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Abstract

ABSTRACT

Sphingolipids (SLs), a family of lipids characterized by a sphingoid backbone, are
essential components of cell membranes. In the last two decades they emerged as
bioactive molecules involved in the regulation of a variety of cellular processes. Ceramide
(Cer) and sphingosine (So) generally mediate anti-proliferative stimuli, such as cell growth
arrest and apoptosis, while sphingosine-1-phosphate (S1P) plays opposite roles by
inducing cell proliferation and apoptosis resistance. The bioactive role of dihydroceramide
(dhCer) has also been recently described, showing its involvement in processes like
apoptosis and autophagy. Alteration of SLs levels are the base of human sphingolipidosis,
and are also related to the onset and progression of other diseases, including cancer,
inflammation and neurological disorders. SL metabolism is a complex network of anabolic
and catabolic reactions catalyzed by specific enzymes. Consistent with the key role of SLs
in cell biology, the modulation of key-enzyme of the SL metabolism such as
dihydroceramide desaturase (Desl), ceramide synthase (CerS), ceramidases (CDases) and
sphingosine kinase (SK) represent a strategy to better understand the role of SLs in
physiophatological processes. During this PhD Thesis three different studies that show the
use of SL analogues and SL metabolism inhibitors as pharmacological tools for biomedical
investigation in cancer cells were performed.

The first study was focused on the alteration of SL metabolism and cytotoxic
effect induced by Jaspine B (JB) in cancer cells. JB, a natural SL analogue from marine
origin, is cytotoxic in a variety of cancer cell lines, including HGC-27 gastric cancer cells.
JB induces changes in the sphingolipidome in this cell line, mainly the accumulation of
dihydrosphingosine (dhSo) and So, and their phosphorylated forms. Moreover lipidomic
analyses show the formation of acyl-JB. These effects appear to be due to inhibitory action
of JB on CerS that uses the natural sphingolipid as substrate. The hallmark of JB
cytotoxicity in HGC-27 cells is the formation of cytoplasmic vacuoles in a time and dose-
dependent manner. Apoptosis is not involved in cytoplasmic vacuolization and JB induced
cytotoxicity. In addition, despite the accumulation of the autophagic marker LC3-II,
autophagy is probably not activated by JB treatment. The micropinocytic nature of
vacuoles suggests the involvement of methuosis in JB-induced cell death.

The second study was focused on SKI II, a well-known SK inhibitor. In a study on
HGC-27 cells we show that SKI II is also an uncompetitive inhibitor of Desl. Desl
inhibition in intact cells is not connected to protein degradation. SKI II, but not the SK1-
specific inhibitor PF-543, provoked a remarkable accumulation of dhCers and their
metabolites, while both SKI II and PF-543 reduced S1P to almost undetectable levels. SKI
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II, but not PF-543, reduced cell proliferation, with accumulation of cells in the G0/G1
phase. Similarly SKI II, but not PF-543 increased LC3-II levels in HGC-27 cells, suggesting
autophagy induction. These overall findings indicate that some of the effects attributed to
decreased S1P may actually be caused by augmented dhCers and/or their metabolites.
The use of ceramide analogues as chemical tool for ceramidases investigation is
the topic of the third study. RBM14 are coumarinic ceramide analogues that differ from the
acyl chain length. Among them RBM14C12 was reported as the best substrate for acid
ceramidase (AC). In this study it was shown that RBM14 molecules are also hydrolyzed by
neutral (NC) and alkaline ceramidases (ACER). NC from Pseudomonas aeuriginosa prefers
C12 and C14 analogues, while human recombinant NC better hydrolyzes RBM14C14 and
RBM14C16 molecules. RBM14 substrates are hydrolyzed by MEF cells lacking NC, with
higher activity at basic pH, suggesting ACER activity. SABRAC and RBM1-12 have been
designed to inhibit the cysteine protease AC. In this study it was shown that papain, a
protein belonging to the same protein family, is not inhibited by SABRAC and RBM1-12.
Moreover preliminary studies suggest an irreversible inhibition of AC. These molecules can
be used in combination with RBM14C12 substrate as a suitable tool for AC activity

determination in intact cancer cells.

II
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Introduction

1. Sphingolipids

Sphingolipids (SLs) consist of a family of lipids that are essential components of
cell membranes. Their name was given by J.L.W. Thudichum in 1884 due to their
enigmatic nature and unknown function. In the last two decades research progress in the
SLs field shed light on their role as components of membrane microdomains called “lipid

rafts”, as well as on their function as signalling molecules®.

1.1. Sphingolipids in cell biology

The concept of lipid rafts has pointed out the dynamic and functional role of SLs,
that used to be considered for long time as structural elements of cell membranes?.
Although the nature of lipid rafts has been extensively questioned in the last years®?, they

are now described as ordered, fluctuating nanoscale assemblies of lipids and proteins enri-

A Transmembrane non-raft protein

GPl-anchored protein

Transmembrane
raft protein

Nanoscale assembly Nanoscale assembly
Acylated protein

Raft platform

Figure 1.1: Lipid rafts in cell membranes. A. Nanoscale assemblies of sterols, sphingolipids
and proteins originate lipid rafts that fluctuate in the plasma membrane. Glycosyl
phosphatidylinositol (GPI) anchored proteins, transmembrane raft proteins and acylated
cytosolic proteins also are assumed as rafts components. GPL, glycerophospholipid. B. Lipid-
lipid, protein-lipid and protein-protein interactions organize nanoscale assemblies in raft
platforms that are involved in biological membrane processes. Modified from Simons K. and Gerl/
M.J., Nature (2010)°.
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ched in SLs, such as sphingomyelin (SM) and glycosphingolipids (GSLs). This structures
can coalesce into larger and more stable domains called raft platforms, that are involved in
membrane signalling and trafficking® (Figure 1.1).

The role of sphingolipids as bioactive compounds in cell physiology and in
pathological processes has emerged in the last two decades. SLs are activated by a variety

of stimuli as second messengers to trigger biological effects (Figure 1.2).

Inducers UV radiations Heat stress Growth factors (PDGF, IGF, VEGF)
Chemotherapy UV radiations Cytokines (TNF, IL-1)
Death receptors Chemotherapy Hypoxia
Death receptors Fc receptor
oxLDL immune complexes
SPT
Ceramide synthase l
Sphingomyelin SMase Ceramide CDase Sphingosine SK Sphingosine
(30.000) (3.000) (100) 1-phosphate (1)

. l l

Targets CAPPs (PP1, PP2A)

PKCC PKH S1P receptors
Cathepsin D YPK Intracellular targets

Biology Senescence Apoptosis Proliferation
Differentiation Cell-cycle arrest Mitogenesis
Apoptosis Inflammation

Cell-cycle arrest

Migration
Angiogenesis
Protection from apoptosis

Figure 1.2: An overview of the roles of SLs in biology. The scheme shows potential
participation of the bioactive lipids ceramide, sphingosine and sphingosine-1-phosphate in cell
biological responses. The numbers in brackets indicate the relative levels of these SLs, pointing
out that bioactive SLs levels exhibit great differences in cells. CAPP, ceramide-activated Ser-Thr
phosphatase; IGF, insulin-like growth factor; IL-1, interleukin-1; oxLDL, oxidized low-density
lipoprotein; PDGF; platelet-derived growth factor; PKC, protein kinase C; PKH, PKB homologue;
TNFa, tumour necrosis factor-a; VEGF, vascular endothelial growth factor; YPK, yeast protein
kinase. From: Hannun Y. A. et al., Nat. Rev. Mol. Cell Biol. (2008)°.

Ceramide (Cer), sphingosine (So or Sph) and sphingosine-1-phosphate (S1P or
SoP) are the most explored bioactive compounds. Cer signalling has been connected to a

variety of biological effects, including apoptosis, cell growth arrest, cell differentiation and
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senescence’. So is also involved in non-proliferating cellular processes like cell growth

arrest and apoptosis®°

. On the contrary S1P can be described as a tumour-promoting
lipid involved in the regulation of proliferation, cell growth, survival, migration, and
resistance to apoptotic cell death, antagonizing the effects of Cer!!. As these metabolites
are interconvertible, it is not their absolute amount, but rather than their relative levels
that determine the cell fate. In this contest ceramide synthase (CerS), ceramidase
(CDase) and sphingosine kinase (SK or Sphk) come out as essential regulators of this
machinery called “sphingolipid rheostat” (Figure 1.3). Moreover dysregulation of SLs
metabolism is the origin of human diseases called sphingolipidosis and is also related to

13,14

other different diseases!?, among them cancer’®*!, inflammation!® and neurological

disorders®®'7,

CDase SK
Ceramide > Sphingosine < | Sphingosine-1-phosphate
CerS S1PP
Cell proliferation blockage el eumivel
Cell death

Figure 1.3: Sphingolipid rheostat. Cell fate depends on the equilibrium between bioactive
sphingolipids with opposite roles in cell signalling.

1.2. Structure

SLs are characterized by eighteen carbon amino-alcohol backbones: sphingosine
has an insaturation at C4, while its two natural analogues, dihydrosphingosine (dhSo; also
named sphinganine Sa) and phytosphingosine (PHS), are saturated compounds. Moreover
PHS has an additional hydroxyl group in position 4 of the hydrocarbon chain (Figure 1.4).
So is mainly found in higher eukaryotes (such as humans and animals), PHS is especially
detected in lower eukaryotes (such as yeast, fungi, and plants), whereas dhSo exists in
both higher and lower eukaryotes 819,

Modifications of the backbones give rise to more complex molecules.
Phosphorylation of C1 hydroxyl group originates the respective phosphorylated forms of
the sphingoid bases, dihydropshingosine-1-phosphate (dhSoP) and S1P. On the other

hand, acylation of the sphingoid backbone via an amide bond with fatty acids of variable



Introduction

length and desaturation generate a diversity of ceramide species. More complex SLs are
represented by glycosphingolipids that differ by both the order and type of sugar residues
attached to their headgroups. Since these molecules are produced from ceramide
precursors, they too may have differences in their acyl chain composition. Sphingomyelin
species are also produced from ceramide, however they are defined by a phosphocholine

headgroup rather than the addition of sugar residues®® (Figure 1.4).

OH OH OH
i H H
HO/\‘/\/\(CHZ)1ZCH3 HO/\‘/\/\(CH2)1ZCH3 HO/Y\‘/\(CHZ)1ZCH3
NH, NH, NH, OH
Sphingosine Dihydrosphingosine Phytopshingosine
OH OH OH
H H o) =
= I X
HO/Y\/\(CHQ)12CH3 HO/\‘/\/\(CH2)1ZCH3 OH—P—O/Y\/\(CHZ)QCH:;
NH\n/R NH\[(R o NH,
O Ceramide O  Dihydroceramide Sphingosine-1-phosphate
ST ¢ N
H;C— 1] N N
3 éH\/\O_T_O/Y\/\(CHZ)WZCHB HO 5 O/Y\/\(CH2)120H3
3
o NH R HN R
b OH g
Sphingomyelin o Glucosylceramide
R= (CH,),CH3

Figure 1.4: SLs structures.
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1.3. Sphingolipid metabolism

The central molecule of SL metabolism is Cer, that is mainly synthesized trough
the de novo pathway from non-sphingolipidic precursors. Two alternative pathways that
contribute to Cer production are the sphingomyelin pathway and the salvage pathway
(Figure 1.5).

Serine + Palmitoyl-CoA

SPT
de novo pathway l

o Phosphoetanolamine

+
HOW“*'”””“ Complex SLs Hexadecenal

NH;  3-Keto-dihydrosphingosine

¢ KDSR ' salvage pathway T S1PL
" OH OH
H SK [¢] H
/ ~
L g CIPl HO N N oy, —= HO—IIZI!—O/W\(CHQ)QCM
NH; . . .
?  Dihydrosphingosine N2 Sphingosine  S'PP o NH,

Fatty acyl-CoA

Cers T CDase Cers” CDase Sphingosine-1-phosphate

OH OH OH
H H o H

~ I
HO/Y\/\(CHZ)QCHS Des1 HOW(CH2)1ZCH3 _CK, Ho—F’—o/ﬁ/\/\(cmmw3
—_— P — |
HN M/\/ HN \ﬂ/\/\(v)/\/ C1PP o HN \n/\/W
n

n n
o Dihydroceramide o Ceramide o

Ceramide-1-phosphate
SMS GBA
SMase GlcCerS
oH GalCerS | | GALC e

0 OH
~ o H HO >z
/N\/\Oflﬁ"*O/Y\/\(CHMCHg HO\??\O/\I/\/\(CHZ)”CHS

o NH, oH HNM
. . HO = F o o
Sphingomyelin g O/Y\/\(CHZ)QCH:; .
oH HN i A Glucosylceramide
sphingomyelin pathway OH M v

P A .
; : Galactosylceramide Glycosphingolipids

Sulfatides

Figure 1.5: Pathways of SLs metabolism. GALC, galactosylceramidase; GlcCerS,
glucosylceramide  synthase;  GBA; glucocerebrosidase; @ C1PP, ceramide-1-phosphate
phosphatase. Other abbreviations are found in the text.

The de novo synthesis begins with the condensation of serine and palmitoyl-CoA,
catalyzed by serine palmitoyl transferase (SPT) to give 3-keto-dihydrosphingosine. This is
reduced to dihydrosphingosine by 3-keto-dihydrosphingosine reductase®' (KDSR), followed
by the acylation of the sphingoid backbone by Cer to produce dihydroceramide (dhCer)?.
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The final reaction is the A4-desaturation of dhCer to Cer by dihydroceramide desaturase
(Des1)?. In the following biosynthetic reactions, Cer is transported to the Golgi apparatus
by a non vesicular mechanism?*, and there further metabolized to sphingomyelin with the
addition of a phosphocoline headgroup by sphingomyelin synthase (SMS)2°, or converted
to ceramide-1-phosphate (C1P) by ceramide kinase (CK or CERK)%. Cer can also be
converted into glucosylceramide (GlcCer or GluCer), in turn metabolized to GSLs?*,
Galactosylceramide (GalCer) is produced starting from Cer by galactosylceramide synthase
(GalCerS), and in turn is used for the synthesis of sulfatidies?’”. Cer can also be
metabolized by ceramidases that remove the amide-linked fatty acid to form sphingosine,
which is available for recycling into SLs pathway trough the acylation by CerS, or for
phosphorilation to S1P by sphingosine kinase?®. The last and irreversible step of the
sphingolipids metabolism is represented by the reaction of sphingosine-1-phosphate lyase
(S1PL or SPL) that breakdown S1P to ethanolamine phosphate and hexadecenal®.
Alternatively S1P can be degraded by sphingosine-1-phosphate phosphatase (S1PP) to
sphingosine.

In the sphingomyelin pathway, Cer is produced from the hydrolysis of SM through
the action of either acid or neutral sphingomyelinases (aSMases; nSMases) that break
down sphingomyelin to produce ceramide and phosphocoline®. The last source of Cer is
represented by the catabolism of S1P or C1P by phosphatases or the breakdown of
complex sphingolipids as GlcCer and GalCer by specific hydrolases in a process referred as

salvage pathway?!.

1.4. Compartmentalization and regulation

Enzymatic reactions in SL metabolism take place in different cellular
compartments (Figure 1.6). De novo synthesis of Cer occurs on the cytosolic surface of
the endoplasmic reticulum (ER) and potentially in ER-associated membranes, such as the
perinuclear membrane and mitochondria-associated membranes®. Two specific pathways
are known for the transport of Cer from the ER to the Golgi, were SM and GluCer are
synthesized. First, SM is formed of Cer provided by the Cer transfer protein, CERT.
Second, the synthesis of GluCer is based on Cer deriving from vesicular transport. FAPP2
transport protein mediates a non-vesicular transport of GluCer from cis-Golgi, its site of
synthesis, to the trans-Golgi compartments, where the enzymes for more complex GSLs

synthesis are localized®**3, The synthesis of complex GSLs (e.g., gangliosides) occurs in
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Figure 1.6: Compartmentalization and regulation of SL metabolism. From Maceyk M. et
al., Nature (2014) °

the luminal side of the Golgi. Therefore, GluCer needs to flip from the cytosolic surface to
the inside of the Golgi*. This mechanism is supported by the ABC transporter, P-
glycoprotein®. Subsequently, SM and complex GSLs are transported to the plasma
membrane via vesicular trafficking; C1P-specific transfer protein (CPTP) is responsible for
the transport of C1P. There SMase, CDase and SK produce the bioactive metabolites Cer,
So and S1P, respectively. S1P can be transported across the membrane. Membrane
sphingolipids are internalized by the endocytic pathway and in the lysosome they are

degraded by acidic forms of SMase, glycosidase (GCase) and CDase. Due to its ionizable
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positive charge, the salvaged So is able to leave the lysosome and shows adequate
solubility in the cytosol to move between membranes, including the ER, where it would be
available for recycling®. Alternatively So can be metabolized to glycerolipids after
phosphorilation by SK and cleavage by S1PL. In the nucleus SK2, a SK isoforms, is
responsible for S1P synthesis®. Cer synthesis has been reported in mitochondria, that
contain CerS* and a reverse neutral ceramidase, that been has recently identified as a

new source for Cer synthesis®,
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2. Sphingolipid metabolism in cellular responses and diseases

The recent advances in SLs research allowed to better understand their
involvement in biological functions and cell homeostasis, as well as their connection with
different diseases, particularly with cancer. Some of the most important features of key
bioactive sphingolipids and their related metabolic enzymes that were direct object, or
related to the present work, will be discussed, pointing out their involvement in

physiopathological processes.

2.1. Bioactive sphingolipids

2.1.1. Ceramide

The role of Cer as an essential second messenger in cells has been deeply
investigated. Elevation of Cer levels has been associated to apoptotic cell death after a
variety of stimuli, including serum deprivation®, ionizing radiations*’, vitamins** and after
cell treatment with chemotherapeutic agents such as taxol*?, daunorubicin®® or
cannabinoids*. Apoptosis is also stimulated when cells are treated exogenously with short-
chain ceramides (D-e-C2-ceramide or D-e-C6-ceramide)*®*. One of the mechanisms by
which ceramide regulates apoptosis is via the induction of Fas capping*. More recently it
was shown that the pro-apoptotic protein Bax is regulated by Cer, leading to mitochondrial
outer membrane permeabilization (MOMP or MMP), one of the characterizing events of
apoptosis?’. The anti-proliferative effects of Cer also inhabits in the inhibition of cell
growth*®, and stimulation of cell differentiation*®. Moreover it is involved in cell senescence
by inhibiting the mitogenic stimulation®® or by regulating telomere length®*2, Several
direct targets of Cer have been identified, including cathepsin D, CAPPs and kinase
suppressor of RAS (KSR) that in turn regulates downstream pathways*3. Protein modulated
by these signaling cascade include caspases®, cyclin-dependen kinases®® and
telomerase®, that respectively control apoptosis, cell cycle and senescence. Cer has also
been shown to induce autophagy by activating different mechanisms such as the up-
regulation of the autophagic gene Beclin®, and the activation of death-inducing

57,58 in

mitochondrial protein BNIP3%, Low Cer levels have been reported in cancer disease
line with the anti-survival effects of the molecule. Moreover different studies show that
cancer cells are able to reduce ceramide levels as a survival strategy by overexpressing

enzyme from the SLs pathway such as ceramidase®®®® or sphingosine kinase®!:2,
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In the last years improvements in the sphingolipidomic analysis by mass

spectrometry®3%4

allowed to identify different ceramide species, thus correlating chain
length composition with specific effects and cellular alterations. At cellular level, many
studies reported the effect of different ceramides in the balance between cell death and
survival. For instance connection between the pro-apoptotic protein Bak and long-chain
ceramide induced apoptotic cell death has been reported®. In CerS2 knock-out mouse the
lack of very-long chain Cer inhibits TNFR1 (tumour necrosis factor-a receptor-1)
internalization, impairing downstream signalling for apoptosis . Many studies showed the
effect of different ceramides in the balance between cell death and survival. C18-ceramide
produced by CerS1 and Cl6-ceramides produced by CerS5 were shown to have pro-
survival and anti-apoptotic role respectively in head and neck squamous cell carcinoma
(HNSCC)®”. In Hela cells CerS2 overexpression offered partial protection for irradiation-
induced apoptosis, while CerS5 overexpression increased apoptosis®®. Moreover
upregulation of CerS2 increases cell proliferation, whereas upregulation of CerS4 and
CerS6 causes cell death in both breast and colon cancer®. Specific ceramide species have
also been connected to cancer progression and treatment. In breast cancer elevation of
total ceramides, in particular C16-, C24- and C24:1-ceramides was reported’®, In HNSCC
low levels of C18-ceramide have been reported and their elevation by CerS1 transfection
led to cell growth inhibition”*; in colon cancer cells different sensitivity to TRAIL (tumour
necrosis factor-related apoptosis-inducing ligand) induced apoptosis was related to C16-,
C18- and C-24 levels’?. The involvement of specific ceramide species have also been

related to other pathologies as multiple sclerosis””* and obesity”>™"’.

2.1.2. Dihydroceramide

The role of dihydroceramide in cell biology was recently reviewed’®, pointing out
the bioactive function of this sphingolipid that was considered for a long time as an
ineffective molecule. Many studies have reported that dhCer inhibits cells cycle. Inhibition
of Desl by genetic ablation or pharmacological tools reduced cell growth provoking cell
arrest in GO/G1 by decreasing phosphorylated retinoblastoma protein’, or by modulating
the expression of cyclin D1, delaying G1/S transition®’. The role of dhCer in apoptosis
induction is not so clear as the one of ceramide. Treatment with in vitro exogenous short
chain dhCer, conversely to Cer, was unable to induce apoptosis in different cancer cells
line®2, Other studies have shown that dhCer induces apoptosis in leukemia cells®3, but to

a lesser extent than Cer. Moreover it was recently reported that increased dhCer was

12
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associated with cytotoxic effects of combined temozolomide and SK inhibitory treatment in
glioblastoma cells, including apoptosis®. Increased levels of dhCer have also been
associated to autophagy induction in cancer cells®. Interestingly the built up in dhCer
generated by Desl inhibition was able to reduce etoposide cytoxicity in gastric and colon
cancer cells®. However increase in dhCer levels originating after treatment with the
anticancer agent fenretinide (N-(4-hydroxyphenyl)retinamide or 4-HPR)® or the
antioxidant y-tocotrienol®” triggered to cancer cell death, pointing out both the protective
and lethal effects of dhCer induced autophagy. Similarly to Cer, also dhCer with different
acyl chain length seems to have specific effects. For instance very-long chain dhCers were
responsible for cytotoxicity in leukemic cell line®®. In a different study high levels of C16-,
C24- and C24:1-dhCer after celecoxib treatment were related to an anti-proliferative effect
in different in cancer cell lines®. Elevated dhCer levels were reported in endometrial

cancer®® and might also be induced by hypoxia in tumour cells and in vivo®°2,

2.1.3. Sphingoid bases

Sphingosine was the first species to be identified between sphingolipids and has
been described as mediator of cell-growth arrest'® and apoptosis in many cell types after
treatment with dexamethasone®, doxorubicine® or serum deprivation®®. So has been
described as a protein kinase C (PKC) inhibitor both in vitro®® and in intact cells®®. Because
activation of some PKC isoforms has been implicated in cell proliferation and survival,
inhibition of PKC by So may be associated with its inhibitory effects on these processes. In
addition So has been shown to inhibit other kinases such the MAPK ERK1/2% and protein
kinase B (PKB/AKT)®’. Apart from protein targets, So has been shown to alter the integrity
of intracellular membrane systems: it increases the permeability of lysosomes leading to
activation of the lysosomal pathway of apoptosis®® as well as of mitochondria, resulting in
the release of cytochrome ¢, and activation of the intrinsic pathway of apoptosis®. Similarly
So was shown to mediates tumour necrosis factor-a (TNFa)-induced lysosomal membrane
permeabilization in hepatoma cells, leading to apoptotic-like cell death®®. So has also been
described as responsible of Golgi fragmentation, leading to cell-growth arrest, defects in
cell adhesion and anoikis, a subtype of programmed cell death!°°,

Similarly to So, dihydrosphingosine also mediate cell growth arrest and

101,102 103

apoptosis when either applied exogenously or endogenously accumulated after

CerS inhibition!®, Moreover the cytotoxic effect of the anticancer agent fenretinide was

86,105

shown to be connected to dhSo accumulation in different cell lines More recently
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increased levels of both dhSo and dhCer have been connected to induction of apoptosis
and autophagy by y-tocotrienol in prostate cancer cell®’,

The role of PHS in mediating various cellular responses such as growth
inhibition!® and activation of protein kinases!” has been reported in yeast. However
different studies show cellular effect of the natural sphingoind base in mammals. For
instance addition of exogenous PHS induces the differentiation and growth arrest of
epidermal keratinocytes by activating PPAR-y'%, PHS also causes apoptosis of Jurkat cells

109

through the mitochondrial pathway*™” and sensitizes the same cell line to TRAIL-induced

apoptosist!?, although its role as a second messenger has yet to be clearly defined.

2.1.4. Sphingosine-1-phosphate

An opposite role to the pro-apoptotic function of Cer and So is empowered by the
proliferating molecule S1P. It has shown mitogenic properties in various cell types!'113,

Moreover it has been known for a long time that it is a potent suppressor of apoptosis as

114 115

demonstrated in different studies in T-cells''* endothelial cells''®> and mouse fibroblasts!!®.
The pro-survival role of S1P is also related to the induction of protective autophagy that

allow cells to survive under nutrient starvation!*”*!8, Other effects related to S1P signalling

119,120 121,122

are cell adhesion, migration and angiogenesis . Most of the biological functions
exploited by S1P are regulated through the binding to G-protein-coupled receptors family.
Five S1P receptors (S1P;.s) have been reported until now and they activate downstream
signalling pathways, including phosphatidylinositol-3-kinase (PI3K), phospholipase C
(PLC), PKC, and extracellular signal regulated kinase (ERK)*?3. Alternatively S1P can act on
intracellular targets, including TRAF2 (tumor necrosis factor-a receptor-associated factor
2), which can lead to pro-survival signalling via activation of the transcription factor NF-
KB!?*, Considering the effects above described, it is not surprising that S1P is involved in
cancer. Indeed, increased levels of the SK1 mRNA transcript and/or protein in different
kinds of cancer including stomach, lung, brain, colon and kidney cancer as well as in non-
Hodgkins lymphoma and breast cancer have been reported!?®. S1P is also involved in

126

inflammatory conditions*<®, such as the autoimmune disease multiple sclerosis.
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2.2. Metabolic enzymes

2.2.1. Ceramide synthase

Ceramide synthases are a group of six enzymes that catalyse the formation of
dhCer or Cer through the acylation of sphingoid bases, respectively dihydrosphingosine

and sphingosine in mammals, with a variety of fatty acyl-coenzyme A (acyl-CoA)'?’.

2.2.1.1. Identification and characterization of mammalian CerS

Each of the CerS enzymes is the product of unique genes located on different
chromosomes??. The first gene responsible for ceramide synthesis was identified as LAG1
in Saccharomyces Cerevisiae'?®, that was later described as a longevity assurance gene
(LASS), because its deletion promoted longer chronological lifespan in yeast'®. Several
years later, LAG1 and its homologue LAC1 were found to be necessary for the synthesis of
very long chain ceramides (C26-Cer) in yeast’*°. In 1991, a mammalian gene, upstream of
growth and differentiation factor-1 (UOG-1), was discovered*! and it was able to
functionally complement the LAG1 and LAC1 double deletion in yeast!*2. However only in
2002 it was demonstrated that UOG-1 overexpression in mammalian cells resulted in
increased ceramide synthesis, leading to the confirmation that this gene codifies for
CerS'33, Moreover the ceramide produced by UOG-1 only contained C18-fatty acid,
showing the specificity of the enzyme, now known as CerS1, for stearic acid in ceramide
synthesis. Additional mammalian Lag homologues were identified trough bioinformatic

analysisl32,134,135

Moreover the overexpression of two of the sequences, originally
characterized as translocating chain-associating membrane protein homologues (TRH) was
associated to enrichment in stearic and arachidic acid for THR1 (now called CerS4) in
ceramide composition, whereas SLs synthesized by TRH4-overexpressing cells (known as
CerS5) were preferentially enriched in palmitic acid'®®. CerS2 sequence was cloned in 2001
as LASS2'¥ and subsequently also CerS6'* and CerS3'* were identified and cloned as

LASS6 and LASS3 respectively.

2.2.1.2. Subcellular localization and tissue distribution

The subcellular localization of the CerS protein is the endoplasmic reticulum

(ER)*?, although CerS has been partially purified from a mitochondria-enriched fraction'*!,
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CerS are integral membrane proteins'¥?, with their active site probably facing the
cytosol**?, Although the transmembrane topology of the mammalian CerS has not been
resolved experimentally, the comparison of several prediction programs to assess the
topology was performed by Tidhar e/ at. Most of the programs suggested that CerS have
six membrane-spanning domains. However, significant disagreement between the various
prediction programs was noted for the fourth putative transmembrane domain, in which
the Laglp motif is located, with some programs suggesting one membrane-spanning

143 However an odd-number of trans-membrane

domain in this region and others, two
domains is supported by recent experimental data'**.

Many studies on the tissue distribution of mammalian CerS have shown that each
tissue has different profiles of CerS expression and that it can change during development.
CerS1 is mainly expressed in brain and at low levels in skeletal muscle and testis!*®. It was
also shown that it is upregulated postanatally, which may reflect the synthesis of neuronal
plasma membrane'*®. CerS2 is much more widely expressed than CerS1 and two different

studies showed that they are abundant in many tissues, mainly kidney and liver'>47,

CerS3 is found mainly in skin and testis!*

, it is highly expressed in keratinocytes and its
expression increases during their differentiation'*®. Less information are available about
CerS4 that has been found at high levels in skin, leukocytes, heart and liver, however its
absolute mRNA expression levels in this tissues are significantly lower than those of other
CerS, such as CerS2', CerS5 is the main CerS detected in lung epithelia'®. In brain
CerS5 mRNA is detected in most cells within the gray and white matter!*®, CerS6 shows
high homology to CerS5, however much less is known about this isoform. CerS6 is found
in different tissues as intestine and kidney!*®. Decreased expression of CerS6, together
with CerS2, has been described during mouse brain development, especially in myelin-
producing cells'“¢. However it has been observed that CerS mRNA expression not always
correlate with the sphingolipid acyl chain composition in a particular tissue, suggesting a
variety of post-translation and activity regulatory mechanism that regulate CerS,

determining the presence of ceramides containing specific acyl chains'*°.

2.2.1.3. Structural and functional features

The Tram-Lag-CLN8 (TLC) domain, a region of ~200 residues found in different
proteins, is a shared domain between all mammalian CerS*'**. Within this region, the Laglp

132

motif is a conserved sequence of 52 amino acids*”* considered to be involved in CerS

activity, with some conserved residues probably implicated in the catalysis or substrate
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binding'**. Moreover all mammalian CerS, except for CerS1, they have a homobox (Hox)-
like domain®®, of which the last 12 residues functionally important for CerS activity since
their modification or removal leads to a loss of CerS activity!*®. One of the most notable
characteristic of CerS is the ability of the single isoforms to produce ceramides with
characteristic acyl-chain distribution. For this each CerS utilizes a restricted subset of fatty
acyl-CoA to synthesize Cer with defined acyl chain length (Figure 2.1). Recently Tidhar et

al. showed in a structure activity experiment based on chimeric CerS that a region of 150
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Figure 2.1: CerS specificity. Different CerS isoforms can use a restricted subset of acyl-CoA,
producing ceramides with specific fatty acid chain length. Less specificity is shown toward the
sphingoid base: ceramide synthesis originates from dihydrosphingosine produced in the de novo
synthetic pathway of SLs; sphingosine and phytosphingosine represent alternative natural
substrates of CerS.
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residues within the TLC domain is sufficient for maintaining CerS specificity*>. Conversely
CerS show less specificity towards the sphingoid chain base, since they are able to N-
acylate a variety of natural long chain bases (dihydrosphingosine, sphinsosine,
phytosphingosine)®* (Figure 2.1) as well as their analogues such as Fumonisin B1'%,
NBD-sphinganine (NBD-Sa)'*? and FTY720'%,

2.2.1.4. Biological functions and involvement in disease

CerS is involved in the physiological regulation of the de novo synthesis of
sphingolipids, with the acylation of dihydrosphingosine, as well as in the recycling of
sphingosine originating from the breakdown of complex sphingolipids!?’. Thus CerS role in
physiological and pathological processes is strictly related to the biological effects of the
molecules that are regulated by this enzyme. Since (dihydro)ceramides and their
precursors dhSo and So has been shown to have an important role as signal molecules in
different processes, including cell growth, apoptosis and to be involved in different
diseases as described above, the modulation of CerS activity might have cellular effects
triggered by those molecules.

Although the direct involvement of CerS in pathological processes is not
completely understood, some examples of CerS genetic alteration suggest their implication
in human diseases. A genetic association study of rhegmatogenous retinal detachment, an
important cause of vision loss, recently showed an association with a missense coding
single-nucleotide polymorphism located within CerS2 gene!®*. Since the blockade of
ceramides synthesis already showed to have a protective effect in a retinitis pigmentosa

1% it is reasonable to consider the

mouse model*>®> and light-induced degeneration of retina
involvement of very-long chain ceramides, or their corresponding metabolites, in retina
disorders. Moreover genetic mutations in CerS3 gene have been recently related to a
disturb in keratinisation, named ichthyoses, showing the importance of very long
ceramides in the formation and function of human epidermis®>7:'%8,

Other information on CerS biology come from the generation of CerS null mice.
The characteristics of this animal models, the alteration in SLs composition and the
associated phenotype have been reviewed by Park et al.'®®. The measurement of
ceramides levels shows generally that the decrease in ceramide with a specific acyl chain
length, due to the depletion of the corresponding CerS isoforms, is related to elevated
levels of a different ceramide specie. Nevertheless in most of the cases this replacements

does not avoid mice phenotype to display several alterations, pointing out the relevance of
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different ceramide species in cell functions. More recently a CerS4 deficient mouse has

been generated!®®

, with decrease in C18- and C20-ceramides, higher levels of very long-
chain ceramides and age dependent hair loss. In agreement the same phenotype was
reported in a different work that showed the crucial role of CerS4 in epidermal

stem/progenitor cell homeostasis and hair follicle cycling regulation*®*,

2.2.1.5. CerS inhibitors

Although in the last years the knowledge about CerS specificity and the distinct
role of ceramides with different acyl chain has highly increased, the CerS inhibitors that
are now available show no specificity towards the different isoforms of the enzymes.

Fumonisin Bl (FB1) (Figure 2.2) is the most used and characterized CerS
inhibitor and belongs to a family of toxins of fungal origin (Fusarium verticilloides) that are
found as food contaminants in cereals, causing a variety of diseases in humans and
animals'®27%, FB1 is responsible for the dysregulation of the sphingolipid metabolism,
representing a possible explanation to fumonisins toxic effect'®>1%, It has been shown to
inhibit CerS via competitive-like inhibition towards both dihydrosphingosine and acyl-
CoA!®’, with an ICs, value of ~100 nM', causing a bulk accumulation of
dihydrosphingosine and, to a lesser extent, sphingosine. Cell cycle arrest'®® and
apoptosisi®17%17t have been shown in different cells lines after FB1 treatment and
correlated to the elevation in sphingoid bases. Other effects of FB1 on the sphingolipid
metabolism include the increase of sphingosine-1-phosphate!”? and dyhydrosphingosine-1-
phosphate!®® and in turn, of fatty aldehyde and ethanolamine phosphate!®®, as well as the

depletion of complex sphingolipids*®’.
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Figure 2.2: Structure of Fumonisin B1
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Other CerS inhibitors are represented by alternaria aleternate toxin (AAT) and
australifungin, both originating from fungi. AAT is structural related to fumonisins and

causes the accumulation of sphingoid bases!’®, while australiafungin'’*

is an antifungal
compound with different structural features from sphingolipids. Another molecules that
show inhibitory activity towards CerS is FTY720, a sphingoid base-like compound that also

acts as an agonist of S1P receptors'’®.

2.2.2. Ceramidases

Ceramidases (CDases) are amidohydrolases that break down ceramides to form
sphingosine and fatty acids. Five human ceramidases encoded by five distinct genes have
been reported. They differ for the subcellular localization and they have been grouped as
acid ceramidase (AC), neutral ceramidase (NC) or alkaline ceramidase (ACER), depending
on the optimum pH of their ceramidase activity (Table 2.1)'7¢. AC catabolizes ceramide in
lysosomes and is found only in vertebrates. In contrast NC and ACER have a broader
distribution, and can be found in different species ranging from lower eukaryotes to
mammals. However, only NCY” is found in prokaryotes, including some pathogenic
bacteria. A reverse activity has also been described for most of CDases'’®'7°, with that for
AC showing a pH optimum slightly less acidic (pH 5.5) than that of the forward reaction',
The reverse activity of ceramidases uses a free fatty acid as a substrate, while CerS uses

acyl-CoAs as substrates.

Table 2.1 Ceramidases

Enzyme Gene pH optimal Subcelular localization

Acid ceramidase (AC) ASAH1 4.5 Lysosome

Neutral ceramidase (NC) ASAH2 7.6 Plasma Membrane, mitochondria,
secreted

Alkaline ceramidase 1 ASAH3 8.5 Endoplasmic reticulum
(ACER1)

Alkaline ceramidase 2 ASAH3L 7-9 Golgi apparatus
(ACER2)

Alkaline ceramidase 3 PHCA 9.5 Endoplasmic reticulum, Golgi
(ACER3) apparatus
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2.2.2.1. Acid ceramidase

Acid ceramidase activity was first described by Gatt in 1963!%!, The protein was
purified from human urine in early 1990s'®2, and its cDNA was cloned few years later!s3,
Although AC has been localized mainly in lysosomes, a portion of the enzyme is secreted
to the medium as a 47 kDa monomer!®2, Substrate specificity studies suggest that
ceramides with medium acyl chain are better hydrolyzed by AC than short chain (< C6) or
long chain (= C16). Optimun pH is 4.5 and no cations are required for its activity!”®.
Structurally AC is a heterodimeric glycoprotein derived from a single enzymatically inactive
precursor. Biosynthesis starts with the production of a ~53-55 kDa precursor, which is
processed into a mature heterodimeric enzyme composed of an a (13 kDa) and a B
subunit (40 kDa)®. Proteolytic processing of the precursor occurs in either late endosomal
and/or lysosomal compartment!® and it is most likely an autoproteolytic event with
Cys143, Arg159 and Aspl62 as a functional triad to form the two subunits'®. The acid
ceramidase amino acid sequence reveals high homology with the N-terminal nucleophile

(Ntm) hydrolase family'®’

, a superfamily of enzymes that hydrolyze a varietry of
substrates with the common feature of having a N-terminal nucleophile. In acid
ceramidase it is represented by the nucleophilic thiol in the cysteine residue (Cys 143) that
is exposed at the N-terminus of the B subunit after cleavage of the precursor protein'®e,
Complete deglycosylation of AC reduces the apparent molecular weight of the B subunit to
28 kDa, but does not alter the a subunit!®? suggesting that the B subunit is highly
glycosylated. Of six individual potential N-glycosylation sites, five of them are used®®, and
some of them are required for correct lysosomal processing or enzymatic activity, and for
the formation of the heterodimeric enzyme!®®,

Increasing evidence points to important role of AC in cancer outcome, progression
and resistance to therapy. The enzyme is overexpressed in several cancer cell lines like
prostate cancer®®!°, head and neck cancer’®, and melanoma®!. In addition

overexpression of AC has been shown to suppress apoptotic cell death induced by TNFa'®?

and radiation®3

. This made AC an interesting target for anticancer drugs development
because the inhibition of its activity leads to the accumulation of pro-apoptotic ceramide
and cell death. Consistent with the notion that AC has a protective role in survival, it was
found that AC knockout in mouse lead to embryos death at a very early stage, that was
delayed buy the addition of exogenous S1P%%,

The significance of AC in mammalian system is reinforced by its role in human
lipid storage disease (LSD) Farber lipogranulomatosis, first described in 1957 by Sidney

Farber'®, It is an autosomal-recessively lysosomal storage disease due to a dysfunctional
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AC gene product. That results in the accumulation of ceramide in lysosomes, leading to
different phenotypes including deformed joints and subcutaneous nodules, with
neurological involvement and a shortened lifespan®®®.

AC has been implicated in other metabolic complications; for example was shown
to have a role in preventing type 2 diabetes and modulating insulin signalling*®’. In 2004 it
was also reported that AC might play a role in controlling neuronal apoptosis and that AC-
mediated signalling pathways might be involved in the molecular mechanism of

Alzheimer’s disease!®®.

2.2.2.2. Neutral ceramidase

Neutral ceramidase (NC) is encoded by ASAHZ2 gene. Its activity was described
first in 1969 in human intestine with an optimal pH of 7.6'%°. This data was confirmed by
using NC purified from mouse liver, however the pH range was shown to be quite broad'”®.
NC has been cloned first from the bacteria Pseudomona aeruginosa®® then in humans?®!
and in many other different specie®®®. No cations are required to activate NC, even if
enzymatic activity was enhanced by Na* and Ca®*. Mg?* and Mn?* were somewhat
stimulatory, but Zn?*, Cu?* and Fe®* inhibited the enzyme?®. The substrate specificity of
human NC has not been established, however it was reported that in mouse the enzyme
prefers long-chain ceramides'’®.

NC localization varies in different organisms: it can be secreted or localized at the

177204 a5 a type II integral membrane protein®®>, The presence of a

plasma membrane
serine/threonine/proline-rich domain named mucin box (that is present just in
vertebrates) in the N-terminal region is the responsible for NC presence in the plasma
membrane!”’. In addition, NC has also been localized in endosome-like structures®®®, and
in mitochondria in MCF-7 and HEK293 cells®®'. NC was also found to be secreted into the

7

intestine lumen for SL digestion, being resistant to pancreatic proteases?®’. Northern

201

blotting analysis revealed that NC is expressed ubiquitously<"*, but highly expressed in

kidney, liver, heart 2°® and intestine®®.

The comparison of enzymatic sequences from different species to investigate NC
catalytic mechanism, find out a motif comprised of six amino acids core (GDVSPN) with
the serine residue (Ser 354) as possible responsible for the nucleophile attack to the
amide bond of ceramide?®®, More recently the crystal structures of neutral ceramidase from
Pseudomonas aeruginosa (pCDase) was determined, suggesting that cleavage of the N-

acyl linkage of Cer by NC proceeds by a mechanism similar to that described for zinc-
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dependent carboxylpeptidase. Moreover authors indicated that the hexapeptide may be
integral for the Zn*? dependent catalytic mechanism of the enzyme?'°,

ASAHZ2 null mice showed a significantly increased C16:0 ceramide content but a
reduced sphingosine content in the intestine and the inability to metabolize dietary
ceramides. Due to an absence of visible pathology in the ASAH2 null mice, it is unclear
what role NC plays in non-intestinal tissues, if any?'*. As a key regulator of the S1P-Cer
balance with the other ceramidase, NC has been described as an essential component of

209 Moreover it

an innate detoxifying mechanism to prevent ceramide-induced apoptosis
has been reported that cytokines such as TNFa and interferon-y increased activity, mRNA
and NC protein synthesis, where this elevation was shown to protect cells from cytokine-
induced cell death?'?, Moreover a protective role of NC was reported in inflammation in a

mouse model of bowel inflammatory disease?'?.

2.2.2.3. Alkaline ceramidases

Three human alkaine ceramidases (ACER) have been described: ACER1; ACER2
and ACER3, which contain 2642, 275%' and 267%'® amino acids, respectively, with a
similar molecular weight around 31 kDa. All of them present multiple transmembrane
domains and their activities are enhanced by Ca?*'’%, Alkaline ceramidase belong to a
superfamily of putative transmembrane hydrolases called CREST (alkaline ceramidase,
PAQR receptor, Perl, SID-1 and TMEMS8), that shares three conserved sequence motifs
with semi-invariant residues®'’. Alkalyne ceramidase activity is the only ceramidase
activity found in erythrocytes. Recently, plasma S1P has been reported to derive from So
generated from ACER activity in that cells. Furthermore, ACER has also been shown to be
important for erythroid differentiation in an erythroblastic leukemia cell line?8,

ACER1 is localized in the ER, has a pH optimum of 8.5 and preferentially
hydrolyze ceramides with very long-chain unsaturated fatty acid. It fails to hydrolyse any
dihydroceramides or phytoceramides. This enzyme is mainly expressed in the epidermal
keratinocyte. It has been reported that ACER1, together with AC, is upregulated in this
cells in response to increasing concentration of Ca?* in the tissue culture medium and in
turn induced differentiation of human keratinocytes, probably with the involvement of
changes in So and S1P levels?'4,

ACER?2 is localized in the Golgi apparatus and is highly expressed in the placenta
and modestly expressed in many other tissues?®. It has a high degree of similarity in

protein sequence to ACER1. This enzyme catalyze the reaction in a rage of pH between 7-9
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and prefers long chain or very long chain ceramides like D-e-Cis-ceramide and D-e-Cyo-
ceramide over dihydroceramides or phytoceramides as substrate, while has no activity
toward dihydroceramide and phytoceramide with saturated fatty acids’®. ACER2 has been
show to have a double role in cell destiny depending on a balance between So and S1P:
high ectopic expression of ACER2 causes growth arrest of Hela cells by generating high
levels of So, whereas low ectopic expression of ACER2 promotes the proliferation of HelLa
cells in serum-free medium by elevating S1P and activating S1P/S1PR1 pathway, without
accumulating cytotoxic levels of So. Moreover ACER2 expression is upregulated in HelLa
cells in response to serum deprivation, and knockdown of ACER2 inhibits the serum-
independent proliferation of HelLa cells and causes apoptosis of cells in serum-free
medium, suggesting that ACER2 upregulation has a protective role in cell survival against

serum-deprivation?'®,

ACER2 activity and mRNA has been shown to increase after
treatment with the dihydroceramide desaturase inhibitor N-(4-hydroxyphenyl)retinamide
(4-HPR). Moreover over-expression of ACER2 enhanced 4-HPR-induced DhSo formation
and cell death, suggesting that ACER2 also regulates the levels of dihdyrosphingosine by
controling the hydrolysis of certain dihydroceramides with unsaturated acyl chains!®®,
Moreover ACER2 has been shown to be upregulated in tumours, and its upregulation
promotes tumour cell proliferation and survival likely through increasing the generation of
S1P and activating the S1P receptor S1P12%2,

ACER3 was the first human alkaline ceramidase to be cloned and was originally
called alkaline phytoceramidase because it was able to hydrolyzes phytoceramide
selectively. It has a pH optimum of 9.5, is activated by Ca?*, but is inhibited by Zn?* and
sphingosine. ACER3 is localized in both ER and Golgi apparatus, and is highly expressed in
most tissues, especially in the placenta. It shows a specifity for unsaturated long-chain
ceramides, dihydroceramides and phytoceramides as substrate. ACER3 prefers
unsaturated long-chain ceramides, minor ceramide species in mammalian cells and
tissues, so ACER3 knockdown results in an increase in the levels of unsaturated long-chain
ceramides (D-e-C18:1- ceramide and D-e-C20:1-ceramide) in tumour cells. Interestingly,
ACER3 down-regulation decreases the levels of other ceramide species while increasing
the levels of both So and S1P by increasing the expression of ACER2, which hydrolyses
most mammalian ceramide species?'®. ACER3 knockdown inhibited cell proliferation by up-
regulation of the cyclin-dependent kinase inhibitor, but also inhibited serum-deprivation

induced apoptosis?®°.
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2.2.2.4. Chemical tools for ceramidases investigation

The interest on ceramidases in cell biology prompt the development of different
substrates that allow the measurement of CDase enzymatic activity. Radioactively labelled
ceramides??%2%! with *C or 3H and fluorescent NBD-labelled ceramides??? represent some
of the most used substrates. Alternatively fluorescent BODIPY-ceramides have been
employed??!. A quenched fluorescent ceramide analogue that becomes fluorescent upon
hydrolysis of its N-acyl bond was reported for bacterial ceramidase activity
determination®®, Bedia et al.?**??* developed in our group coumarinic N-acylaminiodiols
named RBM14 that are suitable for high throughput screening of ceramidases. Particularly
RBM14C12 was shown to be highly hydrolyzed by AC, thus representing a eligible system
in Farber disease diagnosis®®®. More recently alternative ceramide derivatives labelled with
the lipophilic-dye Nile Red (NR) instead of NBD have been synthesized as substrates for
acid and neutral ceramidases®*®. Moreover the same group developed two novel NR-NBD
doubly labelled fluorescent ceramide analogues that exhibit significant FRET and are
suitable for determination of enzyme activity in real-time??’.

Progresses in understanding ceramidases role in different systems are related to
the use of enzymatic inhibitors. Among the most used molecules, B-13 and N-
oleoylethanolamine (NOE) specifically inhibit AC, while D-erythro-N-myristoyl-2-amino-1-
phenyl-1-propanol (D-e-MAPP) inhibits both NC and ACER. Camacho et at.??® recently
reported the development of ceramide analogues as AC inhibitors, showing the potential

therapeutic of two a-bromoamides in metastatic prostate cancer cells.

2.2.3. Dihydroceramide desaturase

Dihydroceramide desaturase is responsible for inserting the 4,5-trans-double
bond into the sphingoid backbone after the de novo synthesis of dhCer and it is crucial in
the regulation of the balance between sphingolipids and dihydroshingolipids.

2.2.3.1. Identification and characterization of Des1

The DES1 gene was first cloned in 1996 in Drosophila melanogaster as DESG1

(Drosophila degenerative spermatocyte 1) while investigating the role of the gene in the
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initiation of meiosis during spermatogenesis®*°. Soon after a second a orthologue of this
gene was found in mice®®°. Finally, Cadena et al. demonstrated that Degsl was a
membrane desaturase, localized to the ER membrane, where it has access to newly
synthesized dihydroceramide species®*. The involvement of a desaturase in the last step
of the de novo pathway of ceramide was reported for the first time in in vitro studies by

using dihydroceramide analogues®? 234

, by observing the desaturation reaction needed
NADPH?3*2 or NADH?** as electron donor and oxygen as electron acceptor. Since other well-
know desaturases are characterized by intermediaries that are involved in a series of
coupled reactions that transport electrons from NAD(P)H to a terminal desaturase that
reduces oxygen, the same complex was hypothesized for Desl. This assumption was

32 or antibodies®*® for the postulated

subsequently confirmed by using specific inhibitors?
intermediaries, suggesting the involvement of a flavoprotein, the cytochomre b5 and the
presence of a non-haem iron in the catalytic complex. According to these results, a model
was postulated in which dihydroceramide desaturase was regarded as a part of a larger
enzymatic complex®? (Figure 2.3). More recently, Enomoto et al.>*®> further developed
this idea and proposed a similar mechanism of action with the involvement of a NADH-

cytochrome b5 reductase in regards of the homologue, Des2.

Methylene blue, Janus green,
menad|one DCPIP GT11, XM462

NADH, H* FAD 2 Fez‘ e3* Ri— CH=CH—R? + H,0
NADH Vb Cytochr ome b Desaturase
Reductase
NAD* K o 2Fe¥ Fe2t —CH,—CH,—R? + % O,
‘ 4= Drugs

Figure 2.3 Desl enzyme complex and inhibition. Methylene blue, Janus green and
menadione were used as inhibitors to consider the involvement of a flavoprotein, while 2,6-
dichlorophenolindophenol (DCPIP) suggested the presence of cytochrome bs in the complex.
Desaturase inhibitors include different drugs that alter the redox potential in the cell; GT11 and
XM462 are active site directed inhibitors. From Fabrias et al., Progress in lipid research,
(2012)%°,
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2.2.3.2. Structural and functional features

In a study based on bioinformatic approaches, Ternes et al.?*’ found that several
putative Desl sequences share highly-conserved histidine motifs essential for catalytic
activity: HX-4)H, HX@-3HH, and H/QX-3HH. These histidine boxes are also present in
membrane fatty acid desaturases and membrane hydrocarbon hydroxylases®®, Mizutani et
al.?* reported that both murine and human Des2 have an additional histidine motif (HX2-
3HH) near the C-terminus. The alignment of Des1 protein from different species confirmed
the presence of conserved His boxes that were represented as predicted transmembrane
domains, together with iron bind histidine boxes and glycine myristoilation site®**(Figure
2.4). Myristoylation has shown to be necessary for the enzymatic activity®*®; moreover it
has also reported that this modification alters Desl subcellular localization, targeting the
enzyme to the mitochondria, wherein causes an increase in Cer levels that in turn leads to

apoptosis.

H:zN
b

Cytosol

ER Lumen

Figure 2.4: Schematic representation of human Des1. The four transmembrane domains
(blue), the iron binding histidine boxes (red) and the glycine myristoylation site (orange) are
illustrated. From Fabrias et al. Progress in lipid research, (2012)%®.

In terms of function, Desl1 exhibits high dihydroceramide A4-desaturase and very
low C-4 hydroxylase activities, whereas Des2, exhibits bifunctional sphingolipid C-4
hydroxylase and A4-desaturase activities?®”. Moreover human Des2 is capable of creating
either phytoceramide or ceramide from dihydroceramide precursors®®. Therefore, it is not
surprising that Des2 is highly expressed in the intestines, kidneys, and skin where

phytoceramides are present in high abundance?**24!,
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Des1 activity is largely affected by the stereochemistry of the sphinganine moiety
of the substrate: desaturation of the D-erythro-isomer is much higher than that of the L or
D-threo-isomers. Other factors that influence the enzymatic activity are the length of the
alkyl chains of the amide-linked fatty acid; for instance in vitro activity in rat liver
microsomes decreases when the length of the chain is increased®3. However in fetal rat
skin and liver homogenates, C18/C14-Cer is a better substrate for desaturation than the
dhCer analogues containing fatty acids with 18, 10, 6, or 2 carbon atoms?**. The enzyme
shows activity against dihydrosphingomyelin, whereas dhSo and glucosyldihydroceramide
are not desaturated at all**®. The enzyme is active over a broad pH range (6.5-9), being
optimal around 8.5%2, Dithiothreitol (DDT) strongly inhibits its activity, probably because it

interferes with disulfide bonds that form impairing protein stability and catalytic activity?*>.

2.2.3.3. Biological relevance of Des1

The production of Desl homozygous (Des1””) and heterozygous (Des1*")
describe both phenotype for Desl mutants. Desl”" mice revealed an incompletely
penetrant lethality. Surviving animals were small in size, showed abnormalities in skin and
hair, tremors, and numerous blood chemistry and hematological alterations. The
homozygous null mice were also characterized by signs of growth retardation and
exhibited abnormal liver function. Moreover the study demonstrated that Desl” mice
were refractory to dexamethasone-induced insulin resistance, revealing an important role
of Cer in this process®?. In a different study on metabolic diseases the ablation of Des1 in
mouse embryonic fibroblasts showed a marked increase in Akt/PKB signaling, anabolism,
and protection from starvation-induced apoptosis®*?, confirming that Des1 might represent
a target in this kind of pathologies.

The increasing relevance of dhCer and its related metabolites in cellular response
as apoptosis and autophagy, as well as in cancer onset and progression (see paragraph
2.1) point out the key function of Desl as a regulatory enzyme in cancer diseases,
encouraging the identification of molecular tools to better understand its role in the

mentioned processes.
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2.2.3.4. Desl1 inhibitors

Several drugs have been reported to inhibit Desl activity. A first group of
compounds that repress Desl activity includes the natural compound resveratrol (Figure
2.5)%2% 3 polyphenol with antioxidant properties. Other compounds are represented by
curcumin, A°-tetrahydrocannabinol, and celecoxib?®*. These aromatic compounds,
structurally unrelated to (dh)Cer may act indirectly on Desl activity by disturbing the
redox status of the cell (Figure 2.3). Indeed, a specific study demonstrated that Des1
activity can be modulated by oxidative stress?*®. Also fenretinide has been extensively
reported as Des1 inhibitor as reported by Rodriguez-Cuenca et al.’®. Curiously it has been
described as a competitive inhibitor at short incubation times and an irreversible inhibitor

246

at longer incubation times*®*. Nevertheless, since the experiments were conducted with

the entire desaturase complex, the possibility that fenretinide is not acting directly on the

terminal desaturase cannot be completely ruled out.

1 247

The first rationally designed inhibitors of Desl is compound GT1 . Itis a

cyclopropenylceramide that carries out a competitive inhibition?*®

against the substrate
and it is active both in vitro and in intact cells?*°. This opened up the possibility of selective
disturbance of Des1, as shown by a second dhCer-related molecule named XM462 (Figure

2.5), that also inhibited Des1 both in vitro in rat liver microsomes and in Jurkat cells®°.

H

OH
S\
HO S HO/\‘/\/ (CHa)1,CHs
O HN\”/ (CH,)sCHs

OH Resveratrol o XM462

i Q

Figure 2.5: Desl inhibitors. An example of aromatic inhibitor (Resveratrol) and a specific
inhibitor (XM462).

29



Introduction

2.2.4, Sphingosine kinase

Sphingosine kinase is a central enzyme of the sphingolipid metabolism, being the
responsible for the conversion of proapoptotic sphingosine and ceramide to the mitogenic
S1P.

2.2.4.1. Identification and characterization of SK

Humans express two SK genes, resulting in the formation of SK1 (or Sphk1) and
SK2 (or Sphk?2) proteins, each with a number of splice isoforms (a, b and c for SK1; a and
b for SK2). The first cloning of mammalian SK1 was reported by Kohama et al.?! and few
years later SK2 isoform was also cloned in human and mouse®2. Although SK1 and SK2
differ in size, they share high degree of polypeptide sequence similarity, with almost all of
the SK1 polypeptide sequence aligning with regions of the larger SK2. Moreover five highly
conserved regions called C1-C5 are shared by the two isoforms!?*. Both SK1 and SK2 can
utilize D-erythro-sphingosine and D-erythro-dihydrosphingosine as substrates; however
SK2 can phosphorylate a larger pool of substrates, between them phytosphingosine and
the SK1 inhibitor D,L-threo- dihydrosphingosine, suggesting that the two isoforms differ in
the conformation of the substrate binding pocket®* .

Recently the crystal structures of human SK1 in the apo form was resolved,
revealing a two-domain architecture in which the catalytic site is located between the two
domains and a hydrophobic lipid-binding pocket is buried in the C-terminal domain®*,
Although crystal structure for SK2 is not currently available, it appears that a proline-rich
region, not found in SK1, can be part of the sphingosine binding region of the enzyme!?*,

While the activity of both SK isoforms can be enhanced by various cytokines and
growth factors, both enzymes also possess intrinsic catalytic activity that has been
proposed to equilibrate sphingosine and ceramide levels in absence of agonist stimulation.
Moreover enzymatic SK1 and SK2 activation can occur via phosphorylation by ERK1/2%53,
SK1 activity is also regulated by proteolysis; for instance cathepsin B has been implicated
in regulating lysosomal degradation of SK1 in podocytes®*®. The ubiquitin-proteosomal
pathway has also been reported as a degradation system of SK1 in LNCaP prostate cancer
and MCF-7 breast cancer cells®®,

SK1 and SK2 have different developmental expression, tissue distribution and
subcellular localization patterns?*’, suggesting that the two enzymes might have distinct

physiological functions. SK1 appears to reside predominantly in the cytosol and undergoes
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translocation to the plasma membrane after ERK phosphorylation®8. To the contrary SK2
is more likely localized in the endoplasmic reticulum, nucleus and mitochondria®*®. The
different localization appears to be connected with the different role of SK1 and SK2 in cell
functions. It is well established that SK1 relocation to the plasma membrane is necessary
to mediate pro-survival and oncogenic signalling®®®. By comparison SK2 subcellular
localization reflects its complex and wide functions. For instance nuclear SK2 has been
connected with DNA synthesis inhibition?®!, while mitochondrial localization has been

shown to promote apoptosis®®?.

2.2.4.2. SK1 and SK2 functions and involvement in disease

SK1 has been described as a pro-survival and pro-proliferative enzyme?®3,
Moreover there is evidence of a major role for SK1 in cancer development?®*. For instance,
there is elevated SK1I mRNA transcript and/or SK1 protein expression in stomach, lung,
brain, colon, kidney and breast cancer and non-Hodgkin lymphoma'?®. High tumour
expression of SK1 is also correlated with poor patient survival rates, angiogenesis and

radiation or chemotherapy resistance®® 2.

Moreover SK1 appears to play a role in
enhanced proliferation and metastasis, two major hallmarks of cancer progression'?>2%8, A
growing body of evidence show that SK1 suppress apoptosis, by altering the cellular
ceramide:S1P ratio, leading to uncontrolled cell growth and chemotherapy resistance?®’.

SK2 has not been as well characterized as SK1. Different studies carried out to
understand its role in cellular processes have given contradictory results, making difficult
to draw up a defined profile of SK2 in physiological and pathological processes. Early
studies on SK2 function found that its overexpression induced cell cycle arrest and
apoptosis'?*, suggesting an opposite role to the pro-proliferative signalling of SK1. The
interaction of the SK2 putative BH3 domain with Bcl-x,%%°, as well as BID-mediated
activation of BAK?®? appear to be responsible for apoptosis activation. A part from the
overexpression studies, also the endogenous SK2 has been confirmed as a pro-apoptotic
stimuli as showed in SK2 knock-out mice?”°. Despite the described role of SK2 in mediating
apoptotic stimuli and growth arrest, there are now many studies supporting an opposite
role in promoting survival and proliferation, much like SK1. For instance inhibition of SK2

has been shown to sensitize cells to apoptotic stimuli*’!; similarly SK2 ablation by siRNA

272

prevents tumour cell proliferation and migration“’<. Moreover a number of studies in vivo

have reported that tumour growth can be attenuated by the genetic ablation of SK2 in
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MCF-7 breast tumour xenografts?’?

274,275

or the pharmacological inhibition of SK2 in a range of
mouse tumour models

Both SK1 and SK2 are shown to be involved in inflammation. Many studies agree
on the SK1 role in promoting/enhancing inflammation, regulating monocyte, macrophages
and neutrophil function during the inflammatory response®’®. Conversely the role of SK2 in
the inflammatory response is controversial, with many of the studies suggesting that SK2
can be anti-inflammatory as indicated by increased levels of pro-inflammatory cytokines
and decreased levels of anti-inflammatory IL-10 in a breast cancer xenograft model
lacking SK2273. In contrast pharmacological inhibition of SK2 demonstrated anti-
inflammatory effects in Crohn’s disease’’”” and in rodent models of inflammatory

arthritis?”®

, suggesting that SK2 can promote inflammation.

Knockout studies showed that mice lacking either SK1 or SK2 are viable and
fertile while deletion of both isoforms is lethal to the embryo, which exhibits severe defects
in angiogenesis and neurogenesis®’®. These findings suggest that, despite their different

role in cell biology, SK1 and SK2 appear to have at least some functional redundancy.

2.2.4.3. SK inhibitors

Due to SKs multiples roles in controlling cell fate, they became attractive targets
in the development of cancer therapeutics. The first known SK inhibitors were long chain
base analogues such as N,N-dimethyl-D-erythro-sphingosine (DMS)?® that inhibits both
SK isoforms, and L-threo-dihydrosphingosine (safingol)?8!. This is a competitive inhibitor of
SK1 but, unlike DMS, it is a substrate of SK2; another SK inhibitor that exhibit the same
behaviour is FTY7202%,

Since the mentioned compounds can also inhibit other kinases, more specific
compounds for SK inhibition were developed. Between them one of the most widely used
is the 2-(p-hydroxyanilino)-4-(p-chlorophenyl) thiazole known as SKI II (Figure 2.6), a
polyaromatic molecule isolated from a library of synthetic compounds by French et a. in
2003283, It is a dual SK1 and SK2 inhibitor but does not show any activity against other
human kinases as ERK2, PKC-a and PI3K. It is a not competitive inhibitor of the ATP-
binding site of SK; inhibition experiments in recombinant human SK showed a ICso of 0.5
MM. Moreover SKI II exhibits anti-proliferative activity on several human cancer cell lines

with ICsp values in the low pM range (0.9-4.6 pM).
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Cl
Figure 2.6: Structure of SKI II
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Selective SK1 inhibitors include SK1-1?%* and SKI 1782% and the most recently
introduced PF-543%%, In the last years also SK2 specific inhibitors, such ABC294640%’
have been described, making easier the study of this isoform in physiological processes

and disease.

In light of the crucial role of sphingolipids in physiological processes and in
different kind of diseases, it comes out how the introduction of new chemical tolls might be
helpful for further investigation in this field. In particular the study and the modulation of
the enzymes that regulate the biological balance between bioactive molecules is a
promising strategy to deeply understand the involvement of SLs in different

physiophatological processes and to find new therapies.
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3. Natural sphingolipids

SLs are present not only in mammals but also in other organisms, both from the

prokaryote and the eukaryote kingdoms?®®

. The multiplicity of biosynthetic pathways
implicated in the different organisms is responsible for the structural diversity found
among the natural sphingoid bases, as reported by Pruett et al.?®® The variety of this
natural occurring molecules represents a remarkable source of lead compounds for the
design of synthetic analogues with therapeutic applications. Alternatively, they represent

pharmacological tools suitable for basic biomedical research.

3.1. Sphingolipid metabolism inhibitors

Among eukaryotes, fungi represent a wide source or mycotoxines and other
metabolites that exhibit a variety of biological activities®°. Particularly fungal sphingolipid
analogues might alter sphingolipid metabolism by inhibiting key enzymes of the metabolic
pathway.

This is the case of SPT inhibitors such as sphingofungins, lipoxamycin, and the
most used compound myriocin. These metabolites are assumed to be substrates of the
target enzyme, giving rise to aberrant forms of a transient intermediate of SPT reaction.
Moreover they were shown to inhibit fungal and mammalian enzyme in cell-free

291

preparations with ICso values in the nanomolar range“”*. In addition, viridiofungins are

potent inhibitors of mammalian SPT, however they also inhibit squalene synthase®®?.

293

Structural modification of myriocin, that has also immunosuppressant properties“”>, gave

rise to FTY720. This compound has been recently approved for the treatment of multiple

“ and it is also being studied as anticancer agent for its properties as SK

sclerosis?®®
inhibitor?®®>. Moreover it has been recently reported as a S1PL inhibitor?®®,

Fumonisins are a family of fungal toxins that share structural similarity with the
sphingoid base and were shown to inhibit CerS'®2!%>, Among them FB1 is the compound of
election used for the investigation of CerS inhibition. The characterization of FB1 and the
biological effects related to CerS inhibition have been already treated in paragraph 2.2.1.5,
together with other fungal metabolites that also inhibit CerS.

Other examples of SL metabolism inhibition by fungal metabolites are given by
scyphostatin and manumycin A. Scyphostatin exhibited a potent, reversible?®’, and
selective inhibitory activity against nSMase in a rat brain microsome assay?®®. Synthetic

analogues of scyphostatin have been developed looking for more potent nSMase inhibitors.
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Among them, a series of N-acyl scyphostatin analogues, were shown to be irreversible
inhibitors of nSMase?®’. Manumycin A is structurally related to scyphostatin, it is an
irreversible inhibitor of nSMase with an affinity to the enzyme comparable to the natural
substrate sphingomyelin. Some synthetic manumycin A analogues were shown to be
irreversible inhibitors. Manumycin A has been shown to have antitumor activity. However,
manumycin A has been shown to have Ras farnesyltransferase- and interleukin-1-
converting enzyme inhibitory activities?*®>. Manumycin A is currently used in cancer
research, but its activity is mainly attributed to Ras farnesyltransferase inhibition.

The reported examples point out the importance of natural molecules that
because of their similarity with natural SLs, they might alter the enzymatic activities and
consequently the balance between bioactive molecules. Moreover they represent scaffolds
for the synthesis of new molecules, aimed to improve pharmacological properties and
effects of the original compounds.

3.2. Sphingolipids analogues from marine organisms: Jaspine B

Jaspine B (pachastrissamine) is a natural anhydrous derivative of
phytosphingosine resulting from the cyclodehydration between C1 and C4 hydroxyl groups
of the sphingoid backbone (Figure 3.1). It was first isolated by Kuroda et al. from marine
sponge Pachastrissa sp. in 20023% and subsequently isolated from the sponge Jaspis sp.,
together with an analogue called Jaspine A (Figure 3.1) by Ledroit et al. in 20033, Early
study on cell viability reported that JB was cytotoxic in different cancer cell lines, such as
P388, MEL28, A549, HT29 and HelLa%3%2,

O
qCMHzg qCMHzg

HN\/O HoN OH

Jaspine A Jaspine B

Figure 3.1: Natural Jaspines
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Because of its intriguing biological activity, JB has been an interesting target for
chemical synthesis through different synthetic routes as reported by Kwon et al.>%,
Moreover JB analogues were produced by the modification of the heterocycle®*3% or by
changing the aliphatic chain®%; however these changes did not strongly improved JB
cytotoxicity.

The first study that more deeply investigated JB biological effects revealed that
cytotoxicity in murine B16 and human SK-Mel28 melanoma cells was related to
interference with SL metabolism via typical apoptosis, release of cytochrome c and
caspase processing associated with increased Cer levels. In particular SMS was proposed
as the putative target for JB to account for the observed effects in B16 melanoma cells3?7,
Other biological effects were reported for structural analogues and isomers of the natural
sphingolipid. For instance a series of five strerecisomers of “aza analogues” of Jaspine B
(“aza-Jaspine B”) (Figure 3.2, upper panel) also displayed cytotoxicity against various
melanoma cells with potencies comparable to that of Jaspine B. Some of them impaired
the conversion of Cer into SM in B16 cells, in agreement with the effects observed for the
natural JB%®. The investigation of the molecular mechanism that trigger apoptosis in
melanoma cancer cells suggested that inhibition of ERK is involved3®.

In a research on diastereomeric JB at C2 and C3 position carried out in our group,
JB with the natural configuration and three stereoisomers named 2,3-epi, 2-epi and 3-epi
JB were synthesized (Figure 3.2, lower panel). Jaspine B was the most cytotoxic
molecule, whereas the other compounds were about 10-20 times less toxic. Moreover JB
showed increased levels of dhCer and cytotoxicity decreased in presence of the autophagy
inhibitor 3-methyladenine, suggesting the involvement of the dhCer-mediated autophagy
in JB induced cytotoxicity®'°, The above four molecules together with their enantiomeric
analogues (Figure 3.2, ent-isomers) exhibited moderate to potent inhibitory activity
against SK1 and SK2. Moreover atypical PKCs were inhibited by several pachastrissamine
stereoisomers®*,

Two series of 1,2,3-triazole-Jaspine B hybrids with different side chain length
(Figure 3.2, upper panel) were synthesized and tested for cytotoxicity in MGC-803, MCF-
7 and EC-9706 cells: compounds with alkyl chain between C14 and C18 generally showed
elevated cytototoxiciy. Moreover investigation of apoptosis and cell cycle analysis
demonstrated that one of the most cytotoxic compounds caused early and late apoptosis
and arrested the cell cycle at G2/M phase in a concentration- and time-independent
manner’'?,

Recently the cytotoxicity and SK inhibition properties of a series of carbocyclic JB-

analogues with different alkyl-chain length have been reported (Figure 3.2, upper panel),
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showing that both shorter and longer analogues were less effective than the analogue with

the same chain length of natural JB. These results pointed out that the ring oxygen atom

of pachastrissamine is dispensable, but the appropriate chain length is apparently required

to retain its biological properties33,

Due to its bioactivity and cytotoxicity in different cell lines JB represents a

promising molecule in drug discovery and a valuable pharmacological tools to better

understand the molecular basis of cellular alterations connected to cancer disease.
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4. Cell death mechanisms

Cell death represents an homeostatic mechanism in cell physiology; however
dysregulated cell death is a common feature of many human diseases, including cancer,
stroke and neurodegeneration, and modulation of this cellular response has proved to be
an effective therapeutic strategy®'®. Apoptosis and necrosis represents the two classical
forms of cell death; autophagy, although more recently described, is also well
characterized at molecular level. Moreover new findings pointed out the intricate interplay
between these processes focusing on the relevance and impact of this crosstalk in normal

development and in pathology>**

. A variety of new cell death mechanisms have been
reported in the last years, by observing phenotypic features as well as by applying
biochemical methods to find pathways that are activated in different cell death conditions.
In this section a general overview of different cell death mechanisms is reported, with

special attention for apoptosis, autophagy and methuosis.

4.1. Apoptosis and caspase-independent cell death

Apoptosis is a well known mechanism of programmed cell death (PCD) that is
usually activated during development and aging as a homeostatic mechanism to maintain
cell populations in tissues. Apoptosis also occurs as a defence mechanism such as in
immune reactions or in case of cell damage by disease or toxic agents®®, Alterations or
defiance against these natural death mechanisms can lead to diseases such as diabetes
mellitus, neurodegenerative diseases and cancer. In this regard, cancer cells often present
defective apoptotic machinery that confer survival advantage. For instance upregulation of
anti-apoptotic family of proteins, such as Bcl-2, Bcl-X,. and Mcl-1 has been often observed
in cancer cells. In addition activation of pro-survival paths, like PI3K-Akt pathway, further
help to resist death triggers. Suppression of pro-apoptotic proteins, such as Bax also
contributes to resistance against apoptosis-inducing therapeutic regimens. Thus,
improving therapeutic efficacy and selectivity and overcoming drug resistance are the
major goals in developing anti cancer agents today>'®.

Characterizing features of this mechanism are cell shrinkage (pyknosis),
chromatin condensation, degradation of DNA by endogenous DNases, nuclear
fragmentation and formation of apoptotic bodies. They consist of cytoplasm with tightly

packed organelles with or without a nuclear fragments®'’. These bodies are subsequently
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phagocytized by macrophages and degraded within phagolysosomes®®, thus avoiding
inflammation process.

Apoptosis may be triggered either by extrinsic stimuli through cell surface death
receptors, such as TNFa, Fas (CD95/APO1) and TRAIL receptors or by intrinsic stimuli,
such as Ca®* overload and overgeneration of reactive oxygen species (ROS), via the
mitochondrial  signalling pathway, characterized by mitochondrial membrane
permeabilization (Figure 4.1). In either case, activation of cysteine aspartyl proteases,
called caspases is a key event of this process.

In the extrinsic pathway the death-inducing sopramolecular complex (DISC)
regulates the activation of caspase 8, while in the mitochondrial pathway the apoptosome
activate caspase 9. Both pathways converge with the activation of caspase 3°!°, which
mediate (at least part of) the catabolic processes that characterize end-stage apoptosis.
Apoptotic events are highly regulated by Bcl-2 proteins family, including Bcl-X,, Bad and
Bim. The inhibitors of apoptosis (IAPs) is family of protein that regulate the caspase
cascade, and then, may influence both the intrinsic and extrinsic pathway. Another
fundamental regulator of apoptosis is p53, that has been shown to regulate apoptosis
either by activating expression of pro-apoptotic proteins, or in an trascription-independent
manner by interaction with anti apoptotic proteins*®.

Alternatively pro-apoptotic triggers that cause mitochondrial MMP, also engage
cell death even in the absence of caspase activity, producing the so called caspase-
independent cell death®?° (also known as caspase-independent apoptosis!®). Following
MMP, various intermembrane-space proteins are released into the cytoplasm causing
cellular alteration including DNA damage, progressive loss of respiratory chain function
and reduced mitochondrial membrane potential, ultimately leading to bioenergetic crisis

and cell death3%°.
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Figure 4.1: The extrinsic and intrinsic pathways of apoptosis. Apoptosis can result from
the activation of two biochemical cascades: the extrinsic (A) and intrinsic (B) pathways that
result in caspases activation. Mitochondrial membrane permeabilization (MMP) marks a point of
no return in the mitochondrial pathway by activating both caspase-dependent and caspase-
independent mechanisms that eventually execute cell death. Following MMP the mitochondrial
intermembrane space (IMS) protein cytochrome c (CYT C) is released into the cytosol and
interacts with the adaptor protein apoptotic peptidase activating factor 1 (APAF1) as well as with
procaspase 9 to form the apoptosome, with activation of caspase 3. Alteratively IMS proteins
activate caspase-independent effectors. One of the major links between extrinsic and
mitochondrial apoptosis is provided by the BCL-2 homology domain 3 (BH3)-only protein BID,
which can promote MMP following caspase 8-mediated cleavage. dATP, deoxyadenosine
triphosphate; tBID, truncated BID. Figure modified from Galluzzi et al., Nature Reviews
Neuroscience, (2009)%,
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4.2. Necrosis

In contrast to apoptosis, necrosis has been traditionally thought to be a
unregulated form of cell death. It is characterized by cytoplasmatic swelling (oncosis), and
cell membrane rupture, leading to release of the cellular components and inflammatory
tissue response®??, Cells that die by necrosis frequently exhibit changes in nuclear
morphology but not the organized chromatin condensation and fragmentation of DNA that
is characteristic of apoptotic cell death3?,

Recent genetic evidence, as well as the discovery of chemical inhibitors of

|n

necrosis, have greatly changed the idea of “accidental” cell death, and revealed the
existence of multiple pathways of regulated necrosis. Between them necroptosis, that
depends on protein RIPK1 and/or RIPK3 activity, is the most well characterized

mechanism?324,

4.3. Autophagy

The word autophagy, derived from the Greek word for “self-eating”, refers to the
catabolic processes through which the cell turns over its own constituents3?>,

In physiological conditions, autophagy has a homeostatic function. It proceeds at
basal levels, ensuring the continuous removal of dysfunctional or damaged entities,
including protein, organelles and/or their portions. Moreover, the autophagic flux can be
upregulated in response to a wide panel of stimuli, including nutritional, metabolic,
oxidative or pathogenic, representing an adaptive response to stress with cytoprotective

6

functions®?®. However, the activation of the autophagic machinery can also let to cell

death, as reported in different cellular models®?.

Autophagy also has a double-edged role in cancer. Defects of this pathway are
associated with susceptibility to metabolic stress, genomic damage, and tumorigenesis,
indicating a role for autophagy in tumour suppression®?®. On the other hand cancer cells
take advantage from autophagy to overcome stress conditions, such as poor blood supply
(specially in primary tumours) or limited nutrients conditions®?°. Moreover autophagy has
shown to be activated as response to different cancer treatment, representing a possible

risk for drug resistance3%,
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Figure 4.2: Autophagy. PI3K/Akt pathway or high levels of nutrients activate mTOR with
consequent inhibition of the autophagic machinery, while other stimuli (including Rapamycin)
can inhibit the protein, thus activating autophagy. The different steps of the autophagic pathway
are regulated by different proteins, including Atg proteins , Becnl (Beclinl) and PI3K (Vps34),
some of them with enzymatic activity (shown in green and yellow). After completing the
autophagosome formation, fusion with the lysosome originate the autolysosome where the
autophagic cargo is degraded and recycled back to the cytoplasm. Figure modified from Cheong
et al., Nature biotechnology (2012 )%

Autophagy is characterized by the formation of double-membrane vesicles called
autophagosomes, which sequester the cytoplasmic structures targeted for destruction
(Figure 4.2).

assemble at a specialized site that has been named the phagophore assembly site (PAS)

Following autophagy induction, the Atg (autophagy-related) proteins

and orchestrate fusion of Golgi-, endosome- and plasma-membrane-derived membranes

to form the phagophore®*. A characterizing event of the elongation of the phagophore is

the conjugation of phosphatidylethanolamine (PE) to the microtubule-associated protein 1
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light chain 3 (LC3; LC3-I indicate the soluble form of the protein), originating the lipidated
form LC3-II, which is incorporated into the autophagosome membrane®?, thus
representing an important marker of autophagy. Complete autophagosomes with
autophagic cargo, which recruitment involve proteins such as p62, subsequently fuse with
the lysosomes, originating autolysosomes, where the inner membrane and autolysosome
content are degraded by lysosomal enzymes®,

Autophagy is tightly regulated. The mammalian target of rapamycin (mTOR) is an
autophagy repressor and represent one of the most important check point for this process
(Figure 4.2). Upon different stimuli mTOR is inhibited with the activation of the
ULK/Atg13/FIP200 complex, triggering the initiation of the autophagic process. The class
III-PI3 kinase (Vps34)-Atgl4L-Becnl complex also regulates the autophagosome

formation3°,

4.4. Emerging mechanisms of non-apoptotic cell death: methuosis

In the last report of the Nomenclature Committee on Cell Death, emerging
mechanism of regulated cell death have been classified according to their biochemical
features, caspase dependence and use of pharmacological or genetic inhibition. Among
them several non-apoptotic mechanisms have been included, such as entosis,
characterized by the “cell-in cell” phenotype, netosis, that is restricted to granulocytic
cells, and parthanatos, that involve the DNA damage-responsive enzymes poly(ADP-
ribose) polymerases (PARPs)3'°, More recently Kornienko et al. added to this list other
forms of non-apoptotic cell death that have been reported after pharmacological
treatment, named methuosis, paraptosis, oncosis, and lysosomal membrane
permeabilization, pointing out the importance of alternative pathways in apoptosis-
resistant cancer treatment®3,

Methuosis is one of the most recently reported mechanism, described by
Overmeyer et al. in 2008%*, The name, which is derived from the Greek methuo (to drink
to intoxication), was selected because the most prominent attribute in cells undergoing
this form of cell death is the accumulation of large fluid-filled cytoplasmic vacuoles that
originate from macropinosomes (Figure 4.3). Features of methuosis, compared to other
forms of non-apoptotic cell death mechanism have been reported by the same group as
shown in Table 4.1.
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Table 4.1: Features of methuosis compared with other forms of non-apoptotic cell
death®

" 1]
3 v a @ § 5 2 55
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z w o <
Visible vacuoles; Yes; Yes Yes Yes No No No Yes
origin macropinosomes ER and ER and ER and autopha
and endosomes mitoch. mitoch. mitoch. gosome
Rupture of Yes Yes Yes Yes No Yes No Varies
plasma
membrane
Cell swelling Yes Yes Yes Yes No Yes No No
Membrane No Yes No No No No No No
blebbing
Chromatin No Yes No Yes Yes Yes Yes Yes
condensation (late)
DNA Varies No No No No Yes Yes Yes
fragmentation (late)
Activation of Yes No No No No No Yes Varies
executer
caspases (occurs
but not required)
Accumulation of Yes Yes Yes No No Yes
autophagosomes
Mitochondrial Yes Yes Yes No No Yes Varies
membrane
permeability
Lysosomal Yes No Yes No No Varies
membrane
permeability
ATP depletion Yes Yes Yes Yes Yes No Yes Varies
Inhibitors Glycine, Necrostatin Ferrostatin, Caspa PARP 3-MA,
PARP iron se-1- inh. si-RNA
inh. chelators inh. vs Atg-
5,
Beclin-1

@ From Matlese et a., Am. J. Pathol. (2014)%

Macropinocytosis is a clathrin-independent endocytic process by which
mammalian cells internalize extracellular fluid, nutrients and proteins in vesicles
(macropinosomes) generated from protrusion of the plasma membrane termed
lamellipodia or ruffles®®. After acquiring phosphatidylinositol-3-phosphate and the small
GTAase, Rab 5, macropinosomes enter the endocytic pathway, where they either recycle
back to the cell surface or mature to acquire characteristics of late endosomes (LAMP1 and
Rab7) and ultimately fuse with lysosome. However macropinocytic process is dysfunctional
in methuosis and micropinosomes do not recycle or fuse with lysosomes. Instead they
choalesce to form progressively larger vacuoles. As vesicles of increasing size fill the

cytoplasmic space, the cells detach from the support and lose membrane integrity in a
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manner reminiscent of necrosis. However no protection is afforded by necrostation,

distinguishing this form of cell death from necroptosis®*®
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Figure 4.3: A working model of methuosis: Nascent macropinosomes generated from
lamellipodial membrane projections enter the cell and coalesce to form large fluid-filled vacuoles.
The latter are unable to recycle like normal macropinosomes, but rapidly mature to form a stable
vacuole population with some characteristics of late endosomes (Rab7 and LAMP1). It remains to
be determined if the vacuoles have the capacity to disrupt protein trafficking in the clathrin-
dependent pathway or merge with early endosomes or late multivesicular endosomes. Although
there is good evidence that the macropinosome-derived vacuoles are distinct from
autophagosomes, it will be important to determine whether the accumulation of vacuoles or
associated changes in the metabolic state of the cell may have an impact on autophagy. A
central question for future study is how vacuolization of macropinosomes or late endosomes
leads to loss of membrane integrity and necrotic cell death. Contributing factors, which are not
mutually exclusive, could include compromised mitochondrial energy metabolism, mitochondrial
outer membrane permeability (MOMP), lysosomal membrane permeability (LMP), or ER stress.
AIF, apoptosis-inducing factor; Cyt ¢, cytochrome c. From Maltese et al, Am. J. Pathol. (2014)3%
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Vacuoles, that can be marked with an extracellular fluid tracer, neither originate from
swollen ER membranes or mitochondria, as is typically the case in paraptosis and oncosis,
nor share similar features with autophagosomes. Moreover, although LC3-II elevation was
detected during methuosis, immunofluorescence staining and genetic inhibition of
autophagy demonstrated that the two processes are independent®3*,

Features that are common to the execution program of apoptosis can be detected
in methuosis. These include activation of caspase-3 and cleavage of caspase substrates.
Nevertheless in methuosis loss of cell viability is not prevented by the broad spectrum
caspase inhibitor z-VAD and typical features of apoptosis such as cell shrinkage,
chromation condensation and plasma membrane blebbing are generally absent®3*,

After the initial identification of methuosis in glioblastoma cells after ectopic
expression of constitutively active Ras protein®**, further studies have identified the small
GTPases, Racl and Arf6, as key downstream components of the signaling pathway

underlying Ras-induced methuosis®*’; however this mechanism has not been confirmed in

a model of methuosis induced by a small molecule®®

. Moreover recent reports have
described pharmacological tools than can induce the features of methuosis in a broad
spectrum of cancer cells, including those that are resistant to conventional apoptosis-

339

inducing drugs, such as temozolomide-resistant glioma®*>” and doxorubicin-resistant breast

cancer®¥,

Although some morphological and molecular criteria that describe methuosis have
been delineated suggesting a working model of methuosis (Figure 4.3), further studies
are necessary to better understand the execution program and to answer open questions
related to this newly-introduced form of cell death. The identification of alternative
mechanisms of cell death, although not defined for their physiological importance, enclose
significant interest in the fields of toxicology and cancer therapy. Indeed, they represent
alternative mechanisms that cells use to die and provide new opportunities to manipulate
cell death in a therapeutic context, for instance to enable the killing of apoptosis-resistant

cancer cells.
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Objectives

The main objectives pursued for this work are:

I. To investigate the effects of the natural sphingolipid Jaspine B on the
sphingolipid metabolism and to shed light on its cytotoxic effect in HGC-
27 gastric cancer cells.

II. To study the inhibition of dihydroceramide desaturase activity by the
sphingosine kinase inhibitor SKI II and to evaluate the biological effects
related to its inhibitory activity.

I1I. To investigate the use of ceramide analogues as chemical tools for
ceramidases investigation:

i RBM14 coumarinic ceramide analogues as neutral and alkaline
ceramidases substrates.
ii. SABRAC and RBM1-12 as acid ceramidase inhibitors.
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Results and Discussion

5. Alterations of sphingolipid metabolism and cytotoxic effect of Jaspine B in

gastric cancer cells

The natural sphingolipid Jaspine B (JB) (Figure 5.1) is a cyclic anhydro
phytosphingosine that has cytotoxic properties in human and mouse cancer cell lines®®. 1B
was shown to induce apoptotic and autophagy-mediated cell death in melanoma cell line®®’

310 that were associated with alterations

and A549 human alveolar epithelial carcinoma cells
in sphingolipid metabolism.

Further studies were planned to investigate the effect of JB on the sphingolipid
content and metabolism as well as on the molecular mechanism that trigger cell death. For
this end JB and its stereoisomers 2-epi, 3-epi and 2,3-epi JB were synthesized by Dr. José
Luis Abad as previously described®?, together with two acylated forms of JB with C8- and
Cl6-fatty acid chains, and an azide (N3)-JB (Figure 5.1). Preliminary studies performed in
our group reported that the 2,3-epi-isomer showed a cytotoxicity similar to JB, while 2-epi
and 3-epi-isomers were slightly less cytotoxic. Acylated JB and Ns-JB did not show any
cytotoxicity. Since the reported modification did not improve the cytotoxic properties of
the molecule, most of the following studies were performed using the natural isomer of JB.

(0] O (0] (@]
= C1aH29 > C14H2g = C1aH29 Sy C1aH2g
4 43 a3
HN,  OH HN,  OH HN, OH HN, OH

Jaspine B 2-epi-Jaspine B 3-epi-Jaspine B 2,3-epi-Jaspine B
(28, 38, 4S) (2R, 38, 45) (2S, 3R, 45) (2R, 3R, 4S)
(0] (0] (0]
gc14H29 ng‘Hzg gCutHzg
N3 OH CsH;5 NH OH C15H3q NH OH
N;-Jaspine B \n/ \ﬂ/

o
Cg-Jaspine B

Figure 5.1: Structures of JB and its analogues.
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Results and Discussion

This section discusses the effects of JB on the sphingolipid metabolism and its
cytotoxic effects on the gastric cancer cells HGC-27. This cell line was chosen as a model
to investigate the molecular basis of JB cytotoxicity in-depth, in light of its potential in
autophagic response when SL metabolism is altered®®®. Moreover these cells present
341

genetic alterations that confer resistance to anticancer pharmacological treatments

making the finding of new anticancer treatments necessary.

5.1. Evaluation of JB cytotoxicity in a panel of cancer cells

First the effect of JB on cell viability was evaluated in different cancer cell lines
(Figure 5.2), showing cytotoxicity in a low micromolar range as reported in Table 5.1.

HGC-27 (16 h) HGC-27 (24 h)
Figure 5.2: Effect of JB on
® L SO = a0 3 .
2 [ 2 cancer cell viability. Cells
% § were incubated with different
> 5o 2 501 concentrations of JB or ethanol
8 8 (£0.25%) as a control for 16
. ; ! . . , . . . . . (HGC-27) or 24 hours (HGC-
-1.0 -0.5 0.0 0.5 1.0 1.5 -1.0 -0.5 0.0 0.5 1.0 15
109 J8 (M) 109 45 (M) 27, U87, T98, MDA-MB 231,
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Similar cytotoxicity was reported after 16 and 24 hours of treatment in HGC-27 cells. The
highest cytotoxicity was observed in MDA-MB 231 cells, while MDA-MB 468 cells treatment
gave a response that does not fit with the classical sigmoid model, thus LDsy was not
calculated.

Table 5.1 Jaspine B cytotoxicity in cancer cells?

Cell line Cancer Type LDso (HM)
HGC-27 (16 h) Human gastric carcinoma 8.0+0.5
HGC-27 (24 h) Human gastric carcinoma 7.3£0.7
T98 Human glioblastoma 4.5+2.0
us87z Human glioblastoma 3.2+0.9
MDA-MB 231 Human breast adenocarcinoma 2.1+0.2
MDA-MB 468 Human breast adenocarcinoma N.D.

@ LDso was calculated as mean of two to three experiments in triplicates £ SD. N.D.: not determined

5.2. Effect of JB on the sphingolipid metabolism

5.2.1. JB increases sphingoid bases levels and their phosphorylated forms

The effect of JB on the sphingolipid metabolism was evaluated in HGC-27 cells.
Previous experiments performed in our group showed the accumulation of dhCer after 10
hours of treatment in the same cell line. This was in agreement with data previously

310 which suggested a reduced Desl activity. This hypothesis was

reported in A549 cells
rejected after demonstrating by Des1 activity assays that JB does not inhibit this enzyme
neither in lysates nor in intact cells (Fabio Simbari, PhD Thesis).

In order to get a more detailed overview and to further investigate the effect of
JB in bioactive sphingolipid levels, the sphingolipidome was analyzed in a time course
study. For this end, cells were treated with JB at the concentration of 1 pM for 4, 8, 24 and
48 hours. Results from mass spectrometry analysis confirmed the increase in dhCer that
almost doubled its level for all the time points of the treatment. Increase in dhSM was also
detected after 24 and 48 hours of treatment. Triple-Quadrupole Mass Spectrometer
analysis showed that dhSo exhibited the highest increase 4 hours (about 130 fold over the
control) and 8 hours (about 220 fold over the control) after JB treatment. As a

consequence also its phosphorylated derivate dhSoP, that was undetectable in ethanol
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treated control samples, accumulated after 4, 8 and 24 hours of treatment. Sphingosine

and SoP also highly increased, mainly after 8 hours of treatment, but not as dramatically

as the corresponding unsaturated compounds. Conversely narrow changes were observed
in Cer levels, as well as in its metabolite SM (Figure 5.3).
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Figure 5.3: Effect of JB on HGC-27 sphingolipidome. HGC-27 cells were treated with 1 uM
of JB for 4, 8, 24 and 48 h or ethanol (0.1%) as a control. Lipids were extracted and analyzed by
UPLC/TOF and Triple Quadrupole Mass Spectrometer. Results are means + SD of a typical
experiment repeated three times in triplicates.
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5.2.2. JB is acylated

The metabolism of JB in gastric cell line was evaluated. Mass spectrometry
analysis of ceramides in JB treated samples revealed the presence of new peaks in the
chromatogram belonging to species that have the same molecular weight of ceramides
with different acyl-chain length, but different retention time. Since the natural sphingolipid
has the same molecular weight of sphingosine, it was hypothesized that these signals were
associated to acylated forms of JB. The most abundant acyl-JBs detected were C16-, C22-,
C24- and C24:1-species (Figure 5.4).
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Figure 5.4: Production of acylated JB: HGC-27 cells were treated with 1 uM of JB for 4, 8, 24
and 48 h. Lipids were extracted and analyzed by UPLC/TOF as detailed in Materials and Methods
section. Results are means £ SD of a typical experiment repeated three times in triplicates.

Altogether the lipidomic studies demonstrate that JB produces changes in the
sphingolipidome, mainly increased levels of the sphingoid bases So and, to a larger extent,
dhSo. Importantly, increased levels of SoP and dhSoP are reported as a consequence of
the sphingoid bases phosphorylation by SK. Moreover JB induces the formation of acyl-JBs,
mainly with long and very long acyl-chain length, probably due to the acylation of the
natural sphingolipid analogue by CerS. This result resembles the effect of FB1 that was
shown to be acylated by CerS**?, resulting in inhibition of CerS activity and accumulation

of long chain bases*. These experiments also confirm the slight accumulation of dhCer
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that was previously reported®'°. However the increase is in a very low range if compared

to the accumulation of dhSo and So.

5.2.3. The study of JB as CerS substrate and inhibitor

5.2.3.1. Preliminary studies with RBM2-40 substrate

To assess the ability of JB to inhibit CerS, a preliminary study using RBM2-40,
was performed. RBM2-40 is a wNs-sphinganine (wNsSa) described in our group®*®, which
can be metabolized to the N-acyl amides wNs-ceramide (wNsCer) and wNs-
dihydroceramide (wNsdhCer) and their phosphocholine derivatives w/N3-sphingomyelin
(wNsSM) and wNs-dihydrosphingomyelin (w/NsdhSM) (Figure 5.5 ).

®N3GlycodhSL
A
(oN3SaP) <> (oN5sa) 5 oNydnCer e oN,dhsM
Des1

CerS
(mN3SoP)<i(mN3SO)i> oNsCer SMSy  wN;SM

\]
®N3GlycoSL

Figure 5.5: RBM2-40 metabolism in the sphingolipid pathway. Modified from Garrido et.
al., Chembiochem (2015)3*3,

HCG-27 cells were incubated with RBM2-40 and its metabolism by the
sphingolipid pathway, in presence or absence of JB, was evaluated. Results from the mass
spectrometry analysis showed that RBM2-40 was metabolized by CerS, producing
wNsdhCer, acylated mainly with 14, 16, or 18 carbon atoms fatty acid chains. wNsdhSM
with C14- and C16- but also C22-, C24- and C24:1- fatty acid chains were found,
suggesting that long chain w/NsdhCers were produced from RBM2-40 acylation, and in turn
metabolized to wNsdhSMs. No appreciable levels of w/Ns;Cers were detected, however the
presence w/N3SMs suggests that w/Ns;Cers were produced and quickly converted to wNsSMs

by SMS, preventing its accumulation. Moreover the results clearly showed that C14- and
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C16-wNsdhCer decreased in presence of Jaspine B. Similarly the production of wNsdhSM
with C24- and C24:1- acyl chain and wNsSMs with C16-, C20-, C24- and C24:1- was
reduced by Jaspine B in comparison to the respective controls (Figure 5.6). This results

suggest that the natural sphingolipid alters RBM2-40 acylation, supporting the hypothesis
of CerS inhibition.
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Figure 5.6: JB decreases RBM2-40 acylation. HGC-27 cells were incubated with 5 pM of
RBM2-40, as CerS substrate, and 0.5 pM of Jaspine B (or ethanol as a control) for 10 hours.

Lipids were extracted and analyzed by UPLC/TOF. Results are the mean £ SD, n =3. (*, p<0.05,
t test).

5.2.3.2. Inhibition studies using a CerS fluorogenic activity assay

In order to confirm that JB inhibits CerS, a specific fluorogenic assay for the

determination of CerS activity'>> was performed in Prof. Anthony H. Futerman’s laboratory,
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(Department of Biological Chemistry, Weizmann Institute of Science) during a short stay of
4 months. The assay takes advantage of the use of NBD-sphinganine (NBD-Sa) as CerS
substrate instead of tritiated sphinganine or sphingosine used in other methods. Moreover
the lack of detergents in the assay preserves the activity of CerS, that as a membrane-
bound enzyme can be altered by detergents, as previously reported by Lahiri 344,

JB inhibition was checked in HEK293T cell lysates ectopicaly-expressing the
different isoforms of human CerS. The enzymes acylate the fluorogenic NBD-Sa with
different acyl chain lenght acyl-CoAs depending on the CerS specificity, producing
fluorescent labelled dihydroceramides that were quantified after TLC separation of lipid
extracts. In Table 5.2 the specific activity assay conditions for CerS isoforms, that were
established in previous experiments, are reported. Unfortunately CerS3 activity
measurements were not included, due to technical difficulties in ectopic expression of
CerS3.

In the first experiment the enzymatic assay was carried out with cell lysates
expressing CerS2. Lysates from cells transfected with the empty plasmid (pcDNA3) were
used as a negative control, while the well known inhibitor FB1 was used as a positive
control of CerS inhibition. Results showed that JB treatment resulted in up to 56%
reduction in CerS2 activity in comparison to the control. The inhibition achieved in
presence of FB1 confirmed that the reduction in CerS2 activity was due to a specific

inhibitory effect of JB and gave reliability for the following measurements (Figure 5.7).

Table 5.2: CerS fluorogenic assay conditions used for the different enzyme isoforms

Ceramide synthase pgr of protein Incubation time (min.) Acyl-CoA
CerS1 25 20 C18
CerS2 40 10 C22
CerS4 (C18 CoA) 30 20 C18
CerS4 (C20 CoA) 30 20 C20
CerS5 1 5 C16
CerS6 5 10 C16
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Figure 5.7: Effect of JB CerS2 overexpressing cells. Lysates coming from cells transfected
with the empty plasmid (pcDNA3) or CerS2 plasmid were previously incubated with ethanol as a
vehicle, JB 5 pM or FB1 1 pM for 5 minutes and then incubated for further 10 minutes after the
addition of NBD-Sa. Lipids were extracted and NBD-labelled dihydroceramides were separated by
TLC. In the upper panel the picture of the TLC showing the C22-dihydroceramide formed by
CerS2 is reported. Results are represented as mean £SD of one experiment with duplicates.

In the next experiment carried out on CerS6-expressing cell lysates, the inhibitory
effects of JB, and its stereoisomers, and C8-acylated and Cl6-acylated JBs, and Ns-JB
were tested. Results showed that JB is CerS6 inhibitor, causing 58% of inhibition
compared to the control. Among the stereocisomers, only 2-epi-JB exhibited a 25% of
inhibition over CerS6 compared to the control, while the other isomers and acylated JBs
gave no significant inhibition. As expected also N3-JB was not able to inhibit CerS (Figure
5.8).
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Figure 5.8: Effect of Jaspines on CerS6 over-expressing cells. Cell lysates were previously
incubated with the indicated compounds (5 pM) or ethanol as a control vehicle for 5 minutes and
the incubated for further 10 minutes after the addition of NBD-Sa. Lipids were extracted and
NBD-labelled dihydroceramides were separated by TLC. A typical example of TLC showing the
signals corresponding to the dhCer produced by CerS6 activity is reported in the bottom of the
figure. C12-NBD-dhCer was used as a standard. Results are represented as the mean = SD of
two experiments in duplicates. (*, p<0.05; *** p<0.001, t test).

These results prompt us to follow the investigation on CerS inhibition by using IB
as it gave the highest inhibitory effect on CerS6 activity. The inhibitory effect of JB was
then assessed in cell lysates ectopically-expressing CerS1, CerS2, CerS4 and CerS5. As
shown in Figure 5.9, JB inhibited NBD-Sa acylation catalyzed by the different CerS
isoforms tested. The percentage of inhibition was between 66% and 44% for all the

enzymes as resumed in Table 5.3.
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Figure 5.9: JB inhibits CerS. Different amount of protein were incubated for the indicated
times (Table 5.2) after 5 minutes of preincubation with 5 uM of Jaspine B (or ethanol as a
control). The assay starts when NBD-Sa is added and last for different incubation times. Lipids
were extracted and NBD-labelled dihydroceramides were separated by TLC. Results are
represented as mean £ SD of three experiments in duplicates*, p<0.05; **, p<0.01;***,
p<0.001, t test

Table 5.3: Ceramide synthase inhibition by JB?

CerS1 61 %
CerS2 44%
CerS4 (C18 Acyl-CoA) 66%
CerS4 (C20 Acyl-CoA) 48%
CerS5 47%
CerS6 60%

2CerS inhibition is expressed as percentage compared to the respective controls.

These results demonstrate that JB inhibits CerS activity. Although the lipidomic
results showed that JB acylated forms were mainly represented by C16, C22, C24 and
C24:1 species, suggesting a possible specific inhibition of the isoforms that produce long
and very long chain Cer, this hypothesis was not confirmed in this assay. In fact for all the
tested CerS isoforms, JB showed around 50% inhibition to all CerS isoforms, without any
specificity for one or more specific enzyme. The accumulation of C16, C22, C24 and C24:1
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acyl-JBs as the most abundant species is probably related to the abundance of the CerS
isoforms that characterize HGC-27 gastric cancer cell line. This is also in agreement with
the Cer content in untreated cells, that show the same composition in the acyl chain length
of Cer (not shown).

Despite CerS3 was not included in the activity experiments because of problems
in the protein ectopic-expression we expect to get a similar result as in CerS2. As both
CerS2 and CerS3 synthesize very-long chain Cer with C22 and C24 acyl-chain length, it is
reliable to assume that CerS3 would be inhibited similarly to CerS2.

Studies carried out by using JB stereoisomers, and C8-acylated and C16-acylated
JB, and Ns-JB on CerS6 showed that 2-epi JB, characterized by S configuration in C3 as
the natural JB, is the only isoform that can inhibit CerS activity but with a lower inhibition
rate compared to the natural isomer (JB), while no effects were detected with the other
molecules. These results suggest that the configuration of the carbon atoms of JB
heterocycle might be relevant for CerS inhibition. Moreover the acylation of the natural
sphingolipid represented an obstacle for its inhibitory activity, indicating the importance of
a free amino group in carbon 4. The lack of inhibition of Ns-JB confirmed this evidence.

5.2.3.3. Jaspine B is a substrate of CerS

Based on the results obtained in the inhibition experiments, we next examined
whether the inhibition of CerS was due to the direct acylation of JB by CerS. To verify this
hypothesis, radioactive-based assays of CerS activity were performed as a part of the
studies carried out in collaboration with Prof. Futerman in the Weizmann Institute of
Science.

For this end cell lysates from HEK293T cells ectopically-expressing CerS5 were
incubated with equimolar amounts of dihydrosphingosine or JB as substrates in presence
of radioactive labelled acyl-CoA. Results showed that CerS5 acylated up to 50% of JB
compared to the acylation of the natural substrate dihydrosphingosine (Figure 5.10, A).
Moreover the addition of 1 uM of FB1 reduced the formation of acyl-JB confirming that

CerS is responsible for the direct acylation of the natural sphingolipid (Figure 5.10, B).
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Figure 5.10: JB is acylated by CerS5. A. Lysates (50 pgr) from HGC-27 cells transfected with
the empty plasmid (pcDNA3) or CerS5 were incubated with dhSo (15 pM) or JB (15 uM) and
radioactive labelled C16-acyl CoA for 20 minutes. Lipids were extracted, separated by TLC and
susbtrates acylation was determined as detailed in Material and Methods. Results are means +
SD of a typical experiment repeated two times in duplicates. B. Lysates (50 ugr) from HGC-27
cells overexpressing CerS5 were incubated with dhSo (15 pM), JB (15 pM) or IJB (15 pM)
together with FB1 (1uM) for two hours. Lipids were extracted, separated by TLC and substrates
acylation was determined as detailed in Material and Methods. Results are means £ SD of one
experiment in duplicates.

These results demonstrate that JB is directly acylated by CerS, and this results in
the inhibition of CerS enzymatic activity. The reported acylation rate (around 50%
compared to dhSo) is in agreement with the results obtained in the activity determination,
where JB gave an inhibition between 44% and 66% for all the CerS isoforms. This result
also confirms the presence of acyl-JB in the sphingolipidome of intact cells treated with the
natural sphingolipid analogue (Figure 5.4). Nevertheless the accumulation in the same
cells of dhCer remains a discrepant evidence, as it was already demonstrated that JB does
not inhibit dihydroceramide desaturase activity neither in lysates nor in intact cells (Fabio
Simbari, PhD Thesis).
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In light of these results it is clear that CerS is inhibited by JB with the formation of
acyl-JB coming from the direct acylation of the natural sphingolipid. On the other hand JB
isomers have little (2-epi) or no effect (3 epi and 2,3-epi) on CerS activity. Nevertheless, it
is known from previous studies in our laboratory (not published) that all the Jaspine
isomers have similar cytotoxicity in intact cells. These findings suggest that there is no
direct connection between JB acylation and its cytotoxic effect. The lack of effect on cell
viability of C8-acyl and C16-acyl JB also confirms this hypothesis.

The acylation experiment in presence of FB1 confirmed that JB is used by CerS5
as substrate. The acylation was checked also in CerS6 and CerS4, but the radioactive
quantification was not carried out. Nevertheless the image of the radioactive TLC plates of
CerS4 and CerS6 gave a positive signal when JB was used a s a substrate, showing that
also these CerS isoforms use JB as substrate. In light of these results it is likely that the JB
inhibition of CerS activity for all the CerS isoforms is derived through the same

mechanism.

5.2.4. JB does not inhibit ceramidases activity

Sphingolipidomic analysis has shown a bulk accumulation of dhSo in intact cells
after JB treatment, that is in agreement with the inhibition of CerS. However the detection
of doubled levels of dhCer for both short and long times of treatment suggested an
additional effect of JB on the sphingolipid enzymatic activity. Since it was already proved
that JB does not inhibit Des1, the increase in dhCer levels indicated a possible inhibition of
ceramidases.

To assess this hypothesis, ceramidase enzymatic activity in presence of JB was
determined by using a fluorimetric assay that was described by our group that employs a

synthetic ceramide analogue®**.

Estimation of inhibition of ceramidase activity in intact
cells was carried out using analogues of the indicated substrate that differ by the fatty acid
chain length, namely RBM14C10, C12, C14 and C16%*° (see Chapter 7, Figure 7.1, B).
Results showed that JB produced around 40% of inhibition in CDase activity compared to
the control when RBM14C10 and C14 were used as a substrate; the inhibition rate

increased to 80% in presence of the C12 substrate (Figure 5.11, A).
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Figure 5.11: Ceramidase inhibition by JB. A. HGC-27 intact cells were incubated with
Jaspine B 1 uM (or 0.1% of ethanol as a vehicle) for 3 hours and then with RBM14 substrates
(40 pM) for additional 3 hours. B. Cell lysates (20 mg/ml) were incubated with Jaspine B (1 uM)
or ethanol as a control for 3 hours in presence of RBM14C12 (40 uM) as a substrate in acetate
buffer 100 mM, pH 4.5 or of phosphate buffer 100 nM, pH 7.4. Ceramidase activity was assessed
as described in Material and Methods section. Results are mean += SD of three different
experiments in triplicates (* p < 0.05; *** p < 0.001, t-test)

The correlation between acyl-chain length and ceramidase specificity for the
substrates is still an opened issue of investigation in our group. It was reported that
RBM14C12 is a better substrate for acid ceramidase®?®. Nevertheless the investigation of
RBM14s as neutral and alkaline ceramidases substrates has shown that RBM14C12 is
highly hydrolysed by neutral ceramidase, while lower hydrolysis has been observed for
alkaline ceramidases (see Chapter 7, paragraphs 7.1.1 and 7.1.2). This considerations
prompt us to speculate that the reduction in ceramidase activity in presence of RBM14C12
was mainly due to the inhibition of acid ceramidase or neutral ceramidase by JB. To
investigate this hypothesis ceramidase enzymatic assay was carried out in cell lysates by
using appropriate pH conditions for both neutral and acid ceramidases. Results showed
that JB was not able to decrease neither the acid ceramidase activity nor the neutral

ceramidase activity compared to the control (Figure 5.11, B).
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All together these results show that JB does not inhibit ceramidase activity.
Although the enzymatic activity in presence of the natural sphingolipid in intact cells was
altered suggesting a possible involvement of acid on neutral ceramidase, the activity assay
in cell lysates revealed that this was a non-specific effect. A possible explanation is related
to the structure of JB that as an ammine can easily go to lysosomes, penetrating the
membrane as non-ionized weak base and get trapped inside when it becomes
protonated®*. The resulting high intra-organelle molecule concentration causes an influx of
water to maintain osmotic balance, decreasing the internal pH. Since acid ceramidase
activity is localized in lysosomes and its function depends on the pH, it might be that the
decrease in ceramidase activity is connected to an altered function of the lysosomes.
Similarly, the high amounts of dihydrosphingosine produced after JB treatment might also
accumulate in this organelle causing the same effect.

As a conclusion of the studies on the effect of JB on sphingolipid content and
enzymatic activity, we observe that JB is a CerS inhibitor and substrate, while it does not
change ceramidases activity. The alterations in the sphingolipid content consist in the
increase of dhSo and So and their phosphorylated forms, and in the formation of acyl-JB
as a consequence of the effect on CerS activity (Figure 5.12). The slight accumulation of
dhCer, although not expected, is not a completely unknown phenomena when CerS is
inhibited. It was already reported that the sphingosine analogue FTY720 while showing
CersS inhibition in cell lysates also determined accumulation of ceramide in intact cells®3,
probably because of the mode of inhibition of CerS activity. Even though the kinetics of 1B
inhibition have not been described, we hypothesise that the bulk accumulation of dhSo is
the driving force for dhCer synthesis. Since CerS inhibition is not completely blocked by JB
and dhSo is one of the substrates of CerS and it competes with the natural substrate, it is
likely that after a critical point dhSo is so elevated that it is in part acylated to dhCer,
overcoming CerS inhibition partially. However further studies are needed to confirm this

hypothesis.
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Figure 5.12: Effect of JB on the enzymes of the SLs metabolic pathway. In red the
inhibition of CerS by JB is indicated. In the blue the principal molecules that are involved SL
metabolism alteration is reported. Red arrows indicate increase of SLs level.
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5.3. Investigation of JB induced cell death

5.3.1. JB induces cytoplasmic cell vacuolization

In order to investigate the cell death mechanism activated by Jaspine B
treatment, cells were characterized by phase contrast microscopy. Cells that were treated
with JB were characterized by the accumulation of phase-lucent cytoplasmic vacuoles, that
increased their size and number in a dose dependent manner (Figure 5.13, A-D). When
cells were treated with 5 pM of JB, vacuoles were visible after 4 hours of treatment and
increased their size in a time dependent manner. Lower concentration of JB (1 uM) needed
up to 16 hours to show vacuole formation. Higher concentration of JB (12 uM) induced the
formation of round shaped cells 1 hour after the treatment, making the observation of
intracellular vacuoles formation difficult, and leading to cell detachment (not shown).

Figure 5.13: JB induces cell vacuolization in HGC-27 cells. Cells were treated with ethanol
(A) as a control or Jaspine B 1 p (B), 3 uM (C) and 5 uM (D). Phase-contrast images were taken
after 24 hour of incubation. Images are representative of the phenotype observed in different
experiments. Scale bar: 50 pm.

Cytoplasmic vacuolization induced after JB treatment was further analysed by
transfer electron microscopy (TEM). TEM analysis revealed that the vesicles are multiple-

size, low electron-dense areas that occupy broad cytoplasmic sections. Moreover higher
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image magnification showed that in contrast to cytoplasmic alteration, cellular nucleus

were intact, presenting similar features to the untreated sample (Figure 5.14).

Figure 5.14: TEM analysis of JB induced cell vacuolization. HGC-27 cells were treated with
ethanol as vehicle (A) or JB 5 pM (B) during 16 hours. After fixation, cells were analyzed by
TEM. B and C are higher magnification of the selected areas of images A and B. The experiment
was run in triplicate; images are representative of the observed phenotypes.

In order to check if JB induces the same phenotype in other cancer cell lines,
A549, T98 and U87 cells were treated with 5 pM JB and then were analyzed after different
times of incubation by phase contrast microscopy. This analysis showed that cell
vacuolization was produced in all cell lines short time after the incubation with 5 yM JB
(Figure 5.15), which lead to cell death and detachment. Interestingly, JB treatment up to
24 hours lead to variable phenotypes in the different cell lines (not shown).

The role of SLs in cell membrane structure and properties, as well as their
involvement in different signaling pathways' prompt us to investigate the connection
between alteration of sphingolipid metabolism by JB with JB-induced cytotoxicity and cell
vacuolization.
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Figure 5.15: IJB induces cell vacuolization in a panel of cancer cells. U87, T98, and A549
cells were incubated with JB 5 pM or ethanol as a vehicle. Phase contrast images were taken
after 4 hours (U87), 6 hours (T98) and 8 hours (A549). Images are representative of the cell
phenotype observed in two different experiments for each cell line. Scale bar: 50 pm.

For this end, cells were treated with myriocin (Myr), the de novo inhibitor of SLs
synthesis, to counteract the accumulation of sphingoid bases and dhCer. First a
sphingolipidomic analysis was carried out after culturing cells with Myr for 8 hours and
then adding JB for additional 16 hours. As shown in Figure 5.16, A Myr caused a
decrease in the amounts of dhCer and its metabolite dhSM; the effect was more evident
when the accumulation of dhCer and dhSM induced by JB significantly dropped in presence
of Myr. DhSo and dhSoP were undetectable in both control and Myr treated samples
because of their low levels. Conversely, dhSo and dhSoP accumulated after JB treatment,
and their levels were strongly reduced when JB was combined with Myr. These results
confirmed that the use of Myr, alone or in combination with the natural sphingolipid
analogue JB cause a blockage in the de novo synthesis. However changes in the
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sphingolipidome were not paralleled by differences in JB cytotoxicity (Figure 5.16, B) or
in cytoplasmic vacuolization (Figure 5.16, C), suggesting that SLs de novo synthesis is
probably not involved in these processes.
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Figure 5.16: Myriocin blocks SL de novo synthesis without altering JB cytotoxicity: A,C.
HGC-27 cells were cultured with 0,1 uM of myriocin (Myr) or ethanol as vehicle during 8 hours
and then incubated with JB 3 uM during 16 hours. Phase contrast pictures were taken before cell
collection. €. Images are representative of the phenotype observed in two independent
experiments in triplicates. Scale bar: 50 uM. A. Cells were collected, and sphingolipids were
analysed as described in Materials and Methods. Results are means £ SD of a typical experiment
repeated two times in triplicates. B. HGC-27 cell were treated with 0,1 uM of Myr (or EtOH as
vehicle) and then incubated with different concentrations of JB for 16 hours. Cell viability was
determined by MTT test. Results are means £+ SD of two experiments in triplicates.
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5.3.2. Apoptosis is not activated by JB

The formation of cytoplasmic vacuoles is a feature shared by different forms of
cell death that are collectively known as non-apoptotic cell death mechanisms. We
therefore checked if JB induced cell death is a non-apoptotic cell death. JB cytotoxicity was
evaluated in presence of the pan-caspase inhibitor z-VAD, showing no changes in cell
viability (Figure 5.17, B).
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Figure 5.17: JB cause non apoptotic cell death in HGC-27 cells. A. Cells were incubated
with the indicated concentrations of JB or dhSo 12 yM (or ethanol 0.1% as a control) for 16
hours in presence of 20 yM of z-VAD (or DMSO 0.2% as a control). Cells were stained with
Annexin V/PI and fluorescence was analyzed by flow cytometry. Percentages of cell populations
stained with AV, PI or both are reported in the histogram. Data are the representative of tree
experiments that gave similar results. B. Cells were treated with the indicated concentrations of
Jaspine B for 16 hours in presence of 20 uM of z-VAD (or DMSO as a control). Cell viability was
assessed by MTT assay. Data are expressed as percentage of cell viability over control (n=2). C.
Phase-contrast images of cells incubated with Jaspine B 5 uM or ethanol as a vehicle for 16 h in
presence of z-VAD 20 uM (+z-VAD) or DMSO as a vehicle (-z-VAD). Images are representative
of the phenotype observed in three independent experiments. Scale bar: 50 uM.
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With the same aim cells treated with different concentration of JB were analyzed by flow
cytometry after double labeling with annexin-V (AV), that stains apoptotic cells, and
propidium iodide (PI) that is not permeable to live cells and bind DNA. Results showed that
AV-positive cells presence was not increased upon treatment with 5 uM of JB (2% of AV
positive cells) over the control (3% of AV positive cells). The same was observed also
when HGC-27 were treated with 12 uM of JB (4% of AV positive cells). On the contrary, a
built up of AV and PI double positive cells was observed while increasing JB concentration.
Moreover cells treated with the pro-apoptotic molecule dhSo (that showed a LDsg of 12 uM
after 16 hours treatment in HGC-27 cells, not shown) resulted in around 20% of cells
positive for AV (Figure 5.17, A).

These results showed that dhSo induced apoptotic cell death, while almost no
signs of apoptosis were detected in presence of JB. The pan-caspase inhibitor z-VAD did
not change the AV/PI staining obtained for JB treatment, confirming that apoptosis is not
involved in JB-induced cell death. Remarkably, the addition of z-VAD to dhSo treated cells
did not rescue cells from dhSo induced apoptosis, suggesting that the sphingoid base
probably activates a caspase-independent apoptotic mechanism in this cell line (Figure
5.17, A). In addition phase contrast microscope analysis showed that z-VAD did not
prevent cytoplasmic vacuolization, confirming that this is not an apoptotic phenotype
(Figure 5.17, C).

Apoptosis and necrosis give a characteristic pattern of DNA degradation: in
apoptosis DNA is enzymatically cut in fragments that are visible in agarose gel as defined
bands, while during necrosis DNA is highly degraded and it appears as a smear in the
agarose gel®*®. To further confirm that apoptosis was not involved in JB cell death, DNA
pattern was analyzed. The electrophoresis results showed that JB did not produce neither

DNA laddering nor smearing, finding out that DNA content is not degraded (Figure 5.18).
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Figure 5.18: JB does not induce DNA degradation.
HGC-27 cells were treated with, JB 5 pM or 12 uM or
ethanol (0.12%) as a control for 16 hours. After
extraction, DNA was run on agarose gel containing SYBR
green. 100 Kb DNA standard was used as a marker.
Image represent a typical experiment repeated two times
that give similar results.
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All together this findings suggest that caspase-dependent apoptosis is not
involved in JB induced cell death and that cytoplasmic vacuolization is not related to this
process. Although AV/PI staining might give an indication for apoptotic or necrotic cell
death, DNA analysis showed that even though the cells were permeable to PI, a necrotic
mechanism is not activated.

Moreover HGC-27 cells showed to be resistant to caspase-dependent apoptosis
even upon treatment with the apoptosis inducer dhSo. It has been extensively reported
that many cancers harbor mutations in genes that are essential to promote apoptotic cell
death, between them PTEN and p533%. HGC-27 cells are characterized by mutated
PI3KCA3*® with high level of AKT activity and Akt phosphorylation; moreover they show

341

very low levels of PTEN expression®*'. Since activation of Akt has been suggested to

associate with chemoresistance3*°

, it is not surprising that HGC-27 cells respond with
mechanism that differs from the caspase-dependent apoptotic cell death. Alternative
mechanisms that can execute programmed cell death involve several cellular organelles,

including mitochondria, ER and lysosomes3%?

. For instance the latter strategy has been
reported by Ullio et al., describing sphingosine as an inducer of lysosomal membrane

permeabilization and responsible for apoptotic-like cell death in hepatoma cells®.

5.3.3. JB causes autophagy-independent LC3-1I elevation

Autophagic cell death, one of the most widely studied alternatives to apoptosis, is
characterized by the formation of small vesicles called autophagosomes and
autolysosomes®*°. Autophagy can be activated to trigger cell death or as a protective
mechanism to overcome stressful conditions in cancer cells®®. The activation of the
autophagic machinery after treatment with JB was investigated. For this end the
autophagic marker LC3-II was quantified to confirm the activation of autophagy. Results
showed increase of LC3-II levels in JB treated samples over the control, that was
enhanced by protease inhibitors (Figure 5.19).

3132 e

Since SLs such as dhCer and S1P are involved in autophagy regulation
wondered if increased levels of LC3-II were related to the alteration of the SLs metabolism
induced by JB. To check this hypothesis, cells were treated with JB in presence or absence
of myriocin that was already shown to reduce dhCer, dhSM, dhSo and dhSoP levels
(Figure 5.16, A) and LC3-II levels were determined by immunoblotting. Myriocin
treatment resulted in the reduction of JB induced LC3-II levels. Nevertheless, also the

levels of basal autophagy decreased with myriocin, suggesting that the inhibition of the
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Figure 5.19: JB induces LC3-1II accumulation. HGC-27 cells were treated with JB 1 puM for 1
hour in presence or absence of protease inhibitors (Pr.In.: Pepstatin-A 5 pgr/ml and E64-d 10
ugr/ml) that were preincubated during 2 hours. LC3-I and LC3-II level were detected by western
blot form cell lysates. Bands intensity was determined by densitometry analysis using LI-COR
Image Studio Lite Software. LC3-II levels were normalized with B-actin as a loading control.
Reported results are an example of three different experiments that gave similar results.
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Figure 5.20: Effect of myriocin on LC3-II production. HGC-27 cells were treated with
myriocin (Myr) 0.1 pM or ethanol as vehicle for 8 h and then with JB 1uM for 16 h. In the
indicated cases (Pr. In.) a pre-treatment with protease inhibitors (E64d 10 ugr/ml, Pepstatin A 5
ugr/ml) was supplied 2 h before myr treatment. LC3-I and LC3-II were detected by western blot
as autophagic markers in cell lysates. Bands intensity was determined by densitometry analysis
using LI-COR Image Studio Lite Software. LC3-II levels were normalized with B-actin as a
loading control. Data are representative of two separated experiments that gave similar
results.
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synthesis de novo of sphingolipids has the same effect on LC3-II levels also in basal
conditions (Figure 5.20). Increased levels of LC3-II in presence of protease inhibitors
show that LC3-II accumulation is not due to altered protein degradation and accumulation.

The activation of autophagy by JB treatment was further investigated by using the
autophagy inhibitor wortmannin (Wt), a class III PI3K inhibitor®3 that actuates at the
beginning of the autophagic process. First cell viability was evaluated after JB treatment in
presence of Wt, showing that 100 nM Wt had no effect on JB cytotoxicity, while 500 nM Wt
decreased cell viability, with a LDsy of 4.2 yM compared to 9.3 pM given by JB alone
(Figure 5.21).

e UB
1501 o Js+wtioonm  Figure 5.21: Wortmannin increase JB

T A JB+W1t500 nM cytotoxicity. Cells were treated with different

concentrations of JB for 16 hours after a

preincubation of 1 hour with wortmannin (Wt)

100 nM or 500 nM or DMSO as a vehicle. Cell

50 viability was assessed by MTT assay. Data are

expressed as percentage of cell viability over

control and are representative of three

10 05 00 05 10 15 independent experiment that gave similar
log JB (uM) results.
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In order to confirm that the increased cell death caused by Wt was due to the
inhibition of autophagy, LC3-II was quantified in cells treated with JB together with
wortmannin. Western blotting analysis showed that JB produced a concentration
dependent LC3-II accumulation. Unexpectedly neither 100 nM, nor 500 nM of wortmannin

showed a decrease of LC3-II levels (Figure 5.22).
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Figure 5.22: JB does not induce autophagy in HGC-27 cells. Cells were previously
incubated with wortmannin (Wt) 100 nM or 500 nM (or DMSO as vehicle) during 1h and then
with Jaspine B 1 uM or 3 puM (or ethanol as vehicle) for 16 h. LC3-I and LC3-II were detected by
western blot as autophagic markers in cell lysates. Bands intensity was determined by
densitometry analysis using LI-COR Image Studio Lite Software. LC3-II levels were normalized
with B-actin as a loading control. Reported results are an example of three different experiments
that gave similar results.

Autophagy activation was further investigated by the quantification of p62, an
ubiquitin-binding scaffold protein that is degraded during the autophagic process®*.
Results showed no difference in p62 levels between samples treated with ethanol as a

control or JB 1 and 3 pM (Figure 5.23).
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Figure 5.23: JB does not change p62 levels. HGC-27 cells were treated with the reported
concentrations of Jaspine B for 16 hours (or ethanol as a control). p62 was detected by western
blot in cell lysates. Bands intensity was determined by densitometry analysis using LI-COR
Image Studio Lite Software. LC3-II levels were normalized with B-actin as a loading control.
Reported results are an example of two different experiments that gave similar results.
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In addition the effect of the activation of the autophagy kinase regulator mTOR3®
was investigated in JB treated cells. For this end cell viability was assessed in presence of
the inhibitor of mTOR, rapamycin. Results showed that autophagy induction did not
change cell viability (Figure 5.24).

1501 ® ‘é: B Figure 5.24: Rapamycin does not change
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Finally the involvement of autophagy was investigated trough electron microscopy
analysis. As shown in Figure 5.25, A-B vacuoles induced after JB treatment appeared as
single membrane structures that are no compatible with the double membrane structures

that characterize autofagosomes>°¢,

Moreover comparison with XM462 treatment, a
molecule that causes autophagy in this cell line®, clearly showed that vesicles produced by
this treatment had different shape, contain electron-dense particles, and in some case a
double membrane can be identified, confirming the different nature of JB vacuoles from
the autophagic structures produced by XM462 treatment (Figure 5.25, C-D). Moreover
vesicles produced by XM462 were not visible by phase contrast microscopy (not shown),

underlining the difference with JB induced cell vacuolization.

All together these findings suggest that autophagy is not activated as a cell death
mechanism in HGC-27 cells by JB. Despite the increased levels of LC3-II in presence of
protease inhibitors indicate the presence of an autophagic flux, the use of Wt did not
confirm this evidence. Therefore the increased toxicity observed when Wt was added to JB
treatment was not paralleled in a decrease of LC3-II, suggesting that autophagy is not
involved in the process. Accordingly unchanged levels of p62 also exclude the activation of
autophagic machinery. Moreover the lack of effect of rapamycin on JB cytotoxicity
suggests mTOR independence from the cytotoxic effect of JB. In addition the inhibition of
SLs de novo synthesis by myriocin reduced LC3-II levels in both JB-treated and control

samples, suggesting that myriocin decrease basal autophagy. However alteration of the SL
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metabolism induced by JB is not related to increased levels of LC3-II in HGC-27 cells. The
different nature of JB induced vacuoles compared to the autophagic structures visible after
cell treatment with XM462 further confirmed this evidence. The increase of JB cytotoxicity
given by the addition of Wt is probably related to a mechanism that is independent from
autophagic cell death. Yu et al. reported that pretreatment with Wt was able to attenuate
cells resistance to etoposide and doxorubicine in two different gastric cancer cell lines3*.
Similarly increased cytotoxicity in HGC-27 cells might be due to the effect of Wt that by
inhibiting class III-PI3K make cells more sensitive to JB.

Figure 5.25: JB induced vacuoles are not autophagic structures. Transmission electron
micropraphs of cells treated with JB 5uM (A) or XM462 8 uM (C) for 16 hours. B and D
represents magnification of JB and XM462 treated cells respectively. Arrows indicate single (B)
or double (D) membrane vesicles. The experiment was run in triplicate; images are
representative of the observed phenotypes.

Although LC3-II is a widely used marker for autophagy detection, it has been
recently described that different treatment can induce non-autophagic cell death with
increased levels of LC3-II associated to cell vacuolization. For instance Manumycin A, a
natural antibiotic, was reported to induce non-autophagic LC3-mediated cytoplasmic

vacuolization and cell death in breast cancer cells**’. In a different study increased levels
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of LC3-II induced by lymphoma cells treatment with the cannabinoid receptor agonist
WIN55,212-2 were shown to be unrelated to classical autophagy®®®. In addition Maltese
group described a new form of non-apoptotic cell death, named methuosis, that is
characterized by the same phenotype and can be associated to LC3-II elevation®®.

5.3.4. Is methuosis responsible for cell death?

The observation of the cell phenotype induced by JB treatment, the autophagic-
independent elevation of LC3-II protein and the lack of apoptosis activation led us to
investigate methuosis as JB-induced cell death mechanism. Methuosis is characterized by
large fluid-filled vacuoles that originate from macropinocytosis, a clathrin-independent

pathway of endocytosis®>®

, distinguished by the formation of protrusions that elongate
from the plasma membrane and encapsulate extracellular fluids3®,

First the involvement of an endocytic process in cell vacuolization was
investigated by using the H™-ATPase inhibitor Bafilomycin Al (Baf-A1l) that was reported to

impede the formation of vesicular intermediates between early and late endosomes®®°

, and
to block endosomal vacuolization induced by H. pylori*®t. Cell treatment with Baf-A1l prior
to the incubation with JB prevented cytoplasmic vacuolization, suggesting the involvement

of the endocytic compartment (Figure 5.26).

Vehicle

Figure 5.26: Bafilomycin-Al
impairs Jaspine B induced
vacuolization. Phase-contrast
images of HGC-27 cells treated
with JB for 24 hours or ethanol
as vehicle, after 1 hour of pre-
incubation with Baf-Al1 100 nM
or ethanol (- Baf-Al). Pictures
are representative of the
phenotype, observed in two
independent experiments. Scale
bar: 50 pM.

-Baf-A1

The nature of the endocytic vacuoles was further investigated by treating cells
with 5-(N-Ethyl-N-isopropyl)amiloride (EIPA), a Na*/H* exchanger inhibitor that blocks
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macropynocitosis®®2%%3, As shown in Figure 5.27, A EIPA treatment prevented JB induced
cell vacuolization. The origin of the cytoplasmic vacuoles was also confirmed by using
Lucifer Yellow (LY), a fluid-phase tracer that has been reported to be incorporated inside
cells during macropinocytosis®*3%4, Therefore cells were treated with JB in presence of LY
and vacuoles formation was analyzed by fluorescence microscopy. Results showed that the
cytoplasmic vacuoles that are visible in the contrast phase images, perfectly correspond to
rounded-shaped vacuoles filled with the fluorescent tracer (Figure 5.27, B), confirming

that vacuoles exhibit characteristics of micropinosomes.

Vehicle B

Phase constrast

Lucifer Yellow

Figure 5.27: Vacuoles induced by JB exhibit characteristics of micropinosomes. A. HGC-
27 cells were treated with JB 5 uM (or EtOH as a vehicle) after 1 hour of pretreatment with EIPA
25 puM (or MeOH) as vehicle. Phase-contrast images were taken after 24 hour of incubation and
are representative of the phenotype, observed in three independent experiments. Scale bar: 50
uM. B. Phase contrast and fluorescence microscopy images of HGC-27 cells after 16 hours co-
incubation with JB 5 uM and Lucifer Yellow (1 mg/ml). Images are representative of the results
obtained in three independent experiments. C. Transmission electron micrograph of HGC-27
treated with 5 uM of JB. After 16 hours cell were fixed and analyzed. Arrows indicate membrane
extension (left panel) and nascent micropinosomes (right panel).
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Moreover TEM analysis of cells treated with JB showed the presence of extensions of the
cell surface and small vesicles in the peripheral area (Figure 5.27, C), suggesting that
vacuoles originate from cell membrane engulfment and then coalesce into bigger
structures, in agreement with the mechanism described for macropinosomes formation.
Our results provide evidence for massive initiation of macropinocytosis by JB and
suggest that macropinoytic bulk cytoplasmic vacuolization might be responsible for
irreversible cell damage. Considering that macropynocitic vacuolization is the leading force

of methuosis, this might be the postulate mechanism for JB-induced cell death.

All together our results showed that JB induces cell death in a gastric cancer
model by activating a mechanism characterized by bulk cytoplasmic vacuolization. Cell
vacuolization and cytotoxicity are independent from caspase activity; moreover annexin-V
staining and lack of DNA laddering confirmed that apoptosis is not activated. Although JB
treated cells were positive for PI, the absence of DNA degradation suggested that cells
were not necrotic. PI probably entered because of membrane damage or permeabilization.
JB-induced vacuoles does not share the features of autophagic vesicles, moreover LC3-II
increase is not impaired by treatment with wortmannin, suggesting that autophagy is not
involved in cell death. In agreement p62 levels did not change. The independence from
mTOR was also demonstrated, confirming that autophagy is not responsible for cell death.

Methuosis has been recently reported as a novel non-apoptotic cell death
mechanism>*3, The current understanding of methuosis specifies that this form of cell

death, characterized by large fluid-filled cytoplasmic vacuoles®®

, involves the stimulation
of macropinocytosis, combined with defects in clathrin-independent endocytic vesicle
trafficking, ultimately leading to extreme vacuolization and rupture of the cell**,

The peculiar phenotype induced by JB treatment in gastric cancer cells prompt us
to investigate the nature of the cytoplasmic vacuolization. First the involvement of the
endosomal compartment was investigated by using the H*-ATPase inhibitor Baf-Al. A
deeper characterization of the JB-induced vacuoles was achieved by using the
macropinocytosis inhibitor EIPA and the intracellular tracer Lucifer Yellow, and led to
define endosomal vesicles as macropinosomes. Electron micrographs clearly confirmed this
evidence, showing protrusion and nascent vesicles on cell surface, in agreement with the
macropinocytic mechanism?®°. These results suggest that JB-induced cell vacuolization is
related to hyperstimulation of macropinocytosis and may play an important role in
cytotoxicity. Moreover the presence of lucent vacuoles in glioblastoma and alveolar
adenocarcinoma cells, after JB treatment indicates that the natural sphingolipid activate

this process also in other cell lines.
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The presence of different-sized vesicles in cells, some with small dimension and
closely localized to the external margin of the cell, others with greater extension and
occupying a wide area in the cytoplasm, indicates that macropinosomes might coalesce
into wider structures. This observation suggests that micropinosomes probably do not
undergo a maturation or recycling process as usually happens in regulated
macropinocytosis®®®, pointing out a possible alteration in the endocytic trafficking. The
characterizing features of methuosis induced by different mechanism and molecules have
been recently defined by Maltese®®, In one of the reported studies caspase activation,
although strictly related to apoptosis, was detected. However treatment with the broad-

spectrum caspase inhibitor z-VAD did not prevent loss of viability3®

. In agreement with
this model JB induced both cell death and cytoplasmic vacuolization were independent
from z-VAD treatment. In the first report of methuosis, Ras induced vacuolization in

367

gastric cancer and glioma cells was connected to autophagy~®’. Further studies confirmed

an increase of LC3-II levels, nevertheless immunofluorescence staining showed that

cytoplasmic vacuoles were separated by LC3-II positive autophagososmes®*

, pointing out
that vacuoles were not autophagic structures. As above mentioned, high levels of LC3-II
were associated with JB treatment, nevertheless also in this case vacuoles were shown to
be different from autophagosomes. Another reported feature of methuosis is the lack of
alteration of cell nucleus®**; in line with this observation, vacuolization in HGC-27 cells
perturbed mainly the cytoplasm, without altering nucleus in the cells. All together our
findings strongly suggest that methuosis might be the activated as cell death mechanism
in JB treated cells. Although the stimulation of macropinocytosis was proved in the present
study, further investigation is necessary to better identify defects in macropinosomes
recycling or maturation process. In this contest the involvement of GTPase as Arf6°%® and
Rab5%%° that regulate those events, has been reported in methuosis®*’**, thus
representing a eligible mechanism to be explored. It is worth noting that compared to
other well-know mechanism, as apoptosis or autophagy, methuosis represents a newly
reported form of cell death that is still not completely characterized and lacks well
established molecular markers, making its clear identification difficult.

Recent studies have reported that various genetic or pharmacological
manipulation induce non-apoptotic cell death with the involvement of macropinocytosis in

a broad spectrum of cancer cells*’°37

, including those that are resistant to conventional
apoptosis-inducing drugs. Thus it is not surprising that HGC-27 cells, that present genetic
mutations related to chemoresistance®*!, might activate an alternative response to JB
treatment. Recently the screening of a library compound through multidisciplinary and

multisystem studies revealed a new molecule that induces cell death in glioblastoma cells
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through “catastrophic vacuolization”*’*, generating considerable interest in this new cell

death mechanism3”3.

In summary the investigation on JB induced cell death showed that is it
characterized by non-apoptotic, non-autophagic cytoplasmic vacuolization. Vacuoles
originating from bulk macropinocytosis might be responsible for JB cytotoxity and suggest

the involvement of methuosis as cell death mechanism.
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6. Inhibition of dihydroceramide desaturase activity by the sphingosine kinase
inhibitor SKI I1

Sphingosine kinase is a central enzyme in the sphingolipids metabolism that
controls the balance between pro-apoptotic ceramide and sphingosine and mitogenic
sphingosine-1-phosphate!?*. SK1 is widely characterized as a pro-survival and proliferating

molecule®®?

, while SK2 has not been as well characterized and data about its involvement
in physiological functions and in disease is controversory?*,

In light of SKs role in cell fate control, they became attractive targets in the
development of cancer therapeutics. Many SK inhibitors with different selectivity against
the two isoforms have been developed in the last years’*. Among them SKI II has been
widely used as a pharmacological tool to prove the involvement of sphingosine kinase and
sphingosine-1-phosphate in cancer disease®*’>*’%, In a study published by Illuzzi et al.>””
SKI II was used to investigate the role of SK on A2780/4-HPR cells resistance to the
antineoplasic drug fenretinide (4-HPR), a dihydroceramide desaturase inhibitor. This clone
was obtained by culturing A2780 human ovarian cancer cells, that were shown to undergo
apoptosis by treatment with 4-HPR, with increasing concentrations of this molecule.
A2780/4-HPR cells are characterized by a 10-fold increase in resistance respect to parental
sensible cells, moreover they are less responsive to 4-HPR in terms of dihydroceramide
production. In this work authors found that SK activity was remarkably augmented in
these cells, producing high levels of S1P, and leading to a lower dhCer/S1P ratio.
Pharmacological inhibition of SK reduced S1P levels and was able to rescue cell sensitivity
to 4-HPR treatment. Lipidomic analysis showed that 4-HPR treatment provoked an
increase in intracellular dhCer levels, which was dramatically enhanced by the co-
incubation with SKI-II. Interestingly, treatment with SKI II alone also caused a significant
increase in dhCer, however this result was not further investigated by the same authors.

Likewise, in our work with JB we found that SKI II also increased dhCer levels in
HGC-27 cells (not shown). These data prompted us to investigate the possibility of SKI II
inhibiting Des1. The inhibition of Desl by using chemical molecules® or its ablation by

genetic manipulation®*®

already showed that dhCer accumulation trigger a variety of
cellular signalling and cellular responses, underlining its role as bioactive molecule.

In this section we aimed to investigate a new role of SKI II as dihydroceramide
desaturase inhibitor. The alteration of the SL metabolism and the related biological effects

is reported. Results are part of the following publication:
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Cingolani F., Casasampere M., Sanllehi P., Casas J., Bujons J., Fabrias G. Inhibition of
dihydroceramide desaturase activity by the sphingosine kinase inhibitor SKI II. J Lipid Res.
2014 May 29;55(8):1711-1720

6.1. SKI II inhibits both SK and Des1
6.1.1. SKI II inhibits Des1 activity in both intact and cell lysates
First SKI II cytotoxicity was determined in HGC-27 cells, showing a LDso value of

84 uM (Figure 6.1). Therefore the standard concentration used to inhibit SK (10 uM) was
not cytotoxic in these cells and was used to perform the inhibition assays.

_— 100+, Figure 6.1: Effect of SKI II on cell
% 75- viability. HGC-27 cells were treated with
% different concentrations of SKI II for 24 h
o 50 a and the number of viable cells was
g X determined by the MTT test. Data
< 254 correspond to the average = SD of two
8 independent experiments with triplicates.
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The inhibition of Desl by SKI II was investigated in both HGC-27 intact and cell
lysates. For this end the conversion of the fluorescent dihydroceramide analogue N-[6-[(7-
nitro-2-1,3-benzoxadiazol-4-yl)amino]hexanoyl]-D-erythro dihydrosphingosine
(dhCerC6NBD) to the ceramide analogue N-[6-[(7-nitro-2-1,3-benzoxadiazol-4-
yl)amino]hexanoyl]-D-erythro sphingosine (CerC6NBD) in presence of SKI II was
evaluated. Results showed that SKI II produced significantly lower amounts of CerC6NBD
and consequently of its metabolite NBD-labelled sphingomyelin in intact cells compared to
the control after 4 hours of incubation (Figure 6.2, A). Desl inhibition also occurred in
cell lysates for the same time of treatment (Figure 6.2, B). In both cases SKI II inhibition
was similar to that observed with XM462, a dhCer desaturase inhibitor included as a

positive control?*°,
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Figure 6.2: Inhibitory activity of Des1l by SKI II. Intact cells (A) or cell lysates (B) were
treated with either vehicle (ethanol), SKI II (10 pM) or XM462 (8 pM) and incubated with the
Des1 reaction substrate (dhCerC6NBD, 10 pM). After 4 h, cells were collected (A) or the reaction
was stopped by adding methanol (B). Samples were processed as described in the experimental
section for analysis by HPLC coupled to a fluorimetric detector. Data correspond to the average
+ SD of three experiments with triplicates. Asterisks indicate statistical significance (p < 0.05,
unpaired two - tail t test).

6.1.2. Determination of kinetic parameters for SKI II as Des1 inhibitor

First the ICso of SKI II against Desl was evaluated by incubating cell lysates with
dhCerC6NBD as substrate in presence of different concentrations of SKI II. Results showed
an ICso of 0.6 puM after 4 hours of incubation (Figure 6.3).

Then the potency of SKI II as a Des1 inhibitor was investigated. For this end cell
lysates were incubated with various amounts of the compound and different substrate
concentrations during 4 hours. Results showed that concentration-dependent inhibition
was observed at all doses. Moreover, while K, did not change, V.« decreased with
increasing SKI II concentrations, which is in accordance with non-competitive type of
inhibition, with a calculated K; of 0.3 uM (Figure 6.4).

400000- Figure 6.3: ICso of SKI II against Desl.
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08 - o veh. Figure 6.4: SKI II is a non-
© 0.6 uM SKI Il competitive inhibitor of Desl.
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6.1.3. Desl is not degraded after SKI II treatment

A part from the inhibition of SK enzymatic activity, it has been reported that SKI
II induce SK1 degradation by either lysosomal®®® or proteosomal pathway?®®. In order to
check if the inhibition of the catalytic activity of Des1 by SKI II was also combined with the
protein degradation, Desl levels were examined. Western blot analysis showed that Des1
exhibited similar protein levels in comparison to the control in presence of SKI II (Figure
6.5, A). Conversely SK1 protein levels were substantially reduced in cells exposed to SKI
256

IT at the same concentration, which agrees with published reports in other cell models
(Figure 6.5, B).

A B
veh. SKI I veh, SKIN
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S— — — [}-Actin e — [-Actin

Figure 6.5: SKI II cause SK 1 but not Des1 degradation. HGC-27 cells were incubated with
SKI II 10 puM or ethanol as a vehicle for 3 hours. Desl and SphK1 proteins were detected by
Western blot in cell lysates as detailed in Materials and Methods. B-actin was used as a loading
control. Images are representative of three to five independent experiments with similar results.
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Altogether these results describe SKI II as a non-competitive inhibitor of Desl
with an ICso of 0.6 uM and a K; if 0.3 uM. The inhibitory effect of SKI II was not paralleled
by a degradation of Des1, while a reduction in SK1 protein was evident.

Since SKI II is not a structural analogue of Desl substrate, a direct interaction
with the desaturase protein is probably not responsible for the inhibition. SKI II might
affect Desl activity by modifying the redox status of the enzyme environment, which has

245

been reported to affect Desl activity*”. Although SKI II has been shown to induce

oxidative stress®”®

, in line with the hypothesis of an altered redox status of the cell, the
occurrence of inhibition in cell lysates is against this theory. Thus, Des1 inhibition by SKI II
is more likely related to SKI II action on other components of the electron transport chain
associated to the enzyme.

This hypothesis was investigated by Dr. Jordi Bujons and Pol Sanllehi as a part of
this work®”?, by molecular modelling studies. Comparison of the structure of SKI II with
those of flavonoids which are known to inhibit NADH-cytochrome b5 reductase
(CB5R)3#38! " such as luteolin, showed a significant shape and electrostatic character
coincidence. Since it has been proposed that this flavonoid and other related compounds
could bind to the NADH binding site of CB5R3®?, the potential binding of SKI II at that site
was examined using an in silico docking method. Results showed that SKI II could
interfere with the binding of different parts of the NADH molecules. Analogue docking
experiments ran with the known CBS5R inhibitors luteolin, quercetin and (+)- taxifolin

showed similar results, supporting the supposed mechanism.

6.2. Sphingolipidome analysis

The effect of SKI II treatment on the sphingolipidome was evaluated after
treating HGC-27 cells with a concentration of 10 uM of the inhibitor for 0.5, 4, 8, 24 and
48 hours. Levels of dhCer exhibited a 20-fold increase over controls at 4 hours after
treatment and then decreased slowly to reach a constant level that was maintained up to
the latest time point determined (48 hours). DhCer metabolites, namely
dihydrosphingomyelin  (dhSM) and dihydroceramide dihexosides (dhCDH, or
lactosyldihydroceramide), also increased over controls at 4, 8, 24 and 48 h. Although
similar levels of dhSM were found at all these time points, higher amounts of dhCDH
occurred at 24 and 48 hours than at 4 and 8 hours. Dihydroceramide monohexosides

(glucosyldihydroceramide and galactosyldihydroceramide) have never been detected in
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HGC-27 cells under any treatment. As expected from its SK inhibitory activity, S1P was
reduced in cells treated with SKI II to almost undetectable levels at all time points
sampled. Moreover, inhibition of SK brought about a two-fold increase of the natural
substrate So over controls at 4 hours, while ceramide and CMH (ceramide monohexoside,
or glucosylceramide and galactosylceramide) and ceramide dihexoside (CDH, or
lactosylceramide) increased over controls at 4, 8 and 24 h. In contrast, SM was not
remarkably affected by SKI II treatment (Figure 6.6).
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Figure 6.6: Effect of SKI II on the sphingolipid content. HGC-27 cells were treated with
either ethanol (vehicle, veh.) or SKI II (10 uM) for the indicated times. Cells were collected and
processed for UPLC/TOFMS analysis as described under Material and Methods. Data are the
average £ SD of three experiments with triplicates. In all cases, except for those indicated with
n.s., the differences between means corresponding to control and treated cells are statistically
significant (p < 0.05, wunpaired two-tail t test). dhCer, dihydroceramide; dhSM,
dihydrosphingomyelin; dhCDH, dihydroceramide dihexoside (or lactosyldihydroceramide); So,
sphingosine, Cer, ceramide, SM, sphingomyelin; S1P, sphingosine - 1 - phosphate; CMH,
ceramide monohexoside (glucosyl and galactosylceramide); CDH, ceramide dihexoside
(lactosylceramide).

A parallel study of the sphingolipidome was carried out using PF-543 that has
been reported to inhibit SK12%¢, Similarly to SKI II, PF-543 caused S1P reduction to
undetectable levels after 8 and 24 hours of treatment and represented the most important

effect on the sphingolipidome. Other significant alterations were observed at 8 hours, but
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not at 24 hours after treatment. These effects were slight and included a 1.5 fold increase
in dhCers and 1.3 and 1.4 fold increase in CMH and ceramide dihexoside CDH respectively

(Figure 6.7).
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Figure 6.7: Effect of PF-543 on the sphingolipid composition of HGC27 cells. Cells were
treated with either ethanol as a vehicle or 1 uM PF-543 for the indicated times. Cells were
collected, and lipids were extracted and analyzed as detailed in Material and Methods. Data
correspond to the average £ SD of two experiments with triplicates. The asterisk denotes
statistical significance of treatments versus control at p < 0.05 (unpaired, two-tail t test)

Collectively results of sphingolipid analysis are in agreement with the role of SKI
IT as dual SK and Desl inhibitor. The main sign of Desl inhibition was the remarkable
accumulation of dhCer for all times of treatment, that was in turn metabolized to dhSM
and dhCDH. As expected from its SK inhibitory activity, S1P was reduced to almost
undetectable levels in presence of SKI II at all time-points sampled, causing a two-fold
increase of the natural SK substrate sphingosine after 4 hours of treatment. The increase
in Cer after 4, 8 and 24 hours of treatment is the result of So metabolism by ceramide
synthase. Downstream metabolites of Cer, namely SM, CHMs and CDHs also augmented in
presence of SKI II. While SM increased over control only at 4 hours time point, CMH and
CDH remained higher in SKI II treated cells than in vehicle-treated cells at all time points.
These results suggest that conversion into SM is a first response of cells to the deleterious
increase in cytotoxic So, while glycosilation is activated as a sustained response. Similar
effects were observed by Gao et al*’* for SKI-II in A498 kidney adenocarcinoma cells. In

this study levels of intracellular S1P were decreased by over 90% after treatment with SKI
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II compared to the control group, while total Cer levels increased and amounts of
sphingosine were dramatically decreased. These findings agree with the metabolism of the
accumulated long chain base into Cer. Of note, also C16-dhCer levels were found to be
elevated in SKI-II treated cells. Other SK inhibitors such as DMS and the SK2-selective
inhibitor ABC294640 augmented dhCer, although not as much as SKI II3¢, Additional
sphingolipids analysis were carried out as part of this work in T98 and Hela cells, showing
inhibition of Des1 also in these cells, thus indicating that inhibition of Des1 by SKI II is not
cell line specific.

The sphingolipids analysis of cells treated with the specific SK1 inhibitor PF-543
clearly show that it also causes a decrease of S1P to undetectable levels as SKI II but
produces minor alterations for some of the sphingolipid metabolites analysed, mainly
dhCer, CMH and CDH.

6.3. Biological effects of SKI II treatment in HGC-27 cells

6.3.1. Decrease of cell proliferation and accumulation of cells at G1 phase

The mitogenic effect of S1P33 prompt us to investigate the effect of SKI II on cell
growth. The inhibitor produced a reduction in cell proliferation after 8 hours of treatment,
that was maintained up to the latest time point checked (Figure 6.8 A). This effect was
not observed when cells were exposed to PF-543 (8 hours: control, 6.11+£0.36 107 cells;
PF-543, 5.04 +£0.52 107 cells; 24 h: control, 0.97+0.78 107 cells; PF-543, 1.19+1.8 10°°
cells).

Examination of the cell cycle of HGC-27 treated for 24 hours with 10 uM of SKI II
showed an increase in the number of cells at G1 phase (Figure 6.8 B,C) as compared to

vehicle treated control cells.
6.3.2. Autophagy induction

Both Des1 and SK have been implicated in autophagy®*?. To check the activation
of this mechanism after SKI II treatment, levels of the autophagic marker LC3-II were

detected. As shown in Figure 6.8, D levels of LC3-II in cells exposed to 40 uM of SKI II

for 24 hours were higher than in control cells treated with vehicle and similar to those in
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cells treated with XM462 (10 pM, 24 hours), previously shown to induce autophagy in
these cells®. On the contrary PF-543 treatment did not show LC3-II increase compared to
the control.
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Figure 6.8: Effect of SKI II on proliferation, cell cycle and autophagy. A-C. HGC27 cells
were treated with either ethanol as a vehicle or SKI II (10 pM) for 4, 8, 24 and 48 h. Then cells
were collected, counted and processed for cell cycle analysis. A, Cell proliferation as the number
of cells counted with a Countess Automated Cell Counter. B, Representative cell cycle
histograms obtained from HGC-27 cells after 24 h exposure to vehicle or SKI II. C, quantification
of the relative number of cells in each stage of the cell cycle (Multicycle AV software). Data are
the average = SD of three experiments with triplicates. Asterisks denote statistical significance
(p < 0.05, unpaired two-tail t test). D, HGC-27 cells were exposed to SKI-II (40 uM), PF-543 (1
HUM) or XM462 (8 uM) for 24 h. Levels of LC3-II were assessed by Western blotting of cell lysates
as described under Materials and Methods. B-actin was used as a loading control. The images
shown are representative of three independent experiments with similar results.
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Collectively this results show that SKI II treatment impair HGC-27 cell
proliferation. This is in accordance with the lack of the mitogenic S1P: it has been widely
reported that overexpression of SK promotes growth, while decreasing SK activity by
either genetic or pharmacological means reduces cell proliferation®®”. Cell cycle analysis
showed cell accumulation in G1 phase after SKI II treatment, in agreement with a previous

report in leukaemia K562 cells*®*, Similar effects on cell cycle were found with DMS in rat

385 272

intestinal epithelial cells**® and by SK1 silencing in breast®®, ovarian?’? and glioblastoma
cell lines®®’. In apparent contrast Gao et al.>’* reported that SKI II arrested A498 cells in S
phase with a concomitant decrease in the G2/M phase, while downregulation of SK1 or
SK2 in US7MG cells under hypoxia arrests the cell cycle at G2/M3*8, Even though is not
completely clear whether the effect on cell cycle is due to SK or Des1 inhibition, the latter
possibility is supported by two experimental evidence. First, the SK1 specific inhibitor PF-
543 did not affect HGC-27 cell proliferation, although it avoided S1P production with no
remarkable changes in other sphingolipid species. Second, the effect of dihydroceramides
at slowing or arresting the cell cycle with accumulation of cells in the GO/G1 phase is well
documented’®8%3%  Therefore, all these elements suggest that the effect of SKI II on cell
cycle may be due to the accumulation of dhCer resulting from its Desl inhibitory activity.
SKI II was also able to induce autophagy in HGC-27 cells as shown by the increase in LC3-
IT levels, while SK1 inhibition by PF-543 did not produce the same effect. This result
suggests that autophagy induced by SKI II is due to increases in dhCer rather than to
decreased levels of S1P, which occurs with both SKI II and PF-543. It was previously
reported by our group that the accumulation of dhCer after Desl inhibition with XM462
induced autophagy in HGC-27 cell line®. In agreement, several studies have reported on
the induction of autophagy by treatment with drugs that increase dhCer, such as

fenretinide, resveratrol and gamma-tocopherol?%,

All together these results show that SKI II inhibits Desl with a consequent
accumulation of dhCer and its metabolites, thus some of the effects attributed to
decreased S1P may be actually caused by elevated levels of these molecules. These

findings should be taken into account when using SKI II as a pharmacological tool.
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7. Use of chemical tools for ceramidases investigation

Ceramide is hydrolyzed to sphingosine by ceramidases, a family of
amidohydrolases characterized by acid, neutral or alkaline optimal pH!®. Given the
opposite role of apoptotic ceramide and proliferating S1P, that is biosynthesized from
sphingosine!!, ceramidase activity represents a nodal point in cell fate. The upregulation of
AC activity in different types of cancer and its involvement in chemotherapy resistance has
been widely studied!®®. Moreover AC deficiency is responsible for Farber disease
development®°, ACER and NC activity have also been related to different biological
processes and cellular responses?®?, as already reported in the introduction (see Chapter 2,
paragraphs 2.2.2.2. and 2.2.2.3.).

The increasing interest on ceramidases involvement in cell physiopathology led us
to the develop of chemical tools in our laboratory. With this aim coumarinic analogues of
ceramide were synthesized in order to measure ceramidases activity by a high throughput
assay. The first analogue named RBM14C16, characterized by C16-fatty acid chain, was
described by Bedia et al. in 2007?**. The molecule carries a 2-oxo-2H-chromen-7-yloxy
moiety in CHs-terminal part of the sphingoid chain and releases fluorescent umbelliferone
after hydrolysis by ceramidase (Figure 7.1, A). Several analogues of the original
substrate that differ by their fatty acid chain length were further synthesized (Figure 7.1,
B), finding that C12-analogue was the best substrate for AC, thus a suitable tool in Farber
disease diagnosis®®®.

In a more recent study carried out in collaboration with Dr. Timothy Thomson, the
development of ceramide analogues as new AC inhibitors, and their effect on prostate
cancer cells was reported®?®. Among them two a-bromoamides named SABRAC and RBM1-
12 (Figure 7.1, C) were the most potent inhibitors. They were shown to inhibit AC both in
intact and in cell lysates, whereas they did not alter NC activity.

In this section the ability of NC and ACER to hydrolyze the coumarinic ceramide
analogues, is investigated. Moreover the study of the inhibitory features of SABRAC and
RBM1-12 is reported. The last part of the results is dedicated to a brief study that
describes the use of RBM14C12 substrate together with SABRAC as a combined method

for AC detection in intact cells.
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Figure 7.1: Chemical tools for ceramidases investigation. A. Transformation of RBM14C16
into fluorescent umbelliferone. Ceramidases hydrolyze the ceramide amide bond to yield a fatty
acid and a sphingoid base. As 2-amino-1,3-diols, sphingoid bases can be converted to fatty
aldehydes by periodate oxidation. The resulting aldehyde undergoes a B-elimination reaction to
release the fluorescent product umbelliferone. From Bedia et at., Chembiochem, (2007)**° B.
Structure of RBM14 analogues that differ by the fatty acyl-chain. C. Structure of SABRAC and
RBM1-12.

7.1. RBM14 ceramide analogues are hydrolyzed by neutral and alkaline

ceramidases

7.1.1. Hydrolysis by neutral ceramidase

The ability of NC to hydrolyze the coumarinic substrates was investigated by
using a bacterial enzyme originating from Pseudomonas aeruginosa (pCDase), that was
produced and purified in our laboratory as previously describeded®*. In this report Wu et
al. assessed pCDase activity by using D-erythro-C12-NBD-ceramide (CerC12NBD) in the
presence of Tris buffer containing Ca®* and Triton X-100. Since the use of coumarinic

substrate in the enzymatic reaction determines the formation of an aldehyde** (Figure
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7.1, A), the presence of primary amines in the solution must be avoided. Therefore Tris
was substituted with HEPES that is also compatible with the presence of Ca?* in the
reaction mix. Moreover it was already reported that Triton X-100 decreases RBM14C12
hydrolysis when the latter is used as AC substrate??®. It was hypothesized that the effect
was related to the low partition coefficient of the substrate that might be engulfed into
micelles, rather than a direct inhibitory effect of the detergent on the enzyme.
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Figure 7.2: Hydrolysis of RBM14 compounds by pCDase. A. Effect of Triton X-100 on the
hydrolysis of RBM14C14 compounds. Enzymatic activity was carried out in presence or absence
of 0.3% w/v of Triton X-100 (TX100) by using 40 pM of RBM14 substrates and 10 ng of protein,
as detailed in Material and Methods. B. Determination of kinetic parameters for RBM14
compounds. Enzymatic activity was carried out in absence of Triton 100-X by using different
concentration of RBM14 substrates and 50 ng of protein, as detailed in Material and Methods.
Data are mean £ SD of three to five independent experiments with triplicates. In A, asterisks
indicate significant difference between samples with and without Triton X-100 (p< 0.001,
unpaired, two tail t-test)
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To check if Triton X-100 might alter substrates hydrolysis also in the case of NC, activity
measurement was carried out in presence or absence of the detergent. Results in Figure
7.2, A showed that NC activity was higher in absence of Triton X-100 for all the substrates
tested, therefore it was omitted from then on.

Next, determination of the kinetic parameters for the RBM14 coumarinic
analogues was carried out by using pCDase and a human recombinant NC (hNC). As
concluded from the kinetic parameters, the best substrates of pCDase are
RBM14C14~RBM14C12>RBM14C10>>RBM14C8 (Figure 7.2 and Table 7.1). RBM14C16,
that in the previous assay was hydrolyzed similarly to C10-analogue, was not included in
the study. The affinity appeared to directly increase with increasing N-acyl chain length in
the substrate also for the human enzyme. Indeed, the Kn/Vmax ratios for hNC indicate that
substrate preferences is RBM14C16~RBM14C14>>RBM14C12>>RBM14C10>>RBM14C8
(Figure 7.3 and Table 7.1).
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Table 7.1 RBM14 hydrolysis by neutral ceramidases: kinetic parameters?

pCDase Human NC
Km Vimax K/ Vimax Km Vimax K/ Vimax
RBM14C8 45.9+18.1 101.3+£20.4 0.45 262+32.1 22014321 0.119
RBM14C10 32.7+£4.2 408.1+£22.6 0.080 181+21.2 807+82 0.225
RBM14C12 15.2+3.0 469.9+35.9 0.032 55+4.8 1186+122 0.047
RBM14C14 22.5+£2.9 469.3+24.5 0.048 39+4.9 4716+453 0.0083
RBM14C16 N.D N.D 16+3.3 23724298 0.00069

2 K is given in uM and V.., @s nmol/min/mg protein. Data are mean + SD of three to five experiments with
triplicates for pCDase and three experiments with triplicated for human NC. Protein amounts were: pCDase
50 ng; hNC, 5 ng. Experiments were carried out as detailed in Materials and Methods.

These results showed that RBM14s are suitable substrates for NC, with C14-
analogue and Cl12-analogue preferred by the bacterial enzyme and Cl6-analogue and
Cl4-analogues as best substrates for the human recombinant protein. In both cases, the
substrate affinity increases directly with increasing the N-acyl chain length, as concluded
from the decrease of the K values. This correlation is particularly evident with the human
enzyme, which has, in general, less affinity for the coumarinic substrates than the
bacterial enzyme. In contrast the latter hydrolyzes RBM14 with lower reaction rates than
the human enzymes. In a previous study carried out in our group, the measurement of NC
activity in both lysates and intact Farber disease cells transfected with murine NC, showed
that the enzyme hydrolyzed preferentially RBM14C10, followed by C12- and C14-
analogues (Luz Camacho, PhD Thesis). The preferential trend for the short acyl chain
substrates is not in agreement with the results obtained with bacterial and human NC and
contradicts a previous report that described long-chain ceramides (C16- and C18-) as
highly favored by murine NC'78. However it is worth noticing that in that report the activity
measurement was carried out with radioactively labeled ceramides. Moreover in the same
study the fluorescent substrate CerC12NBD was highly hydrolyzed by NC and the reaction
was much faster than native ceramide. These observations suggest that a difference in the
enzymatic substrate affinity can be due to the different polarity of the substrates.
Moreover the different substrates preferences between bacterial, human and mouse NC
are likely due to differences in their amino acid sequences that might impart different 3D-

structures to the substrate binding pocket.
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7.1.2. Hydrolysis by alkaline ceramidases

In order to investigate if RBM14 compounds are hydrolyzed by alkaline
ceramidases, mouse embryonic fibroblasts (MEF) defective in ASAH2 gene codifying for
neutral ceramidase (ASAH2(")) were used. As shown in Figure 7.4, A, all the analogues
except for RBM14C8 were hydrolyzed in intact cells, with RBM14C14 and RBM14C16
producing the highest fluorescence values.

Hydrolysis of RBM14 compounds was also analyzed in ASAH2(/") MEF lysates at
different pH. As shown in Figure 7.4, B, the highest activity occurred at basic pH, at
which RBM14C14 and RBM14C16 gave the highest hydrolysis rates, while no activity was
obtained at acid pH. In addition RBM14 compounds were also hydrolyzed at neutral pH.
These results suggested that RBM14, were hydrolyzed by at least one of the alkaline
ceramidases in ASAH2¢/”) MEF,
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Figure 7.4. Hydrolysis of RBM14 compounds by alkaline ceramidases. Enzymatic activity
was determined in (A) intact or (B) lysates ASAH2(7” MEF as detailed in Material and Methods.
In A data, shown as mean = SD were obtained from three different experiments with triplicates
(final amount of cells:3.7, 5.1 and 6.5x10* cells/well). In B data correspond to the mean + SD of
3 to 5 experiments with triplicates. Data were analyzed by one-way ANOVA test (A, P<0.0001;
B/pH 7.4, P<0.0001; B/pH 9.0, P<0.0001) followed by Bonferroni’s multiple comparison test.
Different letters denote statistically significant difference between groups (p<0.05). C.
Evaluation of ACER1, ACER2 and ACER3 mRNA content in ASAH2(/” MEF by RT-PCR. Result is
representative of two experiments in duplicates.
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In humans three different alkaline ceramidases have been reported (ACER1,

ACER2 and ACER3) and they have the same counterpart in mouse!’®.

Therefore we
determined the levels of mRNA for the different alkaline ceramidases in order to find the
responsible protein(s) for RBM14 hydrolysis. As shown in Figure 7.4, C, ASAH2 deficient
MEF presented high levels of ACER3 transcript. In contrast, levels of ACER2 mRNA were

very low and ACER1 mRNA was undetectable.

All together these results show that RBM14 analogues are substrates of alkaline
ceramidase, with RBM14C14 and RBM14C16 as the best candidate. This result was
confirmed also in cell lysates where the highest enzymatic activity was achieved at alkaline
pH with this analogue. The activity observed at neutral pH is likely to correspond to
residual activity of alkaline ceramidases that have been reported to have a range of pH
between 7 and 9.5 (see Chapter 2, paragraph 2.2.2.3). Moreover the low activity showed
at acid pH suggest that MEF contain few amount of acid ceramidase. Thus, these findings
suggest that RBM14 are hydrolyzed by at least one of the three alkaline ceramidases. The
determination of mMRNA levels corresponding to the three alkaline ceramidases suggested
that ACER3 is probably involved in the enzymatic cleavage of RBM14 at basic pH in
ASAH2("? MEF. These results are in agreement with reported data (http://biogps.org),
confirming this theory. However mRNA analysis represented a qualitative method to check
alkaline ceramidases in this cell line; a quantitative determination by using qRT-PCR or
protein quantification must be performed in order to confirm that, among alkaline
ceramidades, ACER3 is responsible for RBM14 hydrolysis. Moreover ACER3 knockdown
HCT116 cells and Hela cells that overexpress ACER1 and ACER2 are currently used in our
lab to better characterize RBM14s hydrolysis by the different ACERs.

7.2. SABRAC and RBM1-12 as acid ceramidase inhibitors

Acid ceramidase is a cysteine protease characterized by the nucleofilic thiol
residue Cys143 at the N-terminus of the B-subunit, after cleavage of the precursor protein.
Thus AC inhibitors design was inspired to reported irreversible cysteine protease inhibitors.
Particularly SABRAC and RBM1-12 are ceramide analogues modified at the amide linkage
with thiol reactive functions. The study of their inhibitory activity showed that AC was
inhibited with an ICsy value of 52 nM and 0.53 pM for SABRAC and RBM1-12
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respectively??®, In order to better characterize these molecules as AC inhibitors, further
experiments were carried out as a part of the same study.

First a time-dependent inhibition assay was performed to delineate the type of
inhibition. Enzymatic activity assays carried out in Farber Disease fibroblasts transformed
to stably overexpress AC (FD10X) cell lysates showed that activity presented an
exponential decay versus incubation time at the two protein concentrations tested,
suggesting an irreversible type of inhibition (Figure 7.5). This was in line with the rational
design of these molecules (ref. 51-53 from Camacho et al.??®).

In order to exclude non-specific inhibition against other cysteine proteases, the
inhibitory activity of these molecules was tested by using papain, being a member of this

family of proteins®®?. Results showed that neither SABRAC nor RBM1-12 inhibited the
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enzyme, whereas chymostatin, a described cysteine protease inhibitor®”?, completely
blocked its activity (Figure 7.6).
1254 SABRAC _ RBM1-12
:g 100 4 #0070 mg 4 #0.065 mg
'.uE, € 0.020 mg 00,020 mg
Z 754 4
o
2
= 50 J
Z
2
3 251 ° -
Q
[] T 1 1 1 T T 1 1
0 50 100 150 200 0O 50 100 150 200
Time (min) Time (min)

Figure 7.5: Time-dependence curves of acid ceramidase activity in presence of
inhibitors. Reaction mixtures containing the specified amounts of protein (FD10X cell lysates),
substrate (40 uM) and either vehicle or test compounds (SABRAC: 0.020 uM; RBM1-12: 0.5 uM)
were incubated for 0.5, 1,2 and 3 hours in 96-well plates. Reaction were stopped and the
formation of umbelliferone was measured as detailed in Materials and Methods. Experiments
were carried out twice with triplicates. Curves were fitted to the one phase exponential decay
equation (Y=Span*e(-K*X)+Plateau) without constraints.
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Figure 7.6: Effect of SABRAC and RBM1-12 on papain activity. The enzyme (0.6 ug) was
incubated with the substrate (0.22 mM) in the absence (Ctrl) or presence of test compounds at
the specified concentrations. Absorbance was determined at 410 nm after 30 min. Chymostatin
was used as a positive control of inhibition of papain activity. Data correspond to the mean = SD
of a representative experiment with triplicates.

This results showed that SABRAC and RBM1-12 are specific inhibitors of acid
ceramidase. Moreover they appear to block AC irreversibly. Different attempts were done
to confirm this result. AC activity was measured in FD10X cells after different times of pre-
incubation with the inhibitor and subsequent dilution in the reaction mix containing the
substrate in order to calculate K; (constant of inhibition) and k; (velocity of inactivation).
However, no conclusive results were obtained. The difficulties related to the use of cell
lysates in the biochemical characterization of AC prompt us to continue this work by using
the human recombinant purified enzyme that is now commercially available. The
irreversible inhibition of AC and the kinetic parameters of SABRAC are currently being
investigated in our laboratory.
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7.3. Use of RBM14C12 and SABRAC for AC determination in intact cells

Previous experiments carried out in our group by using RBM14C12 substrate for
the screening of AC in different cancer cells lines pointed out a correlation between the AC
enzymatic activity and p53 genetic alteration, or metastatic ability, in colon and prostate
cancer cell lines respectively (Luz Camacho, PhD Thesis). Further studies in prostate
cancer cells revealed that the highly tumorigenic and metastatic clone PC-3/Mc expressed
higher levels of ASAH1 compared to the non-metastatic clone PC-3/S%?%, Thus RBM14C12
substrate might be a potential tool to screen cancer cells for AC content and its possible
correlation with genetic alterations or tumorigenic properties of the cells. However
RBM14C12 can be hydrolyzed also by neutral and alkaline ceramidases as described
above. Therefore the use of this ceramide analogue for ceramidase activity determination
in intact cells cannot be considered exclusively representative for AC content.

For this reason SABRAC was used in combination with RBM14C12 substrate in a
study aimed to determine AC activity in intact cells. Gastric cancer cells (HGC-27) and
breast cancer cells (MDA-MB 231) were chosen as cellular models. Ceramidase activity in
intact cells was similar in both cell lines, and was deeply decreased by SABRAC, suggesting
that AC was the main responsible for the substrate hydrolysis (Figure 7.7, A). To asses
these results, enzymatic activity was measured in cell lysates in acidic conditions. Results
showed that AC activity was highly reduced (HGC-27 cells) or even completely abolished
(MDA-MB 231 cells) in the presence of SABRAC (Figure 7.7, B), supporting the result
obtained in intact cells.

This brief study represents an example of the possible use of RBM14C12 and
SABRAC as a combined method to check AC content in different cell lines. The use of
SABRAC as acid ceramidase inhibitor allows to exclude the contribution of other
ceramidases to the hydrolysis of RBM14C12 substrate. Apart from prostate cancer, AC was
shown to be upregulated in melanomas and head and neck cancer, which leads to the
hypothesis that AC could be a tumour marker. Moreover, AC in tumour cells confers
resistance to chemo- and radiotherapy thus making the inhibition of this enzyme a
potential target for cancer therapy®*. This method allows the analysis of AC content in
intact cells, avoiding the more time-wasting methods in cell lysates, thus representing a

suitable tool for a primary screening of cells.
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Figure 7.7: AC activity determination by using RBM14C12 and SABRAC. A. HGC-27 and
MDA-MB 231 cells were incubated with SABRAC (1 pM) or ethanol (0.2%) as a control for 1
hour; then RBM14C12 substrate (40 uM) was added to the medium. Ceramidase activity assay
was carried out as detailed in Materials and Methods. B. Cell lysates were incubated with
RBM14C12 (40 pM) in presence (SABRAC, 1 uM) or absence (CTRL, 1% ethanol) of the inhibitor
for 3 hours. The assay was carried out in 100 mM acetate buffer pH 4.5, as described in
Materials and Methods. Results represent mean of two different experiments in triplicates.

In summary RBM14 ceramide analogues and the AC inhibitors SABRAC and
RBM1-12 are chemical tools that might be used in the investigation of ceramidases.
Besides acid ceramidase, NC and ACER also hydrolyze fluorogenic RBM14 compounds.
Although the different enzymes tested preferentially hydrolyzed some of the substrates,
(RBM14C14 and C12 for pCDase, RBM14C14 and C16 for human NC) none of them is
specific for a particular enzyme. Despite the lack of specificity, these substrates should
prove useful in library screening programs aimed to identify potent and selective inhibitors

of NC and ACER, which are currently unknown.
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SABRAC and RBM1-12 inhibit the cysteine protease AC without showing inhibition
against papain that belong to the same protein family. Moreover preliminary results
suggest an irreversible inhibition. The use of SABRAC in combination with the RBM14C12
substrate represents a suitable tool for the specific determination of AC activity in intact
cancer cells.
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For many years after their identification, SLs were believed to be only structural
components of cell membranes. Their metabolism was little known, and the available
techniques at the time did not make it easy to differentiate among the many different
members of the SL extended family. This changed radically over the past decades and now
SL metabolism is well known and established. These progresses are mainly due to the
development of a variety of techniques and tools that allowed to characterize the intricate
pathway of reactions that regulates the SL metabolism. Thanks to the use of synthetic
radioactive labelled and fluorescent SLs analogues, the metabolic pathways were
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elucidated two decades ago®”. More recent advances in liquid chromatography and mass

spectrometry analyses have allowed us to detect and quantify individual SLs, their

intermediates and metabolites®°®

. Moreover enzyme inhibitors, cross-linking probes and
artificial membrane models have been developed to address questions like detailed
enzyme mechanisms, topology and trafficking of individual lipids, lipid-lipid and lipid—
protein interactions®®. The growing body of information collected during the last years by
using different strategies made it possible to delineate a more defined picture of SLs and
their role in cell biology. Cell growth, and differentiation, senescence and cell death are
some of the cellular processes that are regulated by different classes of SLs, that indeed
represent important targets in biomedical investigation. The interest in the SL metabolism
also inhabit in its involvement in pathological processes: sphingolipid dysregulations are
responsible for the development of sphingolipidosis, with Gaucher, Fabry, Niemann-Pick,
and Farber diseases, among other'?, Moreover SlLs are involved in initiation and
progression of cancer, development of resistance to chemotherapy agents,
neurodegenerative disease and immunological disorders'*'3151  For this reason,
therapeutic strategies based on the design of small molecules to restore sphingolipid levels
to their physiological condition have rapidly emerged in the last years. In addition, some of
these new chemical entities, even if they fail to succeed along the pipeline, become
valuable pharmacological tools for the study of sphingolipid function®’. Although incredible
progresses have been done since the firsts pioneering studies on SL metabolism and
function, many efforts are still needed to better characterize their involvement in
physiopathological processes. Thus the finding of new chemical molecules that might be
used as a pharmacological tool could improve our knowledge in this field. In this PhD
Thesis sphingolipid enzymatic inhibitors and sphingolipid analogues have been used as an
investigation-tool in cancer cells, thus representing an example of this kind of approach in

biomedical investigation.
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The leading character of the first study reported in this Thesis was Jaspine B, a
natural sphingolipid analogue that already catch the attention of our group for its cytotoxic
properties in cancer cells, and for its effects on the sphingolipid metabolism. Here we
investigated the effects of JB on HGC-27 gastric cancer cells to better understand the
bases of the SL metabolism alteration and the cytotoxic effect induced by JB treatment.

Our results revealed that JB is a new CerS inhibitor. The accumulation of CerS
natural substrates, dhSo and So, is a consequence of the enzymatic inhibition and it is an
effect shared with other described CerS inhibitors such as FB1 and AAL-toxin'’®. From a
structural point of view both FB1 and AAL present structural similarity with the sphingoid
backbone. FB1 is characterized by a linear amino pentahydroxyeicosane chain in which two
of the hydroxyl groups are each ester bound to a tricarballylic acid molecule (Figure 2.2).
AAL-toxin has a similar structure, however it is lacking one of the tricarballylic acid
molecule, and the terminal methyl group is also absent. In JB, where the sphingoid base
can be recognized as a part of a heterocyclic system, the terminal amino-alcohol is part of
the ring system (Figure 5.1). These observations of the structure of different CerS
inhibitors are consistent with the apparent low structural demanding effects of CerS
towards the terminal amino portion in this kind of compounds. Interestingly the use of JB
stereosisomers (2-epi-, 3-epi- and 2,3-epi-IB), that vary for C2 and C3 configuration, in
CerS inhibition studies suggests that the S configuration of the secondary alcohol (C3),
present in JB and 2-epi-JB but not in 3-epi-JB and 2,3-epi-JB, is necessary for the
inhibitory activity. This is in agreement with the stereochemistry of FB1 that has the same
configuration on this position. On the other hand the S configuration does not match that
present in natural sphingoid bases at this level. These observations suggest that CerS
exhibit low stereo selectivity toward linear sphingoid bases, while the S configuration at C3
appears to be fundamental when the secondary alcohol is a part of a closed and more rigid
system, like the JB heterocycle. However, further studies focused on CerS stereoselectivity
are necessary to confirm this assumption. FB1 is largely used in basic research as
pharmacological tool for CerS inhibition. FB1 inhibits fungal CerS in vitro, but its activity in
whole cells is very weak, probably due to deficient internalization®®®. The effect of JB on
CerS was not evaluated in intact cells, however in a parallel study in our laboratory (Maria
Garrido, PhD) it was reported that JB was able to inhibit Cer formation after one hour of
incubation in HGC-27 cells, while FB1 needed a longer incubation time (24 hours) to get
the same result (not published), making the use of the natural sphingolipid useful for the
inhibition of CerS in intact cells. Thus JB represent a new suitable enzymatic inhibitor to

block SL metabolism at the CerS level.
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The investigation of JB induced cytotoxicity on HGC-27 cells showed the activation
a non-apoptotic non-autophagic cell death mechanism characterized by bulk cytoplasmic
vacuolization. We hypothesized that cell death is triggered by methuosis, a mechanism
based on the formation of macropinosomes originating from the cell membrane.
Considering that JB was shown to induce apoptosis or autophagy in different cancer cell
lines, this result was unexpected. However it is well established that pharmacological
treatments can activate a variety of signals and cell death mechanisms in different cancer
cells. The perturbation of cell homeostasis with a pharmacological treatment activate
different pathways and the effect on the cell fate represents the final result coming out
from the interaction of activated/inactivated molecules and their downstream signals, and
the genetic background of the treated cells. For instance fenretinide has to be shown to
induce apoptotic cell death in a wide range of tumour cell types. However it induces
autophagic cell death in caspase-defective breast cancer cells, suggesting that fenretinide
does not invariably elicit an apoptotic response but it is able to induce autophagy when
apoptotic pathway is deregulated®®. Similarly manumycin A, that exhibits antitumour
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effects by inducing apoptosis in thyroid, leukemia and prostate cancer cells*™®, was shown

to reduce cell viability through the induction of non-apoptotic, non-autophagic cytoplasmic

vacuolization in therapy-resistant triple-negative breast cancer cells**!

. The latter report
reminds of the effect of JB in gastric cancer cells, which harbor genetic alterations that
confer chemo-resistance and undergo cell death through an alternative pathway
characterized by bulk cytoplasmic vacuolization. Further studies are necessary to define
the molecular mechanism that trigger to JB induce vacuolization and cell death. Even
though SLs have been extensively described as regulators of membrane structure and
modeling'®, our results does not suggest a connection between the alteration of the de
novo SL pathway alteration and induction of cell death. Indeed, the use of the myriocin,
that counteracted JB induced elevation of dhSo and dhSoP, did not alter neither
cytotoxicity nor cell vacuolization. JB-induced LC3-II elevation also appears independent
from sphingoid bases elevation. However the involvement of other SL species should be
investigated before completely discarding involvement of SLs alteration in JB-induced

biological effects.

The second study reported in this Thesis was focused on SKI II, a well known
sphingosine kinase inhibitor that is currently used as a pharmacological tool to block the
production of phosphorylated sphingoid bases in the SLs pathway. However the increased
levels of dhCer after treating cells with SKI II in different cell models suggested a
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simultaneous inhibition of dihydroceramide desaturase Our results confirmed this
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hypothesis, showing that SKI II inhibits Desl both in vitro and in intact gastric cancer
cells. Moreover SKI II treatment provoked cell cycle alteration and autophagy induction in
the same cellular model. We speculated that these effects can be related to dhCer
accumulation rather than S1P reduction.

There is a plenty of example in scientific literature that show how a molecule first
described as having a specific action on a certain target, may actually play multiple roles.
In the SLs field for instance, the tricyclic anti-depressant desipramine was reported to
induce intracellular proteolytic degradation of mature aSMSase but not other lysosomal
enzymes, and accordingly it has been widely used in the literature as a specific aSMase
inhibitor*®, However further investigation revealed that desipramine can also inhibit AC*,
which has an opposite action on ceramide compared to aSMase. Thus the use of
desipramine can alter the SL metabolism, generating multiple overlapping effects.
Similarly SKI II shows a double inhibitory action on both SK and Desl. Although these
enzymes are part of the same metabolic pathway, in this case they do not have an
opposite action on a specific metabolite. However both S1P and dhCer are bioactive
molecules that can trigger a variety of molecular signals, as discussed in the introduction.
Thus the biological effects observed in cells treated with SKI II can be due to the multiple
effects of this molecule on sphingolipid modulating enzymes and their sphingolipid
products. Therefore, based on the above, care has to be exercised in using SKI II in intact

cells as SK inhibitor.

In the third studies reported in this Thesis we focused on ceramide analogues as
chemical tools for ceramidase investigation. Previous works from our laboratory described
a family of coumarinic analogue of ceramide, named RBM14 compounds, as CDases
substrates, with RBM14C12 as the best substrate for acid ceramidase®**??°, This work was
undertaken with the aim of determining the capacity of neutral and alkaline ceramidases
to hydrolyze RBM14. Results show that both enzymes use RBM14 compounds as
substrates. Although the different enzymes tested in this work preferentially hydrolyzed
some of the substrates, no absolute specificity was found for any of the enzymes. Thus
RBM14 represents suitable tools for CDases investigation, however enzymatic activities
have to be measured with some restrictions. For instance the use of specific inhibitors to
block other CDases activities, as well as the control of pH conditions might help to
measure the activity of different ceramidases. Ceramidases are key molecule in the SL
metabolism because of their role in regulating ceramide and sphingosine levels, thus the
availability of chemical substrates that allow their study and biochemical characterization

will be useful to extend our knowledge in this field.
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Among CDases, AC is expressed at high levels in several tumor types and has
been proposed as a cancer therapeutic target. In a recent study published in collaboration
with Dr. Timothy Thomson we show that AC is required for self-renewal and growth factor
signaling in drug-resistant and metastatic PC-3/Mc prostate cancer cells?*®. SABRAC and
RBM1-12 were developed as AC inhibitors for the treatment of these cells. The studies
reported in this Thesis show that these molecules represent a helpful tool to determine
acid ceramidase activity in intact cancer cells. The hydrolysis of RBM14C12, a AC substrate
in presence of SABRAC or RBM1-12 might help to discriminate acid ceramidase from other
ceramidases activities, revealing those cell lines where AC can be a biomarker for

carcinogenicity and a possible target for therapy.

The reported studies show how the perturbation of cells homeostasis and
metabolic pathways with chemical compounds represents a strategy for sphingolipid
investigation in biological processes. JB and SKI II are sphingolipid enzymatic inhibitors
that lead to specific changes in the sphingolipid metabolism depending on their targets. In
the case of cell treatment with SKI II, it emerged that there is a direct connection between
the changes produced in the SL metabolism and the biological effects observed. In the
case of JB the enzymatic inhibition of CerS appears to be an independent event from the
cytotoxic effect of the natural sphingolipid. However the study of JB induced cytotoxicity
led to the identification of a novel cell death mechanism. It will be interesting to
investigate the mechanism of cell vacuolization in other cell models to establish if it
represents a suitable strategy of cell death in a wide variety of cancer types. The use of
enzymatic inhibitors together with the NC and ACER substrates RBM14 will shed light on
the role of this CDases in cancer and other diseases, while acid ceramidase inhibitors
SABRAC and RBM1-12 represent promising molecules for cancer investigation and
treatment. The irreversible inhibitory nature of SABRAC towards AC led us to develop an
azide-derivative, named wN3-SABRAC that is currently the subject of a promising project
in our laboratory. wNs-SABRAC has the same cytotoxic properties of SABRAC (not shown)
and is suitable for conjugation by click-reaction with an fluorescent alkine, giving a
fluorescent acid ceramidase-SABRAC adduct. Therefore wNs-SABRAC represents a suitable

tool to study the localization and trafficking of AC in cells.
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Conclusions

Sphingolipid metabolism represents a complex and highly regulated pathway that

is involved in biological and pathological processes. The use of chemical molecules such as

enzymatic inhibitors (SKI II) and sphingolipid analogues (Jaspine B, RBM14 compounds)

allows to investigate different aspects of sphingolipid-related processes in cells.

Considering the involvement of sphingolipid dysregulation in different diseases, particularly

in cancer, the use of these molecules represents a suitable tool to investigate the effects of

SLs on cellular processes and to find potential treatments. Here the end points that come

out from the different studies that have been presented in this work are summarized.

Alterations of sphingolipid metabolism and cytotoxic effects of Jaspine B in

gastric cancer cells

II.

III.

Iv.

VI.

JB is cytotoxic in gastric cancer cells, glioblastoma cells and breast cancer cells in
low micromolar concentrations. In HGC-27 gastric cancer cells JB shows a LDsy of
7.3%£0.7 uM after 24 hours of treatment.

JB alters the sphingolipid metabolism in HGC-27 cells, mainly increasing dhSo and
dhSoP levels after 4, 8 and 24 hours of treatment. Importantly, So and SoP levels
also increase their levels after short time of JB treatment, while dhCer and dhSM

levels show lower accumulation.
JB (5 pM) inhibits CerS with a percentage of inhibition between 66% and 44% for
the tested isoforms (CerS1, CerS2, CerS4, CerS5 and Cer6), showing that JB

inhibition of CerS inhibition is not specific for any of the isoforms.

2-epi JB slightly inhibits CerS6, while 3-epi JB, 2,3-epi JB, C8-acyl JB, C16-acyl 1B
and Ns-JB are not CerS inhibitors at the tested concentrations (5 pM).

JB is CerS substrate, showing 50% of acylation by CerS5 compared to dhSo
acylation. JB acylation in HGC-27 results in acyl-JBs formation with C-16, C-24

and C-24:1 as the most abundant species.

Acid and neutral ceramidases are not inhibited by JB.
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VII.

VIII.

IX.

XI.

XII.

XIII.

XIV.

JB treatment induces the formation of phase-lucent cytoplasmic vacuoles in

different cancer cells lines.

JB-induced cytotoxicity and vacuolization in HGC-27 cells are not impaired by SLs
de novo synthesis inhibition, suggesting that JB induced SLs alteration in not

involved these processes.

Apoptosis is not responsible for JB-induced cell death and vacuolization. Moreover
JB treatment does not induce DNA degradation, excluding necrotic cell death.

JB induces LC3-II elevation, which is not impaired by SLs de novo synthesis

inhibition, showing that SLs alteration is not connected to LC3-II accumulation.

HGC-27 cells treatment with 500 nM wortamannin decreases JB cytotoxicity,
without decreasing LC3-II levels. Moreover JB does not change p62 levels, and
mTOR inhibition has no effect on JB-induced cytotoxicity. All these findings
suggest that JB does not induce autophagy.

In agreement, TEM analysis shows that single membrane low electron-dense JB-
induced vacuoles are different from electron-dense and doubled-membrane
vacuoles produced by the autophagy inducer XM462 in HGC-27 cells.

Bafilomycin-A1l treatment prevents JB-induced cell vacuolization in HGC-27 cells,

indicating the involvement of the endocytic compartment in cell vacuolization.

JB-induced vacuoles originate from macropinocytosis, suggesting the involvement

of methuosis in JB-induced cell death mechanism.

Inhibition of dihydroceramide desaturase activity by the sphingosine kinase
inhibitor SKI I1

I.

SKI II has a LDsp of 84 pM in HGC-27 cells.
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II.

I1I.

Iv.

VI.

VII.

VIII.

IX.

SKI II inhibits Des1 in both intact and lysate HGC-27 cells, showing an ICsq of 0.6

MM after 4 hours of incubation in cell lysates.

SKI II is a non-competitive inhibitor of Des1 with a calculated K; of 0.3 pM.

SKI II treatment induces SK1 degradation, whereas Desl levels are not altered,
showing that the inhibition of Desl activity by SKI II is not paralleled by protein
degradation. Molecular modeling studies suggest that SKI II might interfere with
the binding of the NADH molecule at the NADH binding site of CB5R, indicating
that the inhibitory effect of SKI II on Desl arises from an effect on an upstream

target.

Sphingolipids analysis shows that SKI II treatment results in a remarkable
accumulation of dhCer and its metabolites (dhSM and dhCDH) for all treatment
time-points. S1P is reduced to undetectable levels. So augments after 4 hours of
treatment, while Cer and its metabolites (CMH and CDH) increase after 4, 8 and
24 hours. These results are in agreement with the role of SKI II as dual SK and
Desl1 inhibitor.

PF-543 treatment reduces S1P to undetectable levels, while dhCer and CMH and
CDH are slightly reduced.

SKI II impairs HGC-27 cell proliferation and alters cell cycle with the accumulation

of cells in G1 phase.

SKI II treatment causes accumulation of LC3-II marker, suggesting the activation

of autophagy.
Since PF-543 treatment in HGC-27 does not change neither cell proliferation nor

LC3-II levels, biological effects on this cell line appear to be related to dhCer

accumulation rather than to S1P depletion.
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Use of chemical tools for ceramidases investigation

II.

I1I.

Iv.

VI.

VII.

VIII.

IX.

RBM14 coumarinic ceramide analogues are hydrolyzed by NC. Higher fluorescence
is obtained when the activity assay is carried out in absence of Triton X-100.

RBM14C14 and RBM14C12 are the best substrates for the bacterial NC with a
Km/Vmax ratio of 0.048 and 0.032 respectively.

Human NC better hydrolyzes RBM14C16 and RMB14C14 substrates with a Kmn/Vmax
ratio of 0.00069 and 0.0083 respectively.

Human NC has, in general, less affinity for the coumarinic substrates but higher
reaction rate than the bacterial NC.

RBM14C10, C12, C14 and C16 are hydrolyzed by ASAH2(/) MEF intact cells, with
Cl6-analogue and C-14 analogue giving the highest values of fluorescence.

Experiments in ASAH2("2 MEF cell lysates with different pH show higher
enzymatic activity at basic conditions, suggesting that RBM14s are hydrolyzed by

alkaline ceramidases.

mRNA levels analysis suggests that, among alkaline ceramidases, ACER3 might

be the responsible for RBM14s hydrolysis.

SABRAC and RBM1-12 show an exponential decay in a time-dependent inhibition

assay in FD10X cell lysates, suggesting an irreversible inhibition of AC.

SABRAC and RBM1-12 do not inhibit the cysteine protease papain.

The combined use of SABRAC and RBM14C12 allows to discriminate between acid

ceramidase from other ceramidases activity in intact cells.
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MATERIALS

Minimum Essential Media (MEM) , Dulbecco’s modified Eagle’s medium (DMEM),
Fetal bovine serum (FBS), non-essential aminoacids, penicillin/streptomycin, trypsin-EDTA,
polyethylenimine (PEI), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide
(MTT), BSA (Bovine Serum Albumin), NADH, Tween-20, protease inhibitors (aprotinin,
leupeptin, phenylmethylsulfonyl fluoride-PMSF), umbelliferone, agarose, Fumonisin B1,
EIPA, Papain, Chymostatin, GenElute™ Mammalian Genomic DNA Miniprep Kit, HEPES
buffer were from Sigma-Aldrich. SKI II (CAS registry number 312636-16-1) and PF-543
(CAS registry number 1415562-82-1) were from Calbiochem (Merk Millipore). z-VAD and
Bafilomycin-A  were from Enzo Life Sciences. Compounds N-[6-[(7-nitro-2-1,3-
benzoxadiazol-4-yl)amino]hexanoyl]-D-erythro dihydrosphingosine (dhCerC6NBD), RBM14
ceramide analogues (RBM14C8, RBM14C10, RBM14C12, RBM14C14, RBM14C16%%°, RMB2-
40°* and XM4622°° were synthesized in our laboratories. Recombinant Human ASAH2 (N-
acylsphingosine Amidohydrolase-2) was purchased from R&D Systems. Annexin V-FITC
Early Apoptosis Detection Kit was from Cell Signaling. RNeasy Mini Kit was pursued from
Qiagen. Laemmli buffer and acrylamide were from BioRad. SDS was from Fluka. MicroBCA
Protein Assay Kit was from Thermo Scientific. One Step RT-PCR kit, SYBR® Safe DNA Gel
Stain, Lucifer Yellow, Forward and reverse primers for ACER1, ACER2, ACER3 and
microglobulin were from Life Technologies. RNase and PDVF membrane were from Roche.
Internal standards for lipidomics and NBD-sphinganine were from Avanti Polar Lipids.
Radioactive labelled acyl-CoAs were from American Radiolabeled Chemicals. TAE was from
GIBCO. Glass bottom dishes were from MaTtek Corporation. Methanol gradient grade for
liguid chromatography, water for chromatography, and silica gel 60 TLC plates were from
Merck (Darmstadt, Germany). Antibodies: anti-SK1 (rabbit) was from Cell Signaling, anti-
Desl (rabbit), LC3-II (rabbit) and p62 (mouse) from Abcam and B-actin (mouse) from

Sigma. HRP-secondary antibodies and ECL were from GE Healthcare.
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METHODS

1. Cell cultures

HGC-27 (human gastric cancer cells), kindly provided by Prof. Riccardo Ghidoni
(Lab. Biochemistry and Molecular Biology, San Paolo University Hospital, Medical School,
University of Milan, Italy), were maintained in MEM supplemented with 10% FBS, 1% non-
essential amino acids, 100 IU/ml penicillin and 100 pgr/ml streptomycin. Cells were
routinely growth without reaching high confluence.

HEK293T (human embryonic kidney cells), ASAH2(/? MEF (mouse embryonic
fibroblasts lacking ASAH2 gene, kindly provided by Dr. Richard Proia, National Institutes of
Health, Bethesda, MD, USA), MDA-MB 231 and MDA-MB 468 (human breast cancer cells,
kindly given by Dr. Timothy Thomson, ), T98 and U87 (human glioblastoma cells, kindly
provided by Dr. Guillermo Velasco, Complutense University, Madrid, ) and FD10X (Farber
Disease fibroblasts transformed to stably overexpress AC, kindly provided by Dr. Jeffrey A.
Medin, Ontario Cancer Institute, Canada ) and A549 (adenocarcinomic human alveolar
basal epithelial cells) were cultured in DMEM supplemented with 10% FBS, 100 IU/mi
penicillin and 100 pgr/ml streptomycin.

All cells were kept at 37°C in humidified atmosphere, 95% air-5% CO,.

I1. Cell transfection

HEK293T cells were growth in 10 cm dishes until 60-70% of confluence. Human
CerS genes were cloned in pCMV-Tag2B vector with a N-terminal FLAG tag, or in pcDNA3
vector containing an HA tag as reported®**. Transfection mix was prepared by adding 6 ugr
of plasmid and 15 pl of PEI to a final volume of 1375 pl of incomplete DMEM (DMEM
without FBS and antibiotics) for each well. After mixing, the transfection mix was
incubated 20 minutes at RT. Cells were washed twice, medium was replaced with 8 ml of
incomplete DMEM and the transfection mix was added. After incubating cells for 5-6 hours,
5 ml of DMEM complemented with FBS and antibiotics were added. Cells were collected by
trypsinization after 36-48 hours. Ectopic protein expression was evaluated by Western Blot

analysis.
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I1II. Microscope analysis

Phase contrast microscopy

Phase contrast pictures were taken by using a Nikon Eclipse TS100 inverted
microscope with an objective 40X, connected to a Digital Sight DS-2Mv camera and

acquired with Nis Element F 3.0 software.

Transmission electron microscopy (TEM)

Cells were seeded at 0.1x10° cells/ml, 1 mi/well, in 6 wells plates and allowed to
grow overnight. Medium was replaced with fresh medium containing JB (5 pM), XM462 (8
HMM) or ethanol (0.14%) as a control. After 16 hours of treatment cells were collected with
400 pl trypsin-EDTA and 600 pl MEM and pellet was washed twice with PBS 1%. Cells were
fixed in 2% paraformaldehide, 2.5% glutaraldehide in 0.1 M phosphate buffer (PB) pH 7.4
for 30 minutes at 4°C. Samples were centrifuged (1 minute, 1500 rpm) and resuspended
in the same fixation mix overnight. After PB washing, cells were treated with 1% OsO,,
0.8% KsFe(CN)g in 0.1 M PB pH 7.4. Cells were then dehydrated through an ethanol series
(90%, 96% and 100%). Cells were included in Spurr resine by polimerization at 60°C
during 48 hours. Ultrathin sections were obtained with ULTRACUT ultramicrotome and
examined with a JEOL 1010 transmission electron microscope connected to a CCD Orius
camera (Gatan) and acquired with Digital Micrograph software (Gatan). Cell fixation and
analysis were carried out in collaboration with Scientific and Technological Centers,

University of Barcelona.

IV. Biological assays in intact cells
Cell viability

Cell viability was determined by the colorimetric 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide (MTT) assay. Cells were seeded in 96-well plates by adding

100 pl/well of cell suspension (0.1x10° cells/ml for HGC-27, MDA-MB 231 and MDA-MB
468 cells; 0.25x10° cells/ml for T98 and U87 cells) and allowed to grow overnight. Medium

129



Materials and Methods

was replaced with fresh medium and the specific treatments were added. In case of co-
treatment after a pre-incubation time, medium was not replaced again. All compounds
were dissolved in ethanol or DMSO and control experiments were performed with the
correspondent solvent. Plates were incubated for the reported times; after that 10 pl of
MTT reactive (5 mg/ml) was added and incubated during 1 to 3 hours. Subsequently the
medium was removed and the formazan precipitate was solubilized in 100 pl of DMSO.
Absorbance was measured at 570 nm with a Spectramax Plus Reader (Molecular Device

Corporation).

Uptake of fluid-phase tracer Lucifer yellow

Cells were seeded at 0.85x10° cells/ml, 1 ml/ well in 35 mm glass bottom dishes
(14 mm microwell), and allowed to grow overnight. Medium was replaced with 1 ml/well of
fresh medium containing LY (1 mg/ml) and cells were incubated with JB (5 pM) or ethanol
(0.1%) as a control for 16 hours at 37°C, 5% CO,. Medium was removed, cells were
washed 3 times with 1 ml PBS 1% and 1,5 ml/well of fresh MEM was added. Fluorescent
images of live cells were taken using Leica DMIRB microscope, in collaboration with

Scientific and Technological Centers, University of Barcelona .

Annexin V-FITC staining

Cells were seeded at 0.1x10° cells/ml, 1 ml/ well, in 6 wells plates and allowed to
grow overnight. Medium was replaced with fresh medium and cells were treated with JB (5
or 12 uM), dhSo (12 uM) or ethanol (0.1%) as a control for 16 hours in presence of z-VAD
(20 pM )or DMSO (0.2%) as a control. After incubation, the medium was collected
together with 400 pl of 50 mM PBS-EDTA, 1% BSA used to wash each well. Cells were
collected with 400 pl of trypsin-EDTA, 1% BSA (37 °C, 5% CO,/2 min); reaction was
stopped by adding 600 pl of fresh medium and the resulting suspension was added to the
falcon tube containing the medium previously collected for each sample. Cells were
centrifuged at 1300 rpm for 3 minutes at 4°C and pellets were washed two times with 200
pl of 50 mM PBS-EDTA, 1% BSA. For cell staining Annexin V-FITC kit was used. Dry pellets
were resuspended in 96 pl of 1X Annexing binding buffer and incubated with 1 pl of V-FITC
Annexin V and 12.5 pl of propidium iodide for 10 minutes in the dark. 140 pl of 1X

Annexing-binding buffer were added and pellets were resuspend before the analysis.
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Samples were kept on ice until the moment of the analysis. Stained cells were analyzed by
using a Guava EasyCyte™ Flow Cytometer (Merck Millipore, Billerica, MA). Data analysis

was performed using the Multicycle AV program (Phoenix Flow Systems, San Diego, CA).

Cell cycle analysis

Cells were seeded at 150.000 cells/ml into 6-wells plates (1 ml/well). Cells were
allowed to adhere for 24 h, and then they were treated with vehicle (0.1 % ethanol) or
SKI II (10 pM in 0.1 % ethanol in medium). After exposure for 24 h, cell media was
discarded; cells were washed with 400 uL PBS-EDTA 1 % BSA, and harvested with 400 pL
Trypsin-EDTA 1% BSA (37°C/2 min) and 600 pL of MEM. Cells were pulled down by
centrifugation at 1300 rpm/3 min; cell pellet was washed once with 400 uL PBS-EDTA 1%
BSA and again centrifuged at the same speed/time. Cells were fixed at -20°C overnight
incubation with a 70% ethanol (9.5 ml) in 1X PBS solution (0.5 mL). Fixed cells were
pulled down, washed once with PBS-EDTA 1% BSA and stained at 37 °C for 2 hours with
propidium iodide solution (0,1 mg/ml in PBS) and RNAsa (10 pgr/mL). Stained cells were
analyzed by using a guava easyCyte™ Flow Cytometer (Merck Millipore, MA, USA). Data
analysis was performed using the Multicycle AV program (Phoenix Flow Systems, CA,
USA).

V. Enzymatic activity assays

Des1 activity assay

Cell lysates

To prepare the cell lysate for Desl activity determination in vitro, a suspension of
10%cells/ml per sample was centrifuged (1400 rpm/3 min), the pellets were washed twice
with PBS and resuspended in 0.1 ml of 0.2 M phosphate buffer pH 7.4. The ice cooled
suspension was submitted to 1 round of bath sonication (30 sec.)/rest on ice (30 sec.), 5
rounds of bath sonication (15 sec.)/rest on ice (15 sec.) and 1 final round of bath
sonication (30 sec.)/rest on ice (30 sec.). A 3.5 % (v/v) solution of the required amount of
stock substrate solution (0.5, 1.0, 1.5 and 2 mM in EtOH) in a BSA solution (3.3 mg/ml in
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0.2 M phosphate buffer pH 7.4) was prepared to have the needed substrate concentrations
(inhibition experiments, 35 uM; kinetics experiment: 17.5, 35, 52 and 70 uM). To each
tube containing lysate from 10° cells was added: 85 WL of BSA-substrate mix (final
substrate concentrations: inhibition experiments, 10 pM; kinetics experiment: 5 pM, 10
MM, 15 pM and 20 pM), 3 pL of SKI II stock solution in EtOH (final concentrations:
inhibition experiments, 10 uM; kinetics experiment: 2.5 uM and 0.6 pM), 3 uyl of XM462
stock solution in ethanol (10 pM final concentration) or 3 ul ethanol (vehicle control). Then
were added 30 pL of NADH (20 mg/ml in 0.2 M phosphate buffer pH 7.4) and 82 pL of 0.2
M phosphate buffer pH 7.4 to have a final volume of 300 pL. The reaction mixture was
incubated at 37°C for 4 h. To stop the reaction, 0.7 ml/sample of methanol was added to
each tube, mixed by vortex and kept at 4°C overnight. The mixture was centrifuged
(10.000 rpm/3 min), the clear supernatants were transferred to HPLC vials and 25 yL were
injected. HPLC analyses were performed with an Alliance apparatus coupled to a
fluorescence detector using a C18 column (Kromasil, 100 C18, 5um, 15x0.40 cm, Tracer)
precolumn equipped (precolumn ODS, Tracer). Compounds were eluted with 20% H,0 and
80% acetonitrile, both with a 0.1% of trifluoroacetic acid, flowing at 1 mL/min. The
detector was set at an excitation wavelength of 465 nm and measure the emission

wavelength at 530 nm. Each sample was run for up to 15 minutes.

Intact cells

To determine the compounds activity on Desl in intact cells, cells were seeded in
24 well plates (108cell/ml, 0.4 ml/well). Twenty four hours after seeding, the medium was
replaced by fresh complete medium containing substrate and either SKI II or XM462,
which was used as a positive control (vehicle in controls) (0.4 ml/well). This solution was
prepared as follows: 8 pL each of substrate and test compound solutions (10 mM in EtOH)
were taken and diluted with medium to 1 ml and then 50 pyL each of substrate and test
compound solutions were added to each well (Substrate = SKI II = XM462 = 10 uM) prior
addition of 0.3 ml/well of medium. After incubation at 37°C for 4h, the media was
collected, cells were washed with PBS (0.2 ml/well) and the washing solution was mixed
with the collected media. Cells were harvested by trypsinization (trypsin/EDTA, 0.2
ml/well), washed with PBS and the pellet was resuspended in H20 (0.1 ml) and sonicated
(water bath) for 30 sec. MeOH (media, 0.4 ml; cell lysate, 0.9 ml) was added to each tube
and the mixture was stirred and kept at 4°C overnight. Then the suspension was

centrifuged (10,000 rpm for 3 min), the solution was transferred to HPLC vials and either
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25 pL (media) or 0.1 ml (cells) was injected. HPLC analysis was carried out as described

above.

Ceramide synthase activity assay

HEK293T cells expressing ectopic CerS were homogenated in 20 mM HEPES-KOH,
pH 7.2, 25 mM KCI, 250 mM sucrose, and 2 mM MgCl, containing a protease inhibitor
cocktail (Sigma-Aldrich). Protein content was determined using the Bradford reagent (Bio-
Rad, Hercules, CA). The assay was carried out as reported®*?. Cell homogenates were
incubated for different times at 37°C with 15 yM NBD-sphinganine, 20 uM defatted BSA,
and 50 pM acyl-CoA, in a 20 pl reaction volume. Alternatively, the direct acylation
produced by CerS was measured by incubating cells homogenates with 15 pM sphinganine
(or Jaspine B), 20 uM defatted BSA and 50 uM of hot/cold acyl-CoA containing 0.05 **C-
acyl-CoA in a final volume of 250 pl. Reactions were terminated by the addition of 750 pl
of chloroform-methanol (1:2, v/v), and lipids were extracted by adding 500 pl of
chloroform and 750 pl of deuterium-depleted water (DDW). After centrifugation (2000
rpm, 10 minutes) the water phase was removed. Lipids in the organic phase were then
dried under N3, resuspended in 110 pl chloroform-methanol (9:1, v/v), and separated by
TLC using chloroform-methanol-2M NH4OH (40:10:1, v/v/v) as the developing solvent.
NBD-labelled lipids were visualized using a Typhoon 9410 variable mode imager and
quantified by ImageQuantTL (GE Healthcare, Chalfont St. Giles, UK). Radioactively-
labelled sphingolipids were visualized using a phosphorimaging screen (Fuji, Tokyo,
Japan), recovered from TLC plates by scraping the silica directly into scintillation vials, and

quantified by liquid scintillation counting.
Ceramidase activity assay
Intact cells

To measure CDase activity in intact cells, cells were seeded in 96-well plates by
adding 100 pl/well of a 0.2x10° cells/ml cell suspension and allowed to grow for 24 hours.
Medium was replaced with fresh medium containing the RBM14 substrate (40 puM as final

concentration) and plates were incubated for 3 hours at 37°C, 5% CO,. In case of pre-

treatment, medium was replaced with fresh medium containing the indicated treatment
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and RBM14C12 substrate was added after the preincubation time. The enzymatic reaction
was stopped by adding 25 pl of methanol and 100 pl of a 2.5 mg/ml NalO4 freshly
prepared solution in 100 mM glycine/NaOH buffer pH 10.6 to each well. After incubation at
37°C 1 hour in the dark, 100 pl of 100 mM glycine/NaOH buffer pH 10.6 were added and
fluorescence was detected at 355/460 nm excitation/emission wavelengths on a
Spectramax Plus Reader (Molecular Device Corporation). For negative control samples

(blank) the experimental procedure was carried out in wells containing free-cell medium.

In vitro analysis

The assay was based on a previous report?®®, For ceramidases activity
investigation in vitro different enzymatic sources were used:

(i) Bacterial pCDase was obtained following the reported procedure®!. The protein
was obtained at a 0.33 mg/ml final concentration and it was stored at -80°C. Once
thawed, the enzyme solution was kept at 4°C until activity loss. For pCDase activity
determinations, the reaction buffer contained 50 mM HEPES buffer, 1mM CaCl, pH 7.4 in
the presence or absence of 0.3% (w/v) Triton X-100. RBM14 substrates were tested at the
final concentration of 40 UM in a total volume of 100 pL. For the assay, pCDase was
diluted from 0.33 mg/ml to 0.01 mg/ml. Substrates and protein were dissolved in the
reaction buffer and the assay was carried out at 37°C for 1 hour in a 96 wells/plate using
10 pl/well of pCDase 0.01 mg/ml (10 ng/well), 15 pL/well of reaction buffer and 75 pL/well
of substrate. Reaction was stopped with 25 ul/well of MeOH and next step were carried out
as described above. Determination of K and Vmax was conducted in 96 well/plates, which
contained 5 pl/well of 0.01 mg/ml pCDase (50 ng protein/well), 20 pl/well of 50 mM
HEPES buffer, 1 mM CaCl, pH 7.4 and 75 ul/well of substrate at different concentrations
(from 2.5 uM to 80-120 uM in 50 mM HEPES buffer, 1 mM CacCl,, pH 7.4 in a total volume
of 100 pl). The reaction mixture was incubated at 37 °C for 30 minutes. The reaction was
stopped with 25 pl/well MeOH and next steps were carried out as described above

(ii) Determination of Kn and Vmax Of human recombinant neutral ceramidase
activity was determined in 96 wells/plate by dissolving 20 pl/well of the enzyme (0.25
ng/ul, 5 ng/well) and 40 pl of RBM14 substrates (20, 40, 80, 100, 200 uM for RBM14CS8,
C10 and C12; 2, 5, 10, 20, 40 pM for RBM14C14 and C16) in 50 mM HEPES buffer, 150
mM NaCl, 1% sodium cholate, pH 7.5. Final reaction volume was 100 pl/well. The reaction
was carried out at 37 °C for 30 minutes and stopped with 25 pl/well MeOH. Next steps

were carried out as described above.
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(iii) For ceramidase activity determination in cell lysates, cells were trypsinized,
washed with PBS 1% and resuspended in 0.25 M sucrose. Cell lysis was carried out by
sonication with an ultrasonic probe (10 W; 3 cycles of 5 seconds sonication/5 seconds
pause in an ice-cold bath). Samples were centrifuged (3 minutes, 5000 rpm), and
supernatant were collected. Protein concentration was determined with Micro BCA Protein
Kit according to the manufacturer's protocol. Ceramidases activity assays were carried out
in 96 wells/plates by adding 25 pl of cell lysates (~1 mg/ml) and 75 pl of buffer (100 mM
acetate buffer pH 4.5, or 50 mM HEPES buffer, 1mM CaCl, pH 7.4; or 50 mM HEPES
buffer, 1mM CaCl, pH 9 for activity determination in ASAH2¢/?) MEF cells. 100 mM acetate
buffer pH 4.5; or 100 mM phosphate buffer pH 7.4 for activity determination in FD10X,
HGC-27 and MDA-MB 231 cell lysates) containing RBM14 substrates (final concentration of
40 pM in 100 pl/well). In the indicated cases, specific treatments were added to the
reaction mix. Plates were incubated for 3 hours at 37°C. Reaction was stopped with 25
pl/well MeOH and next steps were carried out as described above. Free-lysates samples
were used as negative control (blank). The amount of umbelliferone released was
calculated from the fluorescence intensity by using calibration curves of umbelliferone, in

the range from 0 to 3000 pmol.

Papain activity assay

Papain activity was determined in 96-well plates by a modification of the reported
procedure®®, The reaction mixture contained 250 pl of 0.1 M phosphate buffer (pH 6.5)
with 0.3 M KCI, 0.1 mM EDTA, and 3 mM DTT; 30 pul of substrate solution (L-pyroglutamyl-
L-phenylalanyl-L-leucine- p -nitroanilide; 2.2 mM in DMSO, 0.22 mM final concentration);
20 pl of enzyme solution (30 pg/ml in reaction buffer); and 3 pl of inhibitor solution or
vehicle. Chymostatin at 1 uM and 10 uM was used as positive control of inhibition of
papain activity. The reaction was stopped by the addition of 20 pl of 1 N HCI, and the OD

wasmeasured at 410 nm. on a Spectramax Plus Reader (Molecular Device Corporation).

VI. Protein and DNA analysis

Western Blotting

For protein analysis 0.1x10° HGC-27 cells were plated in 6 wells plates and were

allowed to grow for 24 h. Cells were treated with either the reported treatment or the
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corresponding vehicles for the indicated times and collected with trypsin-EDTA, keeping
the samples on ice. Pellets were washed two times with cold PBS. Cell lysis was performed
with 30-40 pl of lysis buffer (150 mM NaCl, 1% Igepal-CA630, 50 mM Tris-HCI pH 8,
aprotinin 2 pgr/ml, leupeptin 5 pgr/ml and 1mM PMSF): cells were lysed in a sonication
bath during 5 seconds and kept on ice during 10 seconds, for tree cycles. Then samples
were kept on ice for 30 minutes and centrifuged for 3 minutes at 10000 rpm.
Supernatants were collected and protein determination was performed using the Micro
BCA™ Protein Assay Kit according to the manufacturer's protocol. Supernatants were
combined with Laemmli sample buffer and boiled for 5 minutes. Equal amount of proteins
(30 pgr for Desl1 and SK, 20 pgr for LC3 and p62) were loaded onto a 12% polyacrylamide
gel, separated by electrophoresis at 100 V/90 minutes and transferred onto a PVDF
membrane (100 V/1 hour). Unspecific binding sites were then blocked in 5% milk in TBS-T
0.1% for 1 hour at RT. Alternatively, membrane blocking was carried out with 3% BSA in
TBS-T 0.1% before incubation with anti-B-actin antibody. Anti-Des1 antibody was diluted
1:1000 in 5% milk PBS-T 0.1%; anti-LC3, anti-SK and anti-p62 1:1000 in 5% milk TBS-T
0.1%,:anti B-actin in 3% BSA TBS-T 0.1%. Membranes were incubated during 1 hour at
room temperature or overnight at 4°C under gentle agitation. After washing with TBS-T
0.1%, membranes were probed with the correspondent secondary antibody for 1 hour at
room temperature (for Desl: anti-rabbit 1:2000 in 5% PBS-T; for SK: anti rabbit 1:3000
in 5% milk TBS-T 0.1%; for LC3: anti rabbit 1:1000 3% BSA TBS-T 0.1%; for p62: anti-
mouse 1:5000 in 5% milk TBS-T 0.1%;. for B-actin anti-mouse 1:10000 in 5% milk TBS-T
0.1%). Antibody excess was eliminated washing with TBS-T 0.1% and protein detection
was carried out using ECL and scanning the membrane with LI-COR C-DiGit® Blot
Scanner. Band intensity was quantified by LI-COR Image Studio Lite Software.

DNA agarose gel electrophoresis

Cells were seeded at 0.1x10° cells/ml, 1 ml/ well in 6 wells plates and allowed to
grow overnight. Medium was replaced with fresh medium containing JB (5 and 12 uM) or
ethanol (0.12%) as a vehicle. After 16 hours medium and cells were collected. Cells were
trypsinized with 400 pl trypsin-EDTA and 600 ul MEM and washed with PSB 1%. DNA was
purified with GenElute™ Mammalian Genomic DNA Miniprep Kit according to the
manufacturer's instructions. DNA concentration was determined by NanoDrop 8000
Spectrofotomer (Thermo Scientific). DNA (10-20 pgr) was loaded in 1% agarose gel
containing 0.0001% of SYBR® Safe DNA Gel Stain in TAE. Agarose gel electrophoresis was
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carried out for 30 minutes at 100 V and fluorescence was revealed with Gel Logic 200

Imaging System in combination with KODAK Molecular Imaging Software.

Reverse transcription-polymerase chain reaction (RT-PRC)

ASAH2(/) MEF cells were harvested, and RNA was extracted with RNeasy kit
according to the manufacturer’s protocol and treated with DNase I to remove genomic
DNA contamination. RNA concentration was determined by NanoDrop 8000
Spectrofotomer (Thermo Scientific). RNA was reverse-transcribed using One Step RT-PCR
kit and cDNA was used as a template for PCR. . Primers were: mACER1, 5'-
TTGCAGCTTCTGGCAGCGGA-3" (F) and ACTTTGCATCCACCAGGGCCA-3" (R); mACER2,5 -
GCTGGATCAGCGACCAAGCCT-3" (F) and AGGCGAAGCACACACAGCCC-3" (R); mACERS,
5’ -ACTGGAGAAGCGGTACATTGCTG-3" (F) and 5’-GGGAGCTCATCCAACAGCTGCATT(R),
andmicroglobulin,5’-GCTATCCAGAAAACCCCTCAA-3’ (F) and 5’-
CATGTCTCGATCCCAGTAGACGGT-3’ (R). Forward and reverse primers were added to the
PCR reaction mix containing 1.5 mM MgCl,, 0.2 mM dNTPs and 5u/pl of Go Taq polymerase
in 24 pl of final volume. 1 pl containing 1 pgr of cDNA was added before starting the RT-
PCR. RT-PCR conditions were as follows: initial denaturation for 2 min at 94 °C, followed
by 30 cycles of 30 s at 94 °C, 30 s at 57 °C, and 20 s at 72 °C. A final elongation step
followed for 5 min at 72 °C. PCR products were separated by electrophoresis in 1% (w/v)
agarose gels containing 0.0001% of SYBR® Safe DNA Gel Stain in TAE. Agarose gel
electrophoresis was carried out for 30 minutes at 100 V and fluorescence was revealed
with Gel Logic 200 Imaging System in combination with KODAK Molecular Imaging

Software.

VII. Lipidomic analysis

Cells were seeded at 200.000-250.000 cells/ml into 6-wells plates (1 ml/well) and
allowed to grow overnight. After treatment, cells were collected with 400 pl trypsin-EDTA
and 600 pl MEM. Wells were washed again with 400 yl MEM and residual cells were
collected. Cell concentration was determined by Trypan Blue staining. Samples were
centrifuged 3 min at 10000 rpm, washed with 200 pul of cold PBS 1% and resuspended in
100 ul of purified water. Sphingolipids extracts, fortified with internal standards [N-
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dodecanoylsphingosine, = N-dodecanoylglucosylsphingosine, N-dodecanoyl sphingosyl
phosphorylcholine , C17-sphinganine (0.2 nmol each), and C17-sphinganine-1-phosphate,
(0.1 nmol)] were prepared as described®® and analyzed by ultraperformance LC (UPLC)-
TOFMS or HPLC-MS/MS.

The liquid chromatography-mass spectrometer consisted of a Waters Aquity UPLC
system connected to a Waters LCT Premier orthogonal accelerated time of flight mass
spectrometer (Waters, Millford, MA), operated in positive electrospray ionisation mode.
Full scan spectra from 50 to 1500 Da were acquired and individual spectra were summed
to produce data points each 0.2 s. Mass accuracy and reproducibility were maintained by
using an independent reference spray by the LockSpray interference. The analytical
column was a 100 mm x 2.1mm i.d., 1.7 mm C8 Acquity UPLC BEH (Waters). The two
mobile phases were phase A: methanol/water/formic acid (74/25/1 v/v/v); phase B:
methanol/formic acid (99/1 v/v), both also contained 5mM ammonium formate. A linear
gradient was programmed— 0.0 min: 80% B; 3 min: 90% B; 6 min: 90% B; 15 min: 99%
B; 18 min: 99% B; 20 min: 80% B. The flow rate was 0.3 ml min™t.The column was held
at 30°C. Quantification was carried out using the extracted ion chromatogram of each
compound, using 50 mDa. windows. The linear dynamic range was determined by
injecting standard mixtures. Positive identification of compounds was based on the
accurate mass measurement with an error <5 ppm and its LC retention time, compared to
that of a standard (£2%).

Alternatively, analysis of the extracts was performed by LC/MS/MS with a system
consisting of a Waters Alliance 2690 LC pump equipped with an autosampler and
connected to a Quattro LC triple-quadrupole mass spectrometer from Micromass
(Manchester, UK). Separation was achieved ona Purospher STAR-RP-18 column (125 x 2
mm, 5 ym) (Merck, Darmstadt). The two mobile phases were phase A and phase B as
described above. A gradient was programmed: 0.0 min, 50% B; 2 min, 50% B; 7 min,
100% B; 17 min, 100% B; 19 min, 50% B; and 26 min, 50% B. The flow rate was 0.3 ml
min~!. MS/MS detection was performed with an electrospray interface operating in the
positive ion mode acquiring the following selected reaction monitoring transitions: C17 d-
erythro-dihydrosphingosine-1-phosphate, 368-252, collision energy 18 eV; and S1P, 380-
264 Da, collision energy 16 eV.
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VIII. Statistic analysis

Data were analysed by Student’'s t test or one-way ANOVA test followed by

Bonferroni’s multiple comparison test.
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