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ABSTRACT--Since inhibitors of sphingosine kinases (SK1, SK2) have been shown to induce
p53-mediated cell death, we have further investigated their role in regulating p53, stress
activated protein kinases and XBP-1s in HEK293T cells. Treatment of these cells with the
sphingosine kinase inhibitor, SKi, which fails to induce apoptosis, promoted the conversion
of p53 into two proteins with molecular masses of 63 and 90 kDa, and which was enhanced
by over-expression of ubiquitin. The SKi induced conversion of p53 to p63/p90 was also
enhanced by siRNA knockdown of SK1, but not SK2 or dihydroceramide desaturase
(Degsl), suggesting that SK1 is a negative regulator of this process. In contrast, another
sphingosine kinase inhibitor, ABC294640 only very weakly stimulated formation of p63/p90
and induced apoptosis of HEK293T cells. We have previously shown that SKi promotes the
polyubquitination of Degsl, and these forms positively regulate p38 MAPK/INK pathways
to promote HEK293T cell survival/growth. siRNA knockdown of SK1 enhanced the
activation of p38 MAPK/JNK pathways in response to SKi, suggesting that SK1 functions to
oppose these pro-survival pathways in HEK293T cells. SKi also enhanced the stimulatory
effect of the proteasome inhibitor, MG132 on the expression of the pro-survival protein XBP-
1s and this was reduced by siRNA knockdown of SK2 and increased by knockdown of p53.
These findings suggest that SK1 and SK2 have opposing roles in regulating p53-dependent
function in HEK293T cells.



1. Introduction

The bioactive lipid, sphingosine 1-phosphate (S1P) is formed by the phosphorylation of
sphingosine by two isoforms of sphingosine kinase (SK) termed SK1 and SK2 that are encoded
by distinct genes. The enzymes exhibit different sub-cellular localisations and are involved in
regulating overlapping and non-overlapping biology in cells [1]. S1P is irreversibly degraded by
S1P lyase to produce (E)-2-hexadecenal and phosphoethanolamine or is reversibly
dephosphorylated to reform sphingosine by S1P phosphatase or lipid phosphate phosphatase [1].
Alternatively, S1P is transported out of cells and binds to a family of G protein-coupled receptors
(GPCR), the S1P receptors (S1P1-S1Ps), to induce cellular responses [2]. S1P can also function
inside cells by binding to proteins such as HDAC-1/2 and prohibitin to regulate intracellular
signaling responses [3, 4]. SK can also catalyse the phosphorylation of dihydrosphingosine to
produce dihydrosphingosine 1-phosphate [1]. This is significant as it suggests that the enzyme
can modulate de novo synthesis of ceramide which involves, in the last step, the introduction of a

trans 4,5 double bond into dihydroceramide by dihydroceramide desaturase (Degs1).

There is evidence that SK inhibitors induce apoptosis of cells via a p53-dependent mechanism.
For instance, Lima et al. [5] have demonstrated that the SK1-selective inhibitor, SK1-1, an
analogue of sphingosine, suppressed cancer cell growth and clonogenic survival in a p53-
dependent manner. This involved an SK1-I-induced phosphorylation of p53 on Serl5 to enhance
its transcriptional activity and induce expression of BAX, BAK1, and BID. SK1 inhibition also
increased vacuoles, enhanced BECN- and ATG5-dependent autophagy, and increased cell death
via a p53-dependent mechanism. In addition, we and others have found that certain inhibitors of
sphingosine kinase (e.g. SKi (2-(p-hydroxyanilino)-4-(p-chlorophenyl)thiazole) [6] and
ABC294640 (4-chlorophenyl)-adamantane-1-carboxylic acid (pyridin-4-ylmethyl)amide)

modulate Degsl expression in androgen-independent prostate cancer cells [6, 7]. Both SKi and



ABC294640 promote senescence associated with the proteasomal degradation of SK1 and Degsl
and increased p53 expression [6]. Indeed, treatment of cancer cells with SKi or ABC294640
results in increased dihydroceramide levels [7, 8-10] possibly due to the proteasomal degradation
and removal of Degsl from these cells. p53 has also been reported to induce a caspase-2-
dependent proteolysis of SK1 [11] and p53 mutations are prevalent in many cancers, including
triple negative breast cancer, where SK1 is resistant to proteolysis, thereby conferring a survival

advantage to these cancer cells.

SK1, SK2 and Degsl have been reported to both promote and inhibit apoptosis, and we consider
that this might be dependent on the functional interaction between these enzymes in a cell context
specific manner. For instance, Degsl deficiency produces an anti-apoptotic effect via activation
of AKT and autophagy [12], while others have shown that Degs1 inhibition promotes cell death
[13, 14]. Thus, apoptosis is induced by fenretinide and resveratrol, which reportedly inhibit Degsl
activity [15-17] and this is prevented by blockade of enzymes up-stream of Degsl in the de novo
ceramide synthesis pathway [16]. SK1 is widely associated with cell survival, while SK2 has been
shown to promote apoptosis. In the latter case, SK2 contains a BH3 domain that sequesters anti-
apoptotic Bcl2 to promote apoptosis [18]. However, others have reported that pharmacological

inhibition of SK2 activity promotes apoptosis in various cancer cells (for review, see [19]).

We recently reported that Degsl is subject to polyubiquitination induced by the SK inhibitor, SKi
in HEK293T cells [20]. The polyubiquitinated forms of Degsl accumulate as they transit to
proteasomal degradation and exhibit a “‘gain of function’, which is linked with the activation of
pro-survival pathways, including phosphorylation of p38 MAPK and JNK and increased
expression of X-box protein-1s (XBP-1s) in these cells [20]. In contrast, the SK inhibitor,

ABC294640 fails to induce polyubiquitination of Degsl at a concentration that increases de novo



synthesis of ceramide and induces apoptosis via a Degsl-dependent mechanism [20]. These
findings suggest that the native and polyubiquitinated forms of Degs1 have opposing functions in
terms of cell survival. There is also evidence for similar regulation of ceramide synthase 1 (CerS1)
by the ubiquitin-proteasome degradation pathway. For instance, stress induces translocation of
CerS1 from the ER to Golgi and promotes its proteasomal degradation in HEK293 cells [21].
Moreover, over-expression of CerSl increases the activation of p38 MAPK by cisplatin in
HEK?293 cells [22]. Therefore, we have further investigated the effect of SKi on the survival of
HEK293T cells in terms of the functional roles of SK1, SK2 and Degsl and their regulation of

p53, p38 MAPK, JNK and XBP-1s pathways.

2. Materials and Methods

2.1 Materials--All general biochemicals were from Sigma (Poole, UK). SKi (SKI-11[23], 567731)
was from Merck Biosciences (Nottingham, UK). ABC294640 ([24], S7174) was from Stratech
Scientific (UK). MG132 (C2211), N-acetyl-L-cysteine (A7250) and Protein G Sepharose®, Fast
Flow (P3296) were from Sigma (Poole, UK). Anti-GAPDH (sc-47724) antibody was from Insight
Biotechnology Ltd (Wembley, UK); anti-p53 (P8999) antibody was from Sigma (Poole, UK); anti-
Degsl (ab185237) antibody was from Abcam; anti-phospho-SAPK/INK (4671), anti-phospho-
p38 MAPK (9211), anti-PARP (9542) and anti-XBP-1s (12782) antibodies were from New
England Biolabs Ltd. (Hitchin, UK). Anti-SK1 antibody was custom made by Abcam [25].
DharmaFECT™ reagent, ON-TARGETplus SMARTpool® siRNAs for p53, Degsl, SK1 and
SK2 were from Dharmacon (Cromlington, UK). Scrambled siRNA (ALLSTARS Negative
control) was from Qiagen (Crawley, UK). HA-Ubiquitin plasmid (18712) construct was from
Addgene (Teddington, UK). [Methyl-3H] thymidine (25Ci/mmol; 37MBg/ml) (NET027A) was

from PerkinElmer (Beaconsfield, UK).



2.2 Cell Culture--HEK?293T cells were maintained in DMEM/Glutamax supplemented with 50

U/ml penicillin, 50 pg/ml streptomycin and 10% (v/v) foetal bovine serum at 37°C with 5% CO2.

2.3 [*H]-Thymidine incorporation--HEK293T cells (approx. 70% confluent) in 24 well plates
were incubated with compounds or vehicle (DMSO, 0.1% v/v final), as detailed in the figure
legends, for 20 hours prior to the addition of [*H]-thymidine (9.25 kBq per well) for a further 5
hours. Incubations were terminated by removing the medium and immediately adding 1 ml of ice
cold 10% (w/v) trichloroacetic acid and placed on ice for 10 minutes. This was replaced with a
further 1 ml ice cold 10% (w/v) trichloroacetic acid for 10 minutes and repeated once more.
Residual nuclear material was dissolved in 0.25 ml of 0.1% SDS/0.3 M NaOH. [3H]-thymidine
uptake was quantified by liquid-scintillation counting. Radiometric values (mean + SD) were

obtained from 3 or more independent experiments.

2.4 siRNA Transfection--HEK293T cells were transiently transfected with sSiRNA 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 uM siRNA in 175 pl of
antibiotic-free DMEM/Glutamax medium and 2.8 pl of DharmaFECT® 2 transfection reagent in
172.2 pl 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 formation of sSiRNA 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 pl transfection mixture and mixed gently. 500
ul of transfection mixture was then used to replace the medium of each well and cells were

incubated at 37°C in 5% CO, for 48 hours.



2.5 Transient cell transfection--HEK293T cells were transiently transfected with plasmid
constructs or vector (pcDNA3.1) as control. For each well of cells to be transfected, 1 pg of the
HA-ubiquitin plasmid (or vector) and 1.5 pl of Lipofectamine™ 2000 were diluted separately in
200 pl of serum free media and incubated at room temperature for 20 minutes. 800 pl of
DMEM/Glutamax antibiotic free media supplemented with 1% (v/v) of foetal bovine serum was
then added and used to replace the medium of each well. Cells were incubated at 37°C in 5% CO2
for 8 hours. Medium was then replaced with DMEM)/Glutamax supplemented with 10% (v/v) of

foetal bovine serum and treated, as required, for 24 hours.

2.6 Immunoprecipitation--Cells (from 3 wells) were placed in 500 pl ice-cold lysis buffer
(containing 137 mM NacCl, 2.7 mM KCI, 1 mM MgCl,, 1 mM CacClz, 1% (w/v) Na deoxycholate,
10% (v/v) Glycerol, 20 mM Tris-Base, 1 mg/ml BSA, 0.5 mM NazVOs, 0.2 mM PMSF, leupeptin
and aprotinin (both at 10 pg/ml); pH 8.0). The samples were homogenised through a 0.24 mm
gauge needle and syringe and incubated at 4°C for 60 minutes. The cell lysate was centrifuged
(22000 g, 4°C, 10 minutes) and 250 ul of the supernatant pre-cleared using 20 ul of lysis buffer:
protein G Sepharose beads (50:50) (4°C, 20 minutes). The supernatant (200 pl) was subjected to
immunoprecipitation by adding 2 pl of anti-p53 antibody and 20 pl protein G Sepharose beads
(4°C, 2 hours). The resulting immunoprecipitate was washed three times with Buffer A (containing
10 mM HEPES, 100 mM NacCl, 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). Finally, the immunoprecipitate was retrieved from the
beads using 20 ul Laemmli buffer (0.125 M Tris-HCI, 10% (v/v) 2-mercaptoethanol, 20% (v/v)
glycerol, 4% (w/v) SDS and 0.004% (w/v) bromophenol blue; pH 6.7) (100°C, 3 minutes) and

subjected to SDS-PAGE.



2.7 Western Blotting--After required treatments, HEK293T cells were lysed in sample buffer (62.5
mM Tris-HCI (pH 6.7), 0.5 M sodium pyrophosphate, 1.25 mM EDTA, 1.25% (w/v) sodium
dodecyl sulphate, 0.06% (w/v) bromophenol blue, 12.5% (v/v) glycerol, 50 mM dithiothreitol) and
proteins resolved on a 10% (v/v) acrylamide/bisacrylamide gel, and transferred to nitrocellulose
Hybond membrane (GE Healthcare). Membranes were blocked in 5% (w/v) bovine serum albumin
in Tris-buffered saline with Tween (TBST; 20 mM Tris-HCI (pH 7.5), 48 mM NacCl, 0.1% (v/v)
Tween 20) for 1 hour at room temperature prior to incubation with primary antibody (diluted in
blocking buffer) overnight at 4°C. Following three washes in TBST, membranes were incubated
with horse radish peroxidase conjugated anti-mouse or anti-rabbit IgG secondary antibody (diluted
in blocking buffer) for 1 hour at room temperature. Immuno-reactive protein bands were visualised

using enhanced chemiluminescence, acquired as TIFF files and quantified using ImageJ.

2.8 Lipidomics--HEK?293T cells were treated with vehicle (DMSO, 0.1% v/v final), SKi (10 uM)
and/or SK1 or SK2 siRNA for 24 hours, then carefully rinsed twice with 1 ml ice cold phosphate
buffered saline (PBS) before being scraped into ice cold PBS. Cells were pelleted by centrifugation
(180 g, 4°C, 3 minutes) and the supernatant carefully removed. The cell pellet was snap frozen in
liquid nitrogen for 5 seconds before being stored in -80°C for sphingolipid analysis, which was
conducted as described previously [26, 27] using liquid chromatography, electrospray-ionization

tandem mass spectrometry and multiple reaction monitoring for quantitation.

2.9 Densitometry--Densitometric analysis was performed using Image J software program
(Scion Corporation, Frederick, MD), expressed as the ratio of protein of interest versus
GAPDH and represented as mean +/- SEM for % changes of three separate experiments.
Statistical analysis was undertaken using one way ANOVA and Bonferroni’s multiple

comparison test.



3. Results and Discussion

3.1 Post-translational modification of p53 in HEK293T cells--Since SK1 inhibitors have been
shown to induce p53-mediated cell death [5], we have investigated the role of SK1, SK2 and Degs1
in regulating p53 expression/function in HEK293T cells. p53 is expressed in HEK293T cells,
along with low levels of a protein with a molecular mass of 63kDa that cross-reacted with the anti-
p53 antibody (Fig. 1). We first assessed whether the SK1/2 inhibitor SKi ((2-(p-hydroxyanilino)-
4-(p-chlorophenylthiazole)) [23], which fails to induce apoptosis of HEK293T cells [20] had any
effect on p53 expression levels. In this regard, treatment of HEK293T cells with SKi induced the
formation of p63 and an additional protein with a molecular mass of 90 kDa that cross-reacted
with the anti-p53 antibody (Fig. 1). In contrast, treatment of HEK293T cells with the SK2 inhibitor,
ABC294640 ((4-chlorophenyl)-adamantane-1-carboxylic acid (pyridin-4-ylmethyl)amide) [24],
which induces apoptosis of HEK293T cells [20], only very weakly stimulated formation of p63
and p90 (Fig. 1). Identical results were obtained with the parental HEK293 cell line (data not

shown).
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Fig. 1 Effect of ABC294640 or SKi on p53 in HEK293T cells. Cells maintained in serum and
grown to 70% confluence were treated scrambled or p53 siRNA (100 nM) for 48 h prior to
treatment with ABC294640 (25 uM) or SKi (10 uM) for 24 h. Western blot probed with anti-p53
antibody showing the effect of SKi or ABC294640 and/or p53 siRNA on p53, p63 and p90
expression levels. A lighter exposed p53 blot is shown to better typify the reduction in native p53
expression with p53 siRNA. Blots were re-probed for GAPDH using anti-GAPDH antibody to



ensure comparable protein loading. Results are representative of at least 3 independent

experiments.

To confirm the identity of p63 and p90 as potential post-translationally modified forms of p53, we
treated cells with p53 specific sSiRNA to knockdown the expression of p53. As well as reducing
p53 expression, the treatment with p53 siRNA removed both p63 and p90 from SKi-treated
HEK293T cells (Fig. 1), suggesting these proteins are, indeed, post-translationally modified forms
of p53. We also used an immunoprecipitation protocol with anti-p53 antibody as a second
independent method of identification. p53, p63 and p90 are present in the ‘high-speed” pellet
fraction of SKi-treated cells and were solubilised with deoxycholate containing buffer (data not
shown). Using this methodology, p53, p63 and p90 were immunoprecipitated with the anti-p53
antibody from SKi-treated cells (Fig. 2), thereby confirming that p63 and p90 are p53 related
proteins. Furthermore, in addition to p63 and p90, higher molecular mass protein bands between
90 and 180 kDa are present in anti-p53 immunoprecipitates; detected with anti-p53 antibody (Fig.
2). These are likely detectable as a consequence of concentrating the cellular p53 material in the
immunoprecipitate. These data are consistent with p53 being subject to ubiquitin-proteasomal

degradation
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Fig. 2 Identification of post-translationally modified forms of p53 in HEK293T cells. Cells

maintained in serum and grown to 70% confluence were treated with SKi (10 uM) for 24 h.
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Western blot probed with anti-p53 antibody showing the presence of p53, p63 and p90 in anti-p53

immunoprecipitates. Results are representative of at least 3 independent experiments.

We have excluded phosphorylation as a possible mechanism for post-translational modification
based on failure to detect p63 or p90 with an anti-phospho-p53 antibody (data not shown). In
order to assess whether the post-translational modification involves ubiquitination, we transfected
HEK293T cells with a plasmid construct encoding HA-ubiquitin to establish whether this might
enhance formation of p63 and p90 in response to SKi. This was indeed the case (Fig. 3),
presumably due to increased availability of ubquitin for the E3 ligase responsible for catalysing
the ubiquitination of p53. Therefore, it is not unreasonable to suggest that removal of p53 by the

ubiquitin-proteasomal degradation will likely induce a loss of function of p53.
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Fig. 3 The effect of the over-expression of ubiquitin on the SKi-induced formation of p63 and
p90 in HEK293T cells. Cells maintained in serum were transfected with vector or HA-tagged
ubiquitin plasmid construct for 24 h and then grown to 70% confluence before being treated with
SKi (10 uM) for 24 h. Western blot probed with anti-p53 antibody showing the stimulatory effect
of over-expressing HA-tagged ubiquitin on the formation of p63 and p90 in response to SKi. Blots
were re-probed for GAPDH using anti-GAPDH antibody to ensure comparable protein loading.

Results are representative of at least 3 independent experiments. Also shown is the densitometric
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quantification of p63/GAPDH and p90/GAPDH ratios 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 and Bonferroni’s multiple comparisons test, * p<0.05 for HA-Ub/SKi versus
vector/SKi and **p<0.01 for vector/SKi versus Vector.

The ubiquitination of p53 tags this protein for degradation by the proteasome. We therefore
hypothesised that treatment of the cells with a proteasome inhibitor, MG132, might enhance the
formation of p63 and p90 in response to SKi as p63 and p90 will not be degraded under these
conditions and will therefore accumulate. However, pre-treatment of HEK293T cells with MG132
paradoxically abolished the SKi-induced formation of p63 and p90 (Fig. 4A). This finding
suggests that SKi might promote the proteasomal degradation and removal of a different
unidentified protein that normally suppresses the conversion of p53 to p63/p90 and which likely
accumulates in cells treated with MG132. A possible candidate for this protein is SK1 because
the sphingosine kinase inhibitor, SKi, promotes the degradation of this enzyme and this can be
reversed by MG132 in HEK293T cells [20]. The role of SK1 in regulating the conversion of p53
to p63 and p90 was examined by combining SK1 siRNA and SKi which completely abolished the
expression of SK1 (Fig. 4B). Either agents alone induced a decrease in SK1 expression (each ~

80%) (Fig. 4B).
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Fig. 4 The effect of the proteasome inhibitor, MG132, on the ubiquitination of p53 in
HEK?293T cells. Cells maintained in serum and grown to 70% confluence were pre-treated with
MG132 (10 uM) prior to SKi (10 uM) or ABC294640 (25 uM) for 24 h. (A) Western blot probed
with anti-p53 antibody showing the effect of MG132 on the formation of p63 and p90 in response
to SKi. (B) Cells maintained in serum and grown to 70% confluence were treated with scrambled
SIRNA or SK1 siRNA (100 nM) for 48 h prior to treatment with or without SKi (10 uM, 24 h).
Western blot probed with anti-SK1 antibody showing the effect of SKi and SK1 siRNA on SK1
expression. Blots were re-probed for GAPDH using anti-GAPDH antibody to ensure comparable

protein loading. Results are representative of at least 3 independent experiments.

Combined treatment of cells with SK1 siRNA and SKi enhanced the formation of p63 and p90
(Fig. 5A) over and above the effect induced by SKi or siRNA SK1 alone. This data suggests that
SK1 functions to limit the conversion of p53 into p63 and p90 in response to SKi. We have
previously shown that SKi also promotes the polyubiquitination of Degs1 and inhibits SK2 activity
[20]. Therefore, we assessed the effect of SK2 siRNA (which reduced SK2 mRNA transcript by
50% [20]) or Degsl siRNA (which reduced Degsl protein expression by 80% [20]) on p63 and

p90 formation. However, neither had any effect (Fig. 5B, C).
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Fig. 5 Effect of SK1 or SK2 or Degsl siRNA on the ubiquitination of p53 in HEK293T cells.
Cells maintained in serum and grown to 70% confluence were treated with scrambled siRNA or
SK1 or SK2 or Degsl siRNA (100 nM) for 48 h prior to treatment with or without SKi (10 uM)
for 24 h. Western blots probed with anti-p53 antibody showing the effect of (A) SK1 siRNA, (B)
SK2 siRNA and (C) Degs 1 siRNA on the formation of p63 and p90 in response to SKi. Blots
were re-probed for GAPDH using anti-GAPDH antibody to ensure comparable protein loading.
Results are representative of at least 3 independent experiments.

3.2 The effect of NAC on p63/p90 formation--Previous studies have demonstrated that p53 function
is intimately linked with oxidative stress [28]. We therefore assessed the effect of the anti-oxidant
N-acetyl-cysteine (NAC) on the formation of p63 and p90. However, NAC had no effect (Fig. 6),

thereby excluding the involvement of oxidative stress.

180 —] e s pe— — . —

1;3: g ; sl S a i

g ; ~ [€=—p90

a8 P63
p53

W e spw o

MG C MG C MG C MG SKi ABC

| [€==GAPDH

C SKi ABC NAC

Fig. 6 Oxidative stress and ubiquitination of p53 in HEK293T cells. Cells maintained in serum
and grown to 70% confluence were treated with NAC (10 mM) and/or MG132 (10 uM) for 30
min prior to treatment with SKi (10 uM) or ABC294640 (25 uM) for 24 h. Western blot probed
with anti-p53 antibody showing the lack of effect of NAC on the post-translational modification
of p53. Blots were re-probed for GAPDH using anti-GAPDH antibody to ensure comparable

protein loading. Results are representative of at least 3 independent experiments.
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3.3 Effect of SKi on JNK/p38 MAPK--We have previously shown that the polyubquitinated forms
of Degsl positively regulate pro-survival p38 MAPK and JNK pathways in HEK293T cells [20].
Inhibitors of p38 MAPK and JNK pathways impede cell growth and promote PARP cleavage
respectively in HEK293T cells [20]. Given that the substrate of Degsl, dihydroceramide is
produced by CerS from the substrate dihydrosphingosine, and that SK can catalyse
phosphorylation of dihydrosphingosine to form dihydroS1P, we investigated whether either SK1
or SK2 is involved in regulating the JNK or p38 MAPK pathways in HEK293T cells. In this
regard, siRNA knockdown of SK1 but not SK2 enhanced the SKi-induced activation of p38
MAPK and JNK (Fig. 7A, B), thereby suggesting that SK1 functions to oppose these pro-survival
signaling pathways in HEK293T cells. Knockdown of p53 was without effect on SKi-induced

phosphorylation of p38 MAPK or JNK (Fig. 7C).
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Fig. 7 p38 MAPK and JNK signalling in HEK293T cells. Cells maintained in serum and grown
to 70% confluence were treated with scrambled siRNA or SK1 or SK2 or p53 siRNA (100 nM)
for 48 h prior to treatment with or without SKi (10 uM) for 24 h. Western blots probed with anti-
phospho p38 MAPK or anti-phospho JNK antibody showing the effect of (A) SK1 siRNA, (B)
SK2 siRNA and (C) p53 siRNA on the phosphorylation of p38 MAPK and JNK in response to
SKi. Blots were re-probed for GAPDH using anti-GAPDH antibody to ensure comparable protein

loading. Results are representative of at least 3 independent experiments.

3.4 p53 and PARP cleavage--The next question concerned the functional role of p53 in regulating
PARP cleavage in HEK293T cells. We previously reported that SKi in HEK293T cells does not
induce PARP cleavage; nor does it affect DNA synthesis [20]. Here we show that ABC294640
only very weakly stimulated formation of p63/p90 (Fig. 1, Fig. 4A), but does induce PARP
cleavage and reduces DNA synthesis (Fig. 8A, B [20]). Both of these responses are reversed by

siRNA knockdown of p53 expression (Fig. 8A, B).

We have also previously shown that the ABC294640-induced PARP cleavage in HEK293T cells
is mediated by the native forms of Degsl (i.e. the form that is not polyubiquitinated [20]).
Therefore, both native Degsl and p53 appear to function in concert to reduce the survival of
HEK293T cells. The action of native p53 might relate to stimulation of the mitochondrial
apoptotic pathway mediated by Apaf-1, which plays a significant role ER stress-induced apoptosis
and which involves the BH3-only proteins, PUMA and NOXA, whose expression levels are

regulated by p53 [29].
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Fig. 8 Effect of ABC294640 on PARP cleavage and DNA synthesis in HEK293T cells. Cells
maintained in serum and grown to 70% confluence were treated with scrambled siRNA or p53
SiRNA (100 nM) for 48 h prior to treatment with or without ABC294640 (25 uM) for 24 h. (A)
Western blot probed with anti-PARP antibody showing the effect of p53 siRNA on ABC294640-
induced PARP cleavage. The blot was re-probed for GAPDH using anti-GAPDH antibody to
ensure comparable protein loading. Results are representative of at least 3 independent
experiments. (B) Bar graph showing the effect of p53 siRNA on the ABC294640-induced
decrease in DNA synthesis. The data was analysed by one-way ANOVA multiple comparisons, *
p<0.0001 for scrambled versus scrambled/ABC294640; ** p<0.0001 for scrambled
SiRNA/ABC294640 versus p53 siRNA/ABC294640. Data (3H] thymidine incorporation (dpm))

are means + SD for three independent experiments.

3.5 Role of p53 in regulating XBP-1s--One mechanism by which sphingosine kinases might
regulate cell survival is via endoplasmic reticulum (ER) stress, as lipid composition in the ER
membrane can activate an ER stress responses [13, 30, 31]. Recent studies have demonstrated that
ABC294640 and another SK2 inhibitor, K145 [32], induce ER stress with the latter increasing
expression of XBP-1s and p-elF2a [33]. Targeting SK2 with K145 also contributed to ER stress
induced by bortezomib, as evidenced by stimulation of the IRE1, INK and p38 MAPK pathways,
thereby resulting in potent synergistic apoptosis of myeloma cells in vitro [33]. We have previously
shown that SKi enhances MG132-stimulated expression of the pro-survival protein, X-box binding
protein 1s (XBP-1s) in HEK293T cells and that this involves polyubiquitinated Degsl [20]. We

therefore investigated the role of SK1 and SK2 in regulating this process. Treatment of HEK293T
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cells with SK1 siRNA reduced the expression of XBP-1s induced by MG132 but had no effect on
the enhancement of MG132-stimulated XBP-1s expression by SKi (Fig. 9A). In contrast, sSiRNA
knockdown of SK2 reduced the MG132-induced XBP-1s expression and the enhancement caused
by SKi (Fig. 9B). Although ABC294640 is an inhibitor of SK2, it is in fact a very weak one, and
paradoxically significantly up-regulates the biosynthesis of ceramide, sphingosine and S1P in
HEK293T cells [20]. Therefore, SK2 might be involved in promoting XBP-1s expression in
response to proteasome inhibition with MG132, i.e. SK2 behaves in a pro-survival context. The
differential effect of SK1 knockdown on MG132- and SKi/MG132-induced XBP-1s expression is
likely due to the fact that Degs1 appears to have a more significant role than SK1 in mediating the
effect of SKi, in terms, of potentiating the action of MG132 on XBP-1s expression [20]. Therefore,
there appears to be a switch in reliance from SK1 to Degs1 in response to MG132 and MG132/SKi
respectively. Whether this is due to re-localisation of SK1 to a different cellular compartment in
response to SKi requires further study. SK1 has to be localised to the proteasome at some point
in order to be degraded by it. In contrast, there is no change in the role of SK2, with a requirement

in cells treated with either MG132 or MG132/SKi.

In addition, siRNA knockdown of p53 enhanced the increase in XBP-1s expression induced by
MG132 and by MG132/SKi (Fig. 9C), suggesting that the native form of p53 restricts formation
of pro-survival XBP-1s. Treatment of HEK293T cells with MG132 also induced PARP cleavage
and this was reduced by siRNA knockdown of p53 (Fig. 9F), thereby linking p53-mediated
suppression of XBP-1s expression with PARP cleavage. None of these effects involve p63/p90 as
their formation is inhibited by MG132 (Fig. 4A). The siRNA knockdown of SK1 or SK2 had no
effect on the MG132-induced PARP cleavage (Fig. 9D, E), suggesting that in the context of p53-

induced cell death, p53 is already maximally effective in inducing this death promoting pathway.
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Fig. 9 Regulation of XBP-1s expression and PARP cleavage in HEK293T cells. Cells
maintained in serum and grown to 70% confluence were treated with scrambled siRNA or SK1 or
SK2 or p53 siRNA (100 nM) for 48 h prior to pre-treatment with MG132 (10 uM) for 30 min,
where indicated, and with or without SKi (10 uM) for 24 h. Western blots probed with anti-XBP-
1s antibody showing the effect of (A) SK1 siRNA or (B) SK2 siRNA or (C) p53 siRNA treatment
on the induction of XBP-1s by MG132 in the presence and absence of SKi. A lighter exposed
XBP-1s blot is shown to better typify the increase in XBP-1s expression with p53 siRNA. Western
blots were also probed with anti-PARP antibody showing the effect of (D) SK1 siRNA or (E) SK2
SIRNA or (F) p53 siRNA treatment on the PARP cleavage induced by MG132 in the presence and
absence of SKi. Blots were re-probed for GAPDH using anti-GAPDH antibody to ensure

comparable protein loading. Results are representative of at least 3 independent experiments.

3.6 Sphingolipid levels--We next measured changes in sphingolipid levels to establish any
association with the observed alterations in p38 MAPK, JNK and XBP-1s signaling. Treatment
of HEK293T cells with scrambled siRNA and SKi induced an increase in the levels of
dihydroceramide species and this was mirrored by similar increases in dihydrosphingomyelin
levels (Fig. 10A). These findings are consistent with the SKi-induced ubiquitin-proteasomal

degradation of Degsl [20]. However, combined treatment of cells with SKi and SK1 siRNA,
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which abolished SK1 expression, had no enhancing effect on the formation of dihydroceramide or
dihydrosphingomyelin (Fig. 10A). There were also no significant changes in the levels of
ceramide or sphingomyelin (Fig 10A) and therefore, the enhanced p38 MAPK/JNK signaling in
response to SKi in cells in which SK1 has been completely removed (Fig. 7A) (by combined
treatment with SKi and SK1 siRNA (Fig. 4B)) cannot be accounted for, by changes in
dihydroceramide/ceramide levels. On the contrary, combined treatment of HEK293T cells with
SKi and SK1 siRNA significantly increased sphingosine levels and decreased S1P levels (versus
scrambled siRNA/SKi) (Fig. 10B), suggesting that these changes might be associated with
enhanced p38 MAPK/JNK signaling. However, the changes in sphingosine/S1P levels are very
small and this might reflect compensation by SK2 or that a discrete pool of intracellular S1P

regulated by SK1 is affected and this requires further investigation.
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Fig. 10 Effect of SK1 siRNA and SKi on sphingolipid levels in HEK293T cells. Cells
maintained in serum and grown to 70 % confluence were treated with scrambled or SK1 siRNA
(100 nM) for 48 h prior to treatment with or without SKi (10 uM) for 24 h, followed by snap-
freezing. Lipid extracts were analysed by LC-MS for different molecular species of (A)
dihydroceramide, dihydrosphingomyelin, ceramide or sphingomyelin and (B) sphingoid bases. In
(A) the x-axis annotates different N-acyl chain lengths and double bond molecular species. (* p <
0.05 for scrambled/SKi versus scrambled/control; ** p < 0.05 for SK1 siRNA/SKi versus

scrambled/SKi; data are means = SD for three independent samples.
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Treatment of HEK293T cells with SK2 siRNA had no effect on the levels of dihydroceramide
species and did not enhance the effect of SKi on these sphingolipids (Fig. 11A). However,
treatment of HEK293T cells with SK2 siRNA did significantly increase the levels of multiple
species of ceramide and sphingomyelin (Fig. 11A). These changes in ceramides, which are, in
some cases, likely to be pro-apoptotic, suggest a pro-survival function for SK2 and are consistent
with the effect of SK2 knockdown in reducing XBP-1s expression (Fig. 9B). In contrast with SK1
SiIRNA/SKI, the combined treatment of cells with SK2 siRNA and SKi had no effect on sphingoid

base levels (Fig. 11B).
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Fig. 11 Effect of SK2 siRNA and SKi on sphingolipid levels in HEK293T cells. Cells
maintained in serum and grown to 70 % confluence were treated with scrambled or SK2 siRNA
(100 nM) for 48 h prior to treatment with SKi (10 uM) for 24 h, followed by snap-freezing. Lipid
extracts were analysed by LC-MS for different molecular species of (A) dihydroceramide,
dihydrosphingomyelin, ceramide or sphingomyelin and (B) sphingoid bases. In (A) the x-axis
annotates different N-acyl chain lengths and double bond molecular species. (* p < 0.05 for
scrambled/SKi versus scrambled/control; + p < 0.05 for SK2 siRNA/control versus

scrambled/control; data are means + SD for three independent samples.
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4. Conclusion

These findings suggest that SK1 limits conversion of p53 into p63/p90 in response to SKi and
opposes activation of pro-survival p38 MAPK/JNK signaling in HEK293T cells. In contrast, SK2
is involved in promoting pro-survival XBP-1s expression, and which is opposed by native p53 in
HEK?293T cells (Fig. 12). Future studies are required to further validate p63 and p90 as p53-
derived intermediates on route to proteasomal degradation which, if the case, might lead to loss of

function of p53 in promoting cell death.
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Fig. 12 Scheme depicting ubiquitination of p53 in response to SKi in HEK293T cells. SKi
promotes conversion of p53 into p63 and p90 which, together with phosphorylated p38 MAPK
and phosphorylated JNK might promote survival of HEK93T cells. SK1 counters these effects.

In contrast, SK2 supports survival of these cells by promoting XBP-1s expression.
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