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Abstract

Sphingolipid-metabolizing enzymes are becoming targets for chemotherapeutic development with
an increasing interest in the recent years. In this chapter we introduce the sphingolipid family of
lipids, and the role of individual species in cell homeostasis. We also discuss their roles in several
rare diseases and overall, in cancer transformation. We follow the biosynthesis pathway of the
sphingolipid tree, focusing on the enzymes in order to understand how using small molecule
inhibitors makes it possible to modulate cancer progression. Finally, we describe the most used
and historically significant inhibitors employed in cancer research, their relationships to
sphingolipid metabolism, and some promising results found in this field.
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1 Sphingolipids
1.1 A Brief Introduction of Sphingolipids

Sphingolipids are a vast family of naturally occurring lipids containing a D-erythro-
sphingoid (Shapiro and Flowers 1962) backbone (in sphingosine, (E,2S,3R)-2-
aminooctadec-4-ene-1,3-diol). The sphingolipid group encompasses a growing variety of
structures such as lysosphingolipids, ceramides, cerebrosides, sulfatides, and gangliosides.
Sphingolipids were discovered studying the chemical composition of the brain. The father of
neurochemistry, JLW Thudichum, described for the first time sphingomyelin and
sphingosine in a study published in 1884. At that time, and for a long time thereafter,
sphingolipids were considered as structural compounds in biological membranes (Stoffel
1970) of eukaryotes and in plasma lipoproteins. As an exception, sphingolipids have been
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also found in the Sphingomonas bacterial genus and other bacteria (Olsen and Jantzen
2001). Working as structural components, sphingomyelin and glycosphingolipids are the
most abundant sphingolipids occurring in cells, normally accounting for 10-30 % of lipids
in the cellular membranes whereas other sphingolipids such as ceramide or sphingosine are
much less abundant. However, as it has been found for other lipids, the role of sphingolipids
was found not to be only structural. In the middle 1980s sphingosine was found to inhibit
protein kinase C, suggesting a bioactive role for sphingolipids as a second messenger
(Hannun et al. 1986). After that, ceramide was shown to have regulatory roles in the cell.
Following these findings, their phosphorylated forms, ceramide-1-phosphate (C1P) and
sphingosine 1-phospate, were also described to have roles in apoptosis, proliferation,
senescence, angiogenesis, and vesicular trafficking (Hannun and Obeid 2008). Interestingly,
ceramide and sphingosine 1-phosphate, separated only by two bidirectional metabolic steps,
have been described to exert opposites effects in the cell. Thus, ceramide has been reported
to trigger apoptosis and cell arrest whereas S1P enhances cell survival and cell proliferation.

1.2 Biosynthesis of Sphingolipids

The de novo biosynthesis of sphingolipids in mammals begins by the condensation of serine
with palmitoyl-coenzyme A to form 3-ketosphinganine, catalyzed by serine-palmitoyl
transferase (SPT), a pyridoxal 5’ -phosphate-dependent enzyme, and then reduced to
sphinganine (Fig. 1). Less abundant, and biologically less studied, glycine or alanine can be
incorporated instead of serine to form 1-desoxymethyl- or 1-deoxy- derivatives,
respectively. N-acylation of the amino group of sphinganine with several possible coenzyme
A-activated fatty acid (normally between C16/C16:1 and C24/C24:1, although shorter and
longer backbone chains have been described, as well as a variety of backbone modifications
Abe et al. 1996) leads to dihydroceramides, and this step is catalyzed by at least 6 known
(dihydro)ceramide synthases (CerS1-6), each one with different fatty acid length preference.
These enzymes are also responsible for N-acylation of sphingosine. Ceramides are formed
by desaturation of dihydroceramides by dihydroceramide desaturase (DES) (Fabrias et al.
2012).

Classically, ceramide was treated as a single biological entity; however, ceramide is a family
of structurally related molecules, and recently researchers have realized the biological
diversity that may accompany this structural diversity. In mammals, it is possible to identify
a growing number of ceramides, which are over 300 structures. Increasing the complexity,
the same species of ceramide may be found in different subcellular compartments, in
biological fluids, or in different metabolic contexts in the cell. This variability in structure
and localization raised the concept of many ceramides (Hannun and Obeid 2011), with
different possible functions.

Ceramides are also the central hub from which diverse chemical modifications such as N-
acyl hydrolysis or esterification in C1 result in hundreds of diverse structures with different
potential functions. Moreover, the catabolism of more complex sphingolipids leads to
ceramide formation, which can be converted to other complex sphingolipids, or continue its
catabolism. That positions ceramide as a central key regulatory step in the whole
sphingolipid diversity and function.
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One of the fates of ceramides is its hydrolysis by ceramidases (N-acylsphingosine
amidohydrolase, EC 3.5.1.23, here abbreviated as CDase) to form sphingosine, which is
considered a bioactive molecule by itself (as mentioned before it was discovered to inhibit
PKC), and it is the main sphingoid base in mammals. There are different ceramidases in
human, codified by five different genes. Depending on their pH range of activity, they have
been named as acid, neutral, and alkaline. Acid CDase (aCDase) is codified by the gene
ASAH1. The optimum activity of aCDase is pH 4.5, and it is found in the lysosome,
secreted in the media, and it could also have a role in trafficking vesicles. Another CDase
has its optimum activity at pH 7-9, and it has been dubbed neutral CDase (nCDase, codified
by the gene ASAH2) which has been localized bound to the plasma membrane, and also
secreted to the intestinal lumen, but also may be present in mitochondria (Novgorodov et al.
2011). Finally, three different CDases with activity at pH 8.5-9.5, named as alkaline CDases
(alkCDase, codified by the genes ACER1 or ASAH3, ACER2, and ACERS3), are localized in
the endoplasmic reticulum and the Golgi complex (Mao et al. 2001).

The potential modifications of sphingosine are N-acylation (ceramides), N-methylation (N,
N-dimethylsphingosine, DMS; N, N, N-trimethylsphingosine, TMS), and phosphorylation.
Additionally, sphingosine can be reverted/recycled to ceramide by reverse activity of
CDases or by CerS activity (the same enzyme seen working on the N-acylation of
dihydrosphingosine in the biosynthesis of de novo dihydroceramide/ceramide). The N-
acylation by CDases does not require fatty acid activation by coenzyme A, as it is necessary
for N-acylations catalyzed by CerS (El Bawab et al. 2001; Mao et al. 2000). Phosphorylation
of sphingosine to sphingosine 1-phosphate is carried out by one of the two sphingosine
kinases (SK1, 2). DMS also has been reported to be phosphorylated to DMS-1-phosphate;
however this compound has not been further studied (Yatomi et al. 1997).

Sphingosine 1-phosphate is a bioactive lipid, triggering biological responses such as cell
migration, cell proliferation, and angiogenesis through five known GPCR receptors
(S1P1-5) (Hannun and Obeid 2008; Maceyka et al. 2012; Pyne and Pyne 2011; Sanchez and
Hla 2004). The biological effects of sphingosine 1-phosphate might be also mediated in a
receptor-independent way, and intracellular targets have been described to mediate calcium
homeostasis and cell growth (Spiegel and Milstien 2011). In blood, sphingosine 1-phosphate
concentration is elevated (around 400 nM), mainly associated with lipoproteins and albumin.
Stimulated platelets are a main source of blood sphingosine 1-phosphate. As seen before for
other sphingolipids, the conversion to sphingosine 1-phosphate is reversible, and it can
return to sphingosine by the action of phosphatases (SPP1 and SPP2). Importantly,
sphingosine 1-phosphate can be irreversibly hydrolyzed by sphingosine 1-phosphate lyase
(SPL) to hexadecenal and ethanolamine-phosphate, which are non-sphingolipid molecules,
and it is the only exit point of the sphingolipid network. Interestingly, as with SPT (the
entrance point enzyme to the sphingolipid structure), also SPL (the exit point) is a pyridoxal
5’-phosphate-dependent enzyme (Bourquin et al. 2011).

Returning to ceramide, its phosphorylation by ceramide kinase (CK) results in C1P, another
bioactive sphingolipid involved in cell homeostasis, inflammation, and cell migration
through interaction with phospholipase Al and possibly also by acting on a G-protein-
coupled receptor (Granado et al. 2009). Growing in complexity, two sphingomyelin
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synthases (SMS1, 2) add a phosphocholine group, from phosphatidylcholine, to ceramide
resulting in formation of sphingomyelin and diacylglycerol. Sphingomyelin is one of the
main structural lipid of biological membranes, and it has been described to form defined
domains in the plasma membrane together with cholesterol, offering localization domains
for certain proteins.

The hydrolysis of sphingomyelin by several sphingomyelinases (SMase) generates ceramide
in different compartments, which can then trigger several and distinct cellular responses. As
we saw for CDase, different genes also encode for SMases: an acid SMase (aSMAse,
sphingomyelin phosphodiesterase 1, codified by the gene SMPD1) which can be lysosomal
or secreted to the extracellular matrix (Jenkins et al. 2009). Three neutral SMase genes
(nSMAsel, nSMase2, and nSMase3) have been identified and cloned. However, mammalian
nSMasel, although with bacterial neutral SMase sequence homology, and in vitro SMase
activity, acts primarily as a lyso-PAF phospholipase C in vivo, with no SMase detected in
cells (Marchesini et al. 2003). On the other hand, nSMase2 shows SMase activity in vitro
and in vivo, whereas nSMase3 has been shown to exhibit SMase activity in some studies but
not others. As such, nSMase2 has been much more studied and found to be involved in a
myriad of biological effects in cells (Wu et al. 2010). All of the cloned nSMase proteins
require addition of magnesium in vitro assays, although only nSMase2 has been shown to
really increase sphingomyelin hydrolysis in vivo when overexpressed in breast cancer
MCF-7 cell line. Moreover, an additional SMase, a magnesium-independent nSMase
activity has been described in cytosolic fractions. Nevertheless, this activity has not been
associated to a gene yet (Okazaki et al. 1994).

Other modifications in the ceramide structure include condensation of hexosyl units.
Commonly, in the endoplasmic reticulum, units of glucose or galactose are attached in -
linkage to ceramide forming the cerebrosides glucosyl-ceramide and galactosyl-ceramide by
glucosylceramide transferase and galactosylceramide transferase, respectively. The addition
of more units of sugars to the glucosylceramide structure including different numbers and
combinations of galactose, glucose, N-acetylgalactosamine, neuraminic acid (sialic acid),
fucose, etc. in a precise sequence, bond configuration, and with or without ramifications
defines different subcategories of glycosphingolipids, such as globo-sphingolipids,
gangliosides (rich in sialic acid, forming several series: GMs, GD, GTs, GQs, GPs), and
lactoseries. Sulfation of galactoceramide by galactosylceramide sulfotransferase results in
another subgroup of glycosphingolipids, named sulfatides, rich in axonal myelin sheath and
associated with apolipoprotein E in cerebrospinal fluid. Glycosphingolipids in general have
been identified as antigens defining for example some of the blood groups, and used to
define tumor-associated antigens. Glycosphingolipids are also involved in cisand trans cell
interactions, contact cell growth inhibition, cell adhesion, and signal transduction (Hakomori
2008).

1.3 Sphingolipids and Disease

The enormous variety of sphingolipid structures imparts on the family a tremendous range
of biological functions, which are commonly discovered in disease conditions. The
misregulation of one sphingolipid metabolic enzyme, a sphingolipid receptor, or any other
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sphingolipid-modulated protein can develop several severe and fatal diseases. Thus, there is
a collection of lysosome storage diseases due to a mutation in different lysosomal
sphingolipid catabolic enzymes resulting in accumulation of one or another sphingolipid in
the lysosome and provoking cellular, tissue, and organ failure. The lack of aCDase activity
in the lysosome results in Farber disease. There is an accumulation of ceramide in the
lysosomes, linked to a deficient neurological and general organ development, normally with
short life span. A deficiency of alpha-galactosidase A (GLA) causes Fabry’s disease, a
multisystemic accumulation of globotriaosylceramide which results in severe complications
in kidney, heart, and brain (Schaefer et al. 2009; Tarabuso 2011) commonly leading to early
death. In Niemann-Pick disease, there is a lack of aSMase activity, resulting in storage of
sphingomyelin in the endolysosomal compartment. The disease can present with different
severities. Niemann-Pick type A (Ledesma et al. 2011) develops a severe neurological
pathology with shorter life span. Type B is not as severe as type A but it still has a life
expectancy during adulthood. Another lysosomal storage disorder is Gaucher’s disease, the
most common lysosomal storage disorder. Gaucher’s disease presents accumulation of
glucosylceramide due to lack of the lysosomal enzyme that hydrolyzes glucosylceramide to
ceramide and glucose, glucocerebrosidase (acid B-glucosidase, GBA1 gene). Gaucher’s
disease patients often show visceral disorders, and in some severe cases neurological
abnormalities (Farfel-Becker et al. 2011). Moreover, accumulation of GM2 gangliosides
comprises three different disorders (Tay—Sachs disease, Sandhoff disease, and the very rare
GM2A deficiency) including GM2 gangliosidosis due to deficiency in beta-hexosaminidase
activity. Accumulation of GM1 by beta-galactosidase activity deficiency results in GM1
gangliosidosis. Both types of gangliosidosis are fatal. Finally, accumulations of sulfatides
are described in metachromatic leukodystrophy. These diseases illustrate how important is
the regulation of the sphingolipid pathway, and how a malfunction of one of their enzymes
seems not to have another exit than the accumulation of the lipid. Mutations in SPT underlie
hereditary autonomic neuropathy which has been mechanistically linked to formation of
deoxysphingolipids.

Other diseases have been also related to malfunction of the sphingolipid pathway, including
Alzheimer’s disease, diabetes, atherosclerosis, cystic fibrosis, Wilson disease, and cancer. In
this review, it is in cancer that we focus the drug development status involving targets in the
sphingolipid pathway.

2 Sphingolipids and Cancer

Aberrations in bioactive sphingolipids, mainly ceramide, sphingosine 1-phosphate, and
gangliosides, have been linked to several steps in cancer progression and response to cancer
treatment, including resistance to chemotherapeutics.

In mammalian cells, accumulation of certain ceramide species in certain subcellular
localizations might play a role in apoptosis (Birbes et al. 2002), cell cycle arrest, and
inhibition of cell motility. Apoptosis is a natural response in tissue homeostasis, immune cell
maturation, elimination of damaged or infected cells (for example exposed to UV-C light, or
viral infection), or in the ontogenic process. Apoptosis can be triggered by a variety of
stimuli such as cytokines (for example TNF) or DNA damage (activating p53 protein). In
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some cellular models the apoptotic mechanism has been shown to involve ceramide
accumulation. Thus, several cancer cells and cancer models have been reported to have
significant alterations in the enzymes involved in ceramide generation (aSMase, nNSMAse,
CerS) or degradation (aCDase Flowers et al. 2011, nCDase), often resulting in loss of
ceramide, and could be one of the reasons of a cancer cell behavior, avoiding cell death.

In an opposite direction, changes in metabolism of sphingosine 1-phosphate have also been
seen in cancer. S1P has been shown to induce cell proliferation, angiogenesis, cell invasion,
and cell migration through five known G-protein-coupled receptors (S1P1-5). The enzymes
responsible to catalyze sphingosine 1-phosphate have been reported to be overexpressed in
several cancers, and thus, elevated levels of sphingosine 1-phosphate have been also
reported in cancer cells and tissues. Especially relevant to cancer biology is the protein p53
which recently has been found to act upstream of SK1/sphingosine 1-phosphate pathway
(Heffernan-Stroud et al. 2012).

Aberrant glycosylation has become a marker of the majority of cancers (Durrant et al. 2012).
One of the recognized functions for glycosphingolipids is cell adhesion and cell motility.
Changing the pattern of glycosphingolipid by expressing aberrant glycosphingolipids, and/or
truncating the glycosphingolipids biosynthetic pathway, or overexpression of the
glycosphingolipids, can dramatically promote or inhibit the spreading of cancer cells.

Because of these multiple contributions of sphingolipid in regulating cancer cells, their key
enzymes have become targets in drug development.

3 Chemotherapeutical Drugs

Despite the observation that many sphingolipid enzymes have been implicated directly in
cancer pathobiology, and even though drug inhibitors of virtually all of them have been
developed, it is mainly glucosyl ceramide synthase, acid ceramidase, and sphingosine kinase
that have garnered most attention as targets in recent research (Table 1).

In this chapter we review the main inhibitors of sphingolipid enzymes, and we mainly focus
on those with more chemotherapeutic possibilities.

3.1 Serine-Palmitoyl Transferase

One of the first SPT inhibitors was beta-chloroalanine which was shown to inhibit SPT in
vitro using rat liver microsomes as a source of SPT and in vivo, using Chinese hamster
ovary (CHO) cells (Medlock and Merrill 1988). Nonetheless, this compound also inhibits
other pyridoxal phosphate-dependent enzymes and transaminases. From the fungus Isaria
sinclairii, (ISP-1) was isolated as an immunosuppressant compound along with the
antibiotics myriocin and thermozymaocidin, but once the chemical structures were resolved,
it was appreciated that the three of them were identical (Miyake et al. 1995). The structural
similarity of myriocin with sphingosine led to the discovery of its inhibitory effect on SPT.
The biological effects of myriocin as inhibitor of cell growth were reverted by addition of
sphingosine and sphingosine 1-phosphate. Other sphingosine analogues, such as DMS, had
no effect on SPT (Miyake et al. 1995). Myriocin has been shown to reduce melanoma cell
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proliferation by decreasing sphingolipid levels and increasing p53 and p21 expression. In
vivo, injection of myriocin reduced tumor growth in murine melanoma with a similar
decrease in sphingolipids and increase in p53 and p21 showed in cells (Lee et al. 2012). L-
cycloserine, another SPT inhibitor, has been shown to block taxol-induced ceramide,
reducing apoptosis in breast cancer MCF-7 and MDA-MB-231 cell lines (Charles et al.
2001).

Recently, geranyl linalool, phytol, and farnesol have been also described as novel SPT
inhibitors that reduce fumonisin B1-induced sphinganine accumulation and thus inhibit the
first step of sphingolipid de novo synthesis (Shin et al. 2012).

3.2 Ceramide Synthases

Fumonisins were the first specific inhibitors described for the sphingolipid pathway. They
are natural mycotoxins, with 15 different fumonisins, whereas FB1 is the most toxic.
Fumonisins inhibit N-acylation of sphingoid bases by CerS, blocking the de novo synthesis
of ceramide, and its recycling from sphingosine, causing an accumulation of free
dihydrosphingosine and sphingosine resulting in a reduction of the total amount of complex
sphingolipids and a total disruption of sphingolipid metabolism and eventually cellular
metabolism failure.

3.3 Dihydroceramide Desaturase

The first DES inhibitor came from rational design. Based on the inhibitory mechanism of
cyclopropene fatty acids on fatty acyl desaturase, the cyclopropene analogue of ceramide, N-
[(AR, 29-2-hydroxy-1-hydroxymethyl-2-(2-tridecyl-1 cyclopropenyl)ethyl] octanamide, or
briefly, GT11, was developed and found to inhibit DES (Triola et al. 2001). GT11
functioned as a competitive inhibitor with a Ki = 6 pM with N-octanoyl-sphinganine (Triola
et al. 2003). In vivo studies showed GT11 to inhibit DES in different cultured cell lines.
However, at higher concentrations (>5 uM), GT11 caused the accumulation of
dihydrosphingosine 1-phosphate and sphingosine 1-phosphate in primary cerebellar neurons
due to inhibition of sphingosine 1-phosphate lyase (Triola et al. 2004). From GT11
structure, another ceramide analogue, 5-thiadihydro- ceramide (XM462), containing a sulfur
atom instead of the cyclopropene ring of GT11, also inhibited DES but with less potency
than GT11, but was a more stable compound (Munoz-Olaya et al. 2008). From the work on
GT11 and XM462, a new library of compounds was designed showing in vitro and in vivo
inhibition of DES (Camacho et al. 2012).

Interestingly, although not designed and initially not used to inhibit DES, the drugs
celecoxib and methylcelecoxib, which are COX-2 inhibitors, were shown to cause the
accumulation of dihydroceramide species and dihydrosphingosine by inhibiting DES in
HCT-116 cells, having no effect on reducing ceramide species (Schiffmann et al. 2009).

The most explored DES inhibitor is the synthetic retinoid N-(4-hydroxyphenyl) retinamide
(fenretinide or 4-HPR) which has been shown to inhibit cell growth and induce cell death in
several cancer cell lines. Moreover, 4-HPR has been approved for phase | and Il in clinical
trials. For example, 4-HPR is currently in clinical trials in pediatric patients with recurrent
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neuroblastoma (Villablanca et al. 2011), in premenopausal breast cancer risk (Macis et al.
2012), and in recurrent prostate cancer (Moore et al. 2010). 4-HPR was shown to cause
accumulation of dihydroceramide and to act as an inhibitor of DES in cells (Wang et al.
2008). Mechanistically, the direct inhibition of DES by 4-HPR was demonstrated in in vitro
studies using microsomes as a source of DES (Rahmaniyan et al. 2011). The cytotoxicity of
4-HPR has been related to accumulation of reactive oxygen species (ROS) and to inhibition
of DES, although a recent study suggests that 4-HPR induction of cell death may occur
independent of dihydroceramide and ROS accumulation (Apraiz et al. 2012).

3.4 Sphingomyelinases

In a screening amongst 10,000 microbial extract to find an nSMase2-specific inhibitor, a
mycelial extract of Trichopeziza mollissima showed a micromolar-range inhibition for
nSMase?2 activity from rat liver microsomes. The active compound was scyphostatin, a
water-insoluble and unstable compound when dried that can be stored at 20 °C in methanol
(Nara et al. 19993, b). The characterization of this inhibitor showed a reversible inhibitor,
where the Km and Vmax were modified, and its specificity for neutral versus acid SMase
was shown to be around 50-fold higher for nSMase, with ICgg for aSMase around ICsq =
49.3 uM, versus 1 uM for nSMase (Nara et al. 1999a, b). Of note, nSMase3 was inhibited by
scyphostatin (Krut et al. 2006). Interesting synthetic analogues of scyphostatin have been
developed looking for more potent nSMase inhibitors. Amongst them, kotylostatin, modified
in its acyl chain, resulted in it being an irreversible inhibitor (Wascholowski et al. 2006).
Not many biological studies have been carried out with scyphostatin or their analogues.
Moreover, another natural and structural related inhibitor, manumycin A, is a reversible
nSMase inhibitor with an affinity to nSMase 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 (Arenz et al. 2001). Manumycin A is currently used in cancer research,
but its activity is attributed to Ras farnesyltransferase inhibition.

Probably, one of the most used nSMase2 inhibitors in research is GW4869. It is a potent,
cell-permeable, noncompetitive, and specific nSMase inhibitor with an in vitro ICgg of 1 uM
for nSMase, and it does not inhibit aSMase up to 150 pM. The inhibitor was shown to work
in vivo as well by blocking the hydrolysis of sphingomyelin by nSMase induced by TNF
(Luberto et al. 2002). GW4869 has been shown to reduce cellular ceramide levels and
increase hyaluronic acid secretion (Qin et al. 2012), reducing secretion of miRNA (Kosaka
et al. 2010) and counteracting the retinoic acid-induced growth inhibition (Somenzi et al.
2007).

Screening guanidinium derivatives, undecylidene-aminoguanidine (C11AG) was shown to
inhibit nSMase and block HSV-1 replication by 50 % using 2.5 uM. It also blocked LPS-
stimulated sphingomyelin hydrolysis (Amtmann et al. 2003) and enhanced cell death in
Jurkat T-cell lymphoma cells.

Handb Exp Pharmacol. Author manuscript; available in PMC 2014 April 24.
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There is not much literature on SMase3 in cancer progression, although it has been shown to
be deregulated in several primary tumors (Corcoran et al. 2008), and it could play important
roles in cellular homeostasis.

Similarly for nSMase, there are no selective inhibitors for this enzyme. However, aSMase
was found to participate in evodiamine, a cytotoxic alkaloid, and induction of apoptosis in
human gastric cancer SGC-7901 cells (Huang et al. 2011a, b), and it mediates apoptosis by
ceramide production and radiosensibilization by the combination of the synergistic
compounds sorafenib and vorinostat in cancer treatment (Park et al. 2010). The
difluoromethylene sphingomyelin analogue SMA-7 is an SMase inhibitor that reduces levels
of aSMase to basal in LPS-induced colon cancer cells, blocking the release of pro-
inflammatory cytokines (Sakata et al. 2007). However, SMA-7 also inhibits nSMAse with a
similar IC5p = 3.3 uM (Yokomatsu et al. 2001). The tricyclic group of compounds, such as
desipramine, have been shown to indirectly inhibit aSMase by inducing its degradation.

3.5 Ceramidases

Ceramidases, and more exactly aCDase, has been a common target to drug development
since they have a dual role in cancer progression. The first role is decreasing ceramide
levels. Ceramide has been shown to drive cellular apoptosis, often in response of cytokines,
or chemotherapeutic drugs. Thus activation of CDase results in decrease of ceramide levels,
and failure of apoptosis. The second role is to participate in generation of sphingosine 1-
phoshate, a pro-proliferative agonist. In that way, CDase activity hydrolyzes ceramide to
form sphingosine, which in the presence of sphingosine kinase activity is converted to
sphingosine 1-phosphate. This dual role makes CDase a strong player in cancer progression,
and an attractive target for anticancer drug development. This opposite effect of ceramide
and sphingosine 1-phosphate is not just limited to cell proliferation; for example, in our
group we have recently described that the pro-migratory family of proteins ezrin, radixin,
and moesin, which are overexpressed in several cancer cells, are also oppositely regulated
by ceramide and sphingosine 1-phosphate (Canals et al. 2010).

Lyosomal aCDase and aSMase are inhibited by some amphiphilic tricyclic agents such as
desipramine, and by other amphipathic amines such as chlorpromazine and chloroquine.
These agents downregulate aCDase and aSMase protein levels, although they do not affect
the RNA message levels. These compounds are not specific for SMases or CDases, affecting
some, but not all, lysosomal enzymes (Canals et al. 2011). Looking for more specific
inhibitors, and based on the sphingoid-base structure, synthetic chemistry has brought some
families of CDase inhibitors. The first sphingolipid analogue-based CDase inhibitor was N-
oleoylethanolamine (NOE) (Sugita et al. 1975). NOE has been broadly used as an aCDase
inhibitor, increasing cellular ceramide, and inducing apoptosis in several cell lines, such as
the mouse L929 fibroblast (Strelow et al. 2000), human glioma U87-MG cells, primary
placenta trophoblast (Payne et al. 1999), and bone marrow-derived dendritic cells. However,
NOE was found to also inhibit ceramide glycosylation and later, its aCDase inhibitor
potency was found to be weak in vitro and in vivo (Grijalvo et al. 2006). Currently, NOE is
not used as an aCDase inhibitor but as an endocannabinoid-related molecule. However,
NOE has served as a scaffold to design other aCDase inhibitors.
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Another attempt for CDase inhibitor was a ceramide analogue, (1S, 2R)-D-erythro-2-(N-
Myristoylamino)-1-phenyl-1-propanol or D-e-MAPP, which was shown to accumulate
intracellular ceramide in human promyelocytic HL-60 leukemia cells causing cell cycle
arrest. It was shown to inhibit in vitro neutral and alkaline CDase at micromolar
concentrations, but it had no effect on aCDase (Bielawska et al. 1996).

In a study of D-e-MAPP analogues, (1R, 2R)-2-(N-tetradecanoylamino)-1-(4-
nitrophenyl)-1,3-propanediol (or B13) was shown to be a potent in vitro aCDase inhibitor
(Bielawska et al. 2008). B13 also accumulated cellular ceramide in vivo, although the
mechanism in vivo has been argued, since the neutral nature of the compound makes it
difficult to be accumulated in the lysosome. To solve this problem, B13 was modified to
enter in the lysosome, resulting in series of lysomotrophic molecules such as LCL204 (also
known as AD 2646). Thus, LCL204 inhibits aCDase in vitro as well as in vivo, increasing
ceramide levels in a myriad of cultured cells, and counteracting the resistance to apoptosis
caused by overexpression of aCDase found in some cancers. LCL04 was found to reduce
aCDase protein levels, and destroy the lysosomes and thus affect other lysosomal proteins,
including aSMase (Bai et al. 2009).

3.6 Glucosylceramide Synthase

The ceramide analogue, D-threo-1-phenyl-2-decanoylamino-3-morpholino-1-propanol or D-
threo-PDMP or just D-PDMP, is a competitive inhibitor of GSC. Interestingly, the L-PDMP
isoform was found not to have an inhibitory effect on cells (Inokuchi et al. 1990). D-PDMP
treatment of human leukemia HL-60 cells resulted in reduction of basal levels of
glucosylceramide, lactosylceramide, and GM3. The reduction of glucosylceramide species
and derivatives has been also observed in a myriad of cancer cells and it has been suggested
as a chemotherapeutic agent, alone or to sensitize cells to other chemotherapeutic drugs. For
example, Lewis lung carcinoma cells lost its lung-colonizing capacity after micromolar
PDMP treatment. D-PDMP has been used in combination with imatinib to kill K562
leukemic cells (Baran et al. 2011), in combination with nanoliposomal C6-ceramide (Jiang
et al. 2011), and with GNF-2- Bcr-Abl inhibitor to induce apoptosis in human chronic
myeloid leukemia cell line (Huang et al. 2011a, b). Moreover, D-PDMP was seen to inhibit
galactosylceramide synthase as well. The L-isomer of PDMP was not only found to have no
inhibitory effect on GSC but also had the opposite effect of increasing the levels of glucosyl-
and lactosylceramides and their respective metabolites (Chatterjee et al. 1996). However, L-
PDMP was found to inhibit glycosylceramide glycanases, which are abnormally expressed
in some tumor cancers such as colon cancer, neuroblastoma, and some breast cancer cell
lines (Basu et al. 1999).

3.7 Sphingosine Kinases

There are two enzymes with sphingosine kinase activity to generate sphingosine 1-
phosphate, SK1 (with three N-terminal variants Tonelli et al. 2010) and SK2. The
participation of SK1 in cancer progression has been reported in many studies, and SK1 has
been repeatedly considered as an oncogene. For example, overexpression of SK1 in NIH3T3
fibroblast cell line resulted in increase in cell proliferation, loss of cell growth inhibition by
cell contact, increase in colony formation, and increase in the number of established tumor
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in mice injected with SK1-transfected cells. Microarray databases, like oncomine (http://
www.oncomine.org/), show statistically significant up-regulation of SK1 in a large number
of cancers.

The N-methyl natural derivative of sphingosine, N,N-dimethylsphingosine (DMS), was
found to inhibit SK activity in human platelets (Yatomi et al. 1996) and it has been reported
to block chemotaxis towards growth factors, as well as inducing apoptosis in U937 human
leukemic monocytes. As with other sphingosine analogues, DMS also inhibits PKC (Khan et
al. 1990). Moreover, the quaternary ammonium derivative of DMS, TMS, which is a more
stronger PKC inhibitor, has also been found to inhibit in vitro cancer cell growth, and in
vivo growth of human tumor cells in nude mice, in a similar way than DMS (Endo et al.
1991). The similar results between DMS and TMS make it difficult to distinguish between
SK and PKC effects using these compounds.

The synthetic sphingosine analogue L-threo-dihydrosphingosine (safingol) was first
described as an inhibitor of PKC, and as with other sphingosine isomers and analogues was
also found to inhibit SK activity in partially purified rat brain SK and from human platelet
SK (Buehrer and Bell 1992). Moreover, safingol has been related to ceramide generation
and induction of apoptosis (Noda et al. 2009), and in a sphingolipid-independent way
inducing autophagy in human HCT-116 colon carcinoma cell line (Coward et al. 2009).
Other protein kinases have been reported to be directly or indirectly inhibited by safingol
such as the PI3k/Akt/mTOR pathway, and the ERK MAPK signaling upon bradykinin and
PDGF stimulation (Tolan et al. 1996). Safingol has been shown to inhibit cancer cell growth
(Schwartz et al. 1993) and sensitization of cancer cells to chemotherapeutic drugs, and it has
been successfully used in animal models and successfully passed a phase I clinical trial in
combination with doxorubicin (Schwartz et al. 1997). Safingol alone and in combination
with cisplatin is ready to start clinical phase Il trials (Dickson et al. 2011). From the safingol
structure, an analogue library was constructed finding L-threo-N-(4-
heptylbenzoyl)dihydrosphingosine derivative having a dramatic apoptotic effect in lung
cancer A549 cells (Villorbina et al. 2007).

It is important to note that some of the effects of sphingoid analogues that were initially
attributed to PKC inhibition could also be due to SK inhibition, or vice versa, or
combination of the two enzymes.

Recently, another competitive inhibitor, PF-543, has been described to inhibit SK1 with a Ki
of 3.6 nM, reducing the level of sphingosine 1-phosphate, and increasing the level of
sphingosine in head and neck 1,483 carcinoma cell line. Surprisingly PF-543 did not affect
the growth rate and total ceramide levels, but it affected the rate of newly synthesized
ceramide (Schnute et al. 2012).

Other SK1 inhibitors are FTY720 (fingolimod) and (S)-FTY720 vinylphosphonate which
were shown to inhibit SK1 activity (with a sphingosine competition inhibition of K;; = 2 pM
and uncompetitive inhibition of K, = 17 UM, respectively). The mechanism involves SK1
proteosomal degradation in smooth muscle, breast cancer MCF-7, and LNCaP prostate
cancer cell lines. Thus, whereas FTY 720 phosphate results in cell proliferation and
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migration, the FTY720 parent compound induces apoptosis. Moreover, the two compounds
also showed opposite effects on ERK1/2, Akt, FAK, and caspase-3 (Tonelli et al. 2010). Of
note, (s)-FTY720 vinylphosphonate acts as an antagonist of S1P receptors, increasing the
potential therapeutical effect of the drug to induce cancer cell death. Interestingly, (R)-
FTY720 methyl ester has been shown to inhibit selectively SK2 (Ki ~16 pM with
sphingosine), implicating SK2 in cytoskeleton rearrangements in breast cancer MCF-7 cells
(Lim et al. 2011).

Inhibition of SK using SKI-II (2-(p-hydroxyanilino)-4-(p-chlorophenyl) thiazole) (ICsq =
0.5 uM, for human recombinant SK1) typically employed a concentration of 10 uM, and this
resulted in decreased multidrug-resistant breast cancer proliferation and viability (Antoon et
al. 2012), blocked the activation of ezrin protein by S1P required for migration in cervical
cancer HelLa cells (Canals et al. 2010), and resulted in SK1 degradation in MDA-MB-453
breast cancer cells (Ohotski et al. 2012). Indeed, this inhibitor has been suggested of not
inhibiting directly SK1, but enhancing its lysosomal degradation (Ren et al. 2010). Recently,
it has been used in combination with bortezomib to induce caspase-dependent apoptosis in
leukemic cells (Li et al. 2011).

Specific for SK1, (2R,3S,4E)-N-methyl-5-(4-pentylphenyl)-2-aminopent-4-ene-1,3-diol
(BML-258 or SK1-1) is a water-soluble ATP-competitive inhibitor with no activity towards
SK2 and PKC. This inhibitor showed antiproliferative effects on human leukemia U937
cells inducing caspase- and BCL-2-dependent apoptosis. SK1-I showed an anti-proliferative
effect and inhibition of migration and invasion in glioblastoma U373 and LN229 cells
towards serum, EGF, and lysophosphatidic acid. Moreover, SK1-1 inhibited the growth of
acute myeloid leukemia xenograft tumors in mice and reduced tumor burden, serum S1P
levels, metastasis, hemangiogenesis, and lymphangiogenesis in mouse metastasic breast
cancer model (Nagahashi et al. 2012; Paugh et al. 2008).

Selective inhibitors for SK2 have been identified, and these include ABC294640 [3-(4-
chlorophenyl)-adamantane-1-carboxylic acid (pyridin-4-ylmethyl)amide], a competitive
inhibitor with respective sphingosine, Ki ~10 uM. In cell culture, ABC294640 inhibited cell
proliferation, cell migration in several cancer cell lines (French et al. 2010), induced
autophagy and apoptosis in PC-3 prostate and breast cancer MDA-MB-231 cancer cells, and
reduced tumor incidence in an azoxymethane/dextran sulfate sodium mouse model
(Beljanski et al. 2011; Chumanevich et al. 2010).

It is not the goal of this chapter to describe small molecules that inhibit sphingosine 1-
phosphate receptors. However, it is important to point out that another set of inhibitors are
available for these receptors, and they are also important targets in the current drug
discovery research (Huwiler and Pfeilschifter 2008).

3.8 Antibodies as Chemotherapeutics

This chapter would not be complete if we do not mention that antibodies raised against
sphingosine 1-phosphate and antibodies which recognize aberrant glycolipids expressed in
tumors have become strong activators of the complement system, or directly induce cell
death (Durrant et al. 2012). Amongst all the glycolipids, glycosphingolipids are the most up-
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regulated in tumor cells, and thus, appear to be the most important targets for cancer drug
development. In this context, sphingomab, a murine monoclonal antibody that binds
sphingosine 1-phosphate (the human version is known as sonepcizumab), has shown
reduction in cancer progression in a murine model and in human cancers (Milstien and
Spiegel 2006; Visentin et al. 2006). Sphingomab has already completed phase I clinical
trials for cancer treatment and is being considered for phase Il studies (Sabbadini 2011).

3.9 Chemotherapeutics that Modify Sphingolipid Pathway

Although the majority of therapeutics used in cancer are not directly targeted to sphingolipid
enzymes, their action mechanism might require the participation of sphingolipids. For
example resveratrol, which is an apoptotic compound used to induce cancer cells to die, may
involve ceramide generation, since when breast cancer MDA-MB-231 cell lines are
pretreated with myriocin, the cells do not accumulate ceramide in response to resveratrol
and cells are rescued from the induction of apoptosis. Moreover, resveratrol has been
reported to inhibit sphingosine kinase 1 in breast cancer MCF-7 cells (Lim et al. 2012).
Other chemotherapeutic apoptotic agents such as fenretinide (Maurer et al. 1999),
doxorubicin (Saad et al. 2007), ara-C (Grazide et al. 2002), etoposide (Perry et al. 2000), and
A9-tetrahydrocannabinol have been shown to induce cell death by accumulation of ceramide
(Galve-Roperh et al. 2000).

4 Perspectives

The identification of a role of sphingolipids in tumor behavior, development, and prognosis
suggests a point of regulation in cancer progression, and new targets to block cancer growth
or metastasis. While a few sphingolipid analogues have been already incorporated in clinical
trials, other sphingolipid-regulating enzymes have poor- or low-efficiency inhibitors; other
inhibitors are specific and potent in vitro but poor when used in vivo, or there is still a lack
in their metabolism by the cell, or in blood. However, this is an active and exponentially
growing field in cancer research, and we expect that in the near future chemotherapies
involving inhibitors of sphingolipid-metabolizing enzymes, and other sphingolipid-regulated
proteins, will be part of clinical trials and cancer patient treatments.
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Abbreviations

D-eMAPP (1S 2R)-D-erythro-2-(N-Myristoylamino)-1-phenyl-1-
propanol

CDase (aCDase nCDase, Ceramidase (acid, neutral, and alkaline ceramidase)

alkCDase)

CesS Ceramide synthase

DES Dihydroceramide desaturase
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GSC Glucosylceramide synthase

DMS N, N-dimethylsphingosine

TMS N, N, N-Trimethylsphingosine

NOE N-oleoylethanolamine

PKC Protein kinase C

SPT Serine-palmitoyl transferase

SMase (aSM ase nSM ase) Sphingomyelinase (acid, neutral sphingomyelinase)
SMS Sphingomyelin synthase

SPP Sphingosine 1-phosphate phosphatase

SK Sphingosine kinase
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Fig. 1.

Sphingolipid pathway and subcellular localization of sphingog:ipid enzymes. The biosynthesis of sphingolipids begins in the
endoplasmatic reticulum (ER)-Golgi network. Vesicular transport distributes sphingolipids to different compartments such as
plasma membrane, and lysosome. Sphingolipids and a sphingomyelinase (Man) have been found in the mitochondrion. a/
nSMase acid/neutral sphingonyelinase, a/nCDase acid/neutral ceramidase, nSMase neutral sphingomyelinase, SK1/2
sphingosine kinase 1/2, Man mitochondrial sphingomyelinase, GBA acid p-glucosidase, SMISsphingomyelinase synthase, DES
dihydroceramide desaturase, GCSglucosylceramide synthase, SPT serine palmitoyl-CoA transferase

Handb Exp Pharmacol. Author manuscript; available in PMC 2014 April 24.



Page 22

Canals and Hannun

NIH-PA Author Manuscript

HN

HO

o 2doH 1 5

aulweldisag

698YMO

uneisoydAos

T uisiuown4

ddH-¥

8U113S0]9A2-7]

UIDOLIAIN

aseplwelad proe/aseuljsAwobulyds proy

zaseurjpAwobuiyds esnaN

3SeUYIUAS apIwela)

aselnyesap apiwelsd(oipAyia)

aselajsuey |Aojiwed-aulies

2.Inpnis

Jonqiyul

pa1eb ey awAzug

T alqel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

s1o1qiyul swAzua pidijobuiyds pasn Ajuowwo)

Handb Exp Pharmacol. Author manuscript; available in PMC 2014 April 24.



Page 23

Canals and Hannun

NIH-PA Author Manuscript

HO,

0v9r620av

ajeuoydsoyd|AuIA 0z A 14-(S)

? 11-14S
:/\_/\7//\0>\<
I-TMS
(S y{/ﬁ?\,\,\\ ~~
T €¥S-4d
~
IR SWa
|0Buiyes aseuny auisobuiyds
dINQd-0e1y-a aseyiuAs apiweladjAsoon|o
fJ\ ddVIN-©-Q  9Sepiwelad auljey|e/asepiwelad [elinaN
NP S
o q-3
PO S
<f>\ €19
340N 9SEPIWRIA PIOY
2InPNIS JoNqiyu| pa1eb re1awAzug

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Handb Exp Pharmacol. Author manuscript; available in PMC 2014 April 24.



