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Abstract

In this chapter, roles of bioactive sphingolipids in the regulation of cancer pathogenesis and therapy
will be reviewed. Sphingolipids have emerged as bioeffector molecules, which control various
aspects of cell growth, proliferation, and anti-cancer therapeutics. Ceramide, the central molecule of
sphingolipid metabolism, generally mediates anti-proliferative responses such as inhibition of cell
growth, induction of apoptosis, and/or modulation of senescence. On the other hand, sphingosine 1-
phosphate (S1P) plays opposing roles, and induces transformation, cancer cell growth, or
angiogenesis. A network of metabolic enzymes regulates the generation of ceramide and S1P, and
these enzymes serve as transducers of sphingolipid-mediated responses that are coupled to various
exogenous or endogenous cellular signals. Consistent with their key roles in the regulation of cancer
growth and therapy, attenuation of ceramide generation and/or increased S1P levels are implicated
in the development of resistance to drug-induced apoptosis, and escape from cell death. These data
strongly suggest that advances in the molecular and biochemical understanding of sphingolipid
metabolism and function will lead to the development of novel therapeutic strategies against human
cancers, which may also help overcome drug resistance.
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16.1 Introduction

Sphingolipids are a family of membrane lipids that contribute to the regulation of the fluidity

and the sub-domain structure of the lipid bilayers (Futerman and Hannun, 2004). In addition,
bioactive sphingolipids such as ceramide, sphingosine 1-phophate (S1P), sphingosine, and
glucosylceramide (GlcCer), function as bioeffector molecules, which are involved in the

regulation of various aspects of cancer pathogenesis and therapy, including apoptosis, cell

proliferation, cell migration, senescence, or inflammation (Futerman and Hannun, 2004; Kok

and Sietsma, 2004; Ogretmen and Hannun, 2004; Reynolds et al., 2004; Fox et al., 2006;
Modrak et al., 2006).

16.1.1 Structure and Metabolism of Ceramide
Ceramide is composed of sphingosine, which is an amide-linked to a fatty acyl chain, varying

in length from C14 to Cyg (Fig. 16.1). Ceramide then serves as the metabolic and structural

precursor for complex sphingolipids, which are composed of hydrophilic head groups, such as

sphingomyelin (SM), ceramide 1-phosphate (C1P), and GlcCer (Gouaze-Andersson and
Cabot, 2006). The synthesis of GlcCer is the precursor for the generation of complex

glycosphingolipids and gangliosides (Fig. 16.1) (Futerman and Hannun, 2004; Futerman and
Riezman, 2005). Endogenous ceramide levels are regulated by complex and integrated
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metabolic pathways, and each of these pathways involves a number of specialized enzymes
(Fig. 16.1) (Futerman and Hannun, 2004; Futerman and Riezman, 2005). In addition to the
activation of sphingomyelinases (SMases) (Andrieu-Abadie and Levade, 2002; Clarke and
Hannun, 2006; Clarke et al., 2006) that hydrolyze SM to yield ceramide, endogenous ceramide
can be generated via the de novo pathway (Dolgachev et al., 2004; Reynolds et al., 2004). In
the de novo pathway, serine and palmitoyl CoA condense to form 3-ketosphinganine by serine
palmitoyl transferase (SPT) (Merrill et al., 1988; Nagiec et al., 1996), leading to the synthesis
of dihydroceramide by dihydroceramide synthases (dhCerS1-6) (Bose et al., 1995;
Venkataraman et al., 2002). Then, a double bond is inserted between carbons 4-5 in the
sphingosine backbone of dihydroceramide to generate ceramide (Michel et al., 1997; Kraveka
et al., 2007). Ceramide can then be utilized as a substrate by ceramidases (CDases) to liberate
sphingosine (Park and Schuchman, 2006), which is phosphorylated to generate S1P. Ceramide
is also metabolized by the functions of ceramide kinase (CK), or SM synthase (Sugiura et al.,
2002; Van der Luit et al., 2007) (Fig. 16.1), which requires the transport of ceramide from the
endoplasmic reticulum (ER) to the Golgi apparatus by ceramide transporter protein, CERT,
via non-vesicular transport (Hanada et al., 2003; Kumagai et al., 2005; Rao et al., 2007; Kudo
et al., 2008). Ceramide can also be converted into glucosylceramide (GlcCer) in the Golgi,
however this process is CERT independent (D’ Angelo et al., 2007). Importantly, non-vesicular
transport of GlcCer from its site of synthesis (early Golgi) to distal Golgi compartments is
carried out by FAPP2, four-phosphate adaptor protein, controlling the synthesis of
glycosphingolipids, which might essentially play crucial roles in determining the lipid
composition of the plasma membrane (D’Angelo et al., 2007).

16.1.2 Ceramide Synthases and the de novo Generation of Ceramide

Recently, biochemical and clinical studies indicate that different fatty-acid chain lengths of
ceramide may have different functions within the cell, high-lighting the importance of ceramide
synthase (CerS) in sphingolipid metabolism (Pewzner-Jung et al., 2006). CerS, identified as
the yeast longevity assurance gene 1 (LAG1), is known to regulate life-span/longevity in
Saccharomyces cerevisiae, and its deletion prolongs the replicative life-span of yeast
(Jazwinski and Conzelmann, 2002; Obeid and Hannun, 2003). Additionally, an LAG1
homologue, LAC1 was determined as a key component of CerS (Jazwinski and Conzelmann,
2002; Obeid and Hannun, 2003; Pewzner-Jung et al., 2006). The discovery of the mouse
homologue of LAGL, also known as LASS1, or the upstream of growth and differentiation
factor 1 (UOGL) (Lee, 1991; Venkataraman et al., 2002), demonstrated that it specifically
regulates the synthesis of C1g-ceramide with a high degree of fatty-acid chain length specificity
(Venkataraman et al., 2002; Riebeling et al., 2003; Mizutani et al., 2005; Kageyama-Yahara
and Riezman, 2006). Further studies showed that there are six LASS proteins (LASS1-6),
which were recently renamed as ceramide synthases 1-6 (CerS1-6). CerS1-6 are associated
with the ER membrane and contain a crucial TRAM-Lag1p-CLN8 (TLC) domain. The TLC
domain constitutes the catalytic activity of CerS, and is required for the generation of ceramide
(Schulz et al., 2006; Spassieva et al., 2006). All of the CerS proteins, except CerS1, contain a
homeobox transcription factor HOX domain found at the N-terminus (Mesika et al., 2007)
except for CerS1, which might be important for the enzymatic activity of CerS2—6. However,
the physiological roles of the HOX domain of CerS2-5 are still unclear.

Importantly, as mentioned above, each CerS exerts specificity for the generation of endogenous
ceramides with distinct fatty-acid chain lengths (Pewzner-Jung et al., 2006). For example,
CerS1 specifically generates ceramide with an 18-carbon containing fatty-acid chain (Cqg-
ceramide), whereas CerS5-6 mainly generate Cg-ceramide, and to a lesser extent C1»- and
Cy4-ceramides (Fig. 16.2) (Pewzner-Jung et al., 2006; Cerantola et al., 2007). Indeed, CerS5
was shown to be the bona fide ceramide synthase for the generation of C1g-ceramide (Lahiri
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and Futerman, 2005), and CerS2 generates very long chain ceramides, particularly C24-
ceramide (Laviad et al., 2007).

Interestingly, recent data (Koybasi et al., 2004; Karahatay et al., 2007) suggest while the levels
of C1g-ceramide are generally lower, C16-ceramide is significantly up-regulated in the majority
(about 80%) of tumor tissues of head and neck squamous cell carcinoma (HNSCC) patients
when compared to their adjacent normal tissues (Karahatay et al., 2007). Decreased Cqg-
ceramide and increased Cqg-ceramide in HNSCC tumor tissues were associated with decreased
and increased expression of CerS1 and 6, respectively. Remarkably, clinical analyses revealed
that lower levels of C1g-ceramide in HNSCC tumor tissues are significantly associated with
higher incidences of lymphovascular invasion and nodal metastasis in HNSCC patients,
indicating the clinical relevance of LASS1/Cg-ceramide metabolism and signaling in HNSCC
pathogenesis and progression (Karahatay et al., 2007). More importantly, these data were also
supported by studies which demonstrated that defects in the LASS1-dependent generation of
Cig-ceramide play important roles in HNSCC growth (Koybasi et al., 2004), and/or response
to therapy in human HNSCC cells in situ and in vivo (Senkal et al., 2007). Recently, a role for
LASSL1 in the regulation of sensitivity to various chemotherapeutic agents has been further
confirmed in an independent study using human cancer cell lines in situ (Min et al., 2007).

16.1.3 Down-Stream Targets of Ceramide Signaling in Cancer

Ceramide mediates the regulation of growth arrest, senescence, and/or apoptosis (Ogretmen
and Hannun, 2004). Some of these biological functions might be controlled through novel
sphingolipid-protein interactions (Snook et al., 2006). Most frequently, these direct targets of
ceramide constitute protein phosphatases and kinases that regulate important signaling
pathways in cancer, such as Akt, protein kinase C (PKC), MAP kinases, or phospholipase D
(Hannun and Obeid, 2002; Ogretmen and Hannun, 2004) (Fig. 16.3). The regulation of protein
phosphatase-1 and -2 (PP1 and PP2A)-family enzymes, also referred to as ceramide activated
protein phosphatases (CAPPs), by ceramide has been well documented previously (Dobrowsky
and Hannun, 1992; Dobrowsky et al., 1993; Fishbein et al., 1993; Wolff et al., 1994). Upon
ceramide-mediated activation of CAPPs, various down-stream targets, such as Bcl-2-family
proteins, cyclin dependent kinases, Rb, and c-Myc onco-protein, are regulated (Fig. 16.3)
(Ogretmen and Hannun, 2004). Another important ceramide binding protein is cathepsin D,
which is activated via ceramide interaction, leading to induction of apoptosis (Fig. 16.3)
(Heinrich et al., 2004). Similarly, ceramide was shown to associate with protein kinase zeta
(PKC-zeta) (Fig. 16.3), which seems to be important for its activation and the formation of a
pro-apoptotic complex between PKC-zeta and prostate apoptotic response-4 (PAR-4) in
differentiating stem cells (Wang et al., 2005). Further studies also indicated that the activation
of PKC-zeta by ceramide is involved in the inactivation of Akt within the structured membrane
micro-domains, leading to growth arrest in vascular smooth muscle cells (Fox et al., 2007).
Recently, one of the best characterized ceramide-binding proteins, CERT, was implicated in
cancer biology, and the data showed that down-regulation of CERT results in increased
sensitivity against chemotherapeutic agents (Swanton et al., 2007), suggesting that alterations
of sphingolipid metabolism by CERT might confer a survival advantage to cancer cells. Thus,
these data underscore the importance of identification of novel ceramide-protein interactions
as immediate and direct mechanisms involved in the regulation of ceramide-mediated
biological responses in various patho-physiological conditions, including cancer.

16.1.4 Sub-Cellular Functions of Ceramide

The biological roles of ceramide might also be controlled by its subcellular localization. For
example, when ceramide is generated in the plasma membrane via the hydrolysis of SM by

SMases, it activates pathways associated with growth inhibition, oxidative stress-mediated cell
death, and lipid raft functions (Segui et al., 2001; Testai et al., 2004). Cell signaling pathways

Subcell Biochem. Author manuscript; available in PMC 2009 February 5.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Saddoughi et al.

Page 4

activated by mitochondrial ceramide proceeds through ceramide-activated protein
phosphatases, PP1 and PP2A, involved in the regulation of Bcl-2 family proteins, cytochrome
C release, and loss of mitochondrial membrane potential, leading to intrinsic cell death (Smyth
etal., 1996; Thon etal., 2005). Ceramide can also be generated in the lysosomes by the function
of acid SMase, which interacts with cathepsin D, leading to the cleavage of BID and subsequent
apoptotic cell death in cancer cells (Heinrich et al., 2004). Lysosomal ceramides can also be
metabolized by the function of acid CDase, which is over-expressed in majority of human
cancer cells, and may result in resistance to apoptosis (Saad et al., 2007; Liu et al., 2008).

Ceramides generated in the ER might be topologically associated with the nucleus, since the
nuclear membrane is a continuous structure of the ER membranes. In the nucleus, ceramide
activates protein phosphatase-1, which then dephosphorylates serine/arginine-rich proteins
(SR-proteins), which induce the alternative splicing of pro-apoptotic proteins Bcl-XS or
caspase-9 (Chalfant et al., 2001, 2002). Another recently identified nuclear target of ceramide
includes a pro-survival protein telomerase, which catalyzes the elongation/maintenance of
telomeres at the end of chromosomes (Blackburn, 2005). Core telomerase contains two main
subunits, telomerase reverse transcriptase (hnTERT), and the RNA component (hTR), which
actsasan intrinsic template (Blackburn, 2005). Ceramide mediates the repression of the hnTERT
promoter, and mediates the inhibition of telomerase activity (Ogretmen et al., 2001a).
Specifically, in addition to inhibition of c-Myc-dependent activation of h\TERT promoter
(Ogretmen et al., 2001b), exogenous Cg-ceramide, or the Cqg-ceramide generated by CerS1
induces the deacetylation of Sp3 transcription factor by histone deacetylase 1 (HDAC1)
(Wooten and Ogretmen, 2005), and deacetylated Sp3 then helps the recruitment of HDAC1 to
the promoter of h\TERT, which causes local histone deacetylation and repression of the hnTERT
promoter in human lung cancer cells (Wooten-Blanks et al., 2007). Interestingly,
overexpression of CerS6, which generates Cqg-ceramide did not inhibit hnTERT expression
(Wooten-Blanks et al., 2007), supporting the novel view that endogenous ceramides with
different fatty-acid chain lengths might have distinct biological roles.

16.2 Anti-Proliferative Roles of Ceramide

16.2.1 Ceramide and Apoptosis

Apoptosis can be induced by various factors including chemotherapeutic agents, CD95, tumor
necrosis factor-1, growth factor withdrawal, hypoxia, or DNA damage. Many of these
mediators of apoptosis are regulators of ceramide generation, suggesting a role for ceramide
in apoptosis (Pettus et al., 2002). There are a myriad of studies which indicate that the changes
in endogenous levels of ceramide in response to these agents occur before triggering an
apoptotic cascade (Dbaibo et al., 1997). Additionally, increasing the endogenous levels of
ceramide with inhibitors of ceramide metabolism enzymes or by over-expression of ceramide-
generating enzymes results in apoptosis and/or growth arrest (Abe et al., 1995; Bielawska et
al., 1996). For example, in leukemia cells, expression of bacterial SMase, which generates
ceramide from intracellular pools of SM, has been shown to cause a significant increase in
ceramide levels and to induce apoptosis (Zhang et al., 1997). In addition, ionizing radiation
activates acid SMase for ceramide generation. Importantly, human lympho-blasts and mice
deficient in SMase are resistant to high doses of irradiation, suggesting an active role of
ceramide in the regulation of apoptosis (Santana et al., 1996). On the other hand, inhibitors of
the de novo pathway, such as fumonisin B1 (Plo et al., 1999) prevents apoptosis in response
to these agents, further providing evidence for the role of ceramide generation in mediating
apoptosis.

One of the mechanisms by which ceramide regulates apoptosis is via the induction of Fas
capping, which involves the lateral segregation of cross-linked Fas ligand with its surface
receptor at the SM-enriched plasma membrane of Jurkat T lymphocytes, necessary for its
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optimal function in cell killing (Cremesti et al., 2001). On the other hand, cells that are resistant
to ceramide and CD95/Fas-induced apoptosis have defective mitochondrial apoptosis (Raisova
et al., 2000), indicating that perturbations of ceramide-CD95/Fas signaling can result in the
development of resistance to cell death in human cancer cells.

In conclusion, these studies show that ceramide is closely associated with apoptosis, and that
it plays an important role in how cells respond to various stress stimuli for induction of
apoptosis in various cancer models.

16.2.2 Ceramide in Growth Inhibition and Differentiation

One of the well characterized functions of ceramide is its capability to induce a GO/G1 cell
cycle arrest, which can be linked to the activation of the retinoblastoma gene product (Rb)
(Dbaibo etal., 1995). In addition, ceramide specifically inactivates the cyclin-dependent kinase
cdk2, but not cdk4, through activation of a phosphatase (Lee et al., 2000). An important in
vivo example of ceramide-mediated growth arrest was observed with the use of ceramide-
coated balloon catheters, which caused growth arrest of vascular smooth muscle-cells (VSMC)
after stretch injury in vivo (Charles et al., 2000). Mechanistically, this growth arrest of VSMC
was linked to ceramide-induced Akt inhibition, which was mediated through PKC-zeta
(Bourbon et al., 2002).

The idea that ceramide is a regulator of cell differentiation has been recognized since the
discovery that vitamin D3-induced differentiation of HL-60 and U037 human leukemia cells
resulted in a progressive increase in the hydrolysis of SM by neutral-SMase (N-SMase),
resulting in the elevation of ceramide, which induced monocytic, but not neutrophilic or
macrophage-type, differentiation of these cells (Okazaki et al., 1989). In neuronal cell lines,
ceramide mimics nerve growth factor function, and induces differentiation in T9 glioma cells,
Purkinje cells, and hippocampal neurons (Dobrowsky et al., 1994).

16.2.3 Ceramide and Senescence

A breakthrough in understanding the relationship between ceramide and senescence came with
the observation that ceramide increased significantly as human fibroblasts entered the
senescent phase (Venable etal., 1995). This was supported by the fact that fibroblasts that were
treated with ceramide recapitulated the morphologic and biochemical changes of senescence
such as activation of Rb, regulation of cdk’s, or inhibition of growth factor signaling (Venable
et al., 1995). Mechanistically, these changes induced by ceramide occur through inhibition of
phospholipase D, which leads to the reduction of diacylglycerol (DAG) generation, and results
inthe failure to translocate and activate PKC to the membrane, a critical response in transducing
mitogenic stimuli (Venable et al., 1995). Additionally, the fact that yeast aging genes, lacl and
lagl are known to be essential components of ceramide synthase (Guillas et al., 2001) provides
a genetic link between ceramide and aging.

Senescence is also regulated by alterations in telomere length, which is maintained by
telomerase, one of the down-stream targets of ceramide signaling. The telomerase regulation
by ceramide involves two distinct mechanisms; the inactivation of c-Myc transcription factor
via increased ubiquitin/proteasome function for its rapid proteolysis, which otherwise activates
the hTERT promoter, and the recruitment of Sp3/HDAC1 repressor complex into the hTERT
promoter for repression in the A549 human lung adenocarcinoma cell line (Ogretmen et al.,
2001a, b; Wooten and Ogretmen, 2005; Wooten-Blanks et al., 2007). In addition, ceramide
also mediates telomerase-independent rapid shortening of telomere length in A549 cells
(Sundararaj et al., 2004). Ceramide-mediated telomere shortening was linked to the inhibition
of an unexpected role of a nuclear form of glyceraldehydes 3-phosphate dehydrogenase
(GAPDH) in telomere/binding and protection function (Sundararaj et al., 2004). Taken
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together, these results support that ceramide and sphingo-lipids play important roles in the
regulation of senescence and aging.

16.3 S1P and S1P Receptor Signaling in Cancer Biology

S1P, a product of SK (Fig. 16.1), is considered to be a pro-survival lipid, because of its
involvement in malignant transformation, cancer proliferation, inflammation,
vasculorogenesis, and resistance to apoptotic cell death (Maceyka et al., 2002; Hla, 2004; Taha
etal., 2006a). Increased generation of S1P triggers signaling pathways that mediate these pro-
survival processes mainly by engaging with S1P receptors 1-5 (S1PR), members of the family
of transmembrane hepta-helical, G-protein-coupled receptors, which are encoded by the
endothelial differentiation genes (EDG), in paracrine or autocrine modes after being secreted
from the cell (Fig. 16.3) (Rosen and Goetzl, 2005). Overexpression of SK1 results in malignant
transformation and tumor formation in 3T3 fibroblasts (Xia et al., 2000). Increased S1P levels
promote proliferation and survival in human glioma and breast cancer cells (Nava et al.,
2002; Van Brocklyn et al., 2002; Sarkar et al., 2005). Additionally, in endothelial and smooth
muscle cells, SK1/S1P/S1PR signaling also has several specific effects on the promotion of
vascular development and angiogenesis (Argraves et al., 2004; Chae et al., 2004; Mizugishi et
al., 2005). Importantly, in ovarian cancer patient samples, elevated S1P levels are found in the
serum (Tilly and Kolesnick, 2002), and S1PR1 has been recently discovered to be a requirement
for tumor angiogenesis in vivo (Rosen and Goetzl, 2005).

Interestingly, partial inhibition of SK1 expression results in apoptosis in MCF-7 human breast
cancer cells (Taha et al., 2006b). An important role for SK1/S1P pathway has also been shown
in a colon carcinogenesis model in rats, which was linked to the up-regulation of Cox-2
(Kawamori et al., 2006).

S1P generation can also be catalyzed by SK2, and overexpression of SK2, interestingly,
mediates growth inhibitory effects, possibly via the pro-apoptotic functions of its BH3-like
domain (Liu et al., 2003). However, recently, it was suggested that endogenous SK2, which is
localized mainly to the nucleus, might act similar to SK1, providing a pro-survival
characteristics to cancer cells. Specifically, inhibition of the expression of SK2 in the nucleus
results in p21-mediated growth inhibition (Sankala et al., 2007). To address these ambiguous
data regarding opposing roles of exogenous and endogenous SK2 in the regulation of cancer
cell death or survival, it was suggested that overexpressed SK2 might not be effectively targeted
to the nucleus, leading to the release of its BH3-like domain into the cytosol, and this might
be a reasons why it acts as a pro-apoptotic molecule in studies in which it is exogenously
introduced into the cells (Sankala et al., 2007). These interesting data further confirm the
importance of subcellular localization of sphingolipid metabolism in the regulation of cancer
cell growth and/or apoptosis (Birbes et al., 2001).

16.4 Sphingolipid Signaling in Cancer Therapy

Previous studies suggest that understanding the intrinsic mechanisms of action for ceramide
and S1P can open doors to new therapies to battle cancer. It has been well established that
increases in intracellular ceramide will promote apoptosis. Thus, finding ways to intrinsically
elevate ceramide in cancer cells is desirous. Conversely, S1P has been shown to promote cancer
pathogenesis, thus, suppression of its generation/accumulation could suppress tumor growth.
Some of these therapeutic approaches are summarized in Table 16.1.

16.4.1 Ceramide Metabolism in Cancer Therapeutics

Increasing endogenous ceramide has been suggested as an effective method to regulate cancer
cell growth. To this end, certain chemotherapeutic agents such as daunorubicin, camptothecin,

Subcell Biochem. Author manuscript; available in PMC 2009 February 5.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Saddoughi et al.

Page 7

fludarabine, etoposide, and gemcitabine increase ceramide generation through the de novo
pathway, or via activation of SMases (Futerman and Hannun, 2004; Ogretmen and Hannun,
2004). Alternatively, targeting enzymes of ceramide clearance appears to elevate endogenous
ceramide, leading to increased anti-proliferative responses in various cancer cells (Fox et al.,
2006; Ogretmen, 2006). Moreover, combining the chemotherapeutic agent gemcitabine with
SM synergistically inhibits pancreatic tumor growth in vivo (Modrak et al., 2004). The
therapeutic effects of doxorubicin were also enhanced when used in combination with SM in
various human cancer cell lines (Veldman et al., 2004). Mechanistically, SM was shown to
increase the cellular uptake of doxorubicin via altering cell membrane permeability, leading
to increased accumulation and bioavailability of the drug in these cells (Veldman et al.,
2004). Also,A%tetrahydrocannabinol exerts apoptosis in Jurkat cells via the CB(2) cannabinoid
receptor by activation of ceramide generation de novo, which plays a role in the mitochondrial
intrinsic pathway (Carracedo et al., 2006; Herrera et al., 2006).

Additionally, small molecule inhibitors of the sphingolipid pathway to induce the accumulation
of ceramide have been used in some cancers. For example, B13, an inhibitor of acid CDase
was used in a metastatic colon cancer mouse model and a prostate cancer xenograph model
(Selzner et al., 2001; Samsel et al., 2004). In both cases, B13 caused the accumulation of
ceramide and resulted in prevention of tumor growth. Another effective approach to increase
ceramide accumulation in cancer cells has been to inhibit SM synthase, or acid CDase (Meng
et al., 2004; Saad et al., 2007).

In addition, the use of ceramide analogues or mimetics could also promote apoptotic pathways
in cancer cells. In fact, many studies report that exogenous treatment with ceramides induces
cell death, and/or growth arrest (Szulc et al., 2006; Bielawska et al., 2008). These findings were
supported with in vivo studies, in which treatment with recently developed exogenous
ceramides (ceramidoids) inhibited cancer cell growth, and decreased tumor progression in
HNSCC and other cancer models (Senkal et al., 2006; Szulc et al., 2006; Bielawska et al.,
2008).

It should also be noted that treatment of cells with exogenous ceramides may result in the
generation of endogenous long chain ceramides via the sphingosine recycling pathway, which
can be blocked by FB1, and not by myriocin. This alternative pathway for the generation of
endogenous ceramide seems to be important for the regulation of telomerase and c-Myc in
Ab549 cells (Ogretmen et al., 2002; Sultan et al., 2006).

In a recent study, treatment of prostate and lung cancer cells with y—tocopherol (yT), the main
dietary form of vitamin E, inhibited cell proliferation and induced apoptosis (Jiang et al.,
2004), which were concomitant with the accumulation of dihydroceramides. Importantly,
fenretinide, which was initially thought to increase ceramide generation, has been reported by
various, independent groups, to elevate dihydroceramides, possibly via the negative regulation
of dihydroceramide desaturase (DES) (Schulz et al., 2006; Zheng et al., 2006; Kraveka et al.,
2007). In fact, recent data revealed that accumulation of endogenous dihydroceramides via
down-regulation of DES results in Rb-dependent growth arrest in human neuroblastoma cells
(Kraveka et al., 2007). Although dihydroceramides are thought to be inert or biologically
inactive molecules, these data suggest that they, too—at least when generated in cells—might
be important in the regulation of cancer cell growth and/or survival.

16.4.2 Targeting the SK1/S1P Pathway as an Anti-Cancer Therapeutic

Down-regulation of S1P biosynthesis provides another therapeutic modality for the treatment
of cancers. On the other hand, exogenous S1P treatment exerts a protective role against cell
death in normal (non-cancerous) human cells (Tilly and Kolesnick, 2002). Additionally, S1P
has suppressive effects against chemotherapy- induced apoptosis in the ovary (Tilly and
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Kolesnick, 2002), and also blocked male germ cell apoptosis in the human testis (Suomalainen
et al., 2005). Thus, one anti-cancer therapeutic strategy has been to use inhibitors of SK1.
Preliminary studies in situ and in animal models indicate that SK1 inhibitors prevent cancer
cell proliferation and tumor growth (French et al., 2006). There are also novel S1PR1 and
S1PR3 antagonists (Davis et al., 2005), and inhibition of these receptors with these compounds
may inhibit cancer cell growth. Another novel approach to cancer therapeutics is the use of a
monoclonal antibody that binds S1P with high affinity and specificity (Visentin et al., 2006).
The anti-S1P monoclonal antibody significantly reduced tumor progression effects in various
murine xenograft and allograft models (Visentin et al., 2006). The anti-S1P monoclonal
antibody also prevented S1P-induced cell proliferation, release of pro-angiogenic cytokines,
and protection of tumor cells from apoptosis by S1P (Visentin et al., 2006). Thus, these data
strongly suggest that S1P may present an important target for anti-cancer therapeutics.

Additional experimental evidence supporting the pro-survival roles of S1IP/S1PR axis was
obtained by employing the potent immunosuppressive agent FTY720, which is known to
engage with S1PRs (Brinkmann et al., 2004; Chun and Rosen, 2006). FTY-20 is
phosphorylated in vivo to FTY720-P possibly by SK2 (Billich et al., 2003; Paugh et al.,
2003), which then induces sequestration of lymphocytes in lymph tissues by engaging S1PRs
with high affinity and specificity (Brinkmann et al., 2004; Chun and Rosen, 2006). These data
implicate that S1IPRs play important roles in immunosuppression. More importantly, treatment
with FTY720 inhibits angiogenesis and tumor vascularization, and mediates cell death,
suggesting that it might be exploited as an anti-cancer therapeutic agent (LaMontagne et al.,
2006).

Thus, these data support the hypothesis that inhibition of SK1 may enhance the treatment of
cancer cells, whereas selective elevation of S1P in normal cells may provide protection against
toxicity during therapy.

16.5 Sphingolipids in Drug Resistance and Chemoprevention

One of the main obstacles involved in cancer therapy is the development of drug resistance.
Interestingly, a relationship between the changes in the sphingolipid metabolism and
development of drug resistance in human cancer cells has been documented (Ogretmen and
Hannun, 2001; Senchenkov et al., 2001; Radin, 2002; Hinrichs et al., 2005). Therefore, one
possible approach to overcome this resistance could be through modulation of the sphingolipid
pathway.

16.5.1 Role of Ceramide in Drug Resistance

Recent studies indicate that one mechanism of resistance that cancer cells develop against
chemotherapy is the alteration of ceramide accumulation. In fact, ceramide is highly
metabolized into GlcCer due to an increase in glucosylceramide synthase (GCS) activity and/
or expression in some cancer cells (Gouaze-Andersson and Cabot, 2006). This phenomenon
has been implicated in development of drug resistance in various cancer cell types, especially
in breast cancer cells (Fig. 16.3) (Senchenkov et al., 2001). Although the role of GCS in the
development of drug-resistance has been challenged in some cancer models (Veldman et al.,
2003; Norris-Cervetto et al., 2004), a mechanistic link between GCS and P-glycoprotein (P-
gp), an ABC transporter implicated in drug resistance, has been recently revealed (Gouaze et
al., 2005; Gouaze-Andersson et al., 2007). The data demonstrated that knockdown of GCS
expression with small interfering RNA (siRNA) significantly inhibits the expression of MDR1,
a gene that encodes for P-gp, and reverses drug resistance (Gouaze et al., 2005; Gouaze-
Andersson et al., 2007). These data are consistent with an earlier study which showed that,
SDZ PSC 833, an inhibitor of P-gp, inhibits GCS, and alters GlcCer levels (Goulding et al.,
2000). Additionally, increased accumulation of GlcCer is found in cells overexpressing P-gp
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(Gouaze et al., 2004). Interestingly, several members of the ABC transporter family are
implicated in the translocation of phospholipids and sphingolipids across the lipid bilayer, and
P-gp has been proposed as a specific transporter for glucosylceramide that translocates this
molecule across the Golgi to deliver it for the synthesis of neutral glycosphingolipids (De Rosa
etal., 2004). Thus, P-gp and GCS appear to function in the same pathway of ceramide/GlcCer
metabolism, and this may provide an important link for the function of GCS in drug resistance.

These results also suggest that inhibitors of GCS may be useful in preventing chemotherapy
resistance. For example, combinations of fenretinide (4-HPR), which is known to elevate
ceramide (Wang et al., 2001) and (dihydro)ceramide levels (Schulz et al., 2006; Zheng et al.,
2006; Kraveka et al., 2007), with the inhibitors of GCS or SK, such as PPMP (1-phenyl-2-
palmitoylamino-3-morpholino- 1-propanol) or safingol (L-threo-dihydrosphingosine), were
reported to suppress the growth of various human cancer cells, synergistically (Maurer et al.,
1999, 2000).

16.5.2 Sphingosine Kinase and S1P in Drug Resistance

SK1/S1PR signaling protects cancer cells from chemotherapy-induced apoptosis; therefore,
changes in sphingolipid metabolism play functional roles in conferring drug resistance. For
example, in prostate adenocarcinoma SK-1 regulates drug-induced apoptosis and serves as a
chemotherapy sensor both in culture and in animal models (Pchejetski et al., 2005). In parallel
with these data, increasing the expression of SK-1 reduced the sensitivity of A-375 melanoma
cells to Fas- and ceramide-mediated apoptosis that could be reversed by inhibition of SK-1
expression (Bektas et al., 2005). Also, high expression levels of SK1 and S1PRs were detected
in camptothecin- (CPT) resistant PC3 prostate cancer cells (Akao et al., 2006). Specifically,
inhibition of SK1 expression or S1PR signaling significantly inhibited PC3 cell growth, and
treatment of these cells with CPT induced upregulation of SK1/S1PR signaling (Akao et al.,
2006). These data are also supported by studies conducted using the model organism
Dictyostelium discoideum, in which modulation of SK or S1P-lyase contribute to altered
sensitivity to cisplatin (Alexander et al., 2006). The role of S1P-lyase in increased sensitivity
to this drug in a p38-, and to lesser extent, c-Jun NH2-terminal kinase- (mitogen activated
protein kinases) dependent manner, was confirmed in human A549 lung cancer and HEK293
cells (Min et al., 2005). The role of S1P-lyase in the regulation of apoptosis has been also
demonstrated in various human cancer models previously (Oskouian et al., 2006).

Importantly, in a recent study, overexpression of SK1 is linked to the upregulation of Bcr-Abl,
leading to alterations of the balance between pro-apoptotic C1g-ceramide and pro-survival S1P,
leading to resistance to imatinib mesylate in K562 human CML cells (Baran et al., 2007).
Importantly, down-regulation of SK1 significantly reversed resistance to drug-induced
apoptosis in these cells (Baran et al., 2007).

Thus, taken together, these studies indicate that therapeutic strategies that induce tumor levels
of ceramide, particularly C1g-ceramide in HNSCC, while decreasing S1P accumulation in the
serum would be ideal for improving the therapeutic outcome of some cancers in the clinic (Fig.
16.4).

16.5.3 Chemopreventive Roles of Sphingolipids

The roles of sphingolipids in chemoprevention have also been reported previously (Borek and
Merrill, 1993). Administration of SM in the diet prevents the formation of chemically induced
colon cancer tumors and aberrant colonic crypts by decreasing the rate of cell proliferation and
increasing apoptosis in mice (Schmelz et al., 1996). Diets supplemented with ceramide, SM,
glucosylceramide, lactosylceramide, or ganglioside GD3 to C57B1/6 J(Min/+) mice with a
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truncated APC gene product, reduced the number of tumors in the intestine (Schmelz et al.,
1996, 2000).

Moreover, resveratrol, a compound found at high levels in red wine, induces apoptosis via
increased generation of de novo-generated ceramide in breast cancer cells in situ (Scarlatti et
al., 2003, 2007; Minutolo et al., 2005).

In addition, the role of S1P in the induction of Cox2 expression, and in the production of
prostaglandins (Pettus et al., 2003), coupled with findings of increased SK1 in colon cancer
and colon carcinogenesis (Kawamori et al., 2006), raises the possibility of utilizing SK1 as a
novel target for chemoprevention. Thus, there are strong leads which suggest that sphingolipids
may play roles in chemoprevention.

16.6 Sphingolipid-Based Anti-Cancer Therapeutics

One common approach to promote apoptosis in cancer cells is the use of exogenous ceramide
analogues or mimetics as therapeutic agents (Table 16.1). There have been tremendous recent
improvements in the design and delivery of these ceramides. For example, varied chain
pyridinium ceramides (Pyr-Cers) have been synthesized with increased water solubility and
cell-membrane permeability (Novgorodov et al., 2005; Rossi et al., 2005; Dindo et al., 2006;
Senkal etal., 2006; Szulc et al., 2006; Dahm et al., 2008). The positive charge of the pyridinium
ring in these structures allows targeting and accumulation of these ceramide analogues mainly
into mitochondria, and to a lesser extent, to the nucleus of cancer cells. There are studies which
suggest that cancer cells acquire, in general, a more negative charge in their sub-cellular
structures (especially mitochondria) (Modica-Napolitano and Aprille, 2001), therefore, Pyr-
Cer can preferentially target cancer cells with minimum toxicity to normal cells. In fact, data
indicate that L-t-Cg-Pyr-Cer and D-e-C4-Pyr-Cer preferentially accumulates in
mitochondria-, and nuclei-enriched fractions in several human cancer cells in vitro
(Novgorodov et al., 2005; Rossi et al., 2005; Dindo et al., 2006; Senkal et al., 2006; Dahm et
al., 2008), and this was consistent with the higher accumulation of the compound in the HNSCC
tumor site, compared to the liver and intestines in vivo (Senkal et al., 2006). The accumulation
of Pyr-Cer in the mitochondria dramatically altered the structures and functions of
mitochondria, resulting in a decrease of the mitochondrial membrane potential, release of
mitochondrial cytochrome C, activation of caspase-3 and caspase-9 and causing apoptotic cell
death (Novgorodov et al., 2005; Rossi et al., 2005; Dindo et al., 2006).

Other novel structural analogs of ceramide, such as Cqg-serinol and (2S, 3R)-(4E, 6E)-2-
octanoylamidooctadecadiene-1, 3-diol (4,6-diene-ceramide) induced apoptosis in various
human cancer cells (Bieberich et al., 2000; Struckhoff et al., 2004). Other ceramide analogs,
5R-OH-3E-Cg-ceramide, adamantyl-ceramide and benzene-Cy4-ceramide selectively inhibited
the growth of drug-resistant human breast cancer cell lines (SKBr3 and MCF-7/Adr) (Crawford
et al., 2003).

In another approach, delivery of exogenous ceramide in pegylated liposomes, which are known
to be more effective at crossing the cell membrane, increased growth inhibitory effects in
human breast cancer cells, via enhanced accumulation of ceramide (Stover and Kester,
2003). The liposomal delivery of exogenous natural ceramide also resulted in the inhibition of
phosphorylated Akt and stimulated the activity of caspase-3/7 more effectively than non-
liposomal ceramide (Stover and Kester, 2003). In vivo therapeutic efficacy of the pegylated
ceramide for the delivery of exogenous ceramide, which resulted in slower tumor growth in
murine models of breast cancer, was also demonstrated (Stover et al., 2005). Encapsulated
vincristine in SM-liposomes, also called sphingosomes has improved efficacy compared to the
conventional drug in animal models of adult acute lymphocytic leukemia (ALL), and
sphingosomal vincristine is now in clinical phase 1 trials for treatment of patients with
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recurrent and refractory adult ALL (Thomas et al., 2006). Polymeric nano-particle delivery
systems can also be used to improve the delivery and efficacy of ceramides for the treatment
of cancer cells to overcome resistance (van Vlerken et al., 2007).

These preliminary approaches point to the feasibility of developing more active and perhaps
more selective analogs of ceramide, which can be tested in clinical trials for the treatment of
patients with cancer. They also raise the possibility that several enzymes of ceramide clearance
(SM synthases, CDases, CK, and GCS) may serve as novel therapeutic targets. In fact, several
independent studies showed that down-regulation of acid CDase, or inhibition of its activity,
induces apoptosis, and inhibits tumor growth (Samsel et al., 2004; Morales et al., 2007; Holman
et al., 2008). Similar data were also reported for the down-regulation of CK, which inhibited
cellular proliferation and enhanced apoptosis induced by serum starvation in A549 human lung
cancer cells (Mitra et al., 2007).

16.7 Summary and Future Perspectives

The emerging roles of bioactive sphingolipids in regulating various facets of cancer
pathogenesis and therapeutics have been demonstrated in various models. Experimental
evidence suggests that there is altered regulation of ceramide levels, coupled with alterations
of expression and/or activity of enzymes of sphingolipid metabolism in several cancers, that
is consistent with the potential tumor-suppressor functions of ceramide. On the other hand, the
SK/S1P/S1PR axis is increasingly implicated in pro-survival, anti-apoptosis,
neovascularization, and inflammation. In addition, in situ and in vivo studies indicate functions
of sphingolipids in chemoprevention, especially in colon cancers. Therefore, ceramide
analogues/mimetics, and inhibitors of SK or enzymes of ceramide clearance might be exploited
for the development of novel strategies for anti-cancer therapeutics (Fig. 16.4 and Table 16.1).

These therapeutic efforts will be improved when the complexities of the networks of
sphingolipid metabolism, subcellular compartmentalization, and signaling are better
understood by using conventional biochemical and molecular biological techniques integrated
with more sophisticated approaches such as lipidomics and bioinformatics. To date, most, if
not all, of the enzymes involved in sphingolipid metabolismhave been identified and cloned,
providing the molecular tools and insights required to discover novel functions of sphingolipids
in cancer pathogenesis and therapy. Thus, in the next few years, significant advances are
expected in understanding the mechanistic function of bioactive sphingolipids in the regulation
of cancer progression, metastasis, and therapeutics.
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Fig. 16.1.
Sphingolipid metabolism. Sphingolipids are comprised of three main components: a

sphingosine backbone, a fatty-acid chain, and a head group. Characteristics of sphingolipids
change based on the head group, and recently, it was shown that the fatty-acid chain length

could influence sphingolipid function. Ceramide is central in sphingolipid metabolism.

Ceramide can be generated through several pathways, in particular it can be synthesized de
novo from palmitoyl CoA and serine. Also, interestingly, ceramide, which is a pro-apoptotic
sphingolipid, can proceed on to form S1P, a pro-survival sphingolipid. Thus, sphingolipid

metabolic enzymes play a crucial role in determining the fate of cancer cells
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Fig. 16.2. De novo

generation of ceramide via the function of dhCerS. Recently identified dhCerS1-6 are

responsible for the generation and determining the fatty-acid chain length of ceramide in the
de novo pathway. For example, dhCerS1, previously known as LASS1, is responsible for

generating dihydro-Cqg-ceramide, whereas CersS2 and CerS4 synthesize dihydro-Cys-, Cos-,
and Cog-ceramides. In addition, dihydro-C4,-, C14- and Cqg-ceramides are generated by CerS5

and CerS6. These dihydro-ceramides are then desaturated to form ceramides by DES
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Fig. 16.3.

Ceramide and S1P signaling in cancer cells. Ceramide signaling mainly occurs through the
regulation of its immediate and direct targets, leading to apoptosis, growth arrest, and
senescence. Conversely, when ceramide is metabolized into S1P, cells will undergo cellular
transformation, anti-apoptosis, or induction of angiogenesis. Conversion of ceramide to SM
leads to the liberation of DAG from PC, and DAG is a known activator of PKC, which is
involved in promoting cellular proliferation. Also, ceramide can be further metabolized into
glucosylceramide, which leads to drug resistance. Phosphorylation of ceramide by CK to
generate C1P also associated with induction of cell growth. Thus, these data support the
hypothesis that while ceramide induces anti-proliferation, alterations in its generation and/or
accumulation might result in pro-survival and anti-apoptosis
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Fig. 16.4.

Roles of ceramide and S1P in anti-cancer therapeutics. The cellular balance between ceramide
in tumor samples and S1P is believed to determine the fate of cancer cells. Often, within a
tumor, there are altered levels/accumulation of ceramide (such as low Cqg-ceramide levels in
HNSCC) and high S1P levels, which are often secreted into the serum at relatively high
concentrations. This causes the metabolic balance to favor S1P resulting in a pro-survival
outcome. However, new therapies are being explored to shift this balance in favor of ceramide.
Ultimately, these new treatments are aimed at increasing ceramide levels while inhibiting S1P
generation, secretion, or signaling through S1PRs
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Table 16.1
Sphingolipid analogues & inhibitors of ceramide metabolism

Compound Mode of Action Cancer Type

B13 Acid ceramidase inhibitor Prostate, Colon and HNSCC

D-MAPP Neutral/Alkaline ceramidase inhibitor Squamous cell carcinoma

Pyridinium ceramide Mitochondrial targeting HNSCC, lung, colon and breast

4,6-diene-ceramide Ceramide analogue Breast
C16-serinol Ceramide analogue Neuroblastoma
PPMP, PPPP GCS inhibitors Solid tumors

Dimethylsphingosine Sphingosine Kinase inhibitor Leukemia, colon and breast

Anti-S1P monoclonal antibody Binds S1P Solid tumors
Pegylated lyposomes with ceramide Improved delivery Breast

Vincristine in sphingomyelin- liposomes Improved delivery Acute lymphoid leukemia

Safingol (L-t-dihydro- sphingosine) Sphingosine kinase inhibitor Solid tumors

FTY-720 Myriocine analogue Bladder, prostate, breast, lymphoma

D-MAPP, D-erythro-2-(N-myristoylamino)-1-phenyl-1-propanol; HNSCC, Head and neck squamous cell carcinoma; PPMP, 1-phenyl-2-
palmitoylamino-3-morpholino-1-propanol; GCS, glucosylceramide synthase.
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