biologically inactive intermediate 

in the de novo ceramide (Cer) biosynthesis.  However, they are now regarded as 

eliciting essential cellular responses, including autophagy, apoptosis, and cell 

proliferation, that play vital roles in health and the aetiology of several human 

diseases (Siddique et al., 2015).  Dihydroceramide desaturase (Degs1) is the last 

enzyme in the de novo synthesis of Cer.  Blocking this enzyme, which increases 

levels of dihydroceramides (dhCers), can be achieved by several drugs, including 

fenretinide (Fabrias et al., 2012).  Many studies have shown that cells treated with 

fenretinide produce high levels of dhCers (Rahmaniyan et al., 2011; Apraiz et al., 

2011; Bikman et al., 2012; Yasuo et al., 2013), resulting in autophagy (Zheng et al., 

2006; Holliday Jr et al., 2013).  Gagliostro et al. (2012), demonstrated that the 

accumulation of dhCers in response to the exogenous addition of dhCers or Degs1 

inhibitors led to autophagy and endoplasmic reticulum (ER) stress (Gagliostro et al., 

2012).  However, effects of some Degs1 inhibitors on autophagy appear to be 

unrelated to dhCers (Casasampere et al., 2017).   

 

The literature details significant controversy regarding the involvement of dhCers in 

autophagy related to either cell survival or cell death.  On one hand, cells deficient in 
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Degs1 exhibit anti-apoptotic effects through the stimulation of Akt and autophagy 

(Siddique et al., 2013), while other reports have demonstrated that Degs1 inhibition 

leads to cellular death through the activation of autophagy or apoptosis (Gagliostro et 

al., 2012; Hernández-Tiedra et al., 2016).  There might be some functional 

interaction between Degs1 and SK, as SK inhibitors including DMS [D-erythro-N,N-

dimethylsphingosine] and SKi [2-(phydroxyanilino)-4-(p-chlorophenyl) thiazole)] 

have been shown to abolish fenretinide resistance or synergise with fenretinide to 

promote cancer cellular death (Wang et al., 2008; Illuzzi et al., 2010; Apraiz et al., 

2011).  Furthermore, Illuzzi et al. (2010) used the dual SK inhibitor SKi to establish 

a connection between SK1 and A2780 ovary cancer cell resistance to fenretinide 

(Illuzzi et al., 2010).  Treating fenretinide-resistant cells with SKi efficiently lowered 

the production of S1P and sensitised cells to fenretinide cytotoxic effects, while a 

combination treatment of fenretinide/SKi resulted in a dramatic rise in dhCer and 

sphinganine (dhSph) levels in cells.  Of note, cells treated with SKi alone raised 

dhCer cellular levels, but not Cer levels, although this increase was much less than 

that observed with fenretinide alone or the fenretinide/SKi combination.  

Furthermore, Gao et al. (2012) demonstrated that SKi increased N–

hexadecanoyldihydrosphingosine (C16 dhCer) in A498 kidney adenocarcinoma cells 

(Gao et al., 2012).  Unexpectedly, none of the referenced studies discussed or 

addressed the molecular mechanisms underlying these effects.  In addition, Degs1 

inhibitors have been shown to reverse fenretinide-apoptotic effects in endothelial 

cells (Erdreich-Epstein et al., 2002; Wu et al., 2001), suggesting that fenretinide 

might induce a ‘gain of function’ in Degs1 that can be blocked by Degs1 inhibitors.  

In contrast, other studies using different cell types failed to discover a role for 
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sphingolipids in fenretinide-induced apoptosis (Uyama et al., 2005).  Moreover, 

Degs1 inhibition using siRNA to deplete the enzyme, or other pharmacological 

agents results in strong cellular resistance to apoptosis induced by various stimuli 

(Gagliostro et al., 2012; Siddique et al., 2013; Siddique et al., 2012; Breen et al., 

2013).  Our research group found that the sphingosine kinase inhibitors SKi and 

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

ylmethyl)amide] affected Degs1 activity (McNaughton et al., 2016).  ABC294640 

induced proteasomal degradation of SK1 and Degs1 while increasing expression of 

p53 and p21 and this resulted in the senescence of androgen-independent LNCaP-AI 

prostate cancer cells (McNaughton et al., 2016).  In addition, Venant et al. (2015) 

demonstrated that inhibitory effects of SKi and ABC294640 on Degs1 resulted in 

higher levels of dhCer in prostate cancer cells (Venant et al., 2015).  Furthermore, 

SKi has been proposed to indirectly inhibit Degs1 activity through a cytochrome B5 

reductase dependent mechanism (Cingolani et al., 2014) which results in higher 

levels of dhCer in ovarian and prostate cancer cells (Illuzzi et al., 2010; Loveridge et 

al., 2010). 

 

The homeostasis of folding proteins in the ER lumen is protected by the unfolded 

protein response (UPR) in cases where an imbalance occurs between levels of 

unfolded proteins (Volmer and Ron, 2015).  This homeostatic response is regulated 

by three known ER stress sensors: IRE1, PERK, and ATF6 (Volmer and Ron, 2015).  

The process involves detachment of the ER chaperone BiP from the lumenal 

domains of ER stress sensors (Volmer et al., 2013).  The human homolog IRE1α is 

responsible for splicing XBP-1 mRNA that converts XBP-1 from a full length XBP-
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1u isoform to the spliced XBP-1s isoform, the latter of which is a potent 

transcriptional activator promoting the expression of various UPR responsive genes 

(Lee et al., 2002).  PERK is a kinase that phosphorylates eukaryotic eIF2α to repress 

protein translation, resulting in the inhibition of protein synthesis (Harding et al., 

1999).  ER stress also up-regulates components of the ERAD pathway that enhance 

the clearance of misfolded proteins from the ER (Travers et al., 2000).  Previous 

studies have shown that changes in ER lipid composition, especially Cer/dhCer, 

regulated through Degs1, is responsible for the activation of ER stress which 

contributes to cell survival/apoptosis (Volmer et al., 2013; Gagliostro et al., 2012; 

Spassieva et al., 2009; Volmer and Ron, 2015).  The activation of ER stress leads to 

cell survival through the promotion of UPR, while a sustained activation of UPR 

appears to result in apoptosis (White-Gilbertson et al., 2013).  A recent study by 

Wallington-Beddoe et al. (2017) demonstrated that SK2 inhibitors, ABC294640 and 

K145 [3-(2-amino-ethyl)-5-[3-(4-butoxyl-phenyl)-propylidene]-thiazolidine-2,4-

dione] promote the induction of ER stress.  In this case, K145 induced expressions of 

ER stress sensors XBP-1s and p-eIF2α (Wallington-Beddoe et al., 2017).  Moreover, 

synergistic cell apoptosis was seen in myeloma cells treated with K145 and 

bortezomib, the latter of which activated ER stress and promoted UPR through the 

stimulation of the IRE1, JNK, and p38 MAPK pathways (Wallington-Beddoe et al., 

2017).  In addition, Evangelisti et al. (2014) reported that treatment of T-cell 

lymphoblastic leukemic (T-ALL) cells with SKi promoted ER stress/UPR, leading to 

survival of these cells through autophagy (Evangelisti et al., 2014).  Therefore, 

ABC294640 and SKi could be involved in both “apoptotic”-promoting UPR or 

“survival” UPR related to the regulation of Degs1.  In this study, we investigated the 
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controversial role of Degs1 in both cell survival/apoptosis by using Degs1 inhibitors, 

and certain sphingosine kinase inhibitors, known to modulate the activity of Degs1. 
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3.2 RESULTS 

3.2.1 Effect on Degs1 expression in HEK293T and parental 

HEK293 cells 

The study initially focused on investigating the mechanism by which the SK1/SK2 

inhibitor SKi and the SK2 inhibitor ABC294640 regulate the survival of HEK293T.  

Previous studies have shown that ABC294640 induces the proteasomal degradation 

of Degs1 in androgen-independent LNCaP-AI cells (McNaughton et al., 2016) to 

produce a senescent response in these cells.  Therefore, the effect of these SK 

inhibitors on Degs1 expression levels in HEK293T cells was investigated. 

 

3.2.2 Effect of SKi and ABC294640 on Degs1 expression in 

HEK293T cells 

Degs1 is expressed as a 32 kDa native band identified with an anti-Degs1 antibody 

on western blots in HEK293T cells (Figure 3.1).  Interestingly, when treating these 

cells with the SK1/SK2 inhibitor SKi (10 μM, 24 hours), there is an induction of a 

ladder of higher protein bands with molecular masses ranging from Mr= 40–130 kDa 

that cross-react with the anti-Degs1 antibody (Figure 3.1).  These higher molecular 

mass protein bands appear to be post-translationally modified forms of Degs1.  

Degs1 siRNA was used to verify the identity of laddered proteins that cross-reacted 

with the anti-Degs1 antibody.  Thus, HEK293T cells were transfected with Degs1 

siRNA (100 nM, 48 hours), which decreased the immunoreactivity of the native 32 

kDa protein band as well as laddered proteins formed in response to SKi (Figure 
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3.2A), resulting in an 80% reduction in the expression of the 46 kDa protein (Figure 

3.2B).  The significant reduction of the higher molecular mass protein bands in 

response to Degs1 siRNA confirms their identity of being post-translationally 

modified forms of Degs1.  In contrast, treatment with the SK2 inhibitor ABC294640 

(25 μM, 24 hours) alone did not induce the Degs1 ladder (Figure 3.1).   

 

The second method used to confirm the identity of the proteins in the ladder was to 

immunoprecipitate post-translationally modified forms of Degs1 with the anti-Degs1 

antibody.  The isotonic lysis buffer containing [10 mM Tris, ph 7.4, 1 mM EDTA 

and 0.25 M sucrose] failed to release Degs1 from the pellet fraction into the high-

speed supernatant (Figure 3.3A).  Therefore, the isotonic-sucrose-based lysis buffer 

was replaced with an ionic detergent lysis buffer containing [137 mM NaCl, 2.7 mM 

KCl, 1 mM MgCl2, 1 mM CaCl2, 1% (w/v) Na deoxycolate, 10% (v/v) Glycerol, 20 

mM Tris-Base, 1 mg/ml BSA, 0.5 mM Na3VO4, 0.2 mM PMSF, and 10 μg/ml of 

both leupeptin and aprotinin (pH 8.0)] (Heckelman et al., 1996), which successfully 

solubilised native Degs1 and those proteins constituting the ladder, such that they are 

released into a high-speed supernatant fraction (Figure 3.3B).  Therefore, Degs1 

appears to be localised to non-ionic detergent-resistant membranes in HEK293T 

cells.  Thus, this method was used to carry out the immunoprecipitation of the post-

translationally modified forms of Degs1 by the anti-Degs1 antibody.  The native 

Degs1 and laddered proteins were solubilised into the supernatant fraction and 

immunoprecipitated while resulting immunoprecipitates were resolved by western 

blotting in the presence and absence (negative controls) of Degs1 antibody to avoid 

any false positive results (Figure 3.4).  Results showed that Degs1 and the laddered 
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proteins were immunoprecipitated with the Degs1 antibody providing an additional 

confirmation to the identity of the Degs1 laddered proteins (Figure 3.4).   

 

The ladder of immunoreactive Degs1 bands induced by SKi might suggest that this 

enzyme undergoes polyubiquitination in response to SKi.  Polyubiquitination is 

catalysed by a family of enzymes called E3 ligases (Zheng and Shabek, 2017).  One 

member of this family, Mdm2, regulates the polyubiquitination of p53 (Moll and 

Petrenko, 2003).  As SK inhibitors have been linked to p53 regulation (Lima et al., 

2018), we tested the effect of nutlin, an E3 ligase inhibitor, on the formation of the 

Degs1 ladder.  HEK293T cells were pre-treated with the E3 ligase inhibitor of 

Mdm2, nutlin (10 μM, 30 minutes), before the addition of SKi (for 24 hours), and 

this reduced the formation of the Degs1 ladder (Figure 3.1).  Additional studies in the 

laboratory by others using HA-ubiquitin-transfected HEK293T cells and the 

immunoprecipitation of HA-ubiquitin have confirmed that SKi promotes the 

polyubiquitination of Degs1 (Alsanafi et al., 2018). 

 

To establish whether agents that affect the activity of Degs1 also induce the 

formation of polyubiquitinated Degs1, fenretinide was used.  This potential anti-

cancer drug has been shown to regulate the activity of Degs1 and stimulates 

oxidative stress through the accumulation of reactive oxygen species (ROS) (Wu et 

al., 2001).  The treatment of cells with fenretinide also induced the appearance of 

polyubiquitinated forms of Degs1 (Figure 3.1). 
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Figure 3.1 Effect of SKi and ABC294640 on Degs1 protein expression in 

HEK293T cells. HEK293T cells were cultured in complete medium containing 10% 

FCS until ~70% confluent. Cells were pre-treated with Nutlins (10 µM, 30 minutes) 

with and without addition of SKi (10 μM) or ABC294640 (25 μM) or Fenretenide (1 

µM) or with the vehicle alone (DMSO 0.1% v/v) for 24 hours. Degs1 expression was 

detected using SDS PAGE and western blotting probed with anti-Degs1 antibody. 

Blots were stripped and re-probed with anti-GAPDH antibody to ensure comparable 

protein loading. A representative western blot is shown of an experiment performed 

at least three independent times. Also shown is the densitometric quantification of 

post-translationally modified Degs1/GAPDH ratio immunoreactivity of (Mr 46 kDa), 

expressed as a percentage of the control (Control=100%). The data was expressed 

as means +/− SEM for n=3 experiments and analysed by one-way ANOVA multiple 

comparisons tests, **p<0.01 for Nutlin/SKi vs SKi, ***p<0.001 for SKi vs control, 

and ****p<0.0001 for Fenretenide vs control.  
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Figure 3.2 Confirmation of SKi-induced Degs1 ladder identity using siRNA in 

HEK293T cells. HEK293T cells were cultured in complete medium containing 10% 

FCS until ~70% confluent. Cells were transiently transfected with Degs1 siRNA or 

scrambled siRNA at a final concentration of 100 nM in antibiotic free medium for 48 

hrs before being treated with and without SKi (10 μM) or with the vehicle alone 

(DMSO 0.1% v/v) for further 24 hours. Degs1 expression was detected using SDS 

PAGE and western blotting with anti-Degs1 antibody. Blots were stripped and re-

probed with anti-GAPDH antibody to ensure comparable protein loading. A 

representative western blot is shown of an experiment performed at least three 

independent times. Also shown is the densitometric quantification of post-

translationally modified Degs1/GAPDH ratio immunoreactivity of (Mr 46 kDa), 

expressed as a percentage of the control (Scrambled siRNA/SKi) (Control=100%). 

The data was expressed as means +/− SEM for n=3 experiments and analysed by 

Unpaired t-test, **** p<0.0001 for Degs1 siRNA/SKi vs Scrambled siRNA/SKi.  
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Figure 3.3 Degs1 location change according to cell harvesting method in 

HEK293T cells. HEK293T cells were cultured in complete medium containing 10% 

FCS until ~70% confluent. Cells were treated with SKi (10 μM) or with the vehicle 

alone (DMSO 0.1% v/v) for 24 hours. A) Cells were lysed with a sucrose-based 

isotonic buffer and Degs1 was present in the high-speed pellet fraction. A 

representative western blot is shown of an experiment performed at least three 

independent times. B) Cells were lysed in 1% deoxycholate lysis buffer and Degs1 

was located in the high-speed supernatant fraction. Degs1 expression was detected 

using SDS PAGE and western blotting with anti-Degs1 antibody. A representative 

western blot is shown of an experiment performed at least three independent times. 
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Figure 3.4 Degs1 immunoprecipitation in HEK293T cells. HEK293T cells were 

cultured in complete medium containing 10% FCS until ~70% confluent. Cells were 

treated with SKi (10 μM) or with the vehicle alone (DMSO 0.1% v/v) for 24 hours. 

Degs1 was immunoprecipitated using 1% deoxycholate lysis buffer with/without 

Degs1 antibody. The resulting immunoprecipitate were resolved by SDS PAGE and 

western blotted with anti-Degs1 antibody. A representative western blot is shown of 

an experiment performed at least three independent times. 
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3.2.3 Effect of proteasome inhibitors on the polyubiquitination of 

Degs1 in HEK293T cells 

The polyubiquitination of proteins targets them for proteasomal degradation 

(Schrader et al., 2009); therefore, we assessed the effect of proteasome inhibitors on 

the formation of the Degs1 ladder.  HEK293T cells were treated with the proteasome 

inhibitor MG132 (10 μM, 24 hours), which induced the formation of a Degs1 ladder 

similar to that induced with the SK1/SK2 inhibitor SKi (Figures 3.5 and 3.6).  

However, additional lower molecular mass bands below 32 kDa (Mr=16–130 kDa) 

(Figures 3.5 and 3.6) were also detected on western blots with the anti-Degs1 

antibody.  The additional lower immunoreactive protein bands might represent 

proteasomal degradation products that are trapped from being further processed due 

to proteasome inhibition.  Next, we pre-treated cells with the proteasome inhibitor 

MG132 (10 μM, 30 mins) prior to treatment with SKi, and this resulted in an 

increased formation of the Degs1 ladder forms, with a Mr > 50 kDa (Figures 3.5 and 

3.6).  In contrast, the combination of the proteasome inhibitor MG132 with the SK2 

inhibitor ABC294640 reduced the formation of this ladder (Figure 3.5), suggesting 

that ABC29460 (at 25 μM) prevents the polyubiquitination of Degs1.   

 

The Degs1 siRNA transfection (100 nM, 48 hours) of HEK293T cells was used to 

confirm the identity of laddered proteins that cross-reacted with the anti-Degs1 

antibody, which decreased the intensity of the native 32 kDa protein band as well as 

laddered proteins produced in response to either SKi or MG132 (Figure 3.6).  

Another (therapeutic) proteasome inhibitor, bortezomib (5 nM–10 μM, 24 hours), 

was assessed in HEK293T cells and it induced a similar effect compared with 
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MG132 (Figure 3.7).  These outcomes suggest that Degs1 is subject to ubiquitin-

proteasomal degradation in HEK293T cells and that this can be modulated by SKi 

and MG132/bortezomib. 
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Figure 3.5 Effect of MG132 on Degs1 protein expression in HEK293T cells. 

HEK293T cells were cultured in complete medium containing 10% FCS until ~70% 

confluent. Cells were pre-treated with MG132 (10 µM, 30 minutes) before addition 

of SKi (10 μM) or ABC294640 (25 μM) or with the vehicle alone (DMSO 0.1% v/v) 

for 24 hours. Degs1 expression was detected using SDS PAGE and western blotting 

with anti-Degs1 antibody. Blots were stripped and re-probed with anti-GAPDH 

antibody to ensure comparable protein loading. A representative western blot is 

shown of an experiment performed at least three independent times. Also shown is 

the densitometric quantification of post-translationally modified Degs1/GAPDH 

ratio immunoreactivity of (Mr 36 kDa), expressed as a percentage of the control 

(Control=100%). The data was expressed as means +/− SEM for n=3 experiments 

and analysed by one-way ANOVA multiple comparisons test, *p<0.05 for SKi vs 

control or MG132/ABC294640 vs MG132 and **p<0.01 for MG132 vs control or 

MG132/SKi vs MG132. 
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Figure 3.6 Confirmation of MG132 and MG132/SKi-induced Degs1 ladder identity 

using siRNA. HEK293T cells were cultured in complete medium containing 10% 

FCS until ~70% confluent. Cells were transiently transfected with Degs1 siRNA or 

scrambled siRNA at a final concentration of 100 nM in antibiotic free medium for 48 

hrs. Cells were then pre-treated with MG132 (10 µM, 30 minutes) before addition of 

SKi (10 μM) or with the vehicle alone (DMSO 0.1% v/v) for further 24 hours. Degs1 

expression was detected using SDS PAGE and western blotting with anti-Degs1 

antibody. Blots were stripped and re-probed with anti-GAPDH antibody to ensure 

comparable protein loading. A representative western blot is shown of an experiment 

performed at least three independent times. Also shown is the densitometric 

quantification of post-translationally modified Degs1/GAPDH ratio 

immunoreactivity of (Mr 36 kDa), expressed as a percentage of the control 

(Control=100%). The data was expressed as means +/− SEM for n=3 experiments 

and analysed by one-way ANOVA multiple comparisons test, *p<0.05 Scrambled 

siRNA/SKi vs Scrambled siRNA, **p<0.01 for Degs1 siRNA/SKi vs Scrambled 

siRNA/SKi, ***p<0.001 for Scrambled siRNA/MG132 vs Scrambled siRNA or Degs1 

siRNA/MG132 vs Scrambled siRNA/MG132, ****p<0.0001 for Degs1 

siRNA/MG132/SKi vs Scrambled siRNA/MG132/SKi, and ns denotes not statistically 

significant (p value >0.05) for Scrambled siRNA/MG132/SKi vs Scrambled 

siRNA/MG132. 
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Figure 3.7 Effect of Bortezomib on Degs1 protein expression in HEK293T cells. 

HEK293T cells were cultured in complete medium containing 10% FCS until ~70% 

confluent. Cells were treated with Bortezomib (5 nM-10 μM) or with the vehicle 

alone (DMSO 0.1% v/v) for 24 hours. Degs1 expression was detected using SDS 

PAGE and western blotting with anti-Degs1 antibody. Blots were stripped and re-

probed with anti-GAPDH antibody to ensure comparable protein loading. A 

representative western blot is shown of an experiment performed two independent 

times. Also shown is the densitometric quantification of post-translationally modified 

Degs1/GAPDH ratio immunoreactivity of (Mr 46 kDa), expressed as a percentage of 

the control (Control=100%). The data was expressed as means +/− SEM for n=3 

experiments and analysed by one-way ANOVA Dunnett’s multiple comparisons test, 

*p<0.05 vs control, **p<0.01 vs control, and ***p<0.001 vs control. 
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3.2.4 Effect of SKi, ABC294640, and MG132 on Degs1 expression in 

parental HEK293 cells 

Similar results were achieved with the parental HEK293 cells treated with SKi, 

ABC294640, or MG132 in terms of the Degs1 ladder formation, as shown in Figure 

3.8. 
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Figure 3.8 SKi and MG132 induce post-translational modification of Degs1 in 

parental HEK293 cells. HEK293 cells were cultured in complete medium containing 

10% FCS until ~70% confluent. Cells were pre-treated with MG132 (10 µM, 30 

minutes) before addition of SKi (10 μM) or ABC294640 (25 μM) or with the vehicle 

alone (DMSO 0.1% v/v) for 24 hours. Degs1 expression was detected using SDS 

PAGE and western blotting with anti-Degs1 antibody. Blots were stripped and re-

probed with anti-GAPDH antibody to ensure comparable protein loading. A 

representative western blot is shown of an experiment performed at least three 

independent times. Also shown is the densitometric quantification of post-

translationally modified Degs1/GAPDH ratio immunoreactivity of (Mr 36 kDa), 

expressed as a percentage of the control (Control=100%). The data was expressed 

as means +/− SEM for n=3 experiments and analysed by one-way ANOVA multiple 

comparisons test, *p<0.05 for SKi vs control or MG132/ABC294640 vs MG132, 

****p<0.0001 for MG132 vs control, and ns denotes not statistically significant (p 

value >0.05) for MG132/SKi vs MG132 or ABC294640 vs control. 
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3.2.5 Effect of NAC on Degs1 expression in HEK293T cells 

Cingolani et al. (2014) suggested that the dual SK1/SK2 inhibitor, SKi, indirectly 

decreased the activity of Degs1 through the inhibition of oxidative stress and NADH-

cytochrome B5 reductase (Cingolani et al., 2014).  Likewise, many studies have 

demonstrated that fenretinide inhibits Degs1 activity and promotes oxidative stress 

(Zheng et al., 2006; Wang et al., 2008; Rahmaniyan et al., 2011).  Thus, we tested 

whether the antioxidant N-acetylcysteine (NAC) could modulate the formation of the 

Degs1 ladder in response to SKi or fenretinide.  HEK293T cells were pre-treated 

with NAC before the addition of SKi (Figure 3.9) or fenretinide (Figure 3.10) or 

MG132 (Figure 3.10), and NAC was shown to reduce Degs1 ladder formation in 

response to SKi or MG132 or fenretinide.  
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Figure 3.9 Effect of NAC on the SKi-induced formation of the Degs1 ladder in 

HEK293T cells. HEK293T cells were cultured in complete medium containing 10% 

FCS until ~70% confluent. Cells were pre-treated with NAC (10 mM, 30 minutes) 

before addition of SKi (10 μM) or with the vehicle alone (DMSO 0.1% v/v) for 24 

hours. Degs1 expression was detected using SDS PAGE and western blotting with 

anti-Degs1 antibody. Blots were stripped and re-probed with anti-GAPDH antibody 

to ensure comparable protein loading. A representative western blot is shown of an 

experiment performed at least three independent times. Also shown is the 

densitometric quantification of post-translationally modified Degs1/GAPDH ratio 

immunoreactivity of (Mr 46 kDa), expressed as a percentage of the control 

(Control=100%). The data was expressed as means +/− SEM for n=3 experiments 

and analysed by one-way ANOVA multiple comparisons test, ***p<0.001 for 

NAC/SKi vs SKi and ****p<0.0001 for SKi vs control. 



 117 

 

Figure 3.10 The effect of NAC on Fenretenide- and MG132-induced formation of 

the Degs1 ladder in HEK293T cells. HEK293T cells were cultured in complete 

medium containing 10% FCS until ~70% confluent. Cells were pre-treated with NAC 

(10 mM, 30 minutes) before addition of MG132 (10 μM) or Fenretenide (1 μM) or 

with the vehicle alone (DMSO 0.1% v/v) for 24 hours. Degs1 expression was 

detected using SDS PAGE and western blotting with anti-Degs1 antibody.  Blots 

were stripped and re-probed with anti-GAPDH antibody to ensure comparable 

protein loading.  A representative western blot is shown of an experiment performed 

at least three independent times. Also shown is the densitometric quantification of 

post-translationally modified Degs1/GAPDH ratio immunoreactivity of (Mr 36 kDa), 

expressed as a percentage of the control (Control=100%). The data was expressed 

as means +/− SEM for n=3 experiments and analysed by one-way ANOVA multiple 

comparisons test, *p<0.05 for NAC/Fenretinide vs Fenretinide, **p<0.01 for 

Fenretenide vs control, and ****p<0.0001 for MG132 vs control or NAC/MG132 vs 

MG132. 
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3.2.6 Assessment of the role of SK1 and SK2 in regulating Degs1 

ladder formation in HEK293T cells 

Since SKi and ABC294640 are SK inhibitors, it is important to establish the role of 

these enzymes in regulating the formation of the Degs1 ladder.  Previous studies 

have demonstrated that SKi or ABC294640 induces the proteasomal degradation of 

SK1 in cancer cells (McNaughton et al., 2016; Loveridge et al., 2010), resulting in 

its elimination from these cells.  Thus, we tested whether SKi or ABC294640 induce 

the same effect in HEK293T cells.  In this regard, both inhibitors induced 

proteasomal degradation of SK1, and which was reversed by pre-treatment with the 

proteasome inhibitor, MG132 (10 μM, 24 hours) (Figure 3.11).  SKi or ABC294640 

induced an approximately 80% reduction in the expression of SK1 (Figure 3.11).   

 

An indication that SK1 has no role in regulating the formation of the Degs1 ladder 

was suggested by the finding that NAC, which inhibits the formation of the Degs1 

ladder, had no effect on the proteasomal degradation of SK1 (Figure 3.11).  In 

addition, it is very unlikely that SK1 or SK2 plays a role in regulating the formation 

of the Degs1 ladder as ABC294640, which inhibits SK2 activity (Gao et al., 2012) 

and, as shown here, stimulates the proteasomal degradation of SK1, failed to induce 

the Degs1 ladder at this concentration.  Nevertheless, to provide additional evidence 

for this, HEK293T cells were treated with gene-specific siRNA to knock down of the 

SK1 or SK2 expression.  The treatment of cells with SK1 siRNA reduced SK1 

expression by approximately 70% (Figure 3.12).  However, siRNA knock down of 

SK1 neither induced the formation of the Degs1 ladder nor modified the response to 

SKi (Figure 3.13).  Additional proof for this emerged when HEK293T cells were 
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treated with the potent and specific SK1 inhibitor PF-543 (100 nM, 24 hours) that 

has a Ki of 4 nM (Schnute et al., 2012); PF-543 failed to produce the Degs1 ladder 

(Figure 3.14).  SK2 siRNA reduced SK2 mRNA transcript by approximately 50% 

(Figure 3.15) but did not promote the formation of the Degs1 ladder and had no 

effects on the formation of the SKi-induced Degs1 ladder (Figure 3.16). 
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Figure 3.11 Effect of SKi or ABC294640 on SK1 protein expression in HEK293T 

cells and role of oxidative stress. HEK293T cells were cultured in complete medium 

containing 10% FCS until ~70% confluent. Cells were pre-treated with MG132 (10 

µM, 30 minutes) or NAC (10 mM, 30 minutes) before addition of SKi (10 μM) or 

ABC294640 (25 μM) or with the vehicle alone (DMSO 0.1% v/v) for 24 hours. SK1 

expression was detected using SDS PAGE and western blotting with anti-SK1 

antibody. Blots were stripped and re-probed with anti-GAPDH antibody to ensure 

comparable protein loading. A representative western blot is shown of an experiment 

performed at least three independent times. Also shown is the densitometric 

quantification of SK1/GAPDH ratio immunoreactivity of (Mr 42.5 kDa), expressed 

as a percentage of the control (Control=100%). The data was expressed as means 

+/− SEM for n=3 experiments and analysed by one-way ANOVA multiple 

comparisons test, *p<0.05 for SKi/MG132 vs SKi or ABC294640/MG132 vs 

ABC294640 and **p<0.01 for SKi or ABC294640 vs control. 
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Figure 3.12 siRNA knockdown of SK1 expression in HEK293T cells. HEK293T 

cells were cultured in complete medium containing 10% FCS until ~70% confluent. 

Cells were transiently transfected with SK1 siRNA or scrambled siRNA at a final 

concentration of 100 nM in antibiotic free medium for 48 hrs. SK1 expression was 

detected using SDS PAGE and western blotting with anti-SK1 antibody. Blots were 

stripped and re-probed with anti-GAPDH antibody to ensure comparable protein 

loading. A representative western blot is shown of an experiment performed at least 

three independent times. Also shown is the densitometric quantification of 

SK1/GAPDH ratio immunoreactivity of (Mr 42.5 kDa), expressed as a percentage of 

the control (Scrambled siRNA) (Control=100%). The data was expressed as means 

+/− SEM for n=3 experiments and analysed by Unpaired t-test, **p<0.01 for SK1 

siRNA vs Scrambled siRNA. 
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Figure 3.13 Effect of SK1 siRNA on the Degs1 ladder in HEK293T cells. 

HEK293T cells were cultured in complete medium containing 10% FCS until ~70% 

confluent. Cells were transiently transfected with SK1 siRNA or scrambled siRNA at 

a final concentration of 100 nM in antibiotic free medium for 48 hrs before being 

treated with SKi (10 μM) or with the vehicle alone (DMSO 0.1% v/v) for further 24 

hours. Degs1 expression was detected using SDS PAGE and western blotting with 

anti-Degs1 antibody. Blots were stripped and re-probed with anti-GAPDH antibody 

to ensure comparable protein loading. A representative western blot is shown of an 

experiment performed at least three independent times. Also shown is the 

densitometric quantification of post-translationally modified Degs1/GAPDH ratio 

immunoreactivity of (Mr 46 kDa), expressed as a percentage of the control 

(Control=100%). The data was expressed as means +/− SEM for n=3 experiments 

and analysed by one-way ANOVA multiple comparisons test, **p<0.01 for 

Scrambled siRNA/SKi vs Scrambled siRNA and ns denotes not statistically 

significant (p value >0.05) for SK1 siRNA/SKi vs Scrambled siRNA/SKi. 
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Figure 3.14 Effect of PF-543 on formation of Degs1 ladder in HEK293T cells. 

HEK293T cells were cultured in complete medium containing 10% FCS until ~70% 

confluent. Cells were treated with SKi (10 μM) or ABC294640 (25 μM) or PF-543 

(100 nM) or with the vehicle alone (DMSO 0.1% v/v) for 24 hours. Degs1 expression 

was detected using SDS PAGE and western blotting with anti-Degs1 antibody. Blots 

were stripped and re-probed with anti-GAPDH antibody to ensure comparable 

protein loading. A representative western blot is shown of an experiment performed 

at least three independent times. Also shown is the densitometric quantification of 

post-translationally modified Degs1/GAPDH ratio immunoreactivity of (Mr 46 kDa), 

expressed as a percentage of the control (Control=100%). The data was expressed 

as means +/− SEM for n=3 experiments and analysed by one-way ANOVA 

Dunnett’s multiple comparisons test, **p<0.01 for SKi vs control. 
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Figure 3.15 RT-qPCR analysis of mRNA transcript levels of SK2 in HEK293T 

cells.  SK2 mRNA levels were examined by RT-qPCR 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.  The optical density of each band (amplification product) was quantified 

using densitometry, expressed as a percentage of the control (Control=100%). The 

data was expressed as means +/− SEM for n=3 experiments and analysed by 

Unpaired t-test, *p< 0.01 for SK2 siRNA versus scrambled siRNA. 
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Figure 3.16 Effect of SK2 siRNA on the Degs1 ladder in HEK293T cells. 

HEK293T cells were cultured in complete medium containing 10% FCS until ~70% 

confluent. Cells were transiently transfected with SK2 siRNA or scrambled siRNA at 

a final concentration of 100 nM in antibiotic free medium for 48 hrs before being 

treated with SKi (10 μM) or with the vehicle alone (DMSO 0.1% v/v) for further 24 

hours. Degs1 expression was detected using SDS PAGE and western blotting with 

anti-Degs1 antibody. Blots were stripped and re-probed with anti-GAPDH antibody 

to ensure comparable protein loading. A representative western blot is shown of an 

experiment performed at least three independent times. Also shown is the 

densitometric quantification of post-translationally modified Degs1/GAPDH ratio 

immunoreactivity of (Mr 46 kDa), expressed as a percentage of the control 

(Control=100%). The data was expressed as means +/− SEM for n=3 experiments 

and analysed by one-way ANOVA multiple comparisons test, ****p<0.0001 for 

Scrambled siRNA/SKi vs Scrambled siRNA and ns denotes not statistically 

significant (p value >0.05) for SK2 siRNA/SKi vs Scrambled siRNA/SKi. 
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3.2.7 Effect of SKi and ABC294640 on apoptosis and DNA synthesis 

in HEK293T cells 

Much controversy has emerged regarding the role of Degs1 in regulating cell 

survival.  Some reports (e.g., Siddique et al., 2015) have reviewed that it can act to 

both protect against and promote apoptosis (Siddique et al., 2015).  The conversion 

of native Degs1 into polyubiquitinated forms with opposing functions on apoptosis 

could potentially provide an explanation for this controversy.  Therefore, the effect 

of SKi or ABC294640 on the growth and apoptosis of HEK293T cells was assessed.  

PARP cleavage and CCAAT-enhancer-binding protein homologous protein (CHOP) 

expression were measured as markers for apoptosis whereas [3H]-thymidine 

incorporation assay into DNA was used to assess DNA synthesis/growth of 

HEK293T cells.  Cells treated with ABC294640 (25 μM, 24 hours) produced 

cleavage of PARP (Figure 3.17), induced CHOP expression (Figure 3.18), and 

decreased DNA synthesis (Figure 3.19) whereas SKi (10 μM, 24 hours) failed to 

induce any of these effects.  Therefore, the polyubiquitination of Degs1 might be 

associated with a prosurvival/growth response in these cells, while native Degs1 

(Mr=32 kDa) is associated with apoptosis and inhibition of growth (This finding will 

be discussed in greater depth later in the discussion Section 3.3). 
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Figure 3.17 Effect of SKi or ABC294640 on PARP cleavage in HEK293T cells. 

HEK293T cells were cultured in complete medium containing 10% FCS until ~70% 

confluent. Cells were treated with SKi (10 μM) or ABC294640 (25 μM) or with the 

vehicle alone (DMSO 0.1% v/v) for 24 hours. PARP cleavage was detected using 

SDS PAGE and western blotting with anti-PARP antibody. Blots were stripped and 

re-probed with anti-GAPDH antibody to ensure comparable protein loading. A 

representative western blot is shown of an experiment performed at least three 

independent times. Also shown is the densitometric quantification of cleaved 

PARP/GAPDH ratio immunoreactivity of (Mr 89 kDa), expressed as a percentage of 

the control (Control=100%). The data was expressed as means +/− SEM for n=3 

experiments and analysed by one-way ANOVA Dunnett’s multiple comparisons test, 

****p<0.0001 for ABC294640 vs control. 
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Figure 3.18 Effect of SKi, ABC294640, or MG132 on CHOP expression in 

HEK293T cells. HEK293T cells were cultured in complete medium containing 10% 

FCS until ~70% confluent. A) Cells were pre-treated with MG132 (10 µM, 30 

minutes) before addition of SKi (10 μM) or ABC294640 (25 μM) or with the vehicle 

alone (DMSO 0.1% v/v) for 24 hours. B) Cells were treated with ABC294640 (25 

μM) for a time course (0-24 hours). CHOP expression was detected using SDS 

PAGE and western blotting with anti-CHOP antibody. Blots were stripped and re-

probed with anti-GAPDH antibody to ensure comparable protein loading. A) A 

representative western blot is shown of an experiment performed at least three 

independent times. Also shown is the densitometric quantification of CHOP/GAPDH 

ratio immunoreactivity of (Mr 27 kDa), expressed as a percentage of the control 

(Control=100%). The data was expressed as means +/− SEM for n=3 experiments 

and analysed by one-way ANOVA multiple comparisons test, *p<0.05 for 

ABC294640 vs control, **p<0.01 for MG132 vs control, and ****p<0.0001 for 

MG132/SKi vs SKi. B) A representative western blot is shown of an experiment 

performed two independent times. 
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Figure 3.19 Effect of SKi or ABC294640 on DNA synthesis in HEK293T cells. 

HEK293T cells were cultured in complete medium containing 10% FCS until ~70% 

confluent. Cells were then treated with SKi (10 μM) or ABC294640 (25 μM) or with 

the vehicle alone (DMSO 0.1% v/v) for 24 hours. [3H] Thymidine was added for the 

last 5 hours then nuclear material was precipitated with 1ml of 10% (w/v) ice cold 

TCA and then dissolved in 0.1% SDS/0.3M NaOH. [3H] Thymidine uptake was 

quantified by liquid scintillation counting. Data are expressed as a % of control ± 

SEM for n=3 experiments. The data was analysed by one-way ANOVA Dunnett’s 

multiple comparisons test, ****p<0.0001 for ABC294640 vs control. 

 

 

 

 

 

 

 

 

 

 

 

 



 130 

Next, we investigated whether the effect of ABC294640 on apoptosis or DNA 

synthesis involved the native Degs1.  This was achieved by assessing the effect of 

knocking down the expression of Degs1 with gene-specific siRNA.  HEK293T cells 

were transfected with Degs1 siRNA, which reversed the ABC294640-induced PARP 

cleavage (Figure 3.20).  The reduction in DNA synthesis with ABC294640 was also 

reversed (Figure 3.21) indicating the involvement of native Degs1 (polyubiquitinated 

forms of Degs1 are not formed in response to ABC294640) in apoptosis and DNA 

synthesis.  As SKi and ABC294640 inhibit SK1 and SK2 activity, these enzymes 

were assessed for their role in regulating apoptosis and DNA synthesis.  No effect 

was observed with SK1 siRNA alone or on ABC294640-induced PARP cleavage 

and DNA synthesis (Figures 3.22 and 3.23), although SK2 siRNA reduced PARP 

cleavage in response to ABC294640 (Figure 3.24).  This functional interaction 

between the native Degs1 and SK2 might therefore contribute to apoptosis in 

HEK293T cells. 
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Figure 3.20 Effect of Degs1 siRNA on ABC294640-induced PARP cleavage in 

HEK293T cells. HEK293T cells were cultured in complete medium containing 10% 

FCS until ~70% confluent. Cells were transiently transfected with Degs1 siRNA or 

scrambled siRNA at a final concentration of 100 nM in antibiotic free medium for 48 

hrs before being treated with SKi (10 μM) or ABC294640 (25 μM) or with the 

vehicle alone (DMSO 0.1% v/v) for further 24 hours. PARP cleavage was detected 

using SDS PAGE and western blotting with anti-PARP antibody. Blots were stripped 

and re-probed with anti-GAPDH antibody to ensure comparable protein loading. A 

representative western blot is shown of an experiment performed at least three 

independent times. Also shown is the densitometric quantification of cleaved 

PARP/GAPDH ratio immunoreactivity of (Mr 89 kDa), expressed as a percentage of 

the control (Control=100%). The data was expressed as means +/− SEM for n=3 

experiments and analysed by one-way ANOVA multiple comparisons test, 

***p<0.001 for Scrambled siRNA/ABC294640 vs Scrambled siRNA or Degs1 

siRNA/ABC294640 vs Scrambled siRNA/ABC294640. 
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Figure 3.21 Effect of Degs1 siRNA on DNA synthesis in HEK293T cells. 

HEK293T cells were cultured in complete medium containing 10% FCS until ~70% 

confluent. Cells were transiently transfected with Degs1 siRNA or scrambled siRNA 

at a final concentration of 100 nM in antibiotic free medium for 48 hrs before being 

treated with SKi (10 μM) or ABC294640 (25 μM) or with the vehicle alone (DMSO 

0.1% v/v) for further 24 hours. [3H] thymidine was added for the last 5 hours then 

nuclear material was precipitated with 1ml of 10% (w/v) ice cold TCA and then 

dissolved in 0.1% SDS/0.3M NaOH. [3H] thymidine uptake was quantified by liquid 

scintillation counting. Data are expressed as a % of control ± S.E.M for n=3 

experiments. The data was analysed by one-way ANOVA multiple comparisons, 

***p<0.001 for Degs1 siRNA/ABC294640 vs Scrambled siRNA/ABC294640 and 

****p<0.0001 for Scrambled siRNA/ABC294640 vs Scrambled siRNA. 
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Figure 3.22 Effect of SK1 siRNA on ABC294640-induced PARP cleavage in 

HEK293T cells. HEK293T cells were cultured in complete medium containing 10% 

FCS until ~70% confluent. Cells were transiently transfected with SK1 siRNA or 

scrambled siRNA at a final concentration of 100 nM in antibiotic free medium for 48 

hrs before being treated with SKi (10 μM) or ABC294640 (25 μM) or with the 

vehicle alone (DMSO 0.1% v/v) for further 24 hours. PARP cleavage was detected 

using SDS PAGE and western blotting with anti-PARP antibody. Blots were stripped 

and re-probed with anti-GAPDH antibody to ensure comparable protein loading. A 

representative western blot is shown of an experiment performed at least three 

independent times. Also shown is the densitometric quantification of cleaved 

PARP/GAPDH ratio immunoreactivity of (Mr 89 kDa), expressed as a percentage of 

the control (Control=100%). The data was expressed as means +/− SEM for n=3 

experiments and analysed by one-way ANOVA multiple comparisons test, **p<0.01 

for Scrambled siRNA/ABC294640 vs Scrambled siRNA and ns denotes not 

statistically significant (p value >0.05) for SK1 siRNA/ABC294640 vs Scrambled 

siRNA/ABC294640. 
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Figure 3.23 Effect of SK1 siRNA on DNA synthesis in HEK293T cells. HEK293T 

cells were cultured in complete medium containing 10% FCS until ~70% confluent. 

Cells were transiently transfected with SK1 siRNA or scrambled siRNA at a final 

concentration of 100 nM in antibiotic free medium for 48 hrs before being treated 

with SKi (10 μM) or ABC294640 (25 μM) or with the vehicle alone (DMSO 0.1% 

v/v) for further 24 hours. [3H] Thymidine was added for the last 5 hours then nuclear 

material was precipitated with 1ml of 10% (w/v) ice cold TCA and then dissolved in 

0.1% SDS/0.3M NaOH. [3H] Thymidine uptake was quantified by liquid scintillation 

counting. Data are expressed as a % of control ± SEM for n=3 experiments. The 

data was analysed by one-way ANOVA multiple comparisons test, ****p<0.0001 for 

Scrambled siRNA/ABC294640 vs Scrambled siRNA and ns denotes not statistically 

significant (p value >0.05) for SK1 siRNA/ABC294640 vs Scrambled 

siRNA/ABC294640. 
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Figure 3.24 Effect of SK2 siRNA on ABC294640-induced PARP cleavage in 

HEK293T cells. HEK293T cells were cultured in complete medium containing 10% 

FCS until ~70% confluent. Cells were transiently transfected with SK2 siRNA or 

scrambled siRNA at a final concentration of 100 nM in antibiotic free medium for 48 

hrs before being treated with SKi (10 μM) or ABC294640 (25 μM) or with the 

vehicle alone (DMSO 0.1% v/v) for further 24 hours. PARP cleavage was detected 

using SDS PAGE and western blotting with anti-PARP antibody. Blots were stripped 

and re-probed with anti-GAPDH antibody to ensure comparable protein loading. A 

representative western blot is shown of an experiment performed at least three 

independent times. Also shown is the densitometric quantification of cleaved 

PARP/GAPDH ratio immunoreactivity of (Mr 89 kDa), expressed as a percentage of 

the control (Control=100%). The data was expressed as means +/− SEM for n=3 

experiments and analysed by one-way ANOVA multiple comparisons, *p<0.05 for 

SK2 siRNA/ABC294640 vs Scrambled siRNA/ABC294640 and **p<0.01 for 

Scrambled siRNA/ABC294640 vs Scrambled siRNA. 
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We next assessed whether the Akt pathway was involved as activation of this 

pathway contributes to cell survival and growth (Osaki et al., 2004).  Treatment of 

HEK293T cells with ABC294640 (25 µM, 24 hours) or MG132 (10 µM, 24 hours) 

reduced the phosphorylation of Akt whereas SKi (10 µM, 24 hours) had no effect 

(Figure 3.25). 

 

LC3B was also analysed to see whether autophagy was involved.  Autophagy is a 

catabolic process for the autophagosomic-lysosomal degradation of bulk cytoplasmic 

contents (Reggiori and Klionsky, 2002).  Autophagy is generally activated by 

conditions of nutrient deprivation, but it has also been associated with a number of 

physiological processes, including development, differentiation, neurodegenerative 

diseases, infection, and cancer (Levine and Yuan, 2005).  During autophagy, LC3-I 

is converted to LC3-II through lipidation by a ubiquitin-like system involving Apg7 

and Apg3 that allows for LC3 to become associated with autophagic vesicles (Tanida 

et al., 2004; Ichimura et al., 2000).  Thus, the presence of LC3 in autophagosomes as 

well as the conversion of LC3 to the faster migrating form LC3-II has been used as 

indicators of autophagy that can lead to apoptosis.  Treating HEK293T cells with 

SKi inhibited conversion of LC3B-I to LC3B-II and, hence, autophagy.  In contrast, 

ABC294640 stimulated autophagy through the extensive removal of both LC3B-I 

and LC3B-II (Figure 3.26).  MG132 alone promoted autophagy through the 

conversion of LC3B-I to LC3B-II; pretreatment with MG132 to SKi/ABC294640 did 

not affect the MG132 results (Figure 3.26). 
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Figure 3.25 Effect of SKi and ABC294640 on P-Akt expression in HEK293T cells. 

HEK293T cells were cultured in complete medium containing 10% FCS until ~70% 

confluent. Cells were pre-treated with MG132 (10 µM, 30 minutes) before being 

treated with or without SKi (10 μM) or ABC294640 (25 μM) or with the vehicle 

alone (DMSO 0.1% v/v) for 24 hours. P-Akt expression was detected using SDS 

PAGE and western blotting with anti-P-Akt antibody. Blots were stripped and re-

probed with anti-GAPDH antibody to ensure comparable protein loading. A 

representative western blot is shown of an experiment performed at least three 

independent times. Also shown is the densitometric quantification of P-Akt/GAPDH 

ratio immunoreactivity of (Mr 60 kDa), expressed as a percentage of the control 

(Control=100%). The data was expressed as means +/− SEM for n=3 experiments 

and analysed by one-way ANOVA multiple comparisons test, *p<0.05 for MG132 vs 

control or ABC294640 vs control or MG132/ABC294640 vs ABC294640 and 

***p<0.001 for MG132/SKi vs MG132. 
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Figure 3.26 Effect of SKi and ABC294640 on LC3B expression in HEK293T cells. 

HEK293T cells were cultured in complete medium containing 10% FCS until ~70% 

confluent. Cells were pre-treated with MG132 (10 µM, 30 minutes) before being 

treated with and without SKi (10 μM) or ABC294640 (25 μM) or with the vehicle 

alone (DMSO 0.1% v/v) for 24 hours. LC3B-I/II expression was detected using SDS 

PAGE and western blotting. Blots were stripped and re-probed with anti-GAPDH 

antibody to ensure comparable protein loading. A representative western blot is 

shown of an experiment performed at least three independent times. Also shown is 

the densitometric quantification of LC3B-I/GAPDH and LC3B-II/GAPDH ratios 

immunoreactivities of (Mr 16 and 14 kDa, respectively), expressed as a percentage 

of the control (Control=100%). The data was expressed as means +/− SEM for n=3 

experiments and analysed by one-way ANOVA multiple comparisons test, in LC3B-I 

****p<0.0001 for ABC294640 vs control or MG132/ABC294640 vs MG132, 

***p<0.001 for MG132 vs control, and **p<0.01 for MG132/SKi vs MG132 while 

in LC3B-II ***p<0.001 for MG132 vs control and *p<0.05 for ABC294640 vs 

control or MG132/ABC294640 vs MG132. 
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3.2.8 Effect of SKi and ABC294640 on p38 MAPK and JNK 

activation in HEK293T cells 

The involvement of phosphorylated p38 MAPK and JNK pro-survival signalling 

pathways was assessed in terms of the regulation of the Degs1 ladder.  These are 

known as “alarm signals” which might reduce UPR-induced cell death, thereby 

increasing cell growth and survival (Wang and Ron, 1996; Deng et al., 2001; 

Svensson et al., 2011).  Both SKi and ABC294640 have been assessed in terms of 

whether they modulate the activation of p38 MAPK and JNK in HEK293T cells.  

SKi increased the phosphorylated p38 MAPK and JNK levels in HEK293T cells in a 

dose- and time-dependent manner (Figure 3.27).  In contrast, ABC294640 failed to 

induce the phosphorylation of p38 MAPK and JNK at 24 hours, but did activate 

these kinases in lower doses and at earlier times (Figure 3.28).   
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Figure 3.27 Effect of SKi on levels of phosphorylated p38 and JNK protein 

expressions in HEK293T cells. HEK293T cells were cultured in complete medium 

containing 10% FCS until ~70% confluent. A) Cells were treated with SKi (10 nM-

20 μM) or with the vehicle alone (DMSO 0.1% v/v) for 24 hours. B) Cells were 

treated with SKi (10 μM) or with the vehicle alone (DMSO 0.1% v/v) for a time 

course (0-24 hours). P-JNK and P-p38 MAPK levels were detected using SDS PAGE 

and western blotting with respective antibodies. Blots were stripped and re-probed 

with anti-GAPDH antibody to ensure comparable protein loading. Two 

representative western blots are shown each of an experiment performed at least 

three independent times. Also shown is the densitometric quantification of P-

JNK/GAPDH and P-p38 MAPK/GAPDH ratios immunoreactivities of (Mr 46-54 and 

43 kDa, respectively), expressed as a percentage of the control (Control=100%). The 

data was expressed as means +/− SEM for n=3 experiments and analysed by one-

way ANOVA Dunnett’s multiple comparisons test, *p<0.05 vs control, **p<0.01 vs 

control, ***p<0.001 vs control, and ****p<0.0001 vs control. 
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Figure 3.28 Effect of ABC294640 on levels of phosphorylated p38 and JNK 

protein expression in HEK293T cells. HEK293T cells were cultured in complete 

medium containing 10% FCS until ~70% confluent. A) Cells were treated with 

ABC294640 in different concentrations (10 nM-25 μM) or with the vehicle alone 

(DMSO 0.1% v/v) for 24 hours. B) Cells were treated with ABC294640 (25 μM) or 

with the vehicle alone (DMSO 0.1% v/v) for a time course (0-24 hours). P-JNK and 

P-p38 MAPK levels were detected using SDS PAGE and western blotting with 

respective antibodies. Blots were stripped and re-probed with anti-GAPDH antibody 

to ensure comparable protein loading. Two representative western blots are shown 

each of an experiment performed at least three independent times. Also shown is the 

densitometric quantification of P-JNK/GAPDH and P-p38 MAPK/GAPDH ratios 

immunoreactivities of (Mr 46-54 and 43 kDa, respectively), expressed as a 

percentage of the control (Control=100%). The data was expressed as means +/− 

SEM for n=3 experiments and analysed by one-way ANOVA Dunnett’s multiple 

comparisons test, *p<0.05 vs control, **p<0.01 vs control, and ***p<0.001 vs 

control. 
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To further test the relationship of activating phosphorylated p38 MAPK and JNK to 

cell survival/growth, cells were treated with the JNK inhibitor (SP600125) and the 

p38 MAPK inhibitor (SB203580).  Their effect on cell survival/growth was tested.  

In this regard, the JNK inhibitor (SP600125) but not the p38 MAPK inhibitor 

(SB203580) induced the formation of cleaved PARP (Figure 3.29).  However, 

SB203580 reduced DNA synthesis (Figure 3.30).  These findings suggest that JNK 

protects against apoptosis whereas p38 MAPK stimulates DNA synthesis.  

Moreover, although SKi alone did not affect DNA synthesis, pre-treatment with the 

p38 MAPK inhibitor SB203580 enhanced the inhibitory effect of SB203580 (Figure 

3.30).  Therefore, although SKi might promote survival via p38 MAPK, the 

compound can be converted to an inhibitor of DNA synthesis when p38 MAPK is 

blocked by SB203580. 
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Figure 3.29 Effect of JNK inhibitor (SP600125) and the p38 MAPK inhibitor 

(SB203580) on PAPR cleavage in HEK293T cells. HEK293T cells were cultured in 

complete medium containing 10% FCS until ~70% confluent. Cells were treated with 

inhibitors SP600125 (20 μM) or SB203580 (10 μM) or both or with the vehicle alone 

(DMSO 0.1% v/v) for 24 hours. PARP cleavage was detected using SDS PAGE and 

western blotting with anti-PARP antibody. Blots were stripped and re-probed with 

anti-GAPDH antibody to ensure comparable protein loading. A representative 

western blot is shown of an experiment performed at least three independent times. 

Also shown is the densitometric quantification of cleaved PARP/GAPDH ratio 

immunoreactivity of (Mr 89 kDa), expressed as a percentage of the control 

(Control=100%). The data was expressed as means +/− SEM for n=3 experiments 

and analysed by one-way ANOVA multiple comparisons test, ***p<0.001 for 

SP600125/SB203580 vs SB203580 and ****p<0.0001 for SP600125 vs control. 
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Figure 3.30 Effect of the p38 MAPK inhibitor (SB203580) pre-treatment to SKi on 

DNA synthesis in HEK293T cells. HEK293T cells were cultured in complete 

medium containing 10% FCS until ~70% confluent. Cells were pre-treated with 

SB203580 (10 μM, 30 min) before addition of SKi (10 μM) or with the vehicle alone 

(DMSO 0.1% v/v) for 24 hours. [3H] Thymidine was added for the last 5 hours then 

nuclear material was precipitated with 1ml of 10% (w/v) ice cold TCA and then 

dissolved in 0.1% SDS/0.3M NaOH. [3H] Thymidine uptake was quantified by liquid 

scintillation counting. Data are expressed as a % of control ± S.E.M for n=3 

experiments. The data was analysed by one-way ANOVA multiple comparisons test, 

**p<0.01 for SB203580 vs control and ***p<0.001 for SB203580/SKi vs SKi. 

 

 

 

 

 

 

 

 

 

 

 



 147 

We next assessed the functional relationship among Degs1, SK1, and SK2 in terms 

of regulating the p38 MAPK and JNK pathways, which we have demonstrated are 

pro-survival/growth pathways in HEK293T cells.  Interestingly, knocking down 

Degs1 with Degs1 siRNA reversed the SKi-induced activation of p38 MAPK and 

JNK (Figure 3.31).  As previously shown in Figure 3.2, knocking down Degs1 

reduced the native (32 kDa) and the polyubiquitinated forms of Degs1.  Since Degs1 

siRNA alone had no effect on the phosphorylation of JNK or p38 MAPK (Figure 

3.31) it is likely that this form does not regulate JNK/p38 MAPK.  These findings 

suggest that the polyubiquitinated forms are responsible for the regulation of JNK 

and p38 MAPK.  Furthermore, phosphorylated p38 MAPK and JNK survival signals 

are activated in response to SKi treatment and not ABC294640 at 24 hours, where 

polyubiquitinated forms of Degs1 are formed in response to SKi and not 

ABC294640. 

 

The next step was to evaluate whether SK1 and SK2 were involved in SKi-induced 

p38 MAPK and JNK effects.  Knocking down SK1 using SK1 siRNA reduced the 

basal levels of phosphorylated p38 MAPK and phosphorylated JNK (Figure 3.32), 

and therefore does not recapitulate the effect of SKi, thereby excluding it from 

promoting formation of polyubiquitinated Degs1.  As additional proof that SK1 is 

not involved in JNK/p38 MAPK activation, both SKi and ABC294640 induced the 

proteasomal degradation of SK1 (Figure 3.11), but only SKi activated JNK/p38 

MAPK at 24 hours (Figure 3.27).  The siRNA knockdown of SK2 had no effect on 

the phosphorylation levels of p38 MAPK and JNK (Figure 3.33), thereby also 

excluding this kinase.  Moreover, ABC294640 failed to persistently activate 
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JNK/p38 MAPK at 24 hours. 

 

As p38 MAPK has been shown to regulate Mdm2 (Zhu et al., 2002; Héron-Milhavet 

and Le Roith, 2002), the E3 ligase responsible for the polyubiquitination of Degs1, 

we assessed whether there might be a feedback loop from p38 MAPK that enhances 

the polyubiquitination of Degs1.  In this respect the treatment of HEK293T cells with 

the p38 MAPK inhibitor SB203580 (10 μM, 24 hours) prior to the addition of SKi 

reduced the formation of the Degs1 ladder (Figure 3.34).  There appears to be 

specificity for p38 MAPK, as the JNK inhibitor SP600125 had no effect on the 

ability of SKi to promote the formation of the Degs1 ladder (Data not shown).   
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Figure 3.31 Effect of Degs1 siRNA on SKi-induced p38 MAPK and JNK pathways 

in HEK293T cells. HEK293T cells were cultured in complete medium containing 

10% FCS until ~70% confluent. Cells were transiently transfected with Degs1 siRNA 

or scrambled siRNA at a final concentration of 100 nM in antibiotic free medium for 

48 hrs before being treated with SKi (10 μM) or with the vehicle alone (DMSO 0.1% 

v/v) for further 24 hours. P-JNK and P-p38 MAPK levels were detected using SDS 

PAGE and western blotting with respective antibodies. Blots were stripped and re-

probed with anti-GAPDH or anti-p38 MAPK or anti-JNK antibodies to ensure 

comparable protein loading. Two representative western blots are shown each of an 

experiment performed at least three independent times. Also shown is the 

densitometric quantification of P-JNK/GAPDH and P-p38 MAPK/GAPDH ratios 

immunoreactivities of (Mr 46-54 and 43 kDa, respectively), expressed as a 

percentage of the control (Control=100%). The data was expressed as means +/− 

SEM for n=3 experiments and analysed by one-way ANOVA multiple comparisons 

test, in P-JNK **p<0.01 for Scrambled siRNA/SKi vs Scrambled siRNA or Degs1 

siRNA/SKi vs Scrambled siRNA/SKi while in P-p38 MAPK ****p<0.0001 for 

Scrambled siRNA/SKi vs Scrambled siRNA or Degs1 siRNA/SKi vs Scrambled 

siRNA/SKi. 
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Figure 3.32 Effect of SK1 siRNA on p38 MAPK and JNK pathways in HEK293T 

cells. HEK293T cells were cultured in complete medium containing 10% FCS until 

~70% confluent. Cells were transiently transfected with SK1 siRNA or scrambled 

siRNA at a final concentration of 100 nM in antibiotic free medium for 48 hrs. P-

JNK and P-p38 MAPK levels were detected using SDS PAGE and western blotting 

with respective antibodies. Blots were stripped and re-probed with anti-GAPDH or 

anti-p38 MAPK or anti-JNK antibodies to ensure comparable protein loading. Two 

representative western blots are shown each of an experiment performed at least 

three independent times. Also shown is the densitometric quantification of P-

JNK/GAPDH and P-p38 MAPK/GAPDH ratios immunoreactivities of (Mr 46-54 and 

43 kDa, respectively), expressed as a percentage of the control (Control=100%). The 

data was expressed as means +/− SEM for n=3 experiments and analysed by 

Unpaired t-test, in P-JNK **p<0.01 for SK1 siRNA vs Scrambled siRNA while in P-

p38 MAPK ***p<0.001 for SK1 siRNA vs Scrambled siRNA 
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Figure 3.33 Effect of SK2 siRNA p38 MAPK and JNK pathways in HEK293T 

cells. HEK293T cells were cultured in complete medium containing 10% FCS until 

~70% confluent. Cells were transiently transfected with SK2 siRNA or scrambled 

siRNA at a final concentration of 100 nM in antibiotic free medium for 48 hrs. P-

JNK and P-p38 MAPK levels were detected using SDS PAGE and western blotting 

with respective antibodies. Blots were stripped and re-probed with anti-GAPDH or 

anti-p38 MAPK or anti-JNK antibodies to ensure comparable protein loading. Two 

representative western blots are shown each of an experiment performed at least 

three independent times. Also shown is the densitometric quantification of P-

JNK/GAPDH and P-p38 MAPK/GAPDH ratios immunoreactivities of (Mr 46-54 and 

43 kDa, respectively), expressed as a percentage of the control (Control=100%). The 

data was expressed as means +/− SEM for n=3 experiments and analysed by 

Unpaired t-test, in both P-JNK and P-p38 MAPK ns denotes not statistically 

significant (p value >0.05) for SK2 siRNA vs Scrambled siRNA. 
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Figure 3.34 Effect of p38 MAPK inhibitor (SB203580) on the polyubiquitination 

of Degs1 in response to SKi in HEK293T cells. HEK293T cells were cultured in 

complete medium containing 10% FCS until ~70% confluent. Cells were pre-treated 

with SB203580 (10 μM, 30 minutes) before addition of SKi (10 μM) or with the 

vehicle alone (DMSO 0.1% v/v) for 24 hours. Degs1 expression was detected using 

SDS PAGE and western blotting with anti-Degs1 antibody. Blots were stripped and 

re-probed with anti-GAPDH antibody to ensure comparable protein loading. A 

representative western blot is shown of an experiment performed at least three 

independent times. Also shown is the densitometric quantification of post-

translationally modified Degs1/GAPDH ratio immunoreactivity of (Mr 46 kDa), 

expressed as a percentage of the control (Control=100%). The data was expressed 

as means +/− SEM for n=3 experiments and analysed by one-way ANOVA multiple 

comparisons test, ***p<0.001 for SB203580/SKi vs SKi and ****p<0.0001 for SKi 

vs control. 
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3.2.9 Effect of SKi, ABC294640, and tunicamycin on PERK and 

XBP-1s levels in HEK293T cells 

The homeostasis of folding proteins in the ER lumen is protected by the UPR in 

cases where an imbalance occurs between levels of unfolded proteins regulated by 

the ER stress sensors IRE1, PERK, and ATF6 (Volmer and Ron, 2015).  Therefore, 

Degs1 might regulate cell survival/apoptosis through the activation of ER stress as 

changes in the levels of Cer/dhCer in ER could activate ER cellular stress responses 

(Gagliostro et al., 2012; Spassieva et al., 2009; Volmer and Ron, 2015).  Therefore, 

SKi and ABC294640 were used to assess the involvement of this pathway and its 

regulation by Degs1.  Two ER stress sensors were chosen for this study: PERK and 

XBP-1s. 

 

HEK293T cells were treated with SKi (10 μM, 24 hours), producing a mobility shift 

in PERK on SDS-PAGE (Figure 3.35A) which was previously described as a result 

of phosphorylation (Koumenis et al., 2002).  However, the mobility shift was not 

reversed when pre-treated with NAC excluding the role of oxidative stress (Figure 

3.35A).  On the other hand, the SK2 inhibitor ABC294640 (25 μM, 24 hours) failed 

to induce the mobility shift in PERK (Figure 3.35B).  HEK293T cells were also 

treated with the ER stress activator tunicamycin (5 μg/ml) (known for preventing the 

formation of N-acetylglucosamine lipid intermediates and the glycosylation of newly 

synthesised glycoproteins to induce unfolded protein response (Chan and Egan, 

2005; Elbein, 1981)), which resulted in a mobility shift in PERK (Figure 3.35C). 
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Next, we assessed the involvement of Degs1, SK1, and SK2 in the SKi-induced 

PERK shift using siRNA transfections.  Knocking down Degs1 (Figure 3.36), SK1 

(Figure 3.37), or SK2 (Figure 3.38) using specific siRNAs did not reverse the SKi-

induced mobility shift in PERK, thereby excluding their role in regulating PERK.  

The lack of effect of NAC is consistent with the finding that Degs1 is unlikely to 

have a role in regulating PERK as the formation of the Degs1 ladder in response to 

SKi was reduced by NAC (see Figure 3.9). 
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Figure 3.35 Effect of SKi, ABC294640, or Tunicamycin on PERK mobility shift in 

HEK293T cells. HEK293T cells were cultured in complete medium containing 10% 

FCS until ~70% confluent. A) Cells were pre-treated with NAC (10 mM, 30 minutes) 

before addition of SKi (10 μM) or with the vehicle alone (DMSO 0.1% v/v) for 24 

hours. B) Cells were treated with ABC204640 (25 μM) or with the vehicle alone 

(DMSO 0.1% v/v) for 24 hours. C) Cells were treated with tunicamycin (5 μg/ml) or 

with the vehicle alone (DMSO 0.1% v/v) for a time course (0-8 hours). PERK levels 

were detected using SDS PAGE and western blotting with anti-PERK antibody. Blots 

were stripped and re-probed with anti-GAPDH or anti-actin antibodies to ensure 

comparable protein loading. Three representative western blots are shown each of 

an experiment performed at least three independent times. 
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Figure 3.36 Lack of effect of Degs1 siRNA on PERK mobility shift in HEK293T 

cells. HEK293T cells were cultured in complete medium containing 10% FCS until 

~70% confluent. Cells were transiently transfected with Degs1 siRNA or scrambled 

siRNA at a final concentration of 100 nM in antibiotic free medium for 48 hrs before 

being treated with SKi (10 μM) or with the vehicle alone (DMSO 0.1% v/v) for 

further 24 hours. PERK levels were detected using SDS PAGE and western blotting 

with anti-PERK antibody. Blots were stripped and re-probed with anti-GAPDH 

antibody to ensure comparable protein loading. A representative western blot is 

shown of an experiment performed at least three independent times. 
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Figure 3.37 Lack of effect of SK1 siRNA on PERK mobility shift in HEK293T 

cells. HEK293T cells were cultured in complete medium containing 10% FCS until 

~70% confluent. Cells were transiently transfected with SK1 siRNA or scrambled 

siRNA at a final concentration of 100 nM in antibiotic free medium for 48 hrs before 

being treated with or without SKi (10 μM) or with the vehicle alone (DMSO 0.1% 

v/v) for further 24 hours. PERK levels were detected using SDS PAGE and western 

blotting with anti-PERK antibody. Blots were stripped and re-probed with anti-

GAPDH antibody to ensure comparable protein loading. A representative western 

blot is shown of an experiment performed at least three independent times. 
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Figure 3.38 Lack of effect of SK2 siRNA on PERK mobility shift in HEK293T 

cells. HEK293T cells were cultured in complete medium containing 10% FCS until 

~70% confluent. Cells were transiently transfected with SK2 siRNA or scrambled 

siRNA at a final concentration of 100 nM in antibiotic free medium for 48 hrs before 

being treated with or witout SKi (10 μM) or with the vehicle alone (DMSO 0.1% v/v) 

for further 24 hours. PERK levels were detected using SDS PAGE and western 

blotting with anti-PERK antibody. Blots were stripped and re-probed with anti-

GAPDH antibody to ensure comparable protein loading. A representative western 

blot is shown of an experiment performed at least three independent times. 
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The second ER stress sensor we investigated was XBP-1s.  The proteasome inhibitor 

MG132 (10 μM, 24 hours) alone induced an increase in XBP-1s expression and this 

was enhanced by SKi (Figure 3.39).  We previously demonstrated that a combination 

of MG132 and SKi enhanced the formation of the Degs1 ladder with a Mr > 50 kDa 

(Figure 3.5).  Thus, it is considered an important finding and suggests that the post-

translationally modified forms of Degs1 are positively linked with the increase in the 

XBP-1s pro-survival expression.  On the other hand, ABC294640 (25 μM, 24 hours) 

reduced the MG132-induced increase in XBP-1s levels (Figure 3.39).  Similarly, as 

previously shown, the combination of MG132 and ABC294640 reduced the MG132-

induced Degs1 ladder (Figure 3.5), suggesting that this might account for the 

reduction in XBP-1s expression (32 kDa).  To confirm the involvement of Degs1 in 

this pathway, we knocked down Degs1 using Degs1 siRNA; indeed, this reduced the 

MG132/SKi-induced increase in XBP-1s expression (Figure 3.40).  
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Figure 3.39 Effect of SKi or ABC294640 in combination with MG132 to XBP-1s 

levels in HEK293T cells. HEK293T cells were cultured in complete medium 

containing 10% FCS until ~70% confluent. Cells were pre-treated with MG132 (10 

µM, 30 minutes) before addition of SKi (10 μM) or ABC294640 (25 μM) or with the 

vehicle alone (DMSO 0.1% v/v) for 24 hours.  XBP-1s levels were detected using 

SDS PAGE and western blotting with anti-XBP-1s antibody. Blots were stripped and 

re-probed with anti-GAPDH antibody to ensure comparable protein loading. A 

representative western blot is shown of an experiment performed at least three 

independent times. Also shown is the densitometric quantification of XBP-

1s/GAPDH ratio immunoreactivity of (Mr 60 kDa), expressed as a percentage of the 

control (Control=100%). The data was expressed as means +/− SEM for n=3 

experiments and analysed by one-way ANOVA multiple comparisons test, *p<0.05 

for MG132/SKi vs MG132, **p<0.001 for MG132/ABC294640 vs MG132, and 

***p<0.001 for MG132 vs control. 
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Figure 3.40 Effect of Degs1 siRNA on XBP-1s levels in HEK293T cells. HEK293T 

cells were cultured in complete medium containing 10% FCS until ~70% confluent. 

Cells were transiently transfected with Degs1 siRNA or scrambled siRNA at a final 

concentration of 100 nM in antibiotic free medium for 48 hours. Cells were then pre-

treated with MG132 (10 µM, 30 minutes) before addition of SKi (10 μM) or 

ABC294640 (25 μM) or with the vehicle alone (DMSO 0.1% v/v) for further 24 

hours.  XBP-1s levels were detected using SDS PAGE and western blotting with anti-

XBP-1s antibody. Blots were stripped and re-probed with anti-GAPDH antibody to 

ensure comparable protein loading. A representative western blot is shown of an 

experiment performed at least three independent times. A lighter version of XBP-1s 

levels is also shown. Also shown is the densitometric quantification of XBP-

1s/GAPDH ratio immunoreactivity of (Mr 60 kDa), expressed as a percentage of the 

control (Control=100%). The data was expressed as means +/− SEM for n=3 

experiments and analysed by one-way ANOVA multiple comparisons test, **p<0.01 

for Degs1 siRNA/MG132/SKi vs Scrambled siRNA/MG132/SKi, ***p<0.001 for 

Scrambled siRNA/MG132/SKi vs Scrambled siRNA/MG132, ****p<0.0001 for 

Scrambled siRNA/MG132 vs Scrambled siRNA, and ns denotes not statistically 

significant (p value >0.05) for Degs1 siRNA/MG132 vs Scrambled siRNA/MG132 or 

Scrambled siRNA/MG132/ABC294640 vs Scrambled siRNA/MG132 or Degs1 

siRNA/MG132/ABC294640 vs Scrambled siRNA/MG132/ABC294640. 
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3.2.10  Effect of SKi and ABC294640 on sphingolipid levels in 

HEK293T cells 

Changes in sphingolipid levels in response to SKi (10 μM, 24 hours) and 

ABC294640 (25 μM, 24 hours) were measured.  The first sphingolipid analysed was 

levels of dihydroceramide; both SKi and ABC294640 stimulated increases in 

dihydroceramide levels.  SKi elevated C24:1 dihydroceramide levels, with a 

significant increase in C16:0 and C24:0 dihydroceramides (Appendix, Figure S1).  

ABC294640 significantly increased C16:0, C22:0, C24:1. C24:0, C26:1, and C18:1 

dihydroceramide levels, with slight increase in C18:0, C20:0, C:26:0, and C14 

dihydroceramides (Appendix, Figure S1).  Very low levels of hexosyl 

dihydroceramide were detected, but it was difficult to establish any consistent 

changes (data not shown). 

 

We then investigated the effect of SKi and ABC294640 on long chain sphingoid 

bases as both compounds are considered to be dual SK1/SK2 inhibitors.  SKi 

reduced sphinganine 1-phosphate levels, with a reduction in S1P approaching 

significance (p=0.06; Appendix, Figure S2), which was consistent with its 

characteristic as a dual SK1 and SK2 inhibitor.  Moreover, SKi reduced Sph levels 

without affecting levels of sphinganine.  On the other hand, ABC294640 increased 

Sph, sphinganine, and S1P levels, which could suggest the increasing of uptake 

and/or de novo synthesis whilst reducing levels of sphinganine 1-phosphate, which is 

a characteristic of SK inhibitors (Appendix, Figure S2).  In addition, ABC294640 

elevated Cer levels, which could also be due to de novo biosynthesis and/or uptake 

from the medium (Appendix, Figure S3).  Furthermore, ABC294640 increased many 
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Cers levels (including C14:0, C16:0, C18:0, C18:1, C20:0, C22:0, C24:1, C24:0, 

C26:0, and C26:1; Appendix, Figure S4), which could account for the ABC294640-

indued apoptosis.  In contrast, SKi decreased C18:0 and C20:0 Cers, but increased 

levels of C24:1 and C14:0 Cers (Appendix, Figure S3).  SKi had a slight effect on 

total Cers assuming that it failed to stimulate “apoptotic” Cers; thus, it did not induce 

cleavage of PARP or the expression of CHOP, nor did it inhibit DNA synthesis 

(Figures 3.17, 3.18, and 3.19).  

 

Sphingomyelin levels were also analysed.  ABC294640 appears to increase C20:0, 

C22:0, 24:0, 24:1, and C26:1 Cers, with a significant increase in C18:0, but SKi had 

no effect (Appendix, Figure S4).  Dihydrosphingomyelin levels were also 

significantly elevated by ABC294640 (including C18:0, C22:0, C24:0, C26:1, and 

C24:1; p=0.054), whereas SKi increased only C16:0 dihydrosphingomyelin levels 

(Appendix, Figure S5). 
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3.3 DISCUSSION 

The main finding of this study is to demonstrate that Degs1 is subject to regulation 

by the ubiquitin-proteasomal degradation pathway and that this can be induced by 

SKi.  Confirmation that Degs1 is subject to polyubiquitination was based on the 

following: 

(1) formation of the Degs1 ladder was reduced by knocking down Degs1 with 

Degs1 siRNA. 

(2) immunoprecipitation of the Degs1 laddered proteins with the anti-Degs1 

antibody. 

(3) reduction in the formation of the Degs1 ladder by pre-treatment of cells with 

the E3 ligase Mdm2 inhibitor, nutlin. 

(4) induction of the Degs1 ladder upon treatment of cells with proteasome 

inhibitors, MG132 or bortezomib. 

The native and polyubiquitinated forms of Degs1 were found to produce completely 

different effects on HEK293T cell fate.  The native Degs1, modulated by substrate 

induction by ABC294640, promoted cell death.  In contrast, the polyubiquitinated 

forms that accumulate in response to SKi, promoted cell survival through the 

activation of P-JNK/P-p38 MAPK and XBP-1s (Figures 3.27 and 3.39).  The 

formation of the polyubiquitinated forms of Degs1 increased when cells were treated 

with a combination of either MG132 or bortezomib and SKi, thereby indicating that 

Degs1 is subject to a dynamic ubiquitin-proteasomal turnover.  Since these forms 

accumulate when SKi is combined with a proteasome inhibitor, an explanation might 

be that some compounds force degradation of Degs1 in cells through the ubiquitin-

proteasomal pathway that, in turn, may lead to senescence cell death (as opposed to 
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apoptotic cell death).  This is based on a previous study which showed that removal 

of Degs1 by siRNA knockdown induced markers of senescence, p53 and p21, in 

prostate cancer cells (McNaughton et al., 2016).  This removal of Degs1 through the 

ubiquitin-proteasomal system could account for cell death produced by these 

compounds, which has been reported in the previous literature (Hernández-Tiedra et 

al., 2016; Wu et al., 2001; Erdreich-Epstein et al., 2002; Hail et al., 2006; Gagliostro 

et al., 2012).  Therefore, the polyubiquitinated forms of Degs1 might predominate 

when the degradation rate is low, leading to cell survival (Zheng et al., 2006; 

Signorelli et al., 2009; Gagliostro et al., 2012; Siddique et al., 2012; Siddique et al., 

2013; Breen et al., 2013), while complete removal of the protein might lead to 

senescent death (not apoptotic) (McNaughton et al., 2016). 
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Figure 3.41 Different roles of native and polyubiquitinated Degs1 forms.  An 

illustrative scheme shows that the native and polyubiquitinated forms of Degs1 

produce different effects on cell fate.  Native Degs1 activated through ABC294640 

regulates formation of Cer species responsible for apoptosis, while polyubiquitinated 

Degs1 activated though SKi regulates formation of prosurvival/growth Cer species 

[Adapted from (Alsanafi et al., 2018)]. 

 

In addition, since ABC294640, but not SKi, has been shown to induce PARP 

cleavage, CHOP expression, and decreased DNA synthesis, the native Degs1 is 

likely associated with apoptosis and growth inhibition.  This was supported by 

evidence showing that gene-specific Degs1 siRNA reversed the ABC294640-

induced PARP cleavage as well as the reduction in DNA synthesis, thereby 

indicating the involvement of native Degs1.  Moreover, reduction of phosphorylated 



 167 

Akt, which is involved in cell survival and growth (Osaki et al., 2004), when cells 

were treated with ABC294640, but not SKi, provides additional evidence that the 

native enzyme functions to reduce cell survival.  Sphingolipids measurements also 

showed that ABC294640 induced increases in the levels of Cer species that are 

known to inhibit Akt phosphorylation (Schubert et al., 2000; Bourbon et al., 2002).  

This was consistent with studies by French et al. (2010), who showed ABC294640 

markedly shifted the sphingolipid rheostat in favour of ceramide with C16, C22, 

C24, and C24:1 ceramide species elevated concomitant with S1P levels being 

reduced (French et al., 2010).  In addition, the current study, shows that ABC294640 

stimulated autophagy through the extensive removal of both LC3B-I and LC3B-II, 

while SKi inhibited conversion of LC3B-I to LC3B-II and, hence, appears to block 

autophagy.  This finding was consistent with previous literature which showed that 

ABC294640 is an inducer of autophagy in pancreatic and kidney cancer cells 

(Beljanski et al., 2010).  Moreover, Tonelli et al. (2013) reported that SKi inhibits 

autophagy in LNCaP AI cells through the accumulation of the non-lipidated inactive 

form LC3 (LC3-I) (Tonelli et al., 2013).  The ability of SKi to inhibit autophagy in 

HEK293T cells might be related to oxidative stress, since mitochondria are the chief 

endogenous producers of cellular ROS and when defective they are subjected to 

degradation through the autophagic pathway.  Therefore, inhibition of autophagy 

could result in accumulation of defective mitochondria that might lead to abnormal 

ROS production (Jin and White, 2008).  This is of particular interest as the SKi-

induced polyubiquitination of Degs1 is inhibited by the ROS scavenger, NAC. 
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Autophagy is known as a double-edged sword that can either promote apoptosis 

(Maiuri et al., 2007) or protect cells from apoptosis (Li et al., 2013) depending on 

the cell type, triggering stimuli, intracellular metabolic activity, and extracellular 

nutrient supply.  In this study, it is apparent that stimulation of autophagy in either 

ABC294640- or MG132-treated HEK293T cells was linked with apoptotic cell 

death.  The concept that ABC294640 could lead to apoptotic cellular death was 

shown in previous literature.  A recent study by Xu et al. (2018) reported that 

ABC294640 induced G1-S arrest and apoptosis in cervical carcinoma cells (Xu et 

al., 2018).  In addition, ABC294640 was recently shown by Ding et al (2019) to 

inhibit proliferation and induce apoptosis of RBE and HCCC9810 cells (Ding et al., 

2019).  Moreover, Song et al. (2019) reported that ABC294640 induced cell cycle 

arrest in S phase and increased apoptosis in EOC cells (Song et al., 2019).  

Furthermore, various recent studies reported that ABC294640 can synergise with 

different compounds, such as agents that block bone marrow kinase in chromosome 

X (BMX), chemotherapeutic agents (e.g. doxorubicin) and the Bcl-2 inhibitor, ABT-

199 to enhance cellular apoptosis (Jin et al., 2018; Leili et al., 2018; Sundaramoorthy 

et al., 2018).  Recent advances in the study of cell death have shown that apoptosis 

and autophagy are interconnected signalling pathways that can cross-talk with each 

other under various cellular stress responses (Chen et al., 2018).  For example, 

Kulkarni et al. (2016) showed that a novel digitoxin analogue was able to promote 

autophagy-induced apoptosis in lung cancer cells (Kulkarni et al., 2016).  In 

addition, Cheng et al. (2018) showed that autophagy enhances apatinib-induced 

apoptosis through ER stress in human colorectal cancer (CRC) cells (Cheng et al., 

2018).  Recently others have reported that apoptosis regulated through autophagy is 
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linked to targeting NOXA for degradation (Wang et al., 2018).  Therefore, if 

autophagy is linked with apoptosis then SKi inhibition of autophagy will contribute 

to a cell survival function enhanced through the formation of polyubiquitinated 

Degs1 forms.  Overall, the native form of Degs1 might be accountable for the 

synthesis of Cer species which can block Akt signalling, whereas the 

polyubiquitinated forms of Degs1 are linked with p38 MAPK signalling that 

functions to reduce autophagy through phosphorylation of Unc-51-like autophagy-

activating kinase 1 (ULK1) (He et al., 2018).  Indeed, certain Degs1 

inhibitors/modulators promote autophagy (Signorelli et al., 2009; Gagliostro et al., 

2012) possibly as a consequence of proteasomal degradation and loss of Degs1 from 

cells.  However, results showed that ABC294640 induces autophagy without 

removal of Degs1 in HEK293T cells.  This finding was consistent with Casasampere 

et al. (2017) who reported that autophagy can be induced through both 

dihydroceramide-dependent and independent pathways and the balance between 

these two pathways affects the final cell fate (Casasampere et al., 2017).   

 

The results from this current study demonstrate that oxidative stress, p38 MAPK, and 

Mdm2 are involved in regulating the ubiquitin-proteasomal degradation of Degs1 in 

response to SKi.  Cingolani et al. (2014) suggested that the dual SK1/SK2 inhibitor, 

SKi, indirectly decreased the activity of Degs1 and increased the levels of dhCers 

through the inhibition of oxidative stress and NADH-cytochrome B5 reductase 

(Cingolani et al., 2014).  Likewise, many studies have demonstrated that fenretinide 

inhibits Degs1 activity and promotes oxidative stress (Zheng et al., 2006; Wang et 

al., 2008; Rahmaniyan et al., 2011).  An explanation might be that Degs1 is only 
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partially and not fully removed from cells through the proteasomal degradation 

pathway in response to fenretenide.  Thus, SKi or fenretinide are not considered as 

catalytic inhibitors but induce proteasomal degradation mediated by oxidative stress.  

Additional evidence that supports this mode of regulation and linkage between 

Mdm2 and p38 MAPK was obtained by Li et al., who demonstrated that TNFα 

stimulated the ubiquitin ligase atrogin1/MAFbx via a mechanism involving p38 

MAPK pathway in skeletal muscle (Li et al., 2005).  In addition, Zhu et al. (2002) 

reported that p38 MAPK inhibitors and a dominant-interfering mutant of the p38-

activating kinase mitogen-activated protein kinase kinase 3 reduced the hypoxia 

down-regulation of Mdm2 (Zhu et al., 2002).  

 

The effect of SKi and ABC294640 on sphingolipid levels has also provided 

information on the functional relationship between Degs1, SK1, and SK2 in terms of 

regulating the survival of HEK293T cells.  For example, SKi induced a modest 

increase C16:0 and C24:0 dihydroceramides levels that are consistent with the loss of 

Degs1 via the ubiquitin-proteasomal degradation route.  While Degs1 catalyses the 

desaturation of various molecular species of dihydroceramide, the effect of SKi was 

selective to two dihydroceramide species, suggesting that the polyubiquitinated 

forms of Degs 1 either have altered substrate specificity (compared with the native 

form) for certain dihydroceramide species or that there is a change in localisation of 

Degs1 to a specialised lipid microdomain where access is restricted to C16:0 and 

C24:0 dihydroceramides.   
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The rate of loss of Degs1 in response to SKi is thought to be slow, thereby allowing 

for the accumulation of intermediate polyubiquitinated forms that promote cell 

survival.  Furthermore, SKi treatment increased C14:0 and C24:1 Cers, which might 

be endowed with pro-survival functions in terms of regulation of p38 MAPK/JNK 

and XBP-1s signalling.  These findings are supported by the studies of Beauchamp et 

al. (2009) who demonstrated that that the sub-cellular localisation of Degs1 can be 

regulated by N-myristoylation, which promotes redistribution of Degs1 from the ER 

to the mitochondria.  However, it is likely that the polyubiquitinated forms of Degs1 

are localised to the ER because of the link with the activation of ER stress effectors 

(e.g. JNK and p38 MAPK).   

 

Degs1 appears to be localised to non-ionic detergent-resistant membranes in 

HEK293T cells since the ionic detergent lysis buffer successfully solubilised native 

and polyubiquitinated Degs1 forms.  Karsai et al. (2019) reported that Degs1 was 

found mainly co-localised with the ER marker protein disulfide isomerase (PDI) with 

minimal co-localisation with the mitochondrial marker Tim23 (Karsai et al., 2019).  

The post-translationally modified forms of Degs1 is positively linked with the 

increase in the XBP-1s pro-survival expression since SKi but not ABC294640 

enhanced the MG132-induced XBP-1s levels and Degs1 siRNA reduced this 

response.  The concept of sphingolipids being able to directly activate UPR and ER 

stress sensors is consistent with various previous studies recently reviewed in 

Bennett et al. (2019) (Bennett et al., 2019). 
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On the other hand, ABC294640 induced an increase in levels of both 

dihydroceramide and Cer, thereby indicating a general increase in flux through the 

de novo Cer pathway and/or cellular uptake.  High levels of dihydroceramides would 

provide “gain of function” to the native form of Degs1 through the mechanism of 

substrate induction in order to promote the formation of Cers that induce the 

apoptotic response.  The observed changes in dihydroceramide levels with SKi and 

ABC294640 are consistent with McNaughton et al. (2016), who reported that SKi 

and ABC294640 induce senescence of androgen-independent LNCaP-AI prostate 

cancer cells concomitant with the proteasomal degradation of SK1 and Degs1 as well 

as increased expression of p53 and p21 (McNaughton et al., 2016).  Other studies 

have also demonstrated that SKi and ABC294640 elevate dihydroceramide levels 

through apparent inhibition of Degs1 activity in prostate cancer cells (Loveridge et 

al., 2010; Venant et al., 2015).  Furthermore, SKi has been shown to induce an 

increase in the levels of dihydroceramide in ovarian cancer cells (Illuzzi et al., 2010).  

In the current study, ABC294640 increased the levels of both Sph and S1P, which 

was an unpredicted finding as this compound is a SK2 inhibitor and induces the 

proteasomal degradation of SK1.  However, ABC294640 is considered a weak SK2 

inhibitor (IC50 = 50 μM) (French et al., 2010), thereby possibly leaving sufficient 

residual SK2 activity to drive the formation of S1P as a result of the accumulated 

high Sph levels in response to ABC294640.  ABC294640 also lowered levels of 

sphinganine 1-phosphate, which was consistent with its ability to promote the 

proteasomal degradation of SK1 in HEK293T cells.  This result might suggest that 

SK1, more than SK2, is involved in catalysing the formation of sphinganine 1-

phosphate in these cells.  In addition, the moderate reduction of S1P upon treatment 
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with SKi could be explained by the fact that SKi has stronger SK2 inhibition activity 

(IC50 = 2 μM) (unpublished data) compared to ABC294640; thus, S1P levels might 

be regulated primarily through SK2 in HEK293T cells.   

 

The findings of this study reveal that Degs1 is a versatile enzyme, and the 

polyubiquitination of this enzyme appears to change its function from being pro-

apoptotic to pro-survival.  This result could explain the contradictory reports on 

Degs1 in promoting cell survival, such as through autophagy or apoptosis, as 

reviewed in Siddique et al. (2015).  Sridevi et al. (2010) showed that cellular stress in 

HEK293 cells promoted translocation of CerS1 from the ER to Golgi and 

proteasomal degradation (Sridevi et al., 2010).  In addition, Min et al. (2007) 

reported that over-expression of CerS1 in HEK293 cells induced activation of p38 

MAPK in response to cisplatin (Min et al., 2007).  Taken together with the current 

findings, it is conceivable that CerS1 and polyubiquitinated Degs1 could function 

together to regulate the p38 MAPK pathway. 

  

The lifespan of polyubiquitinated forms of Degs1 might govern the pro-survival 

function of Degs1 in diverse cellular systems.  This finding could have a significant 

benefit in validating Degs1 as a drug target in different cancer cells.  For instance, 

the drug-induced prevention of the formation of polyubiquitinated forms of Degs1, in 

addition to increasing de novo biosynthesis of apoptotic Cers, might be usefully 

exploited to induce apoptotic cell death of cancer cells.  In addition, accelerating the 

proteasomal degradation of Degs1 and reducing the levels of the polyubiquitinated 

forms might result in the senescent-induced death of cancer cells. 
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CHAPTER 4: THE ROLE OF SPHINGOSINE KINASES 1 AND 2 

IN REGULATING p53, p38 MAPK, JNK AND XBP-1s 

SIGNALLING IN HUMAN EMBRYONIC KIDNEY CELLS 

 

4.1  INTRODUCTION 

The p53 tumour-suppressor gene, a cellular stress sensor, is often mutated in most 

human cancers (Vousden and Lu, 2002).  Many cellular stresses induce and promote 

phosphorylation of p53, including UV radiation, γ-irradiation, DNA cross-linking, 

hypoxia, oxidative stress, and nucleotide depletion (Sharpless and DePinho, 2002; 

Wahl and Carr, 2001; Vousden and Lu, 2002).  Once p53 is activated, it functions as 

a transcription factor and stimulates the expression of various downstream genes 

associated with DNA repair, cell cycle arrest, or apoptosis (Vousden and Lu, 2002).  

p53 is strictly regulated by cofactor binding, post-translational modifications, and 

subcellular localisation in order for it to function properly.  Mdm2, an E3 ubiquitin 

ligase, tightly regulates p53 functions through the acceleration of p53 nuclear export 

and degradation by the 26S proteasome, resulting in the inactivation of its tumour 

suppressor activity (Michael and Oren, 2002).  Meanwhile, p53 phosphorylation 

within its amino-terminal domain stabilises p53 through the disruption of the p53–

Mdm2 interaction (Michael and Oren, 2002; Wahl and Carr, 2001) and the 

prevention of its nucleo-cytoplasmic export (Zhang and Xiong, 2001).  

 

Various studies have demonstrated that sphingosine kinase inhibitors promote 

cellular apoptosis through the activation of p53.  For example, Lima et al. (2018) 
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showed that SK1-I [(2R, 3S, 4E)-N-methyl-5-(4'-pentylphenyl)-2-aminopent-4-ene-

1,3-diol], an SK1 selective inhibitor, promotes the phosphorylation of p53 on Ser15 

and induces the expression of pro-apoptotic members of the Bcl-2 family, including 

BAX, BAK1 and BID, leading to the suppression of cancer cell growth.  In addition, 

SK1-I promoted the accumulation of dilated intracellular vacuoles and enhanced 

BECN- and ATG5-dependent autophagy and cell death in a p53-dependant manner 

(Lima et al., 2018).  Carroll et al. (2018) also reported that p53 stimulates SK1 

proteolysis via a mechanism involving caspase-2 activation to induce apoptosis.  

These authors also identified mutations in p53 in various cancers, including triple-

negative breast cancer cells (TNBC) that impaired caspase 2 activation and 

degradation of SK1 (Carroll et al., 2018).  Interestingly, a recently identified 

caspase-2-dependent apoptotic pathway has been shown to suppress cell cycle kinase 

(CHK1), thereby leading to an independent activation of caspase-2-mediated 

apoptosis as a response to DNA damage in p53-mutant cells (Sidi et al., 2008).  

Components of this apoptotic pathway and essential downstream targets are still to 

be identified (Sidi et al., 2008; Ando et al., 2012; Thompson et al., 2015). 

 

McNaughton et al. (2016) reported that the sphingosine kinase inhibitors SKi and 

ABC294640 promote the proteasomal degradation of SK1 and Degs1 and increase 

expression of p53 and p21 that results in cellular senescence in androgen-

independent prostate cancer cells.  While knocking down SK1 or SK2 failed to 

promote expressions of p53 and p21, SK1 siRNA reduced DNA synthesis in these 

cells.  Moreover, Degs1 siRNA increased expression of p53 whereas a combination 

of Degs1/SK1 siRNA induced p21 expression.  Hence, Degs1 and SK1 were shown 
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to be involved in regulating the growth of LNCaP-AI prostate cancer cell growth 

through p53/p21-dependent and -independent pathways (McNaughton et al., 2016).  

Venant et al. (2015) also showed that ABC294640 induces suppression of Degs1 

activity and accumulation of dhCers in prostate cancer cells (Venant et al., 2015). 

SKi has been proposed to indirectly inhibit the activity of Degs1 through a 

mechanism that involves cytochrome B5 reductase (Cingolani et al., 2014), resulting 

in higher levels of dhCer in ovarian and prostate cancer cells (Illuzzi et al., 2010; 

Loveridge et al., 2010).  Therefore, both SKi and ABC294640 stimulate cellular 

senescence coupled with proteasomal degradation of SK1 and Degs1 and increased 

expression of p53 in cancer cells (McNaughton et al., 2016).   

 

The literature has various controversial reports regarding the role of SK1, SK2 and 

Degs1 in cell survival/apoptosis and we propose that these enzymes could 

functionally interact with each other in a cell context specific manner leading to 

either cell survival or cell apoptosis.  The controversy regarding Degs1 was 

previously discussed in details in Chapter 3.  For example, Siddique et al. (2013) 

reported that Degs1 ablation simultaneously activates anabolic and catabolic 

signalling pathways.  Anabolic signalling pathway was regulated by Akt/protein 

kinase B (PKB) leading to an anti-apoptotic effect and cell survival while catabolic 

signalling pathway was regulated through AMP-activated protein kinase and 

stimulation of autophagosomes leading to cell autophagy and which is dissociated 

from the activated pro-survival pathway (Siddique et al., 2013).  Others reported that 

inhibition of Degs1 induces autophagic cell death (Gagliostro et al., 2012; 

Hernández-Tiedra et al., 2016).  Moreover, fenretenide and resveratrol-induced 
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apoptosis was reported to be due to inhibition of Degs1 (Wu et al., 2001; Hail et al., 

2006) and blocking enzymes up-stream of Degs1 in the de novo Cer synthesis 

pathway was shown to prevent apoptosis (Erdreich-Epstein et al., 2002).  SK1 is 

broadly associated with cell proliferation and survival (Olivera et al., 1999; Xia et 

al., 1999), whereas SK2 can be involved in the suppression of cellular growth and 

activation of apoptosis (without the involvement of S1P receptors) due to its putative 

BH3 domain that isolates the anti-apoptotic Bcl2 resulting in apoptosis (Liu et al., 

2003).  However, various other reports showed that SK2 inhibition stimulates 

apoptosis in several cancer cells, as reviewed in (Pyne et al., 2018).   

 

In Chapter 3, SKi was found to induce polyubiquitination of Degs1 that is linked 

with the activation of pro-survival pathways, including p38 MAPK, JNK, and XBP-

1s in HEK293T cells.  However, ABC294640 failed to induce these 

polyubiquitinated forms of Degs1 leading to high de novo synthesis of ceramide and 

apoptosis through a native Degs1-dependent mechanism (Alsanafi et al., 2018).  

These novel findings support opposing functions of the native and polyubiquitinated 

forms of Degs1 in relation to cell survival.  Similarly, Sridevi at al. (2010) showed 

that CerS1 translocates from the ER to the Golgi in stressed HEK293 cells, leading 

to the stimulation of the ubiquitin–proteasome degradation pathway (Sridevi et al., 

2010).  Therefore, in this Chapter, I have further investigated the effect of the 

sphingosine kinase inhibitors SKi and ABC294640 on HEK293T cells survival in 

terms of SK1, SK2, and Degs1 as well as their regulation of downstream effectors 

p53, p38 MAPK, JNK, and XBP-1s. 
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4.2  RESULTS 

4.2.1 Effect of SKi and ABC294640 on post-translational 

modification of p53 in HEK293T and parental HEK293 cells 

The study investigated the role of SK1, SK2 and Degs1 in regulating p53 signalling 

in HEK293T cells, given that previous studies have shown that SK1 inhibitors 

promote p53-mediated cell death (Lima et al., 2018).  p53 is expressed as a 53 kDa 

protein in HEK293T cells.  In addition, a minor protein species with a molecular 

mass of 63 kDa was detected with anti-p53 antibody on western blots.  Treatment of 

HEK293T cells SKi (10 μM, 24 hours) induced the expression of p63 and a protein 

with a molecular mass of 90 kDa, both of which cross-reacted with anti-p53 antibody 

(Figure 4.1A).  In contrast, ABC294640 (25 μM, 24 hours) (French et al., 2010) only 

very weakly stimulated the formation of p63 and p90 in HEK293T cells (Figure 

4.1A).  Similar results were attained with the parental HEK293 cell line (Figure 

4.1B).  

 

p53 siRNA (100 nM, 48 hours) was used to confirm p53, p63, and p90 are related 

proteins.  In this case, the siRNA treatment decreased the expression of p53 and 

removed both p63 and p90 in SKi-treated HEK293T cells (Figure 4.2).  This 

suggests that these proteins are post-translational modified forms of p53. 

Immunoprecipitation with anti-p53 antibody was used to confirm the identities of the 

p53-related proteins.  An isotonic lysis buffer failed to release p63 and p90 from the 

pellet fraction into the high-speed supernatant of SKi-treated cells (Figure 4.3A) and 

therefore, the isotonic sucrose-based lysis buffer was replaced with an ionic 
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detergent-containing (sodium deoxycholate) lysis buffer (Heckelman et al., 1996).  

This successfully solubilised p53, p63 and p90 such that they were released into a 

high-speed supernatant fraction of SKi-treated cells (Figure 4.3B).  Therefore, p53, 

p63 and p90 appear to be localised to non-ionic detergent-resistant membranes in 

HEK293T cells.  Using this method, the post-translationally modified forms of p53 

were then immunoprecipitated by the anti-p53 antibody (Figure 4.4).  This confirms 

that p63 and p90 proteins are related to p53. 
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Figure 4.1 Effect of SKi and ABC294640 on p53 in HEK293T and parental 

HEK293 cells. A) HEK293T cells or B) Parental HEK293 cells were cultured in 

complete medium containing 10% FCS until ~70% confluent. Cells treated with SKi 

(10 μM) or ABC294640 (25 μM) or with the vehicle alone (DMSO 0.1% v/v) for 24 

hours. p53, p63 and p90 levels were detected using SDS PAGE and western blotting 

probed with anti-p53 antibody. Blots were stripped and re-probed with anti-GAPDH 

antibody to ensure comparable protein loading. Two representative western blots 

are shown each of an experiment performed at least three independent times. Also 

shown is the densitometric quantification of p63/GAPDH ratio immunoreactivity of 

(Mr 63 kDa), expressed as a percentage of the control (Control=100%). The data 

was expressed as means +/− SEM for n=3 experiments and analysed by one-way 

ANOVA Dunnett’s multiple comparisons test, *p<0.05 for SKi vs control and 

**p<0.01 for SKi vs control. 
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Figure 4.2 Confirmation of p53, p63 and p90 identities using siRNA in HEK293T 

cells. HEK293T cells were cultured in complete medium containing 10% FCS until 

~70% confluent. Cells were transiently transfected with p53 siRNA or scrambled 

siRNA at a final concentration of 100 nM in antibiotic free medium for 48 hrs before 

being treated with SKi (10 μM) or ABC294640 (25 μM) or with the vehicle alone 

(DMSO 0.1% v/v) for further 24 hours. p53, p63 and p90 levels were detected using 

SDS PAGE and western blotting with anti-p53 antibody. Blots were stripped and re-

probed with anti-GAPDH antibody to ensure comparable protein loading. A 

representative western blot is shown of an experiment performed at least three 

independent times. Also shown is the densitometric quantification of p53/GAPDH 

and p63/GAPDH ratios immunoreactivities of (Mr 53 and 63 kDa, respectively), 

expressed as a percentage of the control (Control=100%). The data was expressed 

as means +/− SEM for n=3 experiments and analysed by one-way ANOVA multiple 

comparisons test, in p53 levels ****p<0.0001 for p53 siRNA vs Scrambled siRNA or 

p53 siRNA/SKi vs Scrambled siRNA/SKi or p53 siRNA/ABC294640 vs Scrambled 

siRNA/ABC294640, and in p63 levels *p<0.05 for Scrambled siRNA/SKi vs 

Scrambled siRNA, **p<0.01 for p53 siRNA/ABC294640 vs Scrambled 

siRNA/ABC294640, and ***p<0.001 for p53 siRNA/SKi vs Scrambled siRNA/SKi. 
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Figure 4.3 p53 and location change according to cell harvesting method in 

HEK293T cells. HEK293T cells were cultured in complete medium containing 10% 

FCS until ~70% confluent. Cells were treated with SKi (10 μM) or with the vehicle 

alone (DMSO 0.1% v/v) for 24 hours. A) Cells were lysed with a sucrose-based 

isotonic buffer and p53, p63 and p90 were present in the high-speed pellet fraction. 

B) Cells were lysed in 1% deoxycolate lysis buffer and p53, p63 and p90 were 

located in the high-speed supernatant fraction. p53, p63 and p90 levels were 

detected using SDS PAGE and western blotting with anti-p53 antibody. Two 

representative western blots are shown each of an experiment performed at least 

three independent times. 
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Figure 4.4 p53 immunoprecipitation in HEK293T cells. HEK293T cells were 

cultured in complete medium containing 10% FCS until ~70% confluent. Cells were 

treated with SKi (10 μM) or with the vehicle alone (DMSO 0.1% v/v) for 24 hours. 

p53 was immunoprecipitated using 1% deoxycolate lysis buffer with/without p53 

antibody. The resulting immunocomplexes were resolved by SDS PAGE and western 

blotted with anti-p53 antibody. A representative western blot is shown of an 

experiment performed at least three independent times. 
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The proteins p63 and p90 are post-translationally modified forms of p53 due to 

ubiquitination.  This was established using HEK293T cells over-expressing an HA-

tagged ubiquitin plasmid construct prior to treatment with SKi (10 μM, 24 hours) and 

western blotting with the anti-p53 antibody.  This experiment showed that over-

expressed HA-tagged ubiquitin enhances the effect of SKi on p63 and p90 formation 

(Figure 4.5).  As mentioned in Chapter 3, polyubiquitination is catalysed by a family 

of enzymes called E3 ligases (Zheng and Shabek, 2017).  One member of this 

family, Mdm2, regulates the polyubiquitination of p53 (Moll and Petrenko, 2003) 

and might be responsible for regulating the conversion of p53 to p63 and p90, 

although this requires further investigation.  Additional studies in the laboratory by 

others using the anti-phospho-p53 antibody with SKi-treated HEK293T cells failed 

to detect p63 and p90, thereby excluding the involvement of phosphorylation (data 

not shown). 

 

Ubiquitination tags proteins for degradation by the proteasome.  Therefore, it was 

expected that pre-treatment of cells with MG132 should enhance p63 and p90 

formation in response to SKi due to the inhibition of proteasome activity.  However, 

MG132 completely prevented the SKi-induced formation of p63 and p90 (Figure 

4.6).  These findings suggest that SKi induces the proteasomal degradation of an 

unidentified protein that function to suppress the formation of p63 and p90, i.e. 

proteasomal degradation of this protein in response to SKi facilitates p53 

ubiquitination to p63 and p90.  This protein could be SK1 because SKi induces the 

degradation of this enzyme and this is reversed by MG132 (Figure 3.11).  To provide 

support for this possibility, HEK293T cells were transfected with SK1 siRNA (100 
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nM, 48 hours) to remove SK1 before being treated with SKi for another 24 hours.  

The results showed that combining SK1 siRNA and SKi treatment increased the 

formation of p63 and p90 compared with SKi alone (Figure 4.7A) and completely 

eliminated SK1 expression (Figure 4.7B). Since each agent alone decreased around 

80% of SK1 expression while in combination achieved complete removal of SK1 

(Figure 4.7B), this suggests that low level expression of SK1 can suppress formation 

of p63 and p90.  The involvement of SK2 or Degs1 was also investigated because 

SKi has been shown to modulate these enzymes (as discussed in Chapter 3).  

However, knocking down SK2 or Degs1 with respective siRNAs did not affect the 

formation of p63 and p90 in response to SKi (Figures 4.8 and 4.9), thereby 

eliminating a role for these enzymes. 
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Figure 4.5 Effect of HA-tagged ubiquitin plasmid transfection on SKi-induced 

post-translationally modified forms of p53 in HEK293T cells. HEK293T cells were 

cultured in complete medium containing 10% FCS until ~70 % confluent. Cells were 

transiently transfected with HA-tagged ubiquitin plasmid construct or vector pcDNA 

3.1 for 8 hrs before being treated with SKi (10 μM) or with the vehicle alone (DMSO 

0.1% v/v) for further 24 hours. p53, p63 and p90 levels were detected using SDS 

PAGE and western blotting with anti-p53 antibody. Blots were stripped and re-

probed with anti-GAPDH antibody to ensure comparable protein loading. A 

representative western blot is shown of an experiment performed at least three 

independent times. Also shown is the densitometric quantification of p63/GAPDH 

ratio immunoreactivity of (Mr 63 kDa), expressed as a percentage of the control 

(Control=100%). The data was expressed as means +/− SEM for n=3 experiments 

and analysed by one-way ANOVA multiple comparisons test, **p<0.01 for HA-

Ub/SKi vs Vector/SKi and ****p<0.0001 for Vector/SKi vs Vector. 
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Figure 4.6 Effect of MG132 on p53 post-translationally modified forms in 

HEK293T cells. HEK293T cells were cultured in complete medium containing 10% 

FCS until ~70% confluent. Cells were pre-treated with MG132 (10 µM, 30 minutes) 

before addition of inhibitors SKi (10 μM) or ABC294640 (25 μM) or with the vehicle 

alone (DMSO 0.1% v/v) for 24 hours. p53, p63 and p90 levels were detected using 

SDS PAGE and western blotting with anti-p53 antibody. Blots were stripped and re-

probed with anti-GAPDH antibody to ensure comparable protein loading. A 

representative western blot is shown of an experiment performed at least three 

independent times. Also shown is the densitometric quantification of p63/GAPDH 

ratio ratio immunoreactivity of (Mr 63 kDa), expressed as a percentage of the 

control (Control=100%). The data was expressed as means +/− SEM for n=3 

experiments and analysed by one-way ANOVA multiple comparisons test, **p<0.01 

for MG132/ABC294640 vs ABC294640 and ****p<0.0001 for SKi vs control or 

MG132/SKi vs SKi. 
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Figure 4.7 Effect of SK1 siRNA on p53 post-translationally modified forms in 

HEK293T cells. HEK293T cells were cultured in complete medium containing 10% 

FCS until ~70% confluent. Cells were transiently transfected with SK1 siRNA or 

scrambled siRNA at a final concentration of 100 nM in antibiotic free medium for 48 

hrs before being treated with SKi (10 μM) or with the vehicle alone (DMSO 0.1% 

v/v) for further 24 hours. A) p53, p63 and p90 levels were detected using SDS PAGE 

and western blotting with anti-p53 antibody or B) SK1 expression was detected using 

SDS PAGE and western blotting with anti-SK1 antibody. Blots were stripped and re-

probed with anti-GAPDH antibody to ensure comparable protein loading. Two 

representative western blots are shown each of an experiment performed at least 

three independent times. Also shown is the densitometric quantification of 

p63/GAPDH and SK1/GAPDH ratios immunoreactivities of (Mr 63 and 42.5 kDa, 

respectively) expressed as a percentage of the control (Control=100%). The data 

was expressed as means +/− SEM for n=3 experiments and analysed by one-way 

ANOVA multiple comparisons test, A) *p<0.05 for SK1 siRNA/SKi vs Scrambled 

siRNA/SKi and ***p<0.001 for Scrambled siRNA/SKi vs Scrambled siRNA or SK1 

siRNA/SKi vs SK1 siRNA B) *p<0.05 for SK1 siRNA/SKi vs SK1 siRNA or SK1 

siRNA/SKi vs Scrambled siRNA/SKi and **p<0.01 for SK1 siRNA vs Scrambled 

siRNA or Scrambled siRNA/SKi vs Scrambled siRNA. 
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Figure 4.8 Effect of SK2 siRNA on p53 post-translationally modified forms in 

HEK293T cells. HEK293T cells were cultured in complete medium containing 10% 

FCS until ~70% confluent. Cells were transiently transfected with SK2 siRNA or 

scrambled siRNA at a final concentration of 100 nM in antibiotic free medium for 48 

hrs before being treated with SKi (10 μM) or with the vehicle alone (DMSO 0.1% 

v/v) for further 24 hours. p53, p63 and p90 levels were detected using SDS PAGE 

and western blotting with anti-p53 antibody. Blots were stripped and re-probed with 

anti-GAPDH antibody to ensure comparable protein loading. A representative 

western blot is shown of an experiment performed at least three independent times. 

Also shown is the densitometric quantification of p63/GAPDH ratio 

immunoreactivity of (Mr 63 kDa), expressed as a percentage of the control 

(Control=100%). The data was expressed as means +/− SEM for n=3 experiments 

and analysed by one-way ANOVA multiple comparisons test, **p<0.01 for 

Scrambled siRNA/SKi vs Scrambled siRNA and ns denotes not statistically 

significant (p value >0.05) for SK2 siRNA/SKi vs Scrambled siRNA/SKi. 
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Figure 4.9 Effect of Degs1 siRNA on p53 post-translationally modified forms in 

HEK293T cells. HEK293T cells were cultured in complete medium containing 10% 

FCS until ~70% confluent. Cells were transiently transfected with Degs1 siRNA or 

scrambled siRNA at a final concentration of 100 nM in antibiotic free medium for 48 

hrs before being treated with SKi (10 μM) or with the vehicle alone (DMSO 0.1% 

v/v) for further 24 hours. p53, p63 and p90 levels were detected using SDS PAGE 

and western blotting with anti-p53 antibody. Blots were stripped and re-probed with 

anti-GAPDH antibody to ensure comparable protein loading. A representative 

western blot is shown of an experiment performed at least three independent times. 

Also shown is the densitometric quantification of p63/GAPDH immunoreactivity of 

(Mr 63 kDa), expressed as a percentage of the control (Control=100%). The data 

was expressed as means +/− SEM for n=3 experiments and analysed by one-way 

ANOVA multiple comparisons test, **p<0.01 for Scrambled siRNA/SKi vs 

Scrambled siRNA and ns denotes not statistically significant (p value >0.05) for 

Degs1 siRNA/SKi vs Scrambled siRNA/SKi. 
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4.2.2 Effect of NAC on SKi-induced p63/p90 formation in 

HEK293T cells 

Vigneron and Vousden (2010) reviewed the importance of p53 in the regulation of 

senescence and longevity through its ability to both promote and inhibit oxidative 

stress and autophagy at different levels of ROS, which are highly dependent on 

collaborating factors, such as mTOR activity or oxidative stress (Vigneron and 

Vousden, 2010).  Therefore, we investigated whether oxidative stress was involved 

in the ubiquitination of p53 using the antioxidant N-acetylcysteine (NAC).  

However, pre-treatment of cells with NAC did not affect the SKi-induced p63 and 

p90 formation, thereby eliminating the involvement of oxidative stress (Figure 4.10).  

This rules out a role for the formation of polyubiquitinated Degs1, which was 

inhibited by pre-treatment with NAC (Figure 3.9), and confirmed by use of Degs1 

siRNA (Figure 3.6). 
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Figure 4.10 The effect of NAC on post-translational modification of p53 in 

HEK293T cells. HEK293T cells were cultured in complete medium containing 10% 

FCS until ~70% confluent. Cells were pre-treated with NAC (10 mM, 30 minutes) or 

MG132 (10 μM, 30 min) before addition of SKi (10 μM) or ABC294640 (25 μM) or 

with the vehicle alone (DMSO 0.1% v/v) for 24 hours. p53, p63 and p90 levels were 

detected using SDS PAGE and western blotting with anti-p53 antibody. Blots were 

stripped and re-probed with anti-GAPDH antibody to ensure comparable protein 

loading.  A representative western blot is shown of an experiment performed at least 

three independent times. Also shown is the densitometric quantification of 

p63/GAPDH ratio immunoreactivity of (Mr 63 kDa), expressed as a percentage of 

the control (Control=100%). The data was expressed as means +/− SEM for n=3 

experiments and analysed by one-way ANOVA multiple comparisons test, 

****p<0.0001 for SKi vs control or MG132/SKi vs SKi or NAC/SKi vs NAC. 
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4.2.3 Effect of SKi on p38 MAPK and JNK activation in HEK293T 

cells 

As reported in Chapter 3, the polyubiquitinated forms of Degs1 positively regulate 

p38 MAPK and JNK pro-survival pathways in HEK293T cells.  Indeed, p38 MAPK 

and JNK inhibitor were shown to inhibit HEK293T cells growth and induce cleavage 

of PARP respectively (Alsanafi et al., 2018).  Since dhCer, a Degs1 substrate, is 

produced from dhSph catalysed through the enzyme CerS, while SK is known to 

phosphorylate dhSph to form dhS1P, we tested involvement of SK1 and SK2 in 

regulation of p38 MAPK and JNK survival pathways in HEK293T cells.  SK1 

siRNA enhanced the formation of SKi-induced phosphorylated p38 MAPK and 

phosphorylated JNK levels in HEK293T cells (Figure 4.11).  This finding suggests 

that SK1 opposes p38 MAPK and JNK survival pathways.  Neither siRNA knock 

down of SK2 nor p53 in HEK293T cells affected basal or SKi-induced 

phosphorylation of pro-survival p38 MAPK and JNK proteins (Figures 4.12 and 

4.13).  
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Figure 4.11 Effect of SK1 siRNA on SKi-induced p38 MAPK and JNK pathways 

in HEK293T cells. HEK293T cells were cultured in complete medium containing 

10% FCS until ~70% confluent. Cells were transiently transfected with SK1 siRNA 

or scrambled siRNA at a final concentration of 100 nM in antibiotic free medium for 

48 hrs before being treated with SKi (10 μM) or with the vehicle alone (DMSO 0.1% 

v/v) for further 24 hours. P-JNK and P-p38 MAPK levels were detected using SDS 

PAGE and western blotting with respective antibodies. Blots were stripped and re-

probed with anti-GAPDH antibody to ensure comparable protein loading. Two 

representative western blots are shown each of an experiment performed at least 

three independent times. Also shown is the densitometric quantification of P-

JNK/GAPDH and P-p38 MAPK/GAPDH ratios immunoreactivities of (Mr 46-54 and 

43 kDa, respectively), expressed as a percentage of the control (Control=100%). The 

data was expressed as means +/− SEM for n=3 experiments and analysed by one-

way ANOVA multiple comparisons test, in P-JNK levels **p<0.01 for Scrambled 

siRNA/SKi vs Scrambled siRNA and ***p<0.001 for SK1 siRNA/SKi vs Scrambled 

siRNA/SKi while in P-p38 levels MAPK ***p<0.001 for Scrambled siRNA/SKi vs 

Scrambled siRNA or SK1 siRNA/SKi vs Scrambled siRNA/SKi. 
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Figure 4.12 Effect of SK2 siRNA on SKi-induced p38 MAPK and JNK pathways 

in HEK293T cells. HEK293T cells were cultured in complete medium containing 

10% FCS until ~70% confluent. Cells were transiently transfected with SK2 siRNA 

or scrambled siRNA at a final concentration of 100 nM in antibiotic free medium for 

48 hrs before being treated with SKi (10 μM) or with the vehicle alone (DMSO 0.1% 

v/v) for further 24 hours. P-JNK and P-p38 MAPK levels were detected using SDS 

PAGE and western blotting with respective antibodies. Blots were stripped and re-

probed with anti-GAPDH antibody to ensure comparable protein loading. Two 

representative western blots are shown each of an experiment performed at least 

three independent times. Also shown is the densitometric quantification of P-

JNK/GAPDH and P-p38 MAPK/GAPDH ratios immunoreactivities of (Mr 46-54 and 

43 kDa, respectively), expressed as a percentage of the control (Control=100%). The 

data was expressed as means +/− SEM for n=3 experiments and analysed by one-

way ANOVA multiple comparisons test, in P-JNK **p<0.01 for Scrambled 

siRNA/SKi vs Scrambled siRNA and ns denotes not statistically significant (p value 

>0.05) for SK2 siRNA/SKi vs Scrambled siRNA/SKi; in P-p38 MAPK ****p<0.0001 

for Scrambled siRNA/SKi vs Scrambled siRNA and ns denotes not statistically 

significant (p value >0.05) for SK2 siRNA/SKi vs Scrambled siRNA/SKi. 
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Figure 4.13 Effect of p53 siRNA on SKi-induced p38 MAPK and JNK pathways in 

HEK293T cells. HEK293T cells were cultured in complete medium containing 10% 

FCS until ~70% confluent. Cells were transiently transfected with p53 siRNA or 

scrambled siRNA at a final concentration of 100 nM in antibiotic free medium for 48 

hrs before being treated with SKi (10 μM) or with the vehicle alone (DMSO 0.1% 

v/v) for further 24 hours. P-JNK and P-p38 MAPK levels were detected using SDS 

PAGE and western blotting with respective antibodies. Blots were stripped and re-

probed with anti-GAPDH antibody to ensure comparable protein loading. Two 

representative western blots are shown each of an experiment performed at least 

three independent times. Also shown is the densitometric quantification of P-

JNK/GAPDH and P-p38 MAPK/GAPDH ratios immunoreactivities of (Mr 46-54 and 

43 kDa, respectively), expressed as a percentage of the control (Control=100%). The 

data was expressed as means +/− SEM for n=3 experiments and analysed by one-

way ANOVA multiple comparisons test, *p<0.05 for Scrambled siRNA/SKi vs 

Scrambled siRNA, ***p<0.001 for Scrambled siRNA/SKi vs Scrambled siRNA, and 

ns denotes not statistically significant (p value >0.05) for p53 siRNA/SKi vs 

Scrambled siRNA/SKi. 
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4.2.4 Role of p53 and apoptosis in HEK293T cells 

We next assessed the role of p63 and p90 in regulating cell growth and apoptosis.  

As mentioned in Chapter 3, SKi did not induce cleavage of PARP or affect DNA 

synthesis (Figures 3.17 and 3.19), indicating that p63 and p90 might be inactive 

forms of p53 based on the finding that their formation is not associated with 

enhanced apoptosis.  On the other hand, ABC294640 only weakly stimulated the 

formation of p63 and p90, if at all, but does stimulate the formation of Cer, the 

induction of PARP cleavage and the inhibition of DNA synthesis in HEK293T cells 

(Figures 3.17 and 3.19).  Therefore, formation of p63 and p90 appears to be 

associated with an abrogation of p53 function.  Indeed, knocking down p53 

prevented ABC294640-induced PARP cleavage and reduced the inhibitory effect of 

ABC294640 on DNA synthesis, thereby confirming that ABC294640 promotes 

apoptosis through p53 (Figures 4.14 and 4.15).  
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Figure 4.14 Effect of p53 siRNA on ABC294640-induced PARP cleavage in 

HEK293T cells. HEK293T cells were cultured in complete medium containing 10% 

FCS until ~70% confluent. Cells were transiently transfected with p53 siRNA or 

scrambled siRNA at a final concentration of 100 nM in antibiotic free medium for 48 

hrs before being treated with ABC294640 (25 μM) or with the vehicle alone (DMSO 

0.1% v/v) for further 24 hours. PARP cleavage was detected using SDS PAGE and 

western blotting with anti-PARP antibody. Blots were stripped and re-probed with 

anti-GAPDH antibody to ensure comparable protein loading. A representative 

western blot is shown of an experiment performed at least three independent times. 

Also shown is the densitometric quantification of cleaved PARP/GAPDH ratio 

immunoreactivity of (Mr 89 kDa), expressed as a percentage of the control 

(Control=100%). The data was expressed as means +/− SEM for n=3 experiments 

and analysed by one-way ANOVA multiple comparisons test, *p<0.05 for Scrambled 

siRNA/ABC294640 vs Scrambled siRNA or p53 siRNA/ABC294640 vs Scrambled 

siRNA/ABC294640. 
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Figure 4.15 Effect of p53 siRNA on DNA synthesis in HEK293T cells. HEK293T 

cells were cultured in complete medium containing 10% FCS until ~70% confluent. 

Cells were transiently transfected with p53 siRNA or scrambled siRNA at a final 

concentration of 100 nM in antibiotic free medium for 48 hrs before being treated 

with ABC294640 (25 μM) or with the vehicle alone (DMSO 0.1% v/v) for further 24 

hours. [3H] Thymidine was added for the last 5 hours then nuclear material was 

precipitated with 1ml of 10% (w/v) ice cold TCA and then dissolved in 0.1% 

SDS/0.3M NaOH. [3H] Thymidine uptake was quantified by liquid scintillation 

counting. Data are expressed as a % of control ± S.E.M for n=3 experiments. The 

data was analysed by one-way ANOVA multiple comparisons test, **p<0.01 for p53 

siRNA/ABC294640 vs Scrambled siRNA/ABC294640 and ****p<0.0001 for 

Scrambled siRNA/ABC294640 vs Scrambled siRNA. 
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4.2.5 Role of p53 in regulating XBP-1s levels in HEK293T cells 

ER stress sensors including IRE1, PERK, and ATF6 regulate cell survival and 

homeostasis while sphingosine kinases are known to regulate cell survival through 

ER stress (Spassieva et al., 2009; Gagliostro et al., 2012; Volmer and Ron, 2015).  

Previous studies indicate a link between SK2 and ER stress by testing the SK2 

inhibitors ABC294640 and K145 (Liu et al., 2013); both induced ER stress while 

K145 increased XBP-1s and p-eIF2a expressions (Wallington-Beddoe et al., 2017).  

In addition, inhibition of SK2 with K145 synergises with bortezomib in promoting 

ER stress through stimulation of IRE1, JNK and p38 MAPK pathways leading to a 

potent apoptotic response in myeloma cells (Wallington-Beddoe et al., 2017).  As 

previously mentioned in Chapter 3, SKi enhances the MG132-induced expression of 

XBP-1s in HEK293T cells that involves the polyubiquitinated forms of Degs1 

(Figure 3.40) (Alsanafi et al., 2018).  Therefore, we assessed the involvement of SK1 

and SK2 in this effect.  Knocking down SK1 decreased the MG132-induced 

expression of XBP-1s with no effect on XBP-1s levels induced by the combination 

of SKi and MG132 (Figure 4.16).  Meanwhile, knocking down SK2 reduced the 

induction of XBP-1s in response to combined treatment with SKi and MG132 

(Figure 4.17).  These findings suggest a relationship of both SK1 and SK2 with 

XBP-1s regulation.  Moreover, p53 siRNA increased the effect of MG132 on XBP-

1s expression (Figure 4.18), which is mediated through native p53 and not the 

polyubiquitinated p63/p90 forms because MG132 prevents the formation of these 

p63/p90 (Figure 4.6).  We then linked these findings to apoptosis and noticed that 

p53 siRNA reduced the MG132-induced cleavage of PARP (Figure 4.21); however, 

knocking down SK1 or SK2 had no effect on the MG132-induced cleavage of PARP 
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(Figures 4.19 and 4.20), suggesting that the maximum PARP cleavage might be 

produced with MG132. 
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Figure 4.16 Effect of SK1 siRNA on XBP-1s levels in HEK293T cells. HEK293T 

cells were cultured in complete medium containing 10% FCS until ~70% confluent. 

Cells were transiently transfected with SK1 siRNA or scrambled siRNA at a final 

concentration of 100 nM in antibiotic free medium for 48 hours. Cells were then pre-

treated with MG132 (10 µM, 30 minutes) before addition of SKi (10 μM) or with the 

vehicle alone (DMSO 0.1% v/v) for further 24 hours. XBP-1s levels were detected 

using SDS PAGE and western blotting with anti-XBP-1s antibody. Blots were 

stripped and re-probed with anti-GAPDH antibody to ensure comparable protein 

loading. A representative western blot is shown of an experiment performed at least 

three independent times. Also shown is the densitometric quantification of XBP-

1s/GAPDH ratio immunoreactivity of (Mr 60 kDa), expressed as a percentage of the 

control (Control=100%). The data was expressed as means +/− SEM for n=3 

experiments and analysed by one-way ANOVA multiple comparisons test, 

***p<0.001 for SK1 siRNA/MG132 vs Scrambled siRNA/MG132, ****p<0.0001 for 

Scrambled siRNA/MG132 vs Scrambled siRNA or Scrambled siRNA/MG132/SKi vs 

Scrambled siRNA/MG132, and ns denotes not statistically significant (p value 

>0.05) for SK1 siRNA/MG132/SKi vs Scrambled siRNA/MG132/SKi. 
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Figure 4.17 Effect of SK2 siRNA on XBP-1s levels in HEK293T cells. HEK293T 

cells were cultured in complete medium containing 10% FCS until ~70% confluent. 

Cells were transiently transfected with SK2 siRNA or scrambled siRNA at a final 

concentration of 100 nM in antibiotic free medium for 48 hours. Cells were then pre-

treated with MG132 (10 µM, 30 minutes) before addition of SKi (10 μM) or with the 

vehicle alone (DMSO 0.1% v/v) for further 24 hours. XBP-1s levels were detected 

using SDS PAGE and western blotting with anti-XBP-1s antibody. Blots were 

stripped and re-probed with anti-GAPDH antibody to ensure comparable protein 

loading. A representative western blot is shown of an experiment performed at least 

three independent times. Also shown is the densitometric quantification of XBP-

1s/GAPDH ratio immunoreactivity of (Mr 60 kDa), expressed as a percentage of the 

control (Control=100%). The data was expressed as means +/− SEM for n=3 

experiments and analysed by one-way ANOVA multiple comparisons test, 

****p<0.0001 for Scrambled siRNA/MG132 vs Scrambled siRNA or SK2 

siRNA/MG132 vs Scrambled siRNA/MG132 or Scrambled siRNA/MG132/SKi vs 

Scrambled siRNA/MG132 or SK2 siRNA/MG132/SKi vs Scrambled 

siRNA/MG132/SKi. 
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Figure 4.18 Effect of p53 siRNA on XBP-1s levels in HEK293T cells. HEK293T 

cells were cultured in complete medium containing 10% FCS until ~70% confluent. 

Cells were transiently transfected with p53 siRNA or scrambled siRNA at a final 

concentration of 100 nM in antibiotic free medium for 48 hours. Cells were then pre-

treated with MG132 (10 µM, 30 minutes) before addition of SKi (10 μM) or with the 

vehicle alone (DMSO 0.1% v/v) for further 24 hours. XBP-1s levels were detected 

using SDS PAGE and western blotting with anti-XBP-1s antibody. Blots were 

stripped and re-probed with anti-GAPDH antibody to ensure comparable protein 

loading. A representative western blot is shown of an experiment performed at least 

three independent times. A lighter version of XBP-1s levels is also shown. Also 

shown is the densitometric quantification of XBP-1s/GAPDH ratio immunoreactivity 

of (Mr 60 kDa), expressed as a percentage of the control (Control=100%). The data 

was expressed as means +/− SEM for n=3 experiments and analysed by one-way 

ANOVA multiple comparisons test, ****p<0.0001 for Scrambled siRNA/MG132/SKi 

vs Scrambled siRNA/MG132 or p53 siRNA/MG132/SKi vs Scrambled 

siRNA/MG132/SKi. 
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Figure 4.19 Effect of SK1 siRNA on PARP cleavage in HEK293T cells. HEK293T 

cells were cultured in complete medium containing 10% FCS until ~70% confluent. 

Cells were transiently transfected with SK1 siRNA or scrambled siRNA at a final 

concentration of 100 nM in antibiotic free medium for 48 hrs. Cells were then pre-

treated with MG132 (10 µM, 30 minutes) before addition of SKi (10 μM) or with the 

vehicle alone (DMSO 0.1% v/v) for further 24 hours. PARP cleavage was detected 

using SDS PAGE and western blotting with anti-PARP antibody. Blots were stripped 

and re-probed with anti-GAPDH antibody to ensure comparable protein loading. A 

representative western blot is shown of an experiment performed two independent 

times.  
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Figure 4.20 Effect of SK2 siRNA on PARP cleavage in HEK293T cells. HEK293T 

cells were cultured in complete medium containing 10% FCS until ~70% confluent. 

Cells were transiently transfected with SK2 siRNA or scrambled siRNA at a final 

concentration of 100 nM in antibiotic free medium for 48 hrs. Cells were then pre-

treated with MG132 (10 µM, 30 minutes) before addition of SKi (10 μM) or with the 

vehicle alone (DMSO 0.1% v/v) for further 24 hours. PARP cleavage was detected 

using SDS PAGE and western blotting with anti-PARP antibody. Blots were stripped 

and re-probed with anti-GAPDH antibody to ensure comparable protein loading. A 

representative western blot is shown of an experiment performed at least three 

independent times. Also shown is the densitometric quantification of cleaved 

PARP/GAPDH ratio immunoreactivity of (Mr 89 kDa), expressed as a percentage of 

the control (Control=100%). The data was expressed as means +/− SEM for n=3 

experiments and analysed by one-way ANOVA multiple comparisons test, 

****p<0.0001 for Scrambled siRNA/MG132 vs Scrambled siRNA or Scrambled 

siRNA/MG132/SKi vs Scrambled siRNA/MG132 and ns denotes not statistically 

significant (p value >0.05) for SK2 siRNA/MG132 vs Scrambled siRNA/MG132 or 

SK2 siRNA/MG132/SKi vs Scrambled siRNA/MG132/SKi. 
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Figure 4.21 Effect of p53 siRNA on PARP cleavage in HEK293T cells. HEK293T 

cells were cultured in complete medium containing 10% FCS until ~70% confluent. 

Cells were transiently transfected with p53 siRNA or scrambled siRNA at a final 

concentration of 100 nM in antibiotic free medium for 48 hrs. Cells were then pre-

treated with MG132 (10 µM, 30 minutes) before addition of SKi (10 μM) or with the 

vehicle alone (DMSO 0.1% v/v) for further 24 hours. PARP cleavage was detected 

using SDS PAGE and western blotting with anti-PARP antibody. Blots were stripped 

and re-probed with anti-GAPDH antibody to ensure comparable protein loading. A 

representative western blot is shown of an experiment performed two independent 

times.  
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4.2.6 Effect of SKi on sphingolipid levels in HEK293T cells 

Changes in sphingolipid levels were measured in SKi-treated (10 μM, 24 hours) 

HEK293T cells to determine if there is any link with the changes in phosphorylated 

p38 MAPK, phosphorylated JNK and XBP-1s levels.  SK1 or SK2 were knocked 

down with respective siRNAs in order to confirm which SK is responsible for 

changes in sphingolipids measurements as well as pro-survival signalling pathways.   

 

There was an increase in levels of dhCers species as well as dhSM in scrambled 

siRNA/SKi treated HEK293T cells (Appendix, Figures S6A and S7A).  Combining 

SK1 siRNA and SKi did not increase levels of dhCers and dhSM nor did this induce 

any significant changes in levels of Cers or SM (Appendix, Figure S6A).  In contrast, 

SK1 siRNA/SKi combination treatment significantly increased levels of Sph while 

decreasing levels of S1P (vs scrambled siRNA/SKi treatment) (Appendix, Figure 

S6B).  These changes suggest involvement of SK1 in the increased p38 MAPK/JNK 

signalling pathways.  However, treatment with either SKi or SK1 siRNA alone had 

no observable effects on S1P levels (Appendix, Figure S6B), suggesting that SK1, 

even in low expression levels, can still maintain levels of S1P in HEK293T cells 

with either of these treatments alone (around 80% SK1 removal in each).  HEK293T 

cells were also treated with SK2 siRNA and this did not affect levels of dhCer 

species nor increase SKi effects on these sphingolipids (Appendix, Figure S7A).  In 

addition, SK2 siRNA alone increased levels of multiple species of Cers and SM 

significantly as shown in Appendix, Figure S7A, suggesting a pro-survival function 

for SK2.  Lastly, SK2 siRNA/SKi combination did not affect levels of sphingoid 

bases (Appendix, Figure S7A). 
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4.2.7 Effect of SKi, ABC294640, and MG132 on p53 with 

immunofluorescence microscopy in HEK293T cells 

HEK293T cells were treated with SKi (10 μM, 24 hours) or ABC294640 (25 μM, 24 

hours) or MG132 (10 μM, 24 hours), then processed for immunofluorescence using 

the anti-p53 primary antibody and TRITC-tagged secondary antibody (red signal) 

while cell nuclei were stained with DAPI (blue signal).  p53 appears to be located in 

the nucleus and no discernible effects were observed on the sub-cellular distribution 

when cells were treated with SKi, ABC294640, or MG132 (Figure 4.22).  Treatment 

of HEK293T cells with SKi or ABC294640 did not affect the nucleus shape.  

However, treatment with MG132 changed the nucleus to a kidney shape with some 

fragmentation. 
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Figure 4.22 Immunofluorescence microscopy images showing the effect of SKi, 

ABC294640, and MG132 on p53 in HEK293T cells. HEK293T cells were cultured 

in complete medium containing 10% FCS until ~70% confluent. Cells were treated 

with SKi (10 μM) or ABC294640 (25 μM) or MG132 (10 μM) or with the vehicle 

alone (DMSO 0.1% v/v) for 24 hours. Cells were processed for immunofluorescence 

(as described under the Methods section) using anti-p53 primary antibody and 

TRITC-tagged secondary antibody (red signal). Cell nuclei were stained with DAPI 

(blue signal). Cells were then visualised on Leica SP5 confocal microscope through 

HC PL APO CS2 20x/0.75 DRY len with 20x magnification. Data are from an 

individual experiment, typical of 2 others. 
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4.3  DISCUSSION 

The main finding of this chapter is that the post-translationally modified forms of 

p53 are induced by SKi in both HEK293T and parental HEK293 cells and that this 

likely involves ubiquitination.  Confirmation of relatedness of p63 and p90 to p53 

was based on (i) the reduction in the formation of p63 and p90 in response to SKi by 

siRNA knockdown of p53 and (ii) immunoprecipitation of p63 and p90 with anti-p53 

antibody.  The formation of p63 and p90 appears to be due to polyubiquitination as 

the SKi-induced increase in p63 and p90 levels was enhanced in cells over-

expressing HA-tagged ubiquitin, presumably due to the increased availability of 

ubiquitin as a substrate for the E3 ligase responsible for catalysing the 

polyubiquitination of p53.  Polyubiquitination is catalysed by a family of enzymes 

called E3 ligases (Zheng and Shabek, 2017), of which Mdm2 is a member.  Mdm2 

regulates the polyubiquitination of p53 (Moll and Petrenko, 2003) and is a candidate 

for regulating formation of p63 and p90.  This possibility requires further 

investigation in future work to determine which E3 ligase is involved.   

 

Pre-treatment of HEK293T cells with the proteasome inhibitor MG132 was expected 

to enhance the formation of p63 and p90.  However, the opposite effect was 

observed, with the complete failure of SKi to induce p63 and p90 formation.  Thus, 

formation of p63 and p90 is likely a consequence of the SKi-induced proteasomal 

degradation of an unidentified protein that normally functions to suppress the 

ubiquitination of p53.  This protein was proposed to be SK1 because previous results 

have shown that SKi induces the proteasomal degradation of SK1 and this is 

reversed with MG132 (Figure 3.11).  The ability of SKi, which does not stimulate 
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apoptosis, to induce formation of p63 and p90 might indicate that this event is 

associated with inactivation of the death promoting properties of p53.  This is 

supported by the finding that ABC294640 induces apoptosis but importantly, does 

not promote significant formation of p63 and p90.  In addition, a role for SK1 is 

suggested from evidence showing that knocking down SK1 with gene-specific 

siRNA enhanced p63 and p90 formation.  In this case, if p63 and p90 are inactive 

forms of p53, then the evidence would suggest that SK1 functions to reduce survival 

by limiting the conversion of p53 into p63 and p90.  In contrast, Lima and colleagues 

(2018) showed that the SK1 inhibitor SK1-I inhibited cancer cell growth and 

mediated intrinsic apoptotic cell death in a TP53-dependent manner in WT TP53 

cancer cell lines.  In this case, p53 plays an essential role in the formation of dilated 

intracellular vacuoles, which are associated with autophagic-induced apoptosis and 

which is induced by the inhibition of SK1 in cancer cells (Lima et al., 2018).   

 

Further evidence that SK1 might be pro-apoptotic in HEK293T cells was suggested 

by the finding that siRNA knockdown of SK1 enhanced the activation of p38 MAPK 

and JNK, which are pro-survival signalling pathways in these cells.  Indeed, 

combining SK1 siRNA and SKi to completely eliminate the expression of SK1 

enhanced the formation of p63 and p90 and pro-survival phosphorylated p38 MAPK 

and phosphorylated JNK over and above SK1 siRNA or SKi alone (Figures 4.7A and 

4.11, respectively).  Therefore, it is necessary to completely remove SK1 in order to 

enhance p38 MAPK and JNK function and the formation of p63 and p90, suggesting 

that a threshold level of S1P regulates these pathways.  A role for SK2 and Degs1 

was discounted because knocking down SK2 and Degs1 with respective siRNAs did 



 215 

not affect the formation of p63 and p90 nor the phosphorylation of JNK and p38 

MAPK in response to SKi. 

 

These results are somewhat surprising, as the consensus view is that SK1 functions 

as a pro-survival protein in numerous mammalian cell types.  One explanation might 

be that SK1 functionally interacts with p53 in a cell context specific manner to affect 

cell survival or death.  In this respect the findings are consistent with Limaye et al. 

(2009), who reported that the expression levels of SK1 can determine whether the 

enzyme performs in a pro-survival or apoptotic manner.  In this case, modest 

expression of SK1 was shown to promote survival, whereas high expression of SK1 

reduced cell survival, activated caspase-3, inhibited cell cycle, and disrupted cell-cell 

junctions in endothelial cells (Limaye et al., 2009a).  The precise mechanism for this 

differential action is currently unknown, but it is possible that the expression levels 

of SK1 are high in HEK293T cells, such that it functions predominantly to promote 

cell death under conditions of cellular stress.  This function might be negated when 

the enzyme is removed in response to SKi, a consequence of enhanced p63 and p90 

formation and protective p38 MAPK and JNK signalling. 

 

S1P produced by SK1 has also been shown to be apoptotic in other cellular settings.  

For example, Davaille et al. (2002) reported that S1P triggers both apoptotic and 

survival signals in human hepatic myofibroblasts.  The apoptotic effects of S1P were 

receptor-independent and unrelated to the conversion of S1P into Sph and Cer 

(Davaille et al., 2002).  In contrast, Gennero et al. (2002) showed that S1P-induced 

apoptosis was linked with increased levels of intracellular Sph and decreased 
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intracellular S1P levels as a result of enhanced hydrolysis by S1P lyase in mesangial 

cells cultured at low cellular density (Gennero et al., 2002).  Moreover, others have 

shown that exogenous S1P promotes neuronal apoptosis along with increased 

expression of IL-17A in microglial cells deprived of oxygen and glucose.  In this 

case, the inhibition of SK1 activity was adequate to reduce neuronal apoptosis and 

decrease IL-17A production that worsens CNS inflammation (Lv et al., 2016).  

Finally, the cell functional nature (e.g. whether neuronal, liver, or cancer cell) might 

also affect how S1P regulates autophagy to determine cell survival or death.  Since 

inhibition of SK1 promotes survival in HEK293T cells, this could also be related to 

other proliferative signals such as ceramide-1-phosphate (C1P). For example, C1P 

has been shown to increase cell survival of macrophages when incubated under 

conditions known to induce apoptosis in these cells.  This occurs by inhibition of 

caspase 9 and 3, to reduce DNA fragmentation (Gómez-Muñoz et al., 2003).  C1P 

has been demonstrated to selectively inhibit the enzyme A-SMase to promote cell 

survival (Gómez-Muñoz et al., 2004).  Whether SKi promotes the formation of C1P 

in HEK293T cells remains to be determined.  In addition, the activation of the PI3-

K/PKB pathway has been shown to be required for the anti-apoptotic effect of S1P 

and C1P in bone marrow-derived macrophages (BMDM) (Gómez-Muñoz et al., 

2003; Gómez-Muñoz et al., 2005), although SKi had no effect on this pathway 

(Figure 3.25) in HEK293T cells. 

 

As previously mentioned in Chapter 3, autophagy is known as a ‘double-edged’ 

sword that can either promote cell survival (Li et al., 2013) or induce autophagic cell 

death (Maiuri et al., 2007).  Autophagy can be a cytoprotective homeostatic process 
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that involves digestion of cellular cytoplasmic components or organelles in the 

lysosomes to redress energy demand.  This occurs in response to diverse stress 

stimuli in order to remove aggregates of misfolded proteins or damaged organelles 

that might cause disease pathologies (Fulda et al., 2010; Kroemer et al., 2010).  

Indeed, various links exist between stress and cellular death pathways, such as ER 

stress and apoptosis that determine cell fate (Karunakaran and van Echten-Deckert, 

2017).  It is often unclear which signalling interactions might contribute to pro-

survival or pro-apoptotic cellular effects due to a complex crosstalk mechanisms that 

operate between autophagy and apoptosis (Marino et al., 2014).  However, Liu et al. 

(2017) identified a core network for regulation of autophagic and apoptotic responses 

that include cytoplasmic Ca2+, p53, AMPK, calpain, Beclin-1, and Bcl-2.  Cell fate 

‘decisions’ are tightly controlled through the master regulators, Ca2+ and p53 via 

activation of AMPK and Bax pathways, respectively (Liu et al., 2017).  Cytoplasmic 

p53 inhibits autophagy through deactivation of AMPK (Tasdemir et al., 2008).  In 

contrast, nuclear p53 stimulates autophagy through activation of a lysosomal 

autophagy-inducing protein termed damage-regulated autophagy modulator (DRAM) 

(Crighton et al., 2006), and activation of JNK signalling pathways to initiate 

phosphorylation and inactivation of anti-apoptotic, Bcl-2 (Sui et al., 2011).  In 

contrast, in HEK293T cells, JNK is not promoting apoptosis, but rather enhances cell 

survival, as discussed in Chapter 3 (Alsanafi et al., 2018).  The current results 

demonstrate that native p53 is involved in ABC294640- and MG132-induced 

apoptosis.  In addition, ABC294640-induced PARP cleavage in HEK293T cells is 

mediated by the native forms of Degs1 (Chapter 3).  Hence both native Degs1 and 

native p53 appear to function in concert to reduce the survival of HEK293T cells 
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(Alsanafi et al., 2018).  This role of p53 is consistent with its ability to induce the 

mitochondrial apoptotic pathway stimulated through the ER stress effector Apaf-1, 

which involves the BH3-only proteins, PUMA and NOXA (Li et al., 2006). 

 

Sphingolipids measurements in HEK293T cells showed that SKi induced an increase 

in levels of dhCer species as well as levels of dhSM and this is consistent with the 

SKi-induced ubiquitin-proteasomal degradation of Degs1 (Alsanafi et al., 2018).  

Treatment of HEK293T cells with combined SK1 siRNA/SKi treatment significantly 

decreased levels of S1P and increased levels of Sph (vs scrambled siRNA/SKi) 

suggesting that these changes might underlie enhanced p38 MAPK/JNK and p63/p90 

signalling that is achieved by completely removing SK1 from the cells.  However, 

the enhanced p38 MAPK/JNK signalling in response to SK1 siRNA/SKi treatment 

was not due to changes in levels of dhCer or Cer levels since similar changes were 

evident in cells treated with SK2 siRNA and which had no effect on p38 MAPK/JNK 

signalling or p63/p90 formation.  It is noteworthy that there is no formal evidence 

that p53 is linked with p38 MAPK and JNK signalling in HEK293T cells, since p53 

siRNA had no effect on p38 MAPK/JNK pathway (Figure 4.13). 

 

The role of p53 in regulating levels of XBP-1s was also tested as sphingosine kinases 

are known to regulate cell survival and homeostasis through ER stress (Gagliostro et 

al., 2012; Spassieva et al., 2009; Volmer and Ron, 2015).  SK1 siRNA was shown to 

have no effect on XBP-1s expression induced by combined treatment with SKi and 

MG132 whereas SK2 siRNA reduced the levels of XBP-1s in response to combined 

treatment of cells with SKi and MG132.  These findings indicate that SK2 is 
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positively involved in the regulation of XBP-1s expression, which serves as a pro-

survival signal in this context.  Indeed, previous studies have identified a link 

between SK2 and XBP-1s.  In this case, the SK2 inhibitors ABC294640 and K145 

induced ER stress while K145 increased XBP-1s and p-eIF2a expressions 

(Wallington-Beddoe et al., 2017). 

 

The findings in this Chapter suggest that SK2 functions in a pro-survival context 

under conditions where the proteasome is inhibited by MG132 (Figure 4.17).  

However, the enzyme exhibits some versatility, as it functions with p53 in promoting 

PARP cleavage in response to ABC294640 (Figures 3.24 and 4.14).  This differing 

role of SK2 might be related to the predominance of one of two mechanisms.  First, 

catalytic regulation of S1P might modulate and promote cell survival, while 

sequestration of Bcl2 by the BH3 domain (Cheng et al., 2001) of SK2 might promote 

apoptosis.  The predominance of these two mechanisms might differ in cells 

stimulated with ABC294640 or MG132, although this requires further investigation.  

Nevertheless, there is some support for these possibilities as sphingolipids 

measurements showed that SK2 siRNA increased Cers levels, which are known to be 

pro-apoptotic.  In this case, it suggests a pro-survival role for the catalytic function of 

SK2 and which was consistent with SK2 siRNA reducing expression of XBP-1s 

(Figure 4.17).  Moreover, previous findings reported SK2 to function as a pro-

survival enzyme as pharmacological inhibition of SK2 induced apoptosis in different 

cancer cell lines (Lim et al., 2011b).  For instance, the SK2-selevtive inhibitor 

ABC294640 has been shown to reduce growth, proliferation and cell cycle 

progression of early stage and advanced prostate cancer cells (Schrecengost et al., 
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2015).  In addition, the selective SK2 inhibitor, (R)-FTY720 methyl ether (ROMe), 

promotes autophagic death of T-ALL cell lines as well as patient lymphoblasts 

(Evangelisti et al., 2014).  Moreover, SK2 deficient MCF-7 breast tumor xenografts 

exhibit retarded tumour growth and tumour associated macrophages display an anti-

tumour phenotype (Weigert et al., 2009).  Finally, the SK2 inhibitors, K145 and 

ABC294640, has been reported to stimulate caspase-3-dependent apoptosis of 

multiple myeloma cells through ER stress/UPR.  In addition, K145 and bortezomib 

synergised in promoting sustained UPR and CHOP-stimulated apoptosis of multiple 

myeloma cells (Wallington-Beddoe et al., 2017; Pyne and Pyne, 2017).   

 

Treatment of HEK293T cells with p53 siRNA increased MG132- and MG132/SKi-

induced XBP-1s expression (Figure 4.18).  This is probably mediated by p53 and not 

the p63 and p90 forms because these forms are not produced in the presence of 

MG132 (Figure 4.6).  Therefore, the native p53 restricts the formation of pro-

survival XBP-1s.  Apoptosis has been also linked with these findings, and the results 

showed that p53 siRNA reduced the MG132-induced cleavage of PARP (Figure 

4.21) while knocking down SK1 or SK2 expression with gene specific siRNA had no 

effect on the MG132-induced cleavage of PARP (Figures 4.19 and 4.20).  These 

findings suggest that the maximum p53-induced cell death effects might be produced 

with MG132 and is therefore not further enhanced by knocking down SK2 

expression and is not obviated by knocking down SK1 expression.  In this context, 

the death promoting function of p53 might not be significantly opposed by XBP-1s.  
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Figure 4.23 Different effects of native p53 and post-translationally modified forms 

p63/p90 on HEK293T cells fate. Conversion of p53 to ubiquitinated p63/p90 forms 

with SKi treatment promotes cell survival together with phosphorylated p38 MAPK 

and phosphorylated JNK. SK1 inhibits these effects while SK2 promotes cells 

survival through stimulation of XBP-1s expression [Adapted from (Alsanafi et al., 

2018)]. 

 

One of the control mechanisms of p53 function is the dynamic distribution of p53 

between the nucleus and cytoplasm.  Although p53 is located in the nucleus, it can 

also be found in the cytoplasm or the mitochondria.  This is significant because the 

sub-cellular distribution of p53 is crucial in determining its function.  Therefore, 

dysregulation of this process is associated with abnormal and oncogenic cell 

signalling (Conforti et al., 2015).  Under normal conditions, p53 is located in nucleus 

and functions as a transcription factor to regulate cell cycle arrest and apoptosis and, 



 222 

in cases of cellular stress, nuclear sequestration of p53 promotes cancer cell death or 

growth arrest (O’Brate and Giannakakou, 2003).  This is reinforced by the concept 

that tumours in which p53 is ‘trapped’ in the cytoplasm due to a mutation that 

inhibits its nuclear/cytoplasmic shuttling are more resistant to chemotherapy and 

patients have poorer clinical prognosis (Ueda et al., 1995; Moll et al., 1995; 

Sembritzki et al., 2002).  In light of these facts, the immunofluorescence microscopy 

findings of the current study showed no discernible effects on the sub-cellular 

distribution of p53 when cells were treated with SKi, ABC294640 or MG132 (Figure 

4.22).  When responding to stress or DNA damage, p53 is subject to several post-

translational modifications that lead to its accumulation in the nucleus, stabilisation, 

and activation as a transcription factor (Inoue et al., 2005).  In addition, SKi 

treatment did not change the nucleus shape, which contrasts with the effect of 

ABC294640 and MG132.  Since DNA damage leads to activation of p53 (O’Brate 

and Giannakakou, 2003), some compounds could possibly create a DNA damage 

response that involves generation of ROS and mitochondrial dysfunction which 

result in activation of native p53 through its nuclear sequestration and inhibition of 

proteasomal degradation.  However, this does not appear to be the case when cells 

were treated with either ABC294640 or MG132, as there is no major change in the 

sub-cellular distribution of p53. 

 

In summary, the findings of this study show that SK1 and SK2 are associated with 

p53 in regulating the survival of HEK293T cells through opposing actions.  SK1 

restricts the conversion of p53 into p63 and p90 and antagonises pro-survival p38 

MAPK/JNK signalling in HEK293T cells.  In contrast, SK2 promotes the expression 
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of pro-survival XBP-1s, which is also inhibited by native p53 in HEK293T cells 

(Figure 4.23).  These novel findings indicate cell type specific function for SK1 and 

SK2 and suggest complex regulation involving Degs1, p53 and p38 

MAPK/JNK/XBP-1s that should be considered when developing therapeutic agents 

designed to induce apoptosis/senescent death of cancer cells. 
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CHAPTER 5: SPHINGOSINE KINASES LINK WITH NUCLEAR 

FACTOR KAPPA B- AND ACTIVATOR PROTEIN-1-

MEDIATED SIGNALLING IN KERATINOCYTES  

 

5.1  INTRODUCTION 

Chronic inflammatory diseases, such as chronic obstructive pulmonary disease 

(COPD), inflammatory bowel disease (IBD), rheumatoid arthritis (RA), psoriatic 

arthritis, and psoriasis, affect a large proportion of the population.  In addition, 

metabolic diseases, such as atherosclerosis or type 2 diabetes mellitus (T2DM), and 

even cancer are believed to have an underlying inflammatory mechanistic component 

(Karin, 2005).  In most of these diseases, cytokines and chemotactic/chemoattractant 

proteins are released that can, in turn, attract innate and adaptive immune cells that if 

excessive promotes the pathogenesis of disease.  The inflammatory process that 

involves a cascade of events is then activated through the cytokine milieu together 

with the immune cells (Zhang and Sun, 2015; Lawrence, 2009).  The innate immune 

system involves cellular components such as dendritic cells or macrophages and 

humoral components of the complement system that react to infectious agents 

through the activation of Toll-like receptors.  Once these receptors are activated, they 

result in the differentiation of macrophages as well as the production of several 

cytokines, including TNFα, IL-1, IL-6, or IL-12, which is integrated by adapter 

molecules such as TRAF6 and MyD88 that eventually stimulate the NF-κB and AP-1 

signalling pathways (Kawai et al., 2004).  NF-κB and AP-1 appear to be central 

mediators of pro-inflammatory gene induction and functions, and the deregulation of 
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inflammatory responses can lead to excessive or long-lasting tissue damage, thereby 

contributing to the development of acute or chronic inflammatory diseases.   

 

AP-1 protein regulates gene transcription of both Jun and Fos and this involves 

MAPKs pathways and phosphorylation cascades (Palanki, 2002).  AP-1 activity is 

stimulated via growth factors or agents that promote proliferation (Angel and Karin, 

1991).  AP-1 plays an essential role in initiation and progression of inflammatory 

disorders and evidence supports its involvement.  For instance, Shiozawa et al. 

(1997) showed that when AP-1 decoy oligodeoxynucleotide (ODN) was 

systematically administered to competitively reduce DNA binding of AP-1, it 

reduced arthritic joint destruction in mice (Shiozawa et al., 1997).  Other studies 

have also shown that AP-1 is highly expressed in asthmatic patients’ airways 

indicating high activity of this transcription factor in the disease (Demoly et al., 

1992; Teo and Kahn, 2004).  Moreover, down-regulation of JunB in both human and 

mice models have been shown to increase cell proliferation and deregulate cytokine 

expression that lead to initiation of psoriasis lesions (Zenz et al., 2005).  Therefore, 

AP-1 inhibition or inhibition of downstream effectors could act as a promising 

therapeutic target to treat inflammatory processes and reduce the inflammatory 

cytokines and chemokines production. 

 

Recent studies have proposed that sphingosine kinases and S1P are essential 

regulators of inflammatory responses.  Some studies have demonstrated the 

involvement of SK1 in TNFα-dependent signalling through the NF-κB pathway to 

form pro-inflammatory mediators.  This involves TRAF-2, an essential intermediate 
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of inflammatory cytokines signalling.  In this case, S1P binds to and endows TRAF-

2 with E3 ligase activity and this is essential for activation of the NF-κB pathway.  

TRAF2 catalyses lysine-63 (K63)-linked polyubiquitination of RIP1 that functions to 

recruit IKK and promotes the degradation of IκB and the activation of NF-κB.  These 

findings suggest that intracellular S1P plays an important role in cytokine-induced 

inflammatory pathways.  In addition, SK1 has been shown to regulate the 

polyubiquitination of K63 to other proteins involved in novel signalling pathways 

(Vallabhapurapu et al., 2008; Alvarez et al., 2010).  For example, Harikumar and 

colleagues (2014) reported that interferon-regulatory factor 1 (IRF1) is essential for 

IL-1-linked K63 polyubiquitination, which involves a complex of apoptosis inhibitor 

cIAP2, SK1, and IRF1 (Harikumar et al., 2014).  However, others have reported 

contrary data for the involvement of SK1 in TRAF-2 and NF-κB signalling.  For 

example, Xiong et al. (2013) reported neither SK1 nor SK2 are required for the 

activation of NF-κB in response to TNFα in macrophages (Xiong et al., 2013).  In 

addition, TRAF-2 has been shown to regulate TNFα and NF-κB signalling 

independently of SK1 in keratinocytes, where it suppresses skin inflammation and 

apoptosis (Etemadi et al., 2015).   

 

In addition, other studies have shown that pharmacological SK1 inhibitors and/or 

SK1 siRNA decrease the expression of pro-inflammatory cytokines (Nayak et al., 

2010; Limaye et al., 2009b).  However, this outcome rendered macrophages 

sensitive to Mycobacterium smegmatis infection (Prakash et al., 2010).  In addition, 

SK1 deficiency has been shown to significantly decrease synovial inflammation and 

joint erosions in TNFα-induced arthritis, which is believed to be mediated through 



 228 

decreased expression of COX-2, numbers of inflammatory articular Th17 cells, and 

osteoclastogenesis with increased expression of a member of the suppressor of 

cytokine signalling (SOCS3) (Baker et al., 2010).  SOCS3 works as a negative 

regulator in the JAK/STAT pathway used by IL-6 receptor signalling that leads to 

inhibition of prolonged STAT3 phosphorylation and IL-6 downstream inflammatory 

effects (Croker et al., 2003).  Liang et al. also showed that SK1 and the subsequently 

formed S1P are linked with continuous activation of STAT3, chronic intestinal 

inflammation, as well as the development of colitis-related cancer (Liang et al., 

2013).  Sk1− ⁄ − mice were also shown to be protected from ulcerative colitis (UC), 

suggesting that SK1 is involved as a pro-inflammatory enzyme in this disease 

(Snider et al., 2009).  Moreover, Jung and colleagues (2007) reported that SK1 

overexpression increases the formation of IL-12 from dendritic cells while SK1 

RNAi knockdown diminishes the formation of IFN-γ from Th1 cells (Jung et al., 

2007).  Although SK1 has a pro-inflammatory role in some diseases, others reported 

that it plays a protective role which suggests disease specificity.  For examples, 

removal of SK1 in mice exacerbated LPS-induced neuroinflammation (Grin’kina et 

al., 2012) and LPS-induced lung injury compared to WT mice (Wadgaonkar et al., 

2009).  Furthermore, Adada and colleagues (2013) reported that SK1 regulates the 

TNF-mediated induction of the chemokine RANTES through p38 MAPK, but it does 

so independently of NF-κB activation.  In this case, the loss of SK1 reduces TNFα-

stimulated phosphorylation of p38 MAPK and induces the RANTES formation and 

levels of different cytokines and chemokines including IL-8, IL-6, CXCL1, CCL20, 

and CXCL10 (Adada et al., 2013).  
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SK2 has also been reported to fulfill a pro-inflammatory and pro-fibrotic role.  For 

example, SK2 deficiency has been shown to attenuate kidney fibrosis in Sk2 − ⁄ − mice 

compared to the WT mice.  This involves regulation of IFN-γ production, and a 

remarkable reduction in the number of infiltrating CD3+ T cells, CD11b+ 

neutrophils, and macrophages.  Moreover, an increase in the levels of the pro-

inflammatory mediators CXCL1 and CXCL2 was detected in WT and Sk1− ⁄ − mice, 

but not Sk2− ⁄ − mice in response to folic acid (Bajwa et al., 2017).  In addition, 

Yoshimoto et al. (2003) proposed that SK2 positively modulates of IL-12 signalling 

by forming a complex with the IL-12 beta 1 (IL12β1) receptor to regulate 

inflammatory responses in Th1 cells.  Indeed, the over-expression of SK2 promotes 

the formation of IL-12-stimulated IFN-γ in T-cells (Yoshimoto et al., 2003).  

Furthermore, another study demonstrated that knocking down SK2 exhibited a 

protective role and reduced the clinical symptoms of experimental autoimmune 

encephalomyelitis (EAE) in C57BL/6 mice (Imeri et al., 2016).  In addition, the 

SK2-selective inhibitor ROMe reduced in the severity of EAE symptoms (Barbour et 

al., 2017; Lim et al., 2011b) whereas another selective SK2 inhibitor, ABC294640, 

was shown to have anti-inflammatory effects that attenuated disease progression in 

rodent models of Crohn’s disease (Maines et al., 2010), ulcerative colitis (UC) 

(Maines et al., 2008), and arthritis (Fitzpatrick et al., 2011).  In addition, 

ABC294640 also decreases inflammation and attenuates graft injury following liver 

transplantation through the reduction of the expression of TLR4, the activation of 

NF-κB, the production of pro-inflammatory cytokines/chemokines, the expression of 

adhesion molecules, and the infiltration of neutrophils and monocytes/macrophages 

(Liu et al., 2012). 
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However, other reports have shown that Sk1− ⁄ − and Sk2− ⁄ − mice do not have 

attenuated inflammatory responses in numerous inflammatory cellular models 

(Wadgaonkar et al., 2009; Michaud et al., 2006; Zemann et al., 2007).  Indeed, in 

murine macrophages that lack both SK isoenzymes, TNFα or LPS signalling does 

not involve S1P.  Rather, SK2 was proposed to be involved in maintaining 

sphingolipid homeostasis through the accumulation of sphingolipid metabolites and 

compensatory autophagy when perturbed (Xiong et al., 2013).  Therefore, the role of 

sphingosine kinases in inflammation is still not well understood in light of the many 

controversial reports.  Thus, in this chapter, the role of SK1 and SK2 was 

investigated using different SK inhibitors, in order to establish their effect on NF-κB- 

and AP-1 signalling and transcriptional regulation in keratinocytes. 
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5.2  RESULTS 

5.2.1 Effect of SK inhibitors on NF-κB signalling and 

transcriptional activity in NCTC-NF-κB reporter 

keratinocytes 

The study initially investigated the effects of different SK1 and SK2 selective 

inhibitors on the NCTC-NF-κB reporter cells in which luciferase expression is 

regulated by an NF-κB-binding promoter.  A previous study by our laboratory 

showed that SK1 inhibitors induce the proteasomal degradation of SK1 in androgen-

independent LNCaP-AI cells (McNaughton et al., 2016).  Therefore, the effect of SK 

inhibitors on SK1 expression levels in NCTC-NF-κB reporter cells was first 

investigated by treating these cells with different SK inhibitors for 4 hours.  The 

SK1/SK2 inhibitor, SKi (10 μM), the SK1 inhibitor/S1P receptor agonist FTY720 

(10 μM), and the nanomolar potent SK1 inhibitor PF-543 (100 nM) reduced the 

expression of SK1 in NCTC-NF-κB reporter keratinocytes (Figure 5.1).  In contrast, 

the SK2 selective inhibitors ABC294640 (25 μM), K145 (10 μM), and ROMe (10 

μM) did not promote the degradation of SK1 (Figure 5.1). 
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Figure 5.1 Effect of SK inhibitors on SK1 protein expression in NCTC-NF-κΒ 

reporter keratinocytes. NCTC-NF-κΒ reporter cells were cultured in complete 

medium containing 10% FCS until ~70% confluent then quiesced with serum-free 

medium for 24 hours. Cells were treated with SKi (10 μM) or ABC294640 (25 μM) 

or K145 (10 μM) or ROMe (10 μM) or PF-543 (100 nM) or FTY720 (10 μM) or with 

the vehicle alone (DMSO 0.1% v/v) for 4 hours. SK1 expression was detected using 

SDS PAGE and western blotting with anti-SK1 antibody. Blots were stripped and re-

probed with anti-actin antibody to ensure comparable protein loading. A 

representative western blot is shown of an experiment performed at least three 

independent times. Also shown is the densitometric quantification of SK1/actin ratio 

immunoreactivity of (Mr 42.5 kDa), expressed as a percentage of the control 

(Control=100%). The data was expressed as means +/− SEM for n=3 experiments 

and analysed by one-way ANOVA Dunnett’s multiple comparisons test, *p<0.05 for 

SKi vs control, **p<0.01 for PF-543 or FTY720 vs control. 
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The next step was to evaluate the effect of SK inhibitors on NF-κB signalling by 

testing their effect on IκB degradation.  The pro-inflammatory mediator TNFα was 

used to promote the degradation of IκB.  Thus, the treatment of cells with TNFα (15 

ng/ml) reduced the levels of IκB in a time-dependent manner, with the maximum 

reduction being observed at 15 minutes before returning to the baseline by 1 hour 

(Figure 5.2A).  The pre-treatment of cells with the NF-κB inhibitor BMS345541 (20 

μM) eliminated the effect of TNFα on IκB degradation (Figure 5.2B).  
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Figure 5.2 Effect of TNFα on IκB degradation in NCTC-NF-κB reporter 

keratinocytes. NCTC-NF-κΒ reporter cells were cultured in complete medium 

containing 10% FCS until ~70% confluent then quiesced with serum-free medium for 

24 hours. A) Cells were treated with TNFα (15 ng/ml) for a time course (0-120 

minutes). B) Cells were pre-treated with BMS345541 (20 M) for 30 minutes prior 

to addition of TNFα ( ng/ml) or with the vehicle alone (DMSO 0.1% v/v) for the 

times indicated. IκB degradation was detected using SDS PAGE and western blotting 

with anti-IκB-α antibody. Blots were stripped and re-probed with anti-actin antibody 

to ensure comparable protein loading. Two representative western blots are shown 

each of an experiment performed at least three independent times. Also shown is the 

densitometric quantification of IκB-α/actin ratio immunoreactivity of (Mr 39 kDa), 

expressed as a percentage of the control (Control=100%). The data was expressed 

as means +/− SEM for n=3 experiments and analysed by A) one-way ANOVA 

Dunnett’s multiple comparisons test, *p<0.05 for TNFα (120 min) vs control and 

****p<0.0001 for TNFα (5 min) vs control or TNFα (15 min) vs control or TNFα 

(30 min) vs control. B) one-way ANOVA multiple comparisons test, ***p<0.001 for 

BMS345541 (0 min)/TNFα vs TNFα and ****p<0.0001 for TNFα vs control or 

BMS345541 (5 to 120 min)/TNFα vs TNFα and ns denotes not statistically 

significant (p>0.05) for BMS345541 vs control. 
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Next, NCTC-NF-κB reporter cells were pretreated with SK inhibitors prior to the 

addition of the pro-inflammatory mediator TNFα in order to assess their effect on 

IκB degradation.  The results showed that the SK2 inhibitors, including SKi, 

ABC294640, K145, and ROMe, reduced TNFα-stimulated IκB degradation (Figure 

5.3A) whereas the potent SK1 selective inhibitor PF-543 and the SK1 inhibitor/S1P 

receptor agonist FTY720 had no effects on IκB degradation (Figure 5.3B).  
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Figure 5.3 Effect of SK inhibitors on IκB degradation in NCTC-NF-κB reporter 

keratinocytes. NCTC-NF-κΒ reporter cells were cultured in complete medium 

containing 10% FCS until ~70% confluent then quiesced with serum-free medium for 

24 hours. Cells were pre-treated with A) SKi (10 μM) or ABC294640 (25 μM) or 

K145 (10 μM) or ROMe (10 μM) B) PF-543 (100 nM) or FTY720 (10 μM) or with 

the vehicle alone (DMSO 0.1% v/v) for 10 min prior to stimulation with TNFα (15 

ng/ml) for 15 min. IκB degradation was detected using SDS PAGE and western 

blotting with anti-IκB-α antibody. Blots were stripped and re-probed with anti-actin 

antibody to ensure comparable protein loading. Two representative western blots 

are shown each of an experiment performed at least three independent times. Also 

shown is the densitometric quantification of IκB-α/actin ratio immunoreactivity of 

(Mr 39 kDa), expressed as a percentage of the control (Control=100%). The data 

was expressed as means +/− SEM for n=3 experiments and analysed by one-way 

ANOVA multiple comparisons test, A) *p<0.05 for SKi/TNFα vs TNFα, 

****p<0.0001 for TNFα vs control or ABC294640/TNFα vs TNFα or K145/ TNFα 

vs TNFα and ns denotes not statistically significant (p>0.05) for ROMe/TNFα vs 

TNFα. B) ****p<0.0001 for TNFα vs control and ns denotes not statistically 

significant (p>0.05) for PF-543/TNFα vs TNFα or FTY720/TNFα vs TNFα. 
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Finally, the effects of NF-κB and SK inhibitors on NF-κB-transcriptional activity 

were measured using the luciferase reporter assay.  The NF-κB inhibitor 

BMS345541 (100 nM−20 μM) significantly reduced NF-κB-mediated transcriptional 

activity (Figure 5.4A), which validated the responsiveness of the reporter assay for 

NF-κB signalling.  In addition, all of the tested SK inhibitors significantly reduced 

NF-κB-dependent transcriptional activity including SKi (1–20 μM) (Figure 5.4B), 

ABC294640 (25–50 μM) (Figure 5.4C), K145 (10–20 μM) (Figure 5.4D), ROMe 

(10–30 μM) (Figure 5.4E), and FTY720 (10–20 μM) (Figure 5.4G), except PF-543 

(Figure 5.4F).  The latter reduced NF-κB-dependent transcriptional activity at 20 μM 

but this is much higher than the Ki of PF-543 (4 nM) (Schnute et al., 2012).  

Although FTY720 (10 μM) failed to modulate the degradation of IκB (Figure 5.3B), 

it induced significant inhibition of NF-κB transcriptional activity at concentrations 

(10–20 μM) (Figure 5.4G) that is known to induce SK1 inhibition (Lim et al., 

2011b). 
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Figure 5.4 Effect of SK inhibitors on NF-κB-mediated signalling in NCTC-NF-κB 

reporter keratinocytes. NCTC-NF-κΒ reporter cells were cultured in complete 

medium containing 10% FCS at a density of 10,000 cells/well for 24 hours then 

quiesced with serum-free medium for another 24 hours. Cells were pre-treated with 

A) BMS345541 for 30 min or SK inhibitors B) SKi C) ABC294640 D) K145 E) 

ROMe F) PF-543 G) FTY720 for 10 min in concentrations indicated or with the 

vehicle alone (DMSO 0.1% v/v) prior to stimulation with TNFα (15 ng/ml) for 4 

hours before luminescence activity has been measured. Data are expressed as a % of 

control ± SEM for n=3 experiments. The data was analysed by one-way ANOVA 

multiple comparisons, *p<0.05 for TNF vs control and **p<0.05 for TNF/SK 

inhibitor/BMS345541 vs TNF. 
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5.2.2 Effect of SK inhibitors on JNK/ERK-1/2 signalling and AP-1 

transcriptional activity in NCTC-AP1 reporter keratinocytes 

The effect of different SK inhibitors was also investigated against the transcriptional 

regulation of AP-1 in NCTC-AP1 reporter keratinocytes in which luciferase 

expression is regulated by an AP-1-binding promoter.  The effect of SK inhibitors on 

SK1 expression levels in NCTC-AP1 reporter cells was assessed by treating these 

cells with different SK inhibitors for 4 hours.  We obtained similar results to those 

obtained using NCTC-NF-κB reporter cells—namely, the SK1/SK2 inhibitor SKi (10 

μM), the SK1 inhibitor FTY720 (10 μM), and the nanomolar-potent SK1 inhibitor 

PF-543 (100 nM) reduced the expression of SK1 whereas the SK2 selective 

inhibitors ABC294640 (25 μM), K145 (10 μM), and ROMe (10 μM) did not promote 

the degradation of SK1 (Figure 5.5).   
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Figure 5.5 Effect of SK inhibitors on SK1 protein expression in NCTC-AP1 

reporter keratinocytes. NCTC-AP1 reporter cells were cultured in complete medium 

containing 10% FCS until ~70% confluent then quiesced with serum-free medium for 

24 hours. Cells were treated with SKi (10 μM) or ABC294640 (25 μM) or K145 (10 

μM) or ROMe (10 μM) or PF-543 (100 nM) or FTY720 (10 μM) or with the vehicle 

alone (DMSO 0.1% v/v) for 4 hours. SK1 expression was detected using SDS PAGE 

and western blotting with anti-SK1 antibody. Blots were stripped and re-probed with 

anti-actin antibody to ensure comparable protein loading. A representative western 

blot is shown of an experiment performed at least three independent times. Also 

shown is the densitometric quantification of SK1/GAPDH ratio immunoreactivity of 

(Mr 42.5 kDa), expressed as a percentage of the control (Control=100%). The data 

was expressed as means +/− SEM for n=3 experiments and analysed by one-way 

ANOVA Dunnett’s multiple comparisons test. 
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AP-1 transcription factor is mainly regulated by JUN and FOS that are regulated by 

the MAPK pathways, which consist of JNKs, ERK1/2, and p38 pathways.  

Therefore, phorbol myristate acetate (PMA) was used to promote the activation of 

the JNK/ERK1/2 pathways.  The results showed that PMA (100 nM) stimulates 

significant activation of P-p46 JNK in a time-dependent manner at 5–60 minutes 

with maximum effect achieved at 30–60 minutes (Figure 5.6A).  In addition, PMA 

induced activation of P-p54 JNK only at 30-60 minutes (Figure 5.6A).  Moreover, 

PMA (100 nM) promoted the activation of ERK1/2 with maximum activation at 5 

minutes, which remained sustained for 2 hours (Figure 5.6B).  Next we pre-treated 

NCTC-AP1 keratinocytes with the JNK inhibitor SP600125 (20 μM) before the 

addition of PMA (100 nM) and this abolished the effect of PMA on P-p54 JNK 

while having no effect on PMA-induced activation of P-p46 JNK or P-ERK1/2 

(Figure 5.6B).  
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Figure 5.6 Effect of PMA on JNK phosphorylation and ERK-1/2 activation in 

NCTC-AP1 reporter keratinocytes. NCTC-AP1 reporter cells were cultured in 

complete medium containing 10% FCS until ~70% confluent then quiesced with 

serum-free medium for 24 hours. A) Cells were treated with PMA (100 nM) for a 

time course (0-120 minutes). B) Cells were pre-treated with SP600125 (20 μM) for 

30 minutes prior to addition of PMA (100 nM) for another 30 minutes or with the 

vehicle alone (DMSO 0.1% v/v). P-JNK and P-ERK1/2 levels were detected using 

SDS PAGE and western blotting with respective antibodies. Blots were stripped and 

re-probed with anti-GAPDH antibody to ensure comparable protein loading. Two 

representative western blots are shown of an experiment performed A) two 

independent times. B) at least three independent times. Also shown is the 

densitometric quantification of P-p54 JNK/GAPDH, P-p46 JNK/GAPDH, and P-

ERK1/2/GAPDH ratios immunoreactivities of (Mr 54, 46, and 42-44 kDa, 

respectively) of B, expressed as a percentage of the control (Control=100%). The 

data of B was expressed as means +/− SEM for n=3 experiments and analysed by 

one-way ANOVA multiple comparisons test; in P-p54 JNK ****p<0.0001 for PMA 

vs control or SP600125/PMA vs PMA, in P-p46 JNK **p<0.01 for PMA vs control 

and ns denotes not statistically significant (p>0.05) for SP600125/PMA vs PMA, in 

P-ERK1/2 **p<0.01 for PMA vs control and ns for SP600125/PMA vs PMA. 
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NCTC-AP1 reporter keratinocytes were pre-treated with SK inhibitors prior to the 

addition of PMA in order to measure activation on JNK/ERK1/2 pathways.  The 

results showed that the selective SK2 inhibitors ABC294640 (25 μM) and K145 (10 

μM) as well as the SK1 inhibitor/S1P receptor agonist FTY720 (10 μM) reduced the 

PMA-stimulated activation of P-p46-JNK (Figure 5.7).  In contrast, ABC294640 (25 

μM) reduced the PMA-stimulated activation of ERK1/2 (Figure 5.7).  However the 

other sphingosine kinase inhibitors used, including the SK1/SK2 inhibitor SKi (10 

μM), the potent SK1 selective inhibitor PF-543 (100 nM), and the SK2 selective 

inhibitor ROMe (10 μM), had no effect on ERK1/2 phosphorylation (Figure 5.7). 
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Figure 5.7 Effect of SK inhibitors on PMA-activated JNK and ERK1/2 in NCTC-

AP1 reporter keratinocytes. NCTC-AP1 reporter cells were cultured in complete 

medium containing 10% FCS until ~70% confluent then quiesced with serum-free 

medium for 24 hours. Cells were pre-treated with SKi (10 μM) or ABC294640 (25 

μM) or K145 (10 μM) or ROMe (10 μM) or PF-543 (100 nM) or FTY720 (10 μM) or 

with the vehicle alone (DMSO 0.1% v/v) for 10 min prior to stimulation with PMA 

(100 nM) for 30 min. P-JNK and P-ERK1/2 levels were detected using SDS PAGE 

and western blotting with respective antibodies. Blots were stripped and re-probed 

with anti-GAPDH antibody to ensure comparable protein loading. A representative 

western blot is shown of an experiment performed at least three independent times. 

Also shown is the densitometric quantification of P46-JNK/GAPDH and P-

ERK1/2/GAPDH ratios immunoreactivities of (Mr 46 and 42-44 kDa, respectively), 

expressed as a percentage of the control (Control=100%). The data was expressed 

as means +/− SEM for n=3 experiments analysed by one-way ANOVA multiple 

comparisons test, in P-p46 JNK *p<0.05 for K145/PMA vs PMA or FTY720/PMA vs 

PMA and ***p<0.001 for PMA vs control or ABC294640/PMA vs PMA and ns 

denotes not statistically significant (p>0.05) for SKi/PMA vs PMA or ROMe/PMA vs 

PMA or PF-543/PMA; in P-ERK1/2 levels *p<0.05 for ABC294640/PMA vs PMA, 

**p<0.01 for PMA vs control, and ns denotes not statistically significant (p>0.05) 

for SKi/PMA vs PMA or K145/PMA vs PMA or ROMe/PMA vs PMA or PF-

543/PMA vs PMA or FTY720/PMA vs PMA. 
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Finally, the effects of JNK and SK inhibitors on AP-1-transcriptional activity was 

assessed using the luciferase reporter assay.  The JNK inhibitor SP600125 (2.5−20 

μM) had little effect on the reduction of AP-1-mediated transcriptional activity 

(Figure 5.8A), which suggests limited requirements for JNK in transcriptional 

activity of AP-1.  The SK2 inhibitors ABC294640 (25−50 μM) (Figure 5.8C) and 

K145 (1−20 μM) (Figure 5.8D) and the SK1 inhibitor FTY720 (10−20 μM) (Figure 

5.8G) significantly reduced the PMA-stimulated transcriptional activity of AP-1.  

However, the SK1/SK2 inhibitor SKi (20 μM) (Figure 5.8B), the SK1 inhibitor PF-

543 (10−20 μM) (Figure 5.8F), and the SK2 inhibitor ROMe (30 μM) (Figure 5.8E) 

induced only a modest reduction in the transcriptional regulation of AP-1 at high 

concentrations, thereby correlating with limited effect on JNK/ERK1/2.  
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Figure 5.8 Effect of SK inhibitors on AP1-mediated signalling in NCTC-AP1 

reporter keratinocytes. NCTC-AP1 reporter cells were cultured in complete medium 

containing 10% FCS at a density of 10,000 cells/well for 24 hours then quiesced with 

serum-free medium for another 24 hours. Cells were pre-treated with A) SP600125 

for 30 min or SK inhibitors B) SKi C) ABC294640 D) K145 E) ROMe F) PF-543 G) 

FTY720 for 10 min in concentrations indicated or with the vehicle alone (DMSO 

0.1% v/v) prior to stimulation with PMA (100 nM) for 4 hours before luminescence 

activity has been measured. Data are expressed as a % of control ± S.E.M for n=3 

experiments. The data was analysed by one-way ANOVA multiple comparisons test, 

*p<0.05 for PMA vs control and **p<0.05 for PMA/SK inhibitor/SP600125 vs 

PMA. 
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5.3  DISCUSSION 

The main finding of this study is that SK2, but not SK1, appears to be associated 

with the NF-κB-dependent transcriptional regulation in keratinocytes.  This is based 

on the finding that SK2 inhibitors reduced the TNFα-stimulated degradation of IκB 

in keratinocytes.  The SK1/SK2 inhibitor SKi (1-20 μM), and the SK2 inhibitors 

ABC294640 (25-50 μM), K145 (10-20 μM), and ROMe (10-30 μM) induced 

significant reductions in NF-κB transcriptional activity at concentrations that 

correlate with their Ki for SK2 inhibition, of  ((8 μM) (Lim et al., 2012; Gao et al., 

2012), (10 μM) (French et al., 2010), (10 μM) (Liu et al., 2013), and (17 μM) (Lim 

et al., 2011a), respectively).  A lack of a role for SK1 was supported by the failure of 

the potent SK1 selective inhibitor PF-543 to reduce TNFα-stimulated IκB 

degradation or transcriptional activity of NF-κB at concentrations known to induce 

the ubiquitin-proteasomal degradation of SK1 in keratinocytes (100 nM).  These 

findings do not concord with other studies, which showed that S1P formed by SK1 

can promote K63 polyubiquitination of RIP1 by binding to TRAF-2 and conferring 

E3 ligase activity, thereby activating the NF-κB pathway (Alvarez et al., 2010).  The 

findings also contrast with Jeong et al. (2015), who showed that the activation of 

SK1 using a novel synthetic SK1 activator, (S)-methyl 2-(hexanamide)-3-(4-

hydroxyphenyl) propanoate (MHP), improves epidermal innate immunity via the 

S1P-stimulated production of the antimicrobial peptide cathelicidin (CAMP).  In this 

case, MHP did not reduce activity of S1P lyase that is known to hydrolyse S1P, but 

instead increased S1P synthesis.  Moreover, exogenous MHP has been shown to 

stimulate production of CAMP mRNA and protein in keratinocytes while SK1 

siRNA blocked these responses.  Importantly in the context of the current study, 
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MHP activates the NF-κB pathway, assessed through nuclear translocation of NF-

κB.  Moreover, pre-treatment of cells with a specific SK1 inhibitor (SK1-I) reduced 

MHP-promoted nuclear translocation of NF-κB, and considerably decreased the 

MHP-stimulated production of CAMP (Jeong et al., 2015).  In contrast, Etemadi and 

colleagues (2015) provide support for the current findings by showing that TRAF2 

regulates the TNFα signalling and NF-κB activation independently of SK1 in 

keratinocytes (Etemadi et al., 2015).   

 

There is substantial evidence that NF-κB is pro-inflammatory.  Libermann and 

Baltimore (1990) showed that NF-κB is an essential mediator regulating IL-6 gene 

expression in response to various stimuli in U-937 and HeLa cells and that 

alternative inducible enhancer elements regulate the IL-6 gene in a cell-specific 

manner.  Hence mutations in the binding site of NF-κB eliminated the induction of 

IL-6 in U-937 cells in response to TNFα, LPS, phytohemagglutinin (PHA), or 

double-stranded RNA poly (IC) (Libermann and Baltimore, 1990).  Similarly, the 

findings of the current study show that SK2 acts as pro-inflammatory enzyme and 

SK2 inhibitors are therefore potentially of benefit as anti-inflammatory agents.  The 

findings are consistent with a study by Antoon and colleagues (2011) which reported 

that selective inhibition of SK2 using the SK2 inhibitor ABC294640 decreased 

breast cancer chemo-resistance by reducing TNFα-stimulated NF-κB transcriptional 

regulation in MCF-7TN-R cells.  In this case, S1P stimulates activation of PI3K/Akt 

pathway and Akt promotes p65 phosphorylation on S536 (Antoon et al., 2011).  

ABC294640 was shown to inhibit S1P-mediated activation of the Akt pathway and 

to therefore, reduce levels of phosphorylated p65 to eliminate transcriptional activity.  
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However, these effects occur independently of IκB phosphorylation (Antoon et al., 

2011).   Therefore, this molecular interaction might differ from the current findings 

showing that ABC294640 inhibited the TNFα-induced degradation of IκB.   

 

The engagement of SK1 with the different SK inhibitors is evidenced by the 

proteasomal degradation of SK1 in keratinocytes (Figure 5.1).  There is correlation 

with the Ki for inhibition of SK1 catalytic activity by SK1 inhibitors used in this 

study, suggesting that they bind directly to SK1 to induce a conformational change 

that enables ubiquitination and proteasomal degradation of SK1.  On the other hand, 

the SK2 selective inhibitors ABC294640 (25 μM), K145 (10 μM), and ROMe (10 

μM) did not promote the degradation of SK1 (Figure 5.1), which suggests that the 

specificity of these compounds for SK2-over-SK1 is maintained in keratinocytes.  

The S1P produced by SK1 is suggested to be released from cells via an autocrine 

manner in order to activate S1P receptors.  In addition to the intracellular effects of 

S1P, an autocrine S1P signalling loop is known to enhance the activation of the NF-

κB signalling pathway and survival (Blom et al., 2010).  However, this does not 

appear to be the case in TNFα-stimulated keratinocytes as the nanomolar potent SK1 

inhibitor PF-543 failed to affect NF-κB signalling at concentrations known to inhibit 

SK1 activity.  A reduction in NF-κB transcriptional activity was observed at higher 

concentrations of PF-543 (20 μM), well above the Ki for PF-543 (Ki 4 nM) (Schnute 

et al., 2012).  Additionally, FTY720 which is likely phosphorylated to FTY720-P, 

was expected to stimulate degradation of IκB through a receptor-dependent 

mechanism.  However, this was not the case here.  Indeed, FTY720 failed to promote 

or reverse IκB degradation and which is at odds with its ability of to inhibit NF-κB 
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transcriptional activity.  It should be noted that FTY720 is also an SK1 inhibitor 

(Vessey et al., 2007; Tonelli et al., 2010) at μM concentrations, but this is unlikely to 

be the mechanism of action here due to the inability of low concentrations of PF-543 

to modulate IκB degradation.  In this case, Hait and colleagues (2015) have shown 

that FTY720-P is an inhibitor of HDAC1/2 that regulates transcriptional activity by 

maintaining histone acetylation, and this might explain the effect of FTY720 on NF-

κB transcriptional activity (Hait et al., 2015). 

 

SK inhibitors have been also shown to reduce transcriptional activity of AP-1.  

However, the differential effects of these inhibitors in terms of the JNK pathway 

suggest that their actions on AP-1 transcriptional activity are likely, mediated 

through SK-independent pathways in keratinocytes.  A recent study by Zhou et al. 

(2018) showed that targeting SK2 with ABC294640 reduced the cellular growth of 

human skin squamous cell carcinoma (SCC) through the activation of JNK, the 

accumulation of Cer, and the inhibition of S1P and Akt-S6K1 (Zhou et al., 2018).  In 

this case, the inhibition of JNK with SP600125 has been shown to alleviate skin SCC 

cell apoptosis by ABC294640 (Zhou et al., 2018).  In addition, Cer has previously 

been shown to activate JNK to promote cell apoptosis through thioredoxin-

interacting protein-mediated pathway and JNK silencing or mutation significantly 

reduced Cer-induced cells apoptosis (Chen et al., 2008).  Another study showed that 

a novel SK1 selective inhibitor, SKI-178, promoted the apoptosis of human acute 

myeloid leukemia (AML) cell lines via a JNK- and CDK1-dependent pathway 

required to induce apoptosis (Dick et al., 2015).  Indeed these studies showed that 

inhibition of SK1 or SK2 activity stimulates the pro-apoptotic JNK pathway.  
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However, previous studies showed that JNK has pro- or anti-apoptotic functions, 

depending on the nature of the death stimulus, duration of JNK activation, cell type 

and activity of other signalling pathways (Jing and Anning, 2005).  Although 

numerous studies showed that JNK can function as a pro-apoptotic kinase (Bruckner 

et al., 2001; Lin, 2003; Chen, 2012; Pinal et al., 2019), various others showed that it 

can function as pro-survival (Gururajan et al., 2005; Ma et al., 2012; Wu et al., 

2019) and as evidenced in Chapter 3 by the finding that SKi stimulated pro-survival 

JNK through the action of polyubiquitinated forms of Degs1 (Alsanafi et al., 2018).  

However, in the current study, significant inhibition of PMA-stimulated activation of 

P-p46-JNK signalling was observed when NCTC-AP1 cells treated with FTY720 (10 

μM) or the SK2 inhibitors ABC294640 (25 μM) and K145 (10 μM).  This was 

correlated with a reduction in PMA-induced AP1 transcriptional activity, although 

JNK was shown here to have a very minimal role in regulating AP-1. 

 

ABC294640 (25 μM) was the only inhibitor to significantly reduce the PMA-

stimulated activation of ERK1/2 and, in this case, it is possible that ERK1/2 could be 

a relevant regulator of AP-1 signalling in these cells.  This requires further 

investigation to identify the main mechanism regulating AP-1 

signalling/transcriptional activity in these cells.  A previous study conducted by Su 

and colleagues (1994) proposed that S1P and sphingosine stimulate the DNA binding 

activity of AP-1 in quiescent Swiss 3T3 fibroblasts and this was inhibited by the SK 

inhibitor DL-threo-dihydrosphingosine (Su et al., 1994).  However, the latter 

compound is also a PKC inhibitor and, therefore we cannot exclude action on this 

target (Tolan et al., 1996).   
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In conclusion, the findings of the current study indicate that the differential effects of 

SK inhibitors on signalling of JNK/ERK-1/2 and the transcriptional activity of AP-1 

are likely explained by ‘off-target’ effects.  This is based on the finding that SKi, 

K145 and ABC294640 have been shown to inhibit SK2 yet exhibit differential 

effects on JNK signalling.  The results also indicate that SK2 might be involved in 

the signalling and transcriptional regulation of NF-κB in keratinocytes.  These 

findings suggest that SK2 might be a pharmacological target to treat skin-associated 

inflammatory disorders. 
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CHAPTER 6: GENERAL DISCUSSION AND FUTURE 

DIRECTIONS 

6.1  GENERAL DISCUSSION 

Sphingolipids are a class of lipids commonly found in cell membranes which have 

essential roles in signal transduction and cell-cell communication.  Sphingolipids are 

able to trigger functional changes through regulation of their levels or structural 

membrane changes or protein signalling networks.  Sphingolipids are critical and 

ubiquitous mediators of cellular function and any abnormalities in sphingolipid 

signalling either due to changes in their quantity, quality or localisation have been 

implicated in various pathological states (Hannun and Obeid, 2008).  Vital enzymes 

in the sphingolipid signalling pathway including dihydroceramide desaturase 

(Degs1) and sphingosine kinases (SK1 and SK2) are responsible for formation of 

essential bioactive lipids including Cer and S1P.  A significant body of evidence has 

implicated Degs1 and SKs in autophagic, apoptotic, or proliferative cell responses 

that are relevant to diseases, including cancer.  S1P function is through activation of 

five G protein-coupled receptors S1P1-5 or intracellularly through binding to proteins, 

such as HDAC1/2 and TRAF2 to stimulate cell responses (Blaho and Hla, 2014; Hait 

et al., 2009).  Sphingolipid metabolism is a complex process, although major 

advances have been made in deciphering the different functions of various 

sphingolipids.  However, there is still much to learn (Hannun and Obeid, 2018).  In 

this respect, there is considerable controversy in literature regarding the role of 

Degs1 in promoting cell survival/apoptosis, as reviewed in Siddique et al. (2015).  

This provided the impetus to investigate the role and inter-connection of Degs1 and 

SKs in regulating cell survival (Chapter 3).  Since SKs were known to promote p53-
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mediated cell death, the study next (Chapter 4) examined the role of SKs in 

regulating p53-mediated cell death.  Lastly (Chapter 5) the role of SKs in regulating 

inflammation-based transcriptional factors in keratinocytes was studied due to the 

controversial reports regarding the role of SK1 in regulating NF-κB signaling, an 

important pro-inflammatory pathway in disease. 

 

In Chapter 3, the main finding was that Degs1 undergoes polyubiquitination in 

response to the SK inhibitor, SKi [2-(p-hydroxyanilino)-4-(p-chlorophenyl)thiazole] 

or the Degs1 inhibitor fenretinide.  It was also found that the polyubiquitination of 

Degs1 is linked with the activation of pro-survival pathways, p38 MAPK/c-Jun N-

terminal kinase (JNK), and X-box protein 1s (XBP-1s) through a mechanism that 

involves oxidative stress, and Mdm2 (E3 ligase) in HEK293T cells.  In contrast, the 

SK inhibitor, ABC294640 [3-(4-chlorophenyl)-adamantane-1-carboxylic acid 

(pyridin-4-ylmethyl)amide] (25 to 50 μM), did not promote polyubiquitination of 

Degs1 and appears to use the native form (by substrate induction) to stimulate 

apoptosis of HEK293T cells possibly through enhanced de novo synthesis of Cer.  

These novel findings are the first to show that the polyubiquitination of Degs1 

changes the function of the enzyme from being a pro-apoptotic to pro-survival.  

These important findings provide clarity to the controversial reports concerning pro-

survival versus apoptotic functions of the enzyme described within literature and call 

for a revaluation of the ubiquitination status of Degs1 in the different cell types 

studied within the literature.  In addition, these novel findings may provide a 

worthwhile therapeutic approach for various diseases that involve sphingolipids, 

such as cancers or cardiovascular and metabolic disorders, by use of compounds that 
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promote the ubiquitin-proteasomal degradation of Degs1.  For example, ceramide 

has a significant role in cardiovascular diseases and metabolic syndromes (Summers, 

2018) and plasma ceramide species have been shown to be elevated in patients with 

obesity, T2DM, or hepatic stenosis and this was linked to the severity of insulin 

resistance in these patients (Haus et al., 2009; Chaurasia et al., 2019).  Indeed, the 

depletion of intracellular levels of ceramide has been proposed to represent an 

effective therapeutic strategy for treatment of obesity and T2DM (Bellini et al., 

2015), since there is substantial evidence that ceramide synthesis is upregulated in 

adipose tissue during inflammation (Glass and Olefsky, 2012; Kang et al., 2013).  

This was established when the inflammatory mediator TNFα was administered 

intraperitoneally in C57/BL6 mice to stimulate ceramide synthesis in adipose tissue 

via a mechanism involving enhanced expression of nSMase, aSMase and SPT 

(Samad et al., 2006).  Additionally, pro-inflammatory lipids, such as 

lipopolysaccharides (LPS) and palmitate, stimulate TLR4/IKKβ signalling and 

promote the expression of SPT2, CerS1, CerS2 and CerS6 and Degs1.  These 

changes are associated with ceramide induced insulin resistance in C2C12 myotubes 

(Holland et al., 2011).  Therefore, inhibition of main enzymes (e.g. Degs1) that 

directly catalyse synthesis of ceramides effectively enhances insulin sensitivity (Fang 

et al., 2019).  The deletion of Degs1 gene has also been shown to induce both 

anabolic and catabolic signalling pathways (Siddique et al., 2013).  These findings 

can be potentially explained by the existence of two populations of Degs1 e.g. native 

and polybiquitinated forms, with opposing actions (Fang et al., 2019).  Thus, the 

native Degs1 acts to block Akt/PKB signalling via a ceramide-dependent 

mechanism.  In this case, the deletion of Degs1 promotes anabolic Akt signalling and 
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sensitisation of cells to insulin.  In contrast, the polyubiquitinated Degs1 are 

associated with positive regulation of p38 MAPK, which was recently shown to 

inhibit autophagy (He et al., 2018).  These polyubiquitinated forms of Degs1 might 

be relocalised to specialised lipid micro-domains that could access specific 

dihydroceramides.  Gene deletion of Degs1 will remove both native and 

polyubiquitinated forms to induce catabolic autophagy as a consequence of the relief 

of inhibition mediated by p38 MAPK.  In addition, the loss of the native form might 

have a predominant effect in promoting cell survival (Fang et al., 2019).  Therefore, 

targeting a specific population of Degs1 could be a promising pharmacological 

intervention to treat metabolic and cardiovascular disorders. 

 

The study next investigated p53 regulation in the context of SKs, JNK/p38 MAPK 

signalling and XBP-1s.  SKi promoted ubiquitination of p53 to induce the formation 

of two higher molecular masses proteins (63 and 90 kDa).  SK1 siRNA promoted 

SKi-induced p63/p90 formation while SK2 or Degs1 siRNAs failed to modulate 

these responses.  These findings suggest that SK1 is a negative regulator of the 

conversion, which might normally function to inactivate p53 and prevent apoptosis.  

siRNA mediated elimination of SK1 promoted the activation of p38 MAPK/JNK 

pathways in response to SKi, suggesting that SK1 also opposes these pro-survival 

pathways in HEK293T cells.  These effects are correlated with a decrease in the 

intracellular levels of S1P and an increase in Sph suggesting that SK1 might be pro-

apoptotic in this context.  In cells treated with ABC294640 (which promotes 

apoptosis), a very weak conversion of p53 to p63 and p90 was found and which 

might reflect a failure to activate the protective mechanism.  Thus SK1 dampens p38 
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MAPK/JNK activation and p63/p90 formation to restrict pro-survival responses in 

HEK293T cells.  In contrast, ABC294640, which fails to promote the ubiquitination 

of Degs1 and p63/p90 formation increased ceramide levels and induced PARP 

cleavage, and decreased DNA synthesis in HEK293T cells.  The mechanisms by 

which ceramide induces cell apoptosis include activation of cathepsin D and protein 

phosphatase PP2A (Kuzmenko and Klimentyeva, 2016) and the formation of pores 

in the outer mitochondrial membrane regulated by Bax (Ganesan et al., 2010).  In 

addition, ceramide can promote autophagy/mitophagy linked with cell death 

(Ganesan et al., 2010).  Since ceramide is composed of many chemically distinct 

species that vary widely, primarily in their N-linked acyl chain length and saturation, 

their roles in regulating cell biology is complicated and poorly understood (Hannun 

and Obeid, 2011).  Different ceramides have distinct signalling properties.  For 

instance, long chain ceramides (e.g. C16-Cer) are pro-apoptotic, whereas very long 

chain ceramides (e.g. C24-Cer) can function in a pro-survival context, although this 

differs according to cell type (Groesch et al., 2012).  For instance, resveratrol, a 

natural phenol, has been shown to induce ER stress, autophagy and apoptotic UPR 

through a mechanism that involves an increase in C16-ceramide in nasopharyngeal 

carcinoma (Chow et al., 2014).  Indeed, SPT inhibition has been shown to reduce 

resveratrol-induced apoptosis and ER expansion associated with ER stress (Chow et 

al., 2014).  These findings implicate C16-ceramide as having a pro-apoptotic 

function. 

 

In this study, the MG132-induced increase in the expression of the pro-survival 

protein XBP-1s was enhanced by SKi via a mechanism involving polyubiquitinated 
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Degs1.  Knocking down SK2 with gene specific siRNA reduced MG132/SKi-

stimulated XBP-1s levels while knocking down p53 promoted this effect.  Under 

these conditions, SK2 is positively involved in the regulation of XBP-1s expression 

and behaves as a pro-survival signal.  In addition, sphingolipids measurements 

showed that SK2 siRNA increased Cers levels and which is likely to promote 

apoptosis, thereby reinforcing the idea that that SK2 is a pro-survival enzyme in 

HEK293T cells, consistent with SK2 siRNA reducing expression of XBP-1s.  The 

p53 dependent regulation of XBP-1s is mediated by the native form of p53, i.e. 

native p53 restricts the formation of pro-survival XBP-1s.  Collectively, p53 

mediates MG132-induced cell death and this appears to be countered by SK2.  These 

novel findings suggest that the SK1 and SK2 have opposing roles in relation to p53-

mediated apoptosis of HEK293T cells.   

 

Research conducted in Chapter 5 explored the role of SKs in regulating 

inflammation-based nuclear factor kappa B (NF-κB) or activator protein-1 (AP-1) 

transcriptional factors in keratinocytes.  The main finding suggests that SK2, but not 

SK1 is associated with the transcriptional regulation of NF-κB.  Inhibition of 

inhibitor kappa B (IκB) degradation and transcriptional regulation of NF-κB in 

TNFα-stimulated NCTC-NF-κB cells was evident in response to the SK2 inhibitors, 

ABC294640 or SKi or K145 or ROMe.  In contrast, the potent SK1 inhibitor, PF-543 

did not inhibit TNFα-promoted IκB degradation and very weakly inhibited 

transcriptional regulation of NF-κB at a concentration that is 50-fold higher than the 

Ki of SK1 inhibition.  In contrast, the effect of the sphingosine kinases on 

transcriptional regulation of activator protein-1 (AP-1) showed that inhibitor-induced 
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effects were due to modulation of SK-independent signalling pathways.  This was 

based on the finding that the effects of the SK2 inhibitors, ABC294640 or K145 on 

phorbol myristate acetate (PMA)-induction of JNK and ERK-1/2 levels and AP-1 

transcriptional activity were not recapitulated by the SK2 inhibitors, SKi and ROMe. 

 

 

6.2  CONCLUSION AND FUTURE DIRECTIONS 

The findings of the current study add knowledge to the role of Degs1, SK1 and SK2 

in regulating cell survival/apoptosis.  Further investigation is required to assess 

whether the ubiquitin-proteasomal degradation of Degs1 and SK1 can be exploited to 

develop novel therapeutic agents used to treat cancer, T2D, and metabolic disorders.  

In addition, knowledge presented herein highlights SK2 as a promising target for 

inflammatory skin disease. 
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Figure S1 MS analysis of dihydroceramide levels in HEK293T cells treated with 

SKi or ABC294640. HEK293T cells were cultured in complete medium containing 

10% FCS until ~70% confluent. Cells were treated with SKi (10 μM) or ABC294640 

(25 μM) or with the vehicle alone (DMSO 0.1% v/v) for 24 hours before snap-

freezing. Lipid extracts were analyzed by LC-MS for dihydroceramide (dhCer). The 

data was expressed as means +/− SEM for n=3 experiments and analysed by 

Unpaired t-test multiple comparisons, *p<0.05 for SKi or ABC294640 versus 

control.  The x axis annotates different N-acyl chain lengths and double-bond 

molecular species. 
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Figure S2 MS analysis of sphingoid bases levels in HEK293T cells treated with 

SKi or ABC294640. HEK293T cells were cultured in complete medium containing 

10% FCS until ~70% confluent. Cells were treated with SKi (10 μM) or ABC294640 

(25 μM) or with the vehicle alone (DMSO 0.1% v/v) for 24 hours before snap-

freezing. Lipid extracts were analyzed by LC-MS for sphingoid bases 

(Sphinganin/dihydrosphingosine, dhSph; sphinganin 1-phosphate, dhS1P). The data 

was expressed as means +/− SEM for n=3 experiments and analysed by Unpaired t-

test multiple comparisons, *p<0.05 for SKi or ABC294640 versus control.   
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Figure S3 MS analysis of ceramide levels in HEK293T cells treated with SKi or 

ABC294640. HEK293T cells were cultured in complete medium containing 10% 

FCS until ~70% confluent. Cells were treated with SKi (10 μM) or ABC294640 (25 

μM) or with the vehicle alone (DMSO 0.1% v/v) for 24 hours before snap-freezing. 

Lipid extracts were analyzed by LC-MS for ceramide (Cer). The data was expressed 

as means +/− SEM for n=3 experiments and analysed by Unpaired t-test multiple 

comparisons, *p<0.05 for SKi or ABC294640 versus control.  The x axis annotates 

different N-acyl chain lengths and double-bond molecular species. 
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Figure S4 MS analysis of sphingomyelin levels in HEK293T cells treated with SKi 

or ABC294640. HEK293T cells were cultured in complete medium containing 10% 

FCS until ~70% confluent. Cells were treated with SKi (10 μM) or ABC294640 (25 

μM) or with the vehicle alone (DMSO 0.1% v/v) for 24 hours before snap-freezing. 

Lipid extracts were analyzed by LC-MS for sphingomyelin (SM). The data was 

expressed as means +/− SEM for n=3 experiments and analysed by Unpaired t-test 

multiple comparisons, *p<0.05 for SKi or ABC294640 versus control.  The x axis 

annotates different N-acyl chain lengths and double-bond molecular species. 
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Figure S5 MS analysis of dihydrosphingomyelin levels in HEK293T cells treated 

with SKi or ABC294640. HEK293T cells were cultured in complete medium 

containing 10% FCS until ~70% confluent. Cells were treated with SKi (10 μM) or 

ABC294640 (25 μM) or with the vehicle alone (DMSO 0.1% v/v) for 24 hours before 

snap-freezing. Lipid extracts were analyzed by LC-MS for dihydrosphingomyelin 

(dhSM). The data was expressed as means +/− SEM for n=3 experiments and 

analysed by Unpaired t-test multiple comparisons, *p<0.05 for SKi or ABC294640 

versus control.  The x axis annotates different N-acyl chain lengths and double-bond 

molecular species. 

 



 322 

 

Figure S6 MS analysis of sphingolipid levels in HEK293T cells treated with SK1 

siRNA and SKi. HEK293T cells were cultured in complete medium containing 10% 

FCS until ~70% confluent. Cells were treated with SKi (10 μM) or with the vehicle 

alone (DMSO 0.1% v/v) for 24 hours before snap-freezing. Lipid extracts were 

analysed by LC-MS for different molecular species of (A) dihydroceramide (dhCer), 

dihydrosphingomyelin (dhSM), ceramide (Cer) or sphingomyelin (SM) and (B) 

sphingoid bases. A representative western blot is shown of an experiment performed 

at least three independent times. The data was expressed as means +/− SEM for n=3 

experiments and analysed by Unpaired t-test multiple comparisons, *p<0.05 for 

scrambled/SKi versus scrambled/control; **p<0.05 for SK1 siRNA/SKi versus 

scrambled/SKi.  The x axis annotates different N-acyl chain lengths and double-bond 

molecular species. 



 323 

 

 
Figure S7 MS analysis of sphingolipid levels in HEK293T cells treated with SK2 

siRNA and SKi. HEK293T cells were cultured in complete medium containing 10% 

FCS until ~70% confluent. Cells were treated with SKi (10 μM) or with the vehicle 

alone (DMSO 0.1% v/v) for 24 hours before snap-freezing. Lipid extracts were 

analysed by LC-MS for different molecular species of (A) dihydroceramide (dhCer), 

dihydrosphingomyelin (dhSM), ceramide (Cer) or sphingomyelin (SM) and (B) 

sphingoid bases. A representative western blot is shown of an experiment performed 

at least three independent times. The data was expressed as means +/− SEM for n=3 

experiments and analysed by Unpaired t-test multiple comparisons, *p<0.05 for 

scrambled/SKi versus scrambled/control; *p< 0.05 for scrambled siRNA/SKi versus 

scrambled siRNA/control; +p<0.05 for SK2 siRNA/control versus scrambled 

siRNA/control.  The x axis annotates different N-acyl chain lengths and double-bond 

molecular species. 
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