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Abstract

Sphingolipids have emerged as bioeffector molecules, controlling various aspects of cell growth
and proliferation in cancer, which is becoming the deadliest disease in the world. These lipid
molecules have also been implicated in the mechanism of action of cancer chemotherapeutics.
Ceramide, the central molecule of sphingolipid metabolism, generally mediates antiproliferative
responses, such as cell growth inhibition, apoptosis induction, senescence modulation,
endoplasmic reticulum stress responses and/or autophagy. Interestingly, recent studies suggest de
novo-generated ceramides may have distinct and opposing roles in the promotion/suppression of
tumors, and that these activities are based on their fatty acid chain lengths, subcellular localization
and/or direct downstream targets. For example, in head and neck cancer cells, ceramide synthase
6/C1g-ceramide addiction was revealed, and this was associated with increased tumor growth,
whereas downregulation of its synthesis resulted in ER stress-induced apoptosis. By contrast,
ceramide synthase 1-generated C,g-ceramide has been shown to suppress tumor growth in various
cancer models, both in situ and in vivo. In addition, ceramide metabolism to generate
sphingosine-1-phosphate (S1P) by sphingosine kinases 1 and 2 mediates, with or without the
involvement of G-protein-coupled S1P receptor signaling, prosurvival, angiogenesis, metastasis
and/or resistance to drug-induced apoptosis. Importantly, recent findings regarding the
mechanisms by which sphingolipid metabolism and signaling regulate tumor growth and
progression, such as identifying direct intracellular protein targets of sphingolipids, have been key
for the development of new chemotherapeutic strategies. Thus, in this article, we will present
conclusions of recent studies that describe opposing roles of de novo-generated ceramides by
ceramide synthases and/or S1P in the regulation of cancer pathogenesis, as well as the
development of sphingolipid-based cancer therapeutics and drug resistance.
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Structure & metabolism of ceramide

Sphingolipids are structural components of biological membranes that were first described
by Thudichum, and the chemical structures of various sphingolipid molecules, including
sphingosine and ceramide, were later resolved by Carter [1]. The term “sphingosine’
originates from a Greek word, which means “to bind tight’, and to denote ‘sphinx’ because
of its initial elusive structure. Ceramide, a central molecule of sphingolipid metabolism, is
composed of a sphingosine base and amide-linked acyl chains varying in length from Cq4 to
Cyg (Cqg acyl chain is shown Figure 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 and glucosylceramide (GlcCer), which is the
precursor for glycolipids and gangliosides [2]. Endogenous ceramide is regulated by
complex and integrated metabolic pathways, which direct the generation or clearance of
ceramide [3,4]. Each of these pathways involves a number of specialized enzymes [2]. In
addition to the activation of sphingomyelinases (SMases) [5-7], which hydrolyze SM to
yield ceramide, endogenous ceramide can be generated via the de novo pathway [8,9] after
condensation of serine and palmitoyl CoA by serine-palmitoyl CoA transferase (SPT)
[10,11], leading to the synthesis of dihydroceramide by dihydroceramide synthases (CerS)
[3]. Dihydroceramide is then converted to ceramide by desaturase (DES), which inserts the
double bond between carbons 4 and 5 in the sphingosine backbone [12,13]. Ceramide is
further metabolized by GlcCerS (GCS) [14] or SM synthase [15] for the generation of
GlcCer or SM, respectively. Ceramide can also be hydrolyzed by ceramidases (CDases)
[16,17] to yield sphingosine, which can be phosphorylated by sphingosine kinase (SK)1 or
SK2, producing sphingosine-1-phosphate (S1P). Ceramide can be transported from the
endoplasmic reticulum (ER) to the Golgi by a ceramide transporter (CERT) [18-20] for SM
synthesis. In addtion, GlcCer, using ceramide as a substrate, is generated in the Golgi [14];
however, this process is CERT independent [21]. Importantly, nonvesicular transport of
GlcCer from its site of synthesis (early Golgi) to distal Golgi compartments is carried out by
four-phosphate adaptor protein (FAPP2) [22], which controls the synthesis of
glycosphingolipids that are important for determining the plasma membrane lipid
composition.

CerS & de novo generation of ceramide

Ceramide generation by the function of SPT [11] and/or CerS [23] was implicated in
inducing apoptosis in various cancer cell types. CerS, identified as the yeast longevity
assurance gene 1 (LAGL), is known to regulate lifespan/longevity in Saccharomyces
cerevisiae, and its deletion prolongs the replicative lifespan of yeast [24,25]. Additionally, a
LAG1 homologue, LACL1, was found to be a key component of CerS [26]. The discovery of
the mouse homologue of LAG1, also known as LASSL1, or the upstream of growth and
differentiation factor 1 (UOG1) [27,28], revealed that it specifically regulates the synthesis
of Cyg-ceramide with a high degree of specificity for fatty acid chain length [24,29].
Additional studies confirmed six LASS proteins (LASS1-6) that were recently renamed
CerS1-6 [24]. CerS1-6 are associated with the ER membrane and contain a crucial TRAM-
LAG1p-CLNS8 (TLC) domain [30]. The TLC domain constitutes the catalytic activity of
CerS and is required for the generation of ceramide. It is well established that each CerS
exerts preference for the generation of endogenous dihydroceramides with distinct fatty acid
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chain lengths, which are then desaturated by DES to generate ceramides [31,32]. For
example, CerS1/4 mainly generate ceramide with a Cg-containing fatty acid chain (Cyg-
ceramide), whereas CerS5/6 preferentially mediates the generation of C,g-ceramide and, to a
lesser extent, C1,- and C4-ceramides (Figure 2) [29]. Although dihydroceramides are
thought to be biologically inactive molecules, recent data suggest that they, at least when
generated in cells, might also be important in the regulation of cancer cell growth or survival
[31].

Regulation of CerS1-6 & distinct roles of de novo-generated ceramides in
the promotion or suppression of tumor growth

Little is known about the regulation of CerS enzymes; however, recent studies are beginning
to unveil the mechanisms of their expression, activation and stability in noncancerous versus
cancerous cells. CerS1 is known to be responsible for generating mainly Cqg-ceramide, and
its regulation has been shown to be dependent on proteasomal-mediated turnover [33]. Upon
treatment with cisplatin, ultraviolet (UV) irradiation or doxorubicin (DOX), catalytic
activity of CerS1 increases, as does its ubiquitination and degradation. The MAPK p38
positively regulates the stress-induced degradation of CerS1, whereas PKC prevents its
degradation by phosphorylating CerS1, increasing its stability [33]. However, proteasomal
processing of CerS1 was shown to be necessary for stress-induced translocation from the ER
to the Golgi apparatus. In response to cis-platin, UV irradiation or DOX, the C-terminus of
CerS1 is cleaved, moving CerS1 from the ER to the Golgi. This translocation is dependent
on CerS1 in a catalytically active state, and PKC-dependent phosphorylation of CerS1
prevented its translocation [34]. Recently, the proapoptotic signaling protein, BAK, has been
shown to post-translationally regulate CerS isoforms, leading to increased generation of
long-chain ceramides in response to apoptotic stimuli, including cisplatin, UV irradiation
and growth factor withdrawal in baby mouse kidney cells [35].

Ceramide regulation is increasingly implicated in cancer pathogenesis and prognosis. In
2004, data from our laboratory showed that total ceramide levels were elevated in the
majority of head and neck squamous cell carcinoma (HNSCC) tissues compared with
noncancerous adjacent head and neck tissues [36]. Interestingly, only Cqg-ceramide, and not
other ceramide species, was significantly lower in approximately 70% of the tumor tissues
of HNSCC patients sampled when compared with controls, and decreased Cg-ceramide
significantly correlated with lymphovascular invasion and nodal metastasis in HNSCC
patients [37]. Thus, for the first time, these studies indicated the clinical significance of
CerS-generated ceramide with specific fatty acid chain length, especially CerS1/Cqg-
ceramide modulation, in the regulation of HNSCC pathogenesis and overall survival.
Conversely, overexpression of CerS1 confers a decrease in HNSCC cell growth [36],
concomitant with inhibition of telomerase activity, one of the downstream targets of
ceramide involved in the suppression of cancer cell growth and/or proliferation. Upon
chemotherapeutic treatment with gemcitabine (GMZ) and DOX in HNSCC cells, CerS1
MRNA increased, as did CerS1 enzymatic activity [38]. This was accompanied by an
increase in caspase-3 and -9 activation, which was prevented by the silencing of CerS1 using
siRNAs when treated with these two drugs. Importantly, GMZ/DOX treatment in vivo
decreased HNSCC xenograft tumor growth and progression in severe combined
immunodeficient (SCID) mice, which was associated with increased C,g-ceramide and
CerS1 expression [38]. Interestingly, in GMZ/DOX-treated HNSCC xenografts,
downregulation of CerS6 expression and Cqg-ceramide were also observed. Taken together,
these data suggested a novel view that perhaps not all ceramides (containing different fatty
acid chain lengths) play similar roles. For example, CerS1/Cqg-ceramide versus CerS6/Cqg-
ceramide might play distinct and sometimes opposing roles in the regulation of tumor

Future Oncol. Author manuscript; available in PMC 2011 August 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ponnusamy et al.

Page 4

growth and/or therapy in some cancer cells. This view was recently supported by data
indicating that, whereas CerS1/Cqg-ceramide suppresses HNSCC xenografts tumor growth,
CerS6/Cqg-ceramide induces HNSCC tumor proliferation in SCID mice (Figure 3) [39].

Although how CerS1-generated Cqg-ceramide inhibits HNSCC tumor growth and/or
proliferation remains unknown, downregulation of CerS6 and Cqg-ceramide induced ER
stress and apoptosis through specific activation of the ATF6/CHOP arm of the unfolded
protein response pathway in HNSCC cell lines [39]. These data suggest that CerS6/C¢-
ceramide protects HNSCC cells from ER stress and apoptosis, and that knockdown of
CerS6/Cqg-ceramide induces ER stress and apoptosis via selective activation of the ATF6/
CHOP axis in HNSCC cells (Figure 3).

In addition, genetic knockout studies in Caenorhabditis elegans revealed that activity of
CerS homologues hyl-1 and lagr-1 are necessary for radiation-induced apoptosis in germ
cells [40]. By contrast, loss of hyl-2- and Hyl-2-generated C,- and C,,-ceramides resulted
in sensitivity to anoxia and hyperthermia-induced death in C. elegans [41]. Importantly,
these data also support the theory thatthat distinct ceramides, generated de novo by specific
CerS homologues, may be cytoprotective against cellular stressors. Moreover, in agreement
with this notion, a published report suggested that downregulation of CerS2, which
generates Cos- and Coy.1-ceramides, induced autophagy and the unfolded protein response
[42]. Consistent with this finding, overexpression of Cqg-ceramide-generating CerS5, but
not CerS6, was shown to significantly increase ionizing radiation (IR)-induced apoptosis
overexpression of Co4- and Cyy.1-Cceramide-generating CerS2 conferred protection against
IR-induced apoptosis [43]. Interestingly, schlank was recently identified as a CerS
homologue in Drosophila [44], and a mutation of schlank reduced de novo ceramide
generation and drastically decreased larval growth. Furthermore, a CerS2-null mouse model
has been described recently [45-47], and this model has decreased Cyo- and Cy4-ceramides,
whereas Cqg-ceramide was increased in the liver and kidneys of these animals [46]. Of note,
CerS2-null animals developed hepatocellular hyperplasia and carcinomas, whereas renal
pathology was not observed [47]. Collectively, these studies argue against anti-proliferative
and prodeath roles of all endogenous ceramides and support the novel view that ceramides
with different fatty acid chain lengths, such as Cqg- and Cqg-ceramides generated by CerS1
or CerS6, respectively, play distinct roles in the regulation of cell death, and these distinct
roles might be conserved from worms to humans.

Interestingly, recent data suggest that elevated Cqg-ceramide associates with a positive
lymph node status in breast cancer patients [48], indicating the metastatic potential of C1g-
ceramide in the clinic. In another published report, elevated levels of CerS2 and CerS6
MRNA were observed in breast cancer tumors [49]. Thus, these data indicate that distinct
functions of ceramides with different fatty acid chain lengths, especially their unusual
prosurvival roles, might not be limited to HNSCC, but can be observed in various other
tumors.

Taken together, there is increasing evidence for distinct roles of ceramides generated in the
de novo pathway by CerS proteins. In addition, these data suggest that certain cancers might
become addicted to elevated levels of certain ceramide species, such as Cg-ceramide in
HNSCC, such that attenuation of C1g-ceramide generation induces ER stress and apoptosis,
leading to tumor suppression. Identification of the molecular mechanisms behind how these
ceramides exert their distinct effects based on fatty acid composition is crucial to generating
mechanism-driven novel therapeutics centered on sphingolipid metabolism modulation.
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In addition to the involvement of CerS1/Cg-ceramide generation in GMZ/DOX-induced
cell death in HNSCC cells and tumors, in colon cancer cells, the COX-2 inhibitor celecoxib
induces de novo ceramide generation, specifically increasing C1g, Cos4 and Cyg4:1-
dihydroceramide, which is inhibited with the addition of de novo synthesis enzyme
inhibitors [50]. At higher concentrations, DES appears to be inhibited by celecoxib, leading
to an accumulation of dihydroceramide, which is associated with an antiproliferative effect
[50]. Treatment of mantle cell lymphoma cells with cannabinoids increased mMRNA of CerS3
and CerS6 enzymes and de novo synthesis of C16, C1g, Co4 and Coy.1-ceramides, inducing
cell death [51], and treatment with inhibitors that block the CB1 receptor, SPT, CerS or DES
prevented this effect. In leukemia and colon cancer cells, upregulation of p53 activated de
novo ceramide generation, specifically C1g-ceramide [52]. CerS5 expression was increased
significantly upon upregulation of p53 in the leukemia cell line but not in the colon cancer
cell line, suggesting different modes of regulation for the de novo generation of Cy¢-
ceramide upon p53 induction in these cells [52].

Recently, research into resensitizing resistant cancers suggests that upregulating enzymes in
the de novo ceramide synthesis pathway is effective against drug-resistant colon cancer cells
[53]. Overexpression of CerS6 in resistant cells resensitized them to TRAIL-induced
apoptosis and increased Cqg-ceramide upon induction [53]. In prostate cancer cells resistant
to radiation, activation of PKC-a radiosensitizes these cells, upregulating de novo ceramide
synthesis and inducing apoptosis [54]. PKC-a downregulates ataxia telangiectasia mutated
(ATM) protein, leading to CerS derepression. Thus, treating the resistant cells with TPA, a
PKC-a activator, or PKC-a overexpression decreased ATM protein and elevated total
ceramide significantly, thereby increasing apoptosis in these cells upon radiation treatment
[54]. Min et al. reported that CerS1-overexpressing HEK293 cells had increased sensitivity
to cisplatin treatment [55]. CerS4 over-expression did not confer sensitivity to any drugs
tested, and CerS5-overexpressing cells became more sensitive to DOX and vincristine, but
not cisplatin and carboplatin [55]. Recently, vorinostat and sorafenib treatment was shown
to increase CD95 activation in gastrointestinal tumor cells via CerS6-generated ceramide,
involving Ca*2, protein phosphatase 2A (PP2A) and reactive oxygen species (ROS)-
dependent signaling mechanism [56].

Taken together, these results show complex and distinct signaling mechanisms regulating de
novo ceramide generation via controlling mainly CerS1-6 and/or DES enzymes in
chemotherapy-induced cell death in various cancer cells, including in imatinib (Gleevec®,
Novartis, Switzerland)-induced apoptosis in chronic myeloid leukemia (CML) cells [57].

Although this article mainly focuses on the roles of de novo-generated ceramides by CerS1-
6 in cell death, it should be noted here that there are important studies describing the
importance of SMases in this process. For example, it is well known that IR induces
apoptosis in several cell lines and/or tumors via activation of SMases [58-62]. Exposure of
human leukemia cells (U93) to a histone deacetylase (HDAC)1 inhibitor, LAQ824, resulted
in the A-SMase-dependent generation of ceramide and caused mitochondrial injury, caspase
activation and apoptosis [62]. Consistent with these findings, overexpression of A-SMase in
subcutaneous B16-F10 mouse melanomas, in combination with irradiation, significantly
reduced tumors compared with irradiated control melanomas [63]. In addition, it was
reported that overexpression of neutral SMase2 in MCF7 breast cancer cells caused a
decrease in cell growth [64]. TNF-a increased N-SMase activity rapidly and mediated the
translocation of the enzyme from the Golgi to plasma membrane, which was associated with
the activation of PKC [65,66].
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Endogenous long-chain ceramides can also be generated from hydrolysis of complex
sphingolipids through the action of SMases, cerebrosidases or ceramidases. Complex
sphingolipids or ceramides are broken down, eventually into sphingosine, which is then
reused through reacylation by CerS to generate ceramides. This is called salvage pathway,
which depends on the recycling of sphingosine for endogenous ceramide generation, and
ceramides generated through this pathway also modulate cellular signaling in various cell
types [67]. For example, data from our laboratory demonstrated that the sphingosine-
recycling pathway is involved in the generation of endogenous long-chain ceramide in
response to exogenous short-chain Cg-ceramide, which plays an important biological role in
controlling c-Myc function in human lung cancer cells [68].

Direct molecular targets of sphingolipids involved in the regulation of
tumor growth

Over the years, our understanding of bio-active sphingolipids, in particular ceramide, has
increased owing to the discovery that ceramide binds intracellular proteins (Table 1) [69].
Ceramide binding proteins were reported in the late 1990s, and these findings stemmed from
the observations that ceramide activates protein kinases [70]. The ceramide-activated protein
kinase was identified as the kinase suppressor of RAS (KSR) [71]. Ceramide stimulates
KSR autophosphorylation, resulting in the transactivation of c-Raf, thus regulating the Ras—
Raf-MAPK pathway [72]. Most recently, the CA3 domain of KSR was identified as the
binding site for ceramide [73]. Interestingly, inhibition of ceramide generation prevented
KSR translocation to glycosphingolipid- enriched plasma membranes and, thus, reduced its
activation. Additionally, c-Raf itself was identified as a ceramide binding protein. Ceramide
production via IL-1p stimulation not only bound to c-Raf, but also increased the activity of
this mitogen-activated protein kinase [74]. These data signify that ceramide can modulate
the Ras—Raf-MAPK pathway via specific interactions with KSR and c-Raf.

The endosomal target for ceramide was also identified as the aspartic protease, cathepsin D
[75]. Procathepsin D can be secreted into the tumor microenvironment, leading to the
degradation of extracellular matrix proteins and contributing to tumor metastasis and growth
[76]. Interestingly, the interaction between ceramide and cathepsin D induced autocatalytic
proteolysis, leading to the enzymatically active form of cathepsin D. Functionally, cathepsin
D has been implicated in mediating apoptosis via IFN-y, Fas and TNF-a [77], as well as
chemotherapy agents [75]. More recently, other groups have suggested an important
connection between ceramide and cathepsin D involved in apoptosis [78]. Another
ceramide-activated protein kinase implicated in cancer pathogenesis is PKC-¢, which is
involved in cell survival. Studies have shown that ceramide directly activates PKC-{ via
binding to the cysteine-rich domain, a putative ceramide-binding region. This protein-lipid
association induces PKC-{ to interact with stress-activated protein kinase (SAPK), thereby
resulting in growth suppression [79].

Recent studies revealed that another important ceramide binding protein, CERT, which
specifically transports ceramide from the ER to the trans-Golgi for SM synthesis [80], plays
a role in cancer drug resistance [81]. Downregulation of CERT sensitizes cancer cells to
chemotherapy agents, such as paclitaxel [81], and this may be due to an increased
accumulation of ceramide leading to ER stress and cell death (Table 1).

One of the well-described downstream targets of ceramide has been the protein
phosphatases of the PP2A and PP1 family, also known as ceramide-activated protein
phosphatases (CAPPs) [82,83]. PP2A is a tumor suppressor in cancer, and its activation
regulates various downstream oncoproteins [84,85]. In particular, the naturally occurring D-
erythro isoform of ceramide was the most potent at increasing PP2A activity in vitro
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[86,87], and this effect was demonstrated with ceramides containing short and long fatty
acids chain lengths [88]. However, how ceramide mediates the activity of PP2A has been
elusive. Most recently, ceramide was shown to directly bind to the oncoprotein SET/PP2A
inhibitor 2 (12PP2A) in A549 lung cancer cells. SET/I2PP2A is a nuclear protein and a
known inhibitor of PP2A activity (Table 1). Thus, this discovery gave insight into the
possible mechanism by which ceramide regulates PP2A activity via binding to its biological
inhibitor (SET/I2PP2A), which controls PP2A activity and its downstream targets, such as
protooncogene c-Myc [89], thus describing a novel mechanism for regulating PP2A-
dependent antiroliferative roles of ceramide (Figure 4).

Protein phosphatase 2A inhibitor 2 is a SET domain-containing acidic protein, and it is
mainly localized to the nucleus [90-92]. Chromosomal mutations of the SET/I2PP2A gene
are associated with acute myelogenous leukemia (AML) [90]. The SET domain proteins
function as methyltransferases that target specific lysine residues in the N-terminal tails of
histones and are involved in the modulation of gene transcription or histone acetylation
[91,92]. Our studies determined that SET/I2PP2A, which also plays important roles in the
drug resistance of CML cells [93], preferentially associates with exogenous Cg-ceramide
and endogenous C1g-ceramide generated in A549 cells [89]. This degree of fatty acid chain
length preference of 12PP2A for ceramide binding was also observed in the CERT—ceramide
interaction [94,95], which preferentially binds Cq6-ceramide, as well as Cg- and Cqg-
ceramides, but not very-long-chain Co4-ceramide [89,96]. These data suggest that, similar to
CERT, 12PP2A also preferentially interacts with Cg- and Cqg-ceramides but, unlike CERT,
it does not interact with C1g-ceramide. The globular domain of 12PP2A exhibits strong
structural similarities to the recently solved CERT START domain [18,20]; in addition, the
central globular domain of 12PP2A, which includes VIK 207-209 residues, might be
involved in ceramide interaction [89]. Our data also revealed some important biological
functions of ceramide/I2PP2A binding. For example, ceramide—I2PP2A interaction prevents
the inhibition of PP2A in vitro, and further induces the degradation of c-Myc via PP2A
activity. However, overexpression of 12PP2A, as is observed in various cancer tissues and
cells, inhibits PP2A activity, and binds ceramide as a biological sponge, leading to the
protection of ceramide-mediated c-Myc degradation and resistance to ceramide-mediated
antiproliferation [89,97,98]. Thus, new strategies to decrease SET/I2PP2A expression and/or
ceramide/SET/I2PP2A association, in combination with increasing endogenous ceramide
might be advantageous for tumor suppression.

In addition to binding to nuclear protein SET/I2PP2A, ceramide is known to play other
important functional roles in the nucleus, such as the regulation of SP3-HDACL1 suppressor
function for the repression of human telomerase reverse transcriptase [99,100] and inhibition
of the nuclear localization of glyceraldehyde-3-phosphate dehydrogenas (GAPDH), which
protects telomeres [101]. Therefore, it is important to determine the subcellular regulation of
how exogenous and endogenous ceramides reach nuclear proteins such as SET/I2PP2A for
binding in cells, and whether this interaction regulates only the nuclear functions of
ceramide and PP2A to suppress growth and/or proliferation [102].

The connection between PP1 and ceramide in regulating the retinoblastoma (RB) protein has
been reported previously [103,104]. RB plays a critical role in cell cycle regulation, and
ceramide has been shown to dephosphorylate RB, leading to growth arrest in cancer cells. In
addition, it was shown that the PP1-dependent mechanism of ceramide was required for the
generation of proapoptotic splice variants of Bcl-x and caspase 9 in lung cancer cells. [104].
However, whether direct interaction between PP1 and ceramide is involved in the regulation
of PP1 activity is unclear.
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In addition to ceramide’s bioactive roles, its metabolite, ceramide-1-phosphate (C1P), has
been shown to induce arachidonic acid release in lung cancer cells, and is regulated by the
direct binding between C1P and cytosolic phospholipase A, (CPLAy) (Table 1) [105]. It was
later identified that the cationic b-groove of the C2 domain of cPLA,,, was the interaction
site for C1P [106]. Thus, it may be advantageous to produce inhibitors of ceramide kinase to
block unwanted arachidonic acid formation and inflammation in cancer cells.

Importantly, endogenous protein targets of S1P in the nucleus or cytoplasm have been
recently identified as HDACL1/2 or TRAF2, respectively [107,108], which might play
important roles in regulating gene expression and nuclear factor NF-«xB signaling in cancer
cells (Table 1).

In summary, understanding the intracellular protein targets of sphingolipids that directly
bind ceramide or its metabolites, such as S1P, C1P or sphingosine, which was recently
shown to bind ANP32A to regulate PP2A [109], provides insight into the mechanistic
details of proapoptotic versus prosurvival roles of these sphiongolipid molecules in various
cancers (Table 1). With the development of new techniques to identify sphingolipid- binding
proteins and their subcellular compartmentalization, the field of sphingolipid-based
therapeutics will expand and provide a new avenue to combat cancer with specific molecular
targeting of various important proteins, which are involved in the regulation of tumor
growth and/or response to therapy.

S1P & S1P receptor signaling in the regulation of cancer growth &/or
progression

Metabolism of ceramide for the generation of S1P, a product of SK, leads to cancer cell
proliferation and antiapoptosis [110,111]. Several growth factors and interleukins mediate
the phosphorylation and translocation of SK1 from the cytoplasm to the plasma membrane
[112]. Increased generation of S1P triggers signaling pathways that mediate these
prosurvival processes mainly by engaging with S1P receptors 1-5 (S1PR1-5), usually in
paracrine or autocrine modes (Figure 5) [2]. In numerous studies, SK/S1P have been shown
to be tumor-promoting molecules, and elevated levels of these molecules have been
observed in different cancer and tumor tissues. Overexpression of SK1 in MCF-7 cell
inhibits apoptosis and blocks cell death induced by anticancer drugs, such as sphingosine
and TNF-a [113]. When injected into mammary fat pads of ovariectomized nude mice
implanted with estrogen pellets, MCF-7/SK1 cells formed more and larger tumors than
vector transfectants with higher peripheral microvessel density. Moreover, downregulation
of SK1 in MCF-7 cells reduced EGF- and serum-stimulated growth and enhanced sensitivity
to DOX [113,114].

The regulation of colon carcinogenesis via SK1/S1P in vivo was studied by Kawamori et al.,
who reported that 89% (42 out of 47) of human colon cancers had higher expression of SK1
compared with adjacent normal colon mucosa. In addition, high expression of SK1 was
observed in adenomas and colon cancer metastases. Importantly, the homozygous SK1-
knockout mice challenged with azoxymethane had reduced cancer incidences and had less
aberrant crypt foci formation compared with wild-type mice [115].

Visentin et al. demonstrated that S1P is a potential therapeutic target itself, and a
monoclonal antibody that binds to S1P with high affinity and specificity significantly
slowed tumor progression and attenuated angiogenesis in several animal models of human
cancer [116].
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In the lung, the endothelial cells provide fluid homeostasis and adequate gas exchange by
controlling vascular permeability between vascular content and the pulmonary interstitium.
Increased vascular permeability is a characteristic of acute lung disease and sepsis and is an
essential component of tumor metastasis and angiogenesis [117,118]. S1P protects the
vascular barrier by engaging with the S1P1 receptor (at 0.5-1.0 uM) by activation of the
Rho family of small GTPases, cytoskeleton reorganization, adherent- and tight-junction
assembly and focal adhesion formation. However, in high concentrations (>5 pM), S1P
increases the vascular barrier disruption by activating RhoA through ligation with S1P3
receptor [119-121]. In addition, Yamaguchi et al. reported that S1P differentially regulates
Rac and hematogenous metastasis of melanoma cells positively or negatively via ligation
through S1P1 or S1P2, respectively [122]. Activated PKC promotes cancer cell migration/
invasion and inhibits apoptosis, which may exacerbate metastasis through S1PR-1 activation
[123]. S1P5 receptor expression has been shown to cause proliferation and migration of
human esophageal cancer cells [124]. By contrast, another published report indicated that
migration of human ovarian cancer and human ovarian surface epithelial cells is mediated
by S1P and not by expression of S1PR subtypes [125].

Overexpression of SK1 results in malignant transformation and tumor formation in
immortalized 3T3 fibroblasts [126]. Increased S1P promotes proliferation and survival in
human glioma and breast cancer cells [127]. Additionally, in endothelial and smooth muscle
cells, SK1/S1P/S1PR signaling also has several specific effects on the promotion of vascular
development and angiogenesis [128]. Importantly, in ovarian cancer patient samples,
elevated S1P is found in the serum, and S1PR1 has been recently identified as a requirement
for tumor angiogenesis in vivo [125]. In addition, SK1 mRNA and protein were significantly
elevated in tumors compared with normal tissues obtained from patients with various
cancers [129,130].

Sphingosine-1-phosphate generation can also be catalyzed by SK2, which is localized
mainly to the nucleus [131]. The role of SK2 in the regulation of survival and apoptosis has
been elusive. However, recent data suggest that, whereas endogenous SK2 also promotes
survival by direct involvement of S1P for the regulation of HDAC1 and HDAC2 [107] and
induces cell proliferation, overexpressed SK2 is proapoptotic, and this exogenously
expressed SK-2 might not be effectively targeted to the nucleus, leading to the release of its
BH3-like domain into the cytosol [131]. This might explain its proapoptotic activity in
studies, in which it is exogenously introduced into the cells. In addition, Weigert et al.
identified a novel mechanism of S1P production by apoptotic cells [132]. It was shown that
during cell death, SK2 is cleaved by caspase 1, and a truncated active version of SK2 was
released from the cell, which is associated with the exposure of phosphatidylserine [132].
Further studies analyzed the toxicity of S1P in terminally differentiated post-mitotic neurons
using S1P lyase-deficient mice. Accumulation of S1P above a certain threshold induces
neuronal apoptosis, which was induced only by S1P derived from exogenous S1P that was
dephosphorylated and then resynthesized to S1P by SK2 [133]. These interesting data
further confirm the importance of subcellular localization of S1P metabolism in the
regulation of cancer cell growth and/or apoptosis.

Moreover, there are important and promising therapeutic implications for targeting SK-1 in
cancer cells using small-molecule inhibitors. Several studies showed that a small-molecule
inhibitor of SK1 and SK2 could slow down tumor growth, as well as sensitize cancer cells to
many chemotherapeutic agents [134]. Recently, it was shown that the induction of
autophagy could be a major mechanism for tumor cell killing by an SK2-specific inhibitor
(ABC294640) in A-498 kidney carcinoma, PC-3 prostate and MDA-MB-231 breast
adenocarcinoma cells [135]. Therefore, SK is a potentially promising therapeutic target in
cancer.
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Although the molecular mechanisms by which ceramide and S1P regulates cell growth and/
or proliferation have been extensively studied, recent studies indicate a role for these
bioactive lipids in autophagy. Macroautophagy (referred to here as autophagy) is the
intracellular lysosomal bulk degradation of long-lived proteins and damaged organelles,
which can be either protective or lethal for cells. In a protective sense, the autophagic
pathway is used by the cell to overcome nutrient deprivation by degrading damaged
organelles, such as mitochondria, and recycling amino acids to minimize energy-requiring
processes. However, autophagy has also been characterized as a functional cell death
pathway, known as type Il cell death, alongside apoptosis or type I cell death.

The autophagy pathway is controlled by autophagy-related genes (Atg). Atg proteins are
regulated through mTOR. mTOR inhibits Atg protein induction, which can be blocked by
rapamycin. mTOR regulates signaling through class | PI3K from the insulin receptor.
Additionally, amino acid deprivation has been suggested to control the upregulation of Atg
proteins through an unknown mechanism. Furthermore, class 111 PI3K and Beclin 1 seem to
be important for the induction of Atg proteins [136].

Reports indicate that autophagic cell death plays a critical role in the development of certain
cancers [137]. Moreover, dysfunctional autophagic pathways are an integral part of various

lysosomal storage diseases, muscular disorders, neurodegeneration, pathogenesis and aging

[138]. Reports from the literature suggest that bioactive sphingolipids, such as ceramide and
S1P, are critical mediators of autophagy.

Several recent studies suggest that ceramide-induced autophagy is a protective mechanism,
whereby cells circumvent energetic stress and maintain viability. An initial report by
Guenther et al. suggested that C,-ceramide downregulates nutrient transporters, resulting in
nutrient stress that led to induction of autophagy and nonapoptotic cell death, which was
prevented with addition of methyl pyruvate [139]. Moreover, Guenther et al. reported that
incubating cells in high levels of growth factors to increase metabolic demand sensitized
cells to ceramide-induced starvation followed by cell death. Interestingly, a mouse
embryonic fibroblast cell line deficient in Atg5, a crucial protein for autophagy, had
increased sensitivity to ceramide-induced cell death [139]. Recently, an increase in long-
chain ceramides through the downregulation of CerS2 has been shown to arrest growth with
activation of PKR-like ER kinase and inositol-requiring enzyme 1 pathways, indicating that
autophagy was protective in the unfolded protein response [42]. In another study, resveratrol
served as a dihydroceramide desaturase inhibitor in HGC-27 cells, resulting in elevated
dihydroceramide, which induced autophagy without cell death [140]. Furthermore, a study
by Separovic et al. indicated the downregulation of Atg7 in MCF-7 cells responded to
photodynamic therapy with both increased cell death and elevated ceramide [141]. In
essence, these reports indicate autophagy induction is a protective response to ceramide-
induced stress.

Findings from Beljanski et al. suggest that a SK2-selective inhibitor (ABC294649) induces
nonapoptotic cell death, which is preceded by induction of autophagy [135]. Furthermore,
they reported that simultaneous exposure of A-498 cells to ABC294649 and 3-
methyladenine, an inhibitor of autophagy, decreased the potency of the SK-2 inhibitor and
switched the mechanism of toxicity to apoptotic cell death, indicating that autophagy is a
major mechanism of tumor cell killing by this compound. Results from Yacoub et al. also
suggest that autophagy may be lethal in some instances [142]. These groups’ findings
indicate that overexpression of melanoma differentiation-associated gene-7 (mda-7)/1L-24
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induces ER stress responses, which triggers production of ceramide, Ca* and ROS that, in
turn, promotes glioma cell autophagy and cell death [142].

Mechanistically, the regulation of autophagy by sphingolipid signaling is not completely
understood. Beljansky et al. suggest that the buildup of sphingosine or ceramide induces
tumor suppression by autophagic cell death in vivo via a SK2 selective inhibitor [135].
Conversely, Lavieu et al. report that upregulation of SK1 induces protective autophagy
differing from lethal autophagy by a lack of Beclin-1 induction and mTOR inhibition [143].

Findings in the literature regarding lethal autophagy report that ER stress is the upstream
regulator of ceramide/dihydroceramide production, leading to subsequent Ca2* induction
and mitochondrial dysfunction [144]. Interestingly, increases in ceramide induce Beclin-1-
dependent autophagic cell death, which is mediated by c-Jun NHy-terminal kinase (JNK)
[145]. The addition of short-chain ceramides and stimulation of the de novo pathway by
tamoxifen treatment have been shown to activate JINK-1, which phosphorylates Bcl-2,
resulting in the dissociation of the autophagy protein Beclin-1 and Bcl-2, thereby inducing
autophagy [146].

Park et al. suggest that ceramide—CD95 signaling mediates cell death through caspase-8
activation; however, the knockdown of Atg5 increased cell death, indicating that autophagy
was protective [147]. Importantly, these reports suggest that sphingolipids are involved in
mediating two complex autophagic pathways with opposing functions involved in cell
survival or death. Nevertheless, the mechanism by which these pathways are mediated
remains unclear, is of critical importance to the fate of the cell and thus need to be further
elucidated.

Sphingolipid-based anticancer therapeutics

The use of ceramide analogues or mimetics could also promote apoptotic and/or autophagic
pathways in cancer cells [148-150]. However, decreased solubility and bioavailability of
these ceramide analogues, especially ceramides with long-chain fatty acids, present
problems for their delivery as chemotherapeutic agents in vivo. To overcome these
problems, varied-chain pyridinium ceramides (e.g., Cg-, C16- or C1g-pyridinium ceramides)
have been synthesized with increased water solubility and cell membrane permeability
(Table 2) [149,150]. Positively charged ceramides have been shown to increase inner
membrane permeability owing to the activation of specific ion transporters [148], and cause
release of cytochrome C. In HNSCC treatment with highly soluble cationic pyridinium
ceramide, such as L-thereo-Cg-Pyr-ceramide, causes inhibition of xenograft tumor growth in
SCID mice. Combination of L-thereo-Cg-Pyr-ceramide treatment with chemotherapeutic
agents, such as gemcitabine, showed enhanced HNSCC tumor suppression in mice. This
combination therapy resulted in a 2.5-fold increase in efficacy over 5-fluorouracil/cisplatin
treatment [149]. In addition, these novel pyridinium ceramides have been shown to inhibit
telomerase activity, concomitant with GO/G1 cell cycle arrest [149,150].

Liposome-mediated delivery of Cg-ceramide has been shown to be an effective drug
delivery method. Liposomal delivery enhances inter-bilayer transfer upon transient
liposome/cell interactions, thereby promoting efficient delivery into cells. Use of liposomal
Cg-ceramide targets nuclear accumulation in MDA human breast cancer cells. Moreover
these targeted Cg-ceramides can regulate Akt phosphorylation and activate caspase 3/7 to
induce apoptosis [151].

The PEGylated form of Cg-ceramide encapsulated in liposomes has been shown to be
effective against murine mammary adenocarcinoma cells. Systemic delivery of liposomal
Cg-ceramide causes cytotoxicity in solid tumors in a murine breast adenocarcinoma model

Future Oncol. Author manuscript; available in PMC 2011 August 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ponnusamy et al.

Page 12

using syngenic BALB/c mice. In addition, liposomal Cg-ceramides have antitumor activities
in human xenograft tissues in nude mice [152]. Polymeric nanoparticles are also used to
deliver ceramides against a multidrug- resistant SKOV3 ovarian cancer cell line to induce
apoptotic cell killing [153].

A novel ceramide analog generated by modifying the degree and position of the unsaturation
of bonds led to the development of (2S,3R)-(4E,6E)-2-octanoyl amido decadiene-1,3-diol
(4,6-diene-Cer), which contains a trans double bond at Cg—C- of the sphingoid backbone.
This novel 4,6-diene ceramide is effective in inducing apoptosis in MCF-7 breast cancer cell
lines [154].

The cationic Cg-ceramide analogue harboring a new amide functional group in the
sphingosine backbone (replacing the allyl alcohol group) has been effective against
endocrine-resistant MDA-MB-231 and chemoresistant MCF-7 TN-R breast cancer cell
lines. This analogue inhibits clonogenic survival and induces apoptosis [155]. Other
ceramide analogs, such as 5R-OH-3E-Cg-ceramide, adamantyl ceramide and benzene-Cy-
ceramide, have been shown to be effective against SKBr3, MCF-7/Adr drug-resistant breast
cancer cells [156].

An alternative strategy to induce ceramide formation is to inhibit ceramidase. Inhibition of
ceramidase leads to ceramide accumulation, thereby causing apoptotic cell death in
cancerous cells. B13, an inhibitor of acid ceramidase, has been shown to induce cell death in
cultured prostate cancer cells. In addition, B13 increased sensitivity of androgen-insensitive
xenografts to radiation therapy and was also shown to decrease tumor volume [157].
Pharmacological inhibition of acid ceramidase with N-oleoy! ethanolamine enhanced
ceramide generation, thereby sensitizing hepatoma cells (HepG2, Hep3B and Hepa 1C1C7)
to daunorubicin-induced cell death [16]. In addition, LC204, a lysomotropic analog inhibitor
of acid ceramidase, restores ceramide levels in prostate cancer cells [158].

FTY-720, a sphingosine-based immunosuppressant, exhibiting successful outcomes against
multiple sclerosis in the clinic, has been shown to alter CerS activity. FTY-720 has been
shown to inhibit ceramide synthesis at high sphinganine concentrations in vivo [159],
whereas it has also been shown to inhibit CerS activity competitively [160]. FTY-720 also
induces ROS generation, which leads to increased PKC activation and subsequent caspase 3
activation in hepatocellular carcinomas [161]. In addition, as a combination therapy,
FTY-720 is used as an add-on to dimethyl sphingosine against breast cancer cell lines
(MCF-7, MDA-MB-231 and SK-Br-3). Use of FTY-720 downregulates phospho-ERK
without altering p38. This effect was not observed when a phosphorylated form of FTY-720
was used, indicating that antiproliferative effects may not depend on endogenous or
exogenous phosphorylaion. Similar effects were observed in colon cancer cells HCT-116
and SW620 [162]. Furthermore, pharmacologic doses of FTY-720 induced apoptosis and
impaired clonogenicity in blast crisis chronic myelogenous leukemia and Philadelphia
chromosome-positive acute lymphocytic leukemia, the fatal BCR/ABL-driven leukemias
[163]. FTY-720 is also found to be effective against lung tumor development in BALB/c
mice [164]; however, mechanisms of antitumor functions of FTY-720, which are believed to
be S1P receptor-independent, remain unknown.

Roles of sphingolipids in drug resistance

Previous studies suggest that understanding the intrinsic mechanisms of action for ceramide
and S1P can open doors to new therapies to battle cancer [165,166]. It has been well
established that increases in intracellular ceramides, based on their fatty acid chain lengths,
will promote apoptosis [167,168]. Thus, finding ways to intrinsically elevate ceramide in
cancer cells will be beneficial. Conversely, S1P has been shown to promote proliferation and
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prevent drug-induced apoptosis; thus, suppression of its generation and/or accumulation
could inhibit tumor growth and overcome drug resistance (Figure 6).

Recent studies indicate that one of the mechanisms of resistance that cancer cells develop
against chemotherapy is the alteration of ceramide accumulation. In fact, ceramide is highly
metabolized into GlcCer owing to an increase in GlcCer synthase (GCS) activity and/or
expression in some cancer cells [169,170]. This phenomenon has been implicated in the
development of drug resistance in various cancer cell types, especially in breast cancer cells.
Recent data demonstrated that knockdown of GCS expression with siRNA significantly
inhibits the expression of MDR1, a gene that encodes for P-glycoprotein (P-gp) and reverses
drug resistance [169,170]. Interestingly, several members of the ATP-binding cassette
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 GlcCer that
translocates this molecule across the Golgi to deliver it for the synthesis of neutral
glycosphingolipids [171]. 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 resistance to
chemotherapy. For example, combinations of fenretinide (4-HPR), which is known to
elevate ceramide and dihydroceramide, with inhibitors of GCS or SK, such as 1-phenyl-2-
palmitoylamino-3-morpholino-1-propanol or safingol (L-thereo-dihydrosphingosine), were
reported to synergistically suppress the growth of various human cancer cells [172,173].

Roles of SK1/S1P & S1P receptor signaling in drug resistance

Sphingosine kinase 1/S1P signaling protects cancer cells from chemotherapy-induced
apoptosis [174,175]; therefore, changes in sphingolipid metabolism play functional roles in
conferring drug resistance. For example, in prostate adenocarcinoma, SK1 attenuates drug-
induced apoptosis and serves as a chemotherapy sensor both in culture and in animal models
[174]. In parallel with these data, increasing the expression of SK1 reduced the sensitivity of
A-375 melanoma cells to Fas- and ceramide-mediated apoptosis, which could be reversed by
the inhibition of SK-1 expression [175]. In addition, high expression levels of SK1 and S1P
were detected in camptothecin-resistant PC-3 prostate cancer cells, and inhibition of SK1
expression or S1P signaling significantly inhibited PC-3 cell growth in response to
camptothecin [175]. There are also antagonists against S1PRs, some of which also exhibit
antiproliferative effects [176,177].

Interestingly, the elevated expression of SK1 and the increased levels of S1P have been
observed in many types of cancers, such as colon, breast, uterus, kidney and lung, among
others [115,116]. The analysis of tissue samples from healthy individuals and from patients
with endometrial carcinoma revealed that SK1 activity was increased 2.5-fold in tissues
from cancer patients compared with tissues from normal subjects. Moreover, S1P levels in
cancer tissues were 1.6-fold higher compared with control tissues. Similarly, S1P levels in
the plasma were also elevated [178]. In a microarray analysis of 1269 tumor samples from
different subtypes of breast cancer, SK1 expression was found to be elevated in cancer
patient tissues, and its higher expression was correlated to poor prognosis and promotion of
metastasis [179]. SK1 also seems to act as an oncogene in erythroleukemia. A microarray
transcriptome analysis of proerythroblasts from erythroleukemic transgenic mice showed
that SK1 is transcriptionally upregulated, showing an association with the tumorigenic
phenotype. Furthermore, when SK1 was overexpressed in nontumorigenic proerythroblasts,
an increase in tumorigenicity and resistance to apoptosis was observed [180]. These data
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hint to the fact that overexpression of SK1 might be an event required for the progression of
erythroleukemia.

A study performed utilizing prostate cancer cells established a correlation between SK1
activity and resistance to irradiation. The SK1 activity was not affected by ionizing radiation
in radiation-resistant LNCaP cells, while the activity was inhibited in radiation-sensitive
human prostate cancer cells [181]. Moreover, the role of SK1 in mediating chemotherapy
resistance in prostate cancer cells was also established by the use of cell lines that exhibit
opposite sensitivities to chemotherapeutic agents. When docetaxel and camptothecin were
utilized to treat these cell lines, SK1 was observed to be inhibited, and the ceramide:S1P
ratio, known to be critical in determining the fate of the cell, was elevated only in docetaxel-
sensitive cells when compared with resistant cells. By contrast, the overexpression of SK1 in
both of these cell lines abolished the efficacy of the drug by decreasing the ceramide:S1P
ratio/balance (rheostat) [57]. In addition, the importance of the ceramide/S1P rheostat in
mediating imatinib resistance was further established in chronic myeloid leukemia (CML)
cells (Figure 7). Upon imatinib treatment, K562 CML-sensitive cells showed an increased
generation of endogenous ceramides, specifically C1g-ceramide, while ceramide generation
in K562 imatinib-resistant cells was minimal. Interestingly, SK1 mRNA and protein levels
were increased in these drug-resistant cells, elevating S1P. The partial knockdown of SK1
was able to resensitize these cells to imatinib treatment by altering the ceramide/S1P
rheostat, and the subsequent increase of caspase-3 activation [57]. Thus, these data support
the alterations of the ceramide/S1P rheostat via overexpression of SK1 with increased S1P
generation/signaling mediating imatinib-resistance in CML cells.

The involvement of SK1 in mediating drug resistance was also established in MCF-7 breast
cancer cells. The forced overexpression of SK1 in MCF-7 cells caused promotion of cell
proliferation and resistance to tamoxifen-induced apoptosis. After prolonged exposure of
MCF-7 to tamoxifen, tamoxifen-resistant clones were selected. Interestingly, resistant cells
showed increased levels of SK1 expression compared with sensitive cells. The inhibition of
SK1 by a specific inhibitor was able to resensitize MCF-7 cells to tamoxifen-induced
apoptosis [182].

Sphingosine-1-phosphate elicits most of its prosurvival effects by acting in an autocrine and/
or paracrine fashion through a family of five G-protein-coupled receptors, termed S1PR1-5
[128]. Three receptors, S1IPR2, 4 and 5, are located on chromosome 19, while S1IPR1 and
S1PR3 are found on chromosome 1 and 9, respectively [183]. These receptors are coupled to
different heterotrimeric subsets of G-proteins (Gj, Gq and G1/13), therefore mediating a
variety of cellular functions. Interestingly, the involvement of specific receptors in many
cancer types has also been shown, suggesting the use of specific SIPR antagonists as a
novel therapeutic approach. For instance, SIPR2 was shown to be involved in hypoxia-
triggered pathological angiogenesis of the mouse retina. SIPR2~/~ mice exposed to
ischemia-induced retinopathy demonstrated decreased neovascularization in the vitreous
chamber compared with SIPR2*/* mice. In addition, SIPR2~/~ mice showed decreased
levels of cyclooxygenase-2 (COX-2) proinflammatory enzyme and elevated levels of
endothelial nitric oxide synthase, suggesting a role for SIPR2 in mediating inflammatory
processes that are important for retinal angiogenesis [184].

Sphingosine-1-phosphate receptor 2 was shown to have an important role in esophageal
cancer, as well by modulating TGF-induced migration and invasion via signaling of SK1-
generated S1P [185]. Moreover, signaling by S1IPR2 was shown to be important in Wilms
tumor, the most common malignant renal tumor in children. Studies demonstrated that S1P
induced COX-2 mRNA and protein expression in WiT49 Wilms tumor cells in a
concentration- dependent manner. The mMRNA levels of S1IPR1, 2, 3 and 5, were expressed
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in Wilms tumor specimens. Importantly, S1P modulation of COX-2 was shown to be
S1PR2-dependent only, since overexpression or downregulation of S1IPR2 increased or
decreased COX-2 mRNA and protein expression, respectively. Moreover, treatment with the
specific SIPR2 antagonist JTE-013 completely blocked S1P-induced COX-2 expression in
WiT49 cells overexpressing S1IPR2 [186]. In glioblastoma multiforme, a CNS tumor, the
S1P receptors, specifically S1IPR1, 2 and 3, were involved in inducing glioma proliferation.
S1PR1 and S1PR3 were shown to promote glioma cell migration and invasion. SIPR2 was
demonstrated to enhance glioma invasion through the increased expression of CCN1/Cyr61,
a matri-cellular protein shown to be involved in tumor cell adhesion, invasion and
angiogenesis [187].

Interestingly, the inhibition of SK1 by the use of an inhibitor, SK1-1, was able to reduce
growth and suppress migration and invasion through the inhibition of signaling pathways
involving Akt and its targets p70S6K and GSK3-o, [188,189]. Thus, these studies highlight
the roles of SK1/S1P/S1PRs in promoting cancer and suggest novel therapeutic approaches
that include the use of specific SK1 and S1PRs inhibitors and antagonists.

Conclusion & future perspective

Although recent advances that provide important molecular and analytical tools to study
sphingolipids add another layer of complexity to the field regarding the importance of fatty
acid chain lengths, subcellular localization and/or protein targets of sphingolipids, it has
become more evident now that these bioactive sphingolipid molecules play important roles
in cancer pathogenesis and therapeutics. Reverse translational studies indicate that
regulation of ceramide generation, or expression of enzymes of sphingolipid metabolism in
several types of tumor tissues, are altered. Reconstitution of ceramides using small-molecule
ceramide mimetics or analogues, or inhibitors of enzymes of ceramide metabolism, has been
successful in terms of the development of novel targets for anticancer therapeutics. By
contrast, SK and S1P are important players in antiapoptosis, neovascularization and
inflammation. Recent studies also identified Spns2 as a novel S1P transporter [190], which
might help define mechanisms of S1P transport in and out of cancer cells. In addition,
animal studies suggest possible functions for sphingolipids in chemo-prevention, which are
well studied in colon cancer models [191]. Development of knockout models for
sphingolipid-metabolizing enzymes, such as S1P-lyase(~~) mice [192], will also be
extremely helpful to delineate their roles in development, as well as in cancer pathogenesis
and/or therapy.

There are also some limitations remain in this exciting field. For example, our understanding
of individual cancer subtypes and their complex molecular circuitry, including networks of
sphingolipid metabolism and their subcellular compartmentalization, coupled with inherent
experimental difficulties in studying membrane-bound enzymes of lipid metabolism, is still
limited and needs further development.

Nevertheless, an enormous growth of sphingo-lipid research will be anticipated in the
coming years, which will produce numerous advances in dissecting the roles and
mechanisms of action of bioactive sphingolipids in the regulation of cancer pathogenesis,
progression and/or metastasis. It is also anticipated that further advances in
sphingolipidomics, in terms of both analytical and synthetic lipidomics, will define
diagnostic or prognostic sphingolipid cancer markers and develop novel therapeutic and
prevention strategies against various human cancers.
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Figure 1. De novo generation of ceramide and its metabolism to generate sphingosine-1-
phosphate

The first step of de novo synthesis of ceramide and other complex sphingolipids is the
condensation of serine and palmitoyl CoA by SPT, followed by the action of CerS and DES
forming ceramide, the central molecule of sphingolipid metabolism. Sphingosine formation
occurs via deacylation of ceramide by CDase. Following deacylation, sphingosine is
released, which can then be phosphorylated to generate S1P by the action of SK1 or SK2.
S1P is hydrolyzed by S1P lyase. Ceramide can also be formed from the degradation of SM
by SMases and glycosphingolipids by cerobrosidases. Ceramide is further metabolized for
the synthesis of GlcCer by GCS, which is a precursor for lactosylceramide and ganglioside
generation.

C1P: Ceramide-1-phosphate; CDase: Ceramidase; CerS: Ceramide synthase; DAG:
Diacylglycerol; DES: Desaturase;

GCS: Glucosylceramide synthase; GlcCer: Glucosylceramide; S1P: Sphingosine-1-
phosphate; S1PP: Phosphorylated sphingosine-1 phosphate; SK: Sphingosine kinase; SM:
Sphingomyelin; SMase: Sphingomyelinase; SPT: Serine-palmitoyl CoA transferase.
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Figure 2. Specificity of ceramide synthase(s) and the diversity of ceramide species

The de novo synthesis of various chain length fatty acids containing ceramide are formed by
the action of specific CerS. CerS1 specifically biosynthesizes C1g -ceramide; CerS2 and
CerS4 mediate very-long-chain fatty acid-containing ceramide synthesis, such as Coy-, Co4-
and Cyg-ceramides. Additionally, CerS5 and CerS6 are mostly responsible for the synthesis
of chain lengths up to 16, such as C1-, C14- and C1g-ceramides. Ceramide is the precursor
for S1P. Importantly, these two molecules have opposing functions and are known to
regulate each other. In addition, ceramides with different chain lengths might have distinct
and sometimes opposing functions in the regulation of tumor progression and/or growth. For
example, in HNSCC tumors, while CerS1-generated Cqg-ceramide inhibits tumor growth,
CerS6-mediated C1g-ceramide induces tumor growth.

CerS: Ceramide synthase; DES: Desaturase; HNSCC: Head and neck squamous cell
carcinoma; S1P: Sphingosine-1-phosphate.
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Figure 3. Opposing functions of ceramide synthase 1 and 6

CerS6/Cq6-ceramide accumulation regulates ER homeostasis and stress responses favoring
cell proliferation and tumor growth. Conversely, deduction of CerS6/Cg-ceramide by RNAI
against CerS6 induces ER stress by the ATF6/CHOP arm, which leads to cell death. CerS1/
Cig-ceramide levels can be increased by the treatment of chemotherapeutic agents, such as
GMZ and DOX, which can inhibit tumor cell growth through the induction of autophagy or
by directly inducing tumor cell apoptosis.

CerS: Ceramide synthase; DOX: Doxorubicin; ER: Endoplasmic reticulum;

GMZ: Gemcitabine; HNSCC: Head and neck squamous cell carcinoma.
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Figure 4. Regulation of oncogenic c-Myc by protein phosphatase 2A via control of ceramide in
normal and cancer cells

In normal cells, ceramide and its binding protein, 12PP2A, which is the inhibitor for PP2A,
are mostly in a 1:1 ratio. Therefore, it is believed to be the binding and inactivation of
ceramide by I2PP2A that liberates the active form of PP2A, which, in turn, acts upon c-Myc,
leading to the dephosphorylation and degradation. In cancer cells, elevated levels of 12PP2A
were observed, which inhibits most of the available PP2A and results in stable (active)
oncogenic c-Myc. The stable form of c-Myc can mediate tumor growth and cancer
progression by upregulating expression of several oncogenes.

I2PP2A: Protein phosphatase 2A inhibitor 2; PP2A: Protein phosphatase 2A.
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Figure 5. Sphingosine kinase/sphingosine-1-phosphate-mediated regulation of cellular functions
Several growth factors and interleukins can activate SK by phosphorylation. Following
activation, SK can translocate to the plasma membrane, where it phosporylates sphingosine
to S1P. S1P is a bioactive lipid molecule, which can function as an intracellular messenger
or is secreted out of the cell and coupled to its G-protein-coupled receptors (S1PRs) to
mediate prosurvival, cell proliferation, tumor growth and/or metastasis.

PLD: Phospholipase D; S1P: Sphingosine-1-phosphate; S1IPR: Sphingosine-1-phosphate
receptor; SK: Sphingosine kinase.
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Figure 6. Ceramide/sphingsine-1-phosphate rheostat in cancer and treatment

In pathological conditions such as cancer, decreased levels of ceramide and elevated levels
of its metabolite S1P were observed, which favors inhibition of programmed cell death,
induction of metastasis and drug resistance. Upon treatment, ceramide levels increase and
S1P levels decrease. These changes regulate apoptosis, ER stress and/or autophagic cell
death.

ER: Endoplasmic reticulum; S1P: Sphingosine-1-phosphate.

Future Oncol. Author manuscript; available in PMC 2011 August 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ponnusamy et al.

Page 33

TyrP
SKi1 /
SPH S1P Ber—Abl) ~—— Active
C,,-ceramide iﬁig(ti/rsw Apo_p_tosis
Imatinib Resistance

Figure 7. Sphingosine kinase/sphingosine-1-phosphate-mediated imantinib resistance of chronic
myeloid leukemia cells

The overexpression of SK1 in Ber—Abl-positive cells leads to alteration of the levels of S1P
and ceramide, which induces the stabilization/activation of Bcr—Abl, leading to the
inhibition of apoptosis and drug resistance in chronic myeloid leukemia.

KO: Knockout; S1P: Sphingosine-1-phosphate; SK: Sphingosine kinase;

SPH: Sphingosine.
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Table 1

Sphingolipid Protein Biological function

Ceramide KSR Transactivation of c-Raf

Ceramide c-Raf Activation of the MAPK cascade

Ceramide Cathepsin D Autocatalytic proteolysis of cathepsin D, leading to apoptosis

Ceramide PKC-¢ Interaction with stress-activated protein kinases, leading to growth suppression

Ceramide 12PP2A Increase in PP2A activity, leading to the regulation of c-Myc stability

Ceramide CERT Transports ceramide from the endoplasmic reticulum to the trans-Golgi, and it is involved
in drug resistance

Ceramide-1-phosphate cPLA, Arachidonic acid release

Sphingosine-1-phosphate

HDAC1 and HDAC2

Regulation of p21 expression

Sphingosine-1-phosphate  TRAF2 Stimulates TRAF2 E3 ligase activity, increasing polyubiquitination of RIP1 and
regulating NF-xB
Sphingosine ANP32A Regulation of PP2A activity and COX-2 expression in human endothelial cells

12PP2A: Protein phosphatase 2A inhibitor 2; PP2A: Protein phosphatase 2A.
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Table 2

Sphingolipid-based anticancer therapeutics.

Compound

Mechanism of action/target

Cancer type

Ceramidoids (Pyr-ceramides)

Mitochondrial targeting

HNSCC, lung and breast

4,6,-diene-ceramide

Ceramide analog

Breast

Cyg-serinol

Ceramide analog

Neuroblastoma

B13 and its derivatives

A-CDase inhibitor

Prostate, colon and HNSCC

d-MAPP

A- and N-CDase inhibitor

Squamous cell carcinoma

PPMP or PPPP

GCS inhibitors

Solid tumors

DMS SK inhibitor Leukemia, colon and breast
Anti-S1P-mAb Binds S1P Solid tumors
PEGylated lyposomes with ceramide (nanoparticles)  Improved delivery Breast

Vincristine in SM-liposomes (sphigosomes)

Improved delivery

Leukemia (ALL)

Safingol (I-thereo-dihydrosphingosine)

SK inhibitor

Solid tumors

FTY-720

Myriocin analog

Bladder, prostate, breast and lymphoma
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ALL: Acute lymphoblastic leukemia; CDase: Ceramidase; D-MAPP: D-erythro-2-(N-myristoylamino)-1-phenyl-1-propanol; DMS: Dimethyl

sphingosine; GCS: Glucosylceramide synthase; HNSCC: Head and neck squamous cell carcinoma; PPMP: 1-phenyl-2-palmitoylamino-3-

morpholino-1-propanol; PPPP: 1-phenyl-2-hexadecanoylamino-3-pyrrolidino-1-propanol; S1P: Sphingosine-1-phosphate; SK: Sphingosine kinase;

SM: Sphingomyelin.
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