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Abstract

Sphingolipid metabolites have emerged as critical players in a number of fundamental biological
processes. Among them, sphingosine-1-phosphate (S1P) promotes cell survival and proliferation, in
contrast to ceramide and sphingosine, which induce cell growth arrest and apoptosis. These
sphingolipids with opposing functions are interconvertible inside cells, suggesting that a finely tuned
balance between them can determine cell fate. Sphingosine kinases (SphKs), which catalyze the
phosphorylation of sphingosine to S1P, are critical regulators of this balance. Of the two identified
SphKs, sphingosine kinase type 1 (SphK1) has been shown to regulate various processes important
for cancer progression and will be the focus of this review, since much less is known of biological
functions of SphK2, especially in cancer. SphK1 is overexpressed in various types of cancers and
upregulation of SphK1 has been associated with tumor angiogenesis and resistance to radiation and
chemotherapy. Many growth factors, through their tyrosine kinase receptors (RTKSs), stimulate
SphK1 leading to a rapid increase in S1P. This S1P in turn can activate S1P receptors and their
downstream signaling. Conversely, activation of S1P receptors can induce transactivation of various
RTKs. Thus, SphK1 may play important roles in S1P receptor RTK amplification loops. Here we
review the role of SphK1 in tumorigenesis, hormonal therapy, chemotherapy resistance, and as a
prognostic marker. We will also review studies on the effects of SphK inhibitors in cells in vitro and
in animals in vivo and in some clinical trials and highlight the potential of SphK1 as a new target for
cancer therapeutics.
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1. INTRODUCTION: SPHINGOSINE KINASES AND S1P

Similar to phospholipids whose metabolites are well known potent mediators, metabolites of
sphingolipids have emerged as signaling molecules with pleiotropic effects on important
cellular processes including cancer progression [1]. The key players among the sphingolipid
metabolites are ceramide (N-acyl sphingosine), sphingosine, and sphingosine-1-phosphate
(S1P). Ceramide can be produced de novo or by breakdown of sphingomyelin and more
complex sphingolipids. Sphingosine is only formed as a result of ceramidase catalyzed
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hydrolysis of ceramide and can either be acylated to ceramide or phosphorylated by
sphingosine kinases (SphKs) to S1P.

Ceramide and sphingosine mediate cell cycle arrest and induce apoptosis, whereas S1P
promotes cell growth, proliferation, and survival. Interestingly, because these oppositely acting
sphingolipid metabolites are interconvertible within cells, the balance between ceramide/
sphingosine and S1P levels forms a so-called “sphingolipid rheostat”, where a cell is primed
for death pathways when the balance leans towards ceramide or sphingosine, or toward cell
survival and proliferattion when S1P levels are increased. Indeed, it has been suggested that
modulation of the normal setting of this rheostat by increasing levels of ceramide and/or
sphingosine at the expense of S1P might serve to drive successful cancer therapies [2,3]. There
are several potential regulators of this rheostat. S1P can reversibly dephosphorylated by S1P
phophatases (SPP1 and SPP2) back to sphingosine or cleaved irreversibly at the C2-C3 bond
into palmitaldehyde, and phosphoethanolamine by S1P lyase (SPL). However, SphKs are
uniquely situated to be key regulators of this rheostat [4], as they generate S1P and decrease
sphingosine and ceramide.

SphKs are responsible for the conversion of sphingosine to S1P. Two distinct SphK isoforms
have been identified, SphK1 and SphK2, numbered in order of their discovery and
characterization. SphK1 and SphK2 are members of a family of evolutionarily conserved lipid
kinases. Sequences of putative SphKs from about 30 species spanning four kingdoms and four
phyla of Metazoa are available at NCBI (http://www.ncbi.nlm.nih.gov). Notably, these SphKs
do not possess any identifiable domains besides the diacylglycerol kinase catalytic domain,
which is common between sphingosine, ceramide, and diacylglycerol kinases. Numerous
reviews have recently appeared on this family of lipid kinases and the reader is referred to these
for extensive information about the SphKs [5-8].

S1P regulates diverse physiological and pathological processes important for cancer and
inflammation, such as proliferation, migration, invasion, and angiogenesis, as demonstrated
both in cell cultures and animals. S1P exerts most of its action as a specific ligand for a family
of five cognate G protein-coupled receptors (GPCRs), designated as S1P receptor 1 to 5
(S1Pq.5). S1P also has some still not well characterized receptor-independent intracellular
functions in mammalian cells important for calcium homeostasis, cell growth, and protection
of apoptosis (reviewed in [4]). S1P receptor independent functions are consistent with findings
in lower organisms, such as plants and yeast, which express SphKs and respond to S1P, but
lack S1P receptors. S1P is especially abundant in serum where its concentration (300-500 nM)
is higher than the known Kd values for S1P receptors. Because S1P is tightly associated with
serum proteins, particularly lipoproteins (e.g., high density lipoprotein) and albumin, it has
been suggested that the bio-available or free fraction of S1P is not sufficient to constitutively
activate S1P receptors [9].

Recently, the role of SphKs in cancer (SphK1 in particular) has received considerable attention.
This review focuses on current knowledge of the involvement of SphK1 in cancer, particularly
in colon cancer, breast cancer, prostate cancer, and glioblastoma, and its roles in tumorigenesis,
hormonal therapy, chemotherapy resistance, and as a prognostic marker. We also review the
literature that implicates SphK1 as a potential therapeutic target for cancer.

2. SPHK1 - AN ONCOGENE

Sphk1 has been shown to have many of the characteristics of a bona fide oncogene. Non-
transformed NIH 3T3 fibroblasts overexpressing SphK1 acquire a transformed phenotype, as
determined by focus formation, colony growth in soft agar, and ability to form tumors in nude
mice [10]. SphK1 expression is also required for oncogenic Ras-mediated transformation
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[10]. Further, translocation of SphK1 to the plasma membrane, a common mechanism of its
activation by growth factors, enhances foci formation and growth in soft agar [11].

SphK1 also appears to act as an oncogene in erythroleukemia. Microarray transcriptome
analysis of pro-erythroblasts from spi-1-transgenic mice, a model for multiple stages of
erythroleukemia, revealed that transcriptional upregulation of SphK1 is repeatedly associated
with the tumorigenic phenotype [12]. Moreover, overexpression of SphK1 in non-tumorigenic
pro-erythroblasts increased their clonogenicity as well as resistance to apoptosis, and they
acquired tumorigenicity when engrafted in vivo [12]. These results suggest that high expression
of SphK1 may be an oncogenic event required for progression of erythroleukemia.

EXPRESSION, ACTIVATION, AND TRANSLOCATION

Elevated expression of SphK1 has been observed in multiple types of cancer. The levels of
SphK1 mRNA were approximately 2-fold higher in tumors of the breast, colon, lung, ovary,
stomach, uterus, kidney, and rectum compared with normal tissue from the same patient when
measured by the Cancer Profiling Array (Clontech) that contains 241 paired human samples
[13,14]. SphK1 is also overexpressed in acute leukemia patients [15]. Analyses of microarray
data available online (http://www.oncomine.org/, http://www.ncbi.nlm.nih.gov/geo/) show
statistically significant increases in SphK1 expression in: N-methyl-N-nitrosourea-induced rat
breast cancer model [16]; recurrent breast cancer following tamoxifen therapy [17]; squamous
cell carcinomaand it’s precursor actinic keratotic lesions in non-melanoma [18] and melanoma
skin cancers [19]; advanced stages of cervical cancer [20]; invasive carcinoma of bladder
[21]; oligodendrogliomas [22]; head and neck cancer [23,24]; leukemia, including B- and T-
cell acute lymphoblastic leukemia and acute myeloid leukemia [25]; and in adult male germ
cell tumors [26] (Fig. 1). Studies of the early onset of colorectal cancer showed increases in
SphK1 levels which did not reach statistical significance, indicating that further classification
of these tumor samples may be required [27] (Fig. 1).

Immunohistochemical analyses of human breast cancer, colon cancer, and lung cancer tissues
revealed that carcinoma cells themselves are the major source of SphK1 expression in the tumor
[14,28,29]. This observation supports the notion that cancer takes advantage of the growth
promoting properties of S1P by upregulating levels of the enzyme that produces it. Since SphK1
forms S1P at the expense of its pro-apoptotic precursors sphingosine and ceramide, its
increased expression shifts the ‘sphingolipid rheostat’ toward pro-survival. Indeed, increased
levels of S1P have been detected in the ascites fluid and plasma of ovarian cancer patients
[30,31].

There are multiple pieces of evidence suggesting that it is not only activation of SphK1, but
also its translocation to the plasma membrane that is critical for it to produce S1P that mediates
its biological effects. Diverse external stimuli, particularly growth factors and
chemoattractants, such as platelet derived growth factor (PDGF), epidermal growth factor
(EGF), nerve growth factor (NGF), insulin growth factor (IGF), transforming growth factor
beta (TGFp), and phorbol 12-myristate 13-acetate (PMA), cause a rapid, transient stimulation
of SphK1 (reviewed in [8]). The mechanism of SphK1 activation involves extracellular signal-
regulated kinase (ERK) 1/2-mediated phosphorylation of SphK1 on Ser225 [32]. Notably, this
single phosphorylation site not only controls the catalytic activity of SphK1, but is also
necessary for agonist-induced translocation of SphK1. SphK1 is predominately a cytosolic
enzyme, and translocation from the cytosol to the plasma membrane [32], where its substrate
sphingosine resides allows precise temporal and localized formation of S1P that subsequently
activates appropriate cell surface S1P receptors [33]. Phosphorylation of SphK1 has been
shown to induce conformational changes that enhance its binding to membrane acidic
phospholipids such as phosphatidylserine which can prolong its retention at the plasma
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membrane [34]. This phosphorylation-dependent localization of SphK1 to the plasma
membrane appears essential for cell proliferation and survival [11]. This notion is supported
by the observation that although expression of a non-phosphorylatable mutant SphK1 provided
no survival or proliferative effects, artificial localization to the plasma membrane restored its
pro-survival and pro-proliferative properties [11].

In addition to this well-characterized rapid and transient SphK1 activation, more recent
evidence has uncovered the existence of a pronounced delayed increase in SphK1 activity that
is due to increased gene transcription. EGF [35], 17B-estradiol (E2) [36], PMA [37], histamine
[38] extracellular nucleotides [39], 1,25-dihydroxyvitamin D3 [40], and prolactin [41],
increase SphK1 by transcriptional upregulation, chronically increasing production of S1P
perhaps to increase cells capability to grow and move [41]. Either ERK1/2 or PKC seems to
be involved in upregulation of SphK1 expression, although involvement of intracellular
signaling pathway slightly differ among each agonist [35-39]. These reported agents also
induce rapid SphK1 activation, producing a biphasic activation of SphK1; the first peak occurs
after minutes of stimulation and is followed by the second delayed activation after hours of
stimulation (Fig. 2). This makes it hard to determine which phase is important because they
cannot be distinguished by downregulation or inhibition of SphK1. In either event, SphK1 and
its activation play a central and obligatory role.

CELL MOTILITY

Several studies have implicated SphKs in cell migration, beginning with the demonstration
that pharmacological SphK inhibitors, such as N,N-dimethylsphingosine (DMS) and D,L -
threo-dihydrosphingosine (DHS), that inhibit both SphK1 and SphK2, suppress chemotaxis of
many types of cells in response to many chemoattractants including growth factors (see [4]
and references therein for the review of earlier work). Although in many studies, these SphK
inhibitors did not seem to have a general inhibitory effect on cellular locomotion machinery,
these results should be interpreted with caution since these inhibitors might also inhibit protein
kinase C [42]. More recently, molecular approaches have been utilized to examine the functions
of SphK1 and SphK2 primarily in human breast cancer cells. Downregulation of SphK1, but
not SphK2 with specific sSiRNAs decreased EGF [43], prolactin- and E2-induced migration of
MCF7 cells [41], while having no effect on migration towards fibronectin. Interestingly,
downregulation of SphK1 appears to upregulate migration of MCF7 cells towards S1P,
possibly due to reduced “inside out signaling” and desensitization of S1P, receptors [43]. In
more aggressive metastatic MDA-MB-453 breast cancer cells, downregulation of both SphK1
and SphK2 inhibits migration towards EGF, while overexpression of either SphK1 or SphK2
enhances migration to EGF [44]. Therefore, it is possible that SphK1 and SphK2 have distinct
but sometimes overlapping functions, depending on the cellular localization of SphK2.

CROSSTALK, TRANSACTIVATION, AND SIGNAL AMPLIFICATION

Crosstalk between members of different receptor families has emerged as an important concept
in signal transduction. As described above, diverse growth factors and mitogens stimulate
SphK1 resulting in production of S1P, which can act either intracellularly as a second
messenger, or be exported from cells to activate cell-surface S1P receptors to initiate “inside-
out” signaling cascades in an autocrine and/ or paracrine manner. The first demonstration of
this paradigm that was later extended to many other growth factors was the observation that
binding of PDGF to the PDGF tyrosine kinase receptor activates and translocates SphK1 to
the plasma membrane. This was followed by spatially restricted formation of S1P and
activation of cell surface S1P4 receptors, which are essential for PDGF-directed cell movement
[33]. On the other hand, similar crosstalk between PDGF and S1P, inhibits chemotaxis toward
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PDGF [45]. Several recent studies have shown that export of S1P from cells is mediated at
least in part by the ATP-binding cassette (ABC) transporter family including ABCC1 and
ABCAL1 [46-48].

A well established reciprocal mechanism of receptor crosstalk has been shown to regulate cell
motility and growth. Tyrosine phosphorylation of various receptor tyrosine kinases (RTKSs) in
response to activation of many GPCRs, such as S1PRs, named transactivation, is important for
amplification of signaling. Among many RTKs, EGFR is the most well-known example [49,
50]. EGFR have been linked to diverse biological processes in human cancer cells, including
migration, invasion and proliferation, and thus considered to be closely related to cancer
progression [50,51]. Indeed, as a molecular target therapy for cancer in clinical practice,
cetuximab (Erbitux; ImClone Systems, NY), a chimeric monoclonal antibody against EGFR,
was shown to significantly reduce cancer progression and improve the overall survival of
patients with chemotherapy-resistant metastatic colorectal cancer in phase I11 large randomized
clinical trials, indicating the significance of EGFR in cancer progression [52]. Like many other
GPCR ligands, S1P can transactivate EGFR in certain cell types such as gastric cancer cells
[53]. S1P-stimulated transactivation of EGFR requires matrix metalloproteinase activation,
which induces proteolytic cleavage of transmembrane pro- heparin-binding EGF-like growth
factor (HB-EGF) that subsequently activates EGFR [53].

Transactivation of RTKs have been demonstrated not only for EGFR, but also in other
receptors. HER2/Neu (ErbB2) receptor belongs to the EGFR family of RTKs and functions as
a homo- or heterodimer with other members of the EGFR family upon interaction with
agonistic ligands, such as EGF. HER2 is currently attracting a great deal of attention because
a new adjuvant therapy using an antibody against HER2, trastuzumab (Herceptin; Genentech,
California), has proved effective in treating certain cancers [54]. S1P induced transactivation
of HER2 in gastric cancer cells, which was dependent on EGFR tyrosine kinase activity and
MMP function [55].

Hepatocyte growth factor (HGF) receptor, c-Met, isanother RTK that is overexpressed in many
solid tumors. Activation of c-Met results in cell proliferation, increased survival, altered
motility, and enhanced invasion into the extracellular matrix. S1P also transactivates c-Met in
gastric cancer cells [53]. Additionally, S1P transactivated PDGFbe-taR in ovarian cancer cells
[56] and the VEGF receptors, FIk-1/KDR and VEGFR2 in human umbilical vein endothelial
cells (HUVEC) [57,58]. Therefore, S1P can act upstream of various RTK signaling pathways,
suggesting that it may be a potent stimulator of cancer progression.

In summary, diverse growth factor ligands of RTKs activate SphK1. S1P, which is produced
by activated SphK1, not only exerts its biological effect through S1P receptors and subsequent
signaling to control cellular functions, but also transactivates various RTKSs. Therefore, it is
tempting to speculate that positive feedback amplification loops of SphK1, S1P, and RTKSs,
can provide even more amplification of signal transduction pathways that contribute to cancer
progression (Fig. 3).

6. SPHK1 AND ANGIOGENESIS

Angiogenesis is a crucial component of the growth and metastasis of tumors. Multiple phases
of this process, such as migration, proliferation, morphogenesis, and vascular stabilization, are
needed for optimal tumor growth beyond a diffusion-limited size. The anti-angiogenic
approach to cancer has been greatly advanced by the development of bevacizumab (Avastin;
Genentech, CA), an anti-VEGF antibody, to treat colorectal cancer in combination regimen
with conventional chemotherapeutic agents.
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Recent growing evidence implicates S1P as one of the most potent pro-angiogenic factors. S1P
induces various effects on endothelial cells that support its role as an angiogenic molecule. S1P
promotes endothelial cell migration much more potently than either VEGF or HGF, thereby
promoting blood vessel formation [59]. S1P strongly induces migration of bone marrow-
derived endothelial cell precursors to neovascularisation sites [60]. S1P stimulates tube
formation by HUVECs in extracellular matrix Matrigel. In vivo studies showed that S1P
synergized with polypeptide angiogenic factors such as FGF-2 and VEGF to induce
angiogenesis and vascular maturation in which Matrigel plugs were implanted subcutaneously
in mice [61]. However, the most direct evidence that S1P contributes to tumor angiogenesis
comes from use of a murine monoclonal antibody (mAb) against S1P as a molecular sponge
to selectively absorb and neutralize S1P [62]. Treatment of mice bearing various human
xenograft tumors with anti-S1P mAb blocked endothelial cell migration, capillary formation,
inhibited blood vessel formation induced by VEGF and bFGF, and arrested tumor-associated
angiogenesis [62]. The S1P mAb also prevented the release of proangiogenic cytokines (VEGF,
IL-8 and IL-6) from tumor cells. Importantly, anti-S1P mAb substantially reduced tumor
progression in mouse xenograft and allograft models [62].

The S1P4 receptor plays a specific and crucial role in vasculogenesis and angiogenesis. During
embryonic development, S1P is required for stabilization of nascent blood vessels, and
S1P; null mice die from extensive hemmorhaging in utero between embryonic days 12.5 and
14.5, suggesting a critical role of S1P; for basal vascular integrity during development
(vasculogenesis) [63]. Knockdown of S1P; in endothelial cells significantly impaired
angiogenic responses and abolished the induction of cell adhesion molecules [64].
Interestingly, VEGF induces S1P; mRNA and protein expression in endothelial cells and
potentiates the vascular effects mediated by S1P [65]. Moreover, expression of S1P; is
upregulated in the tumor vasculature during angiogenesis in vivo [66] and downregulating its
expression was effective in inhibiting angiogenesis and tumor growth in vivo, suggesting that
S1P, receptor is also a critical component of the tumor angiogenic response [66].

There is also some evidence suggesting that SphK1 is involved in angiogenesis.
Overexpression of SphK1 in endothelial cells enhanced survival to serum deprivation and
detachment from the extracellular matrix, suggesting that SphK1 may play an important role
in vascular phenomena that occur under stressed conditions [67]. Importantly, the SphK1-
SphK2 double deletion in mice confirms that these kinases are essential for vascular
development and angiogenesis [68]. Taken together, these results suggest that S1P has effects
not only on tumor cells themselves but also is permissive or required for the actions of
angiogenic factors and provide proof of concept that targeting of S1P or SphK are novel
strategies for development of new types of cancer treatments.

7. SPHK2 AND CANCER

SphK2 as well as SphK1 have important roles in the immune system. The potent
immunosuppressive drug FTY720 (2-amino-2-[2-(4-octylphenyl)ethyl]-1,3-propanediol
hydrochloride), a sphingosine analogue, has great clinical potential for treatment of multiple
sclerosis (reviewed in [69]). FTY720 is a pro-drug that is phosphorylated in vivo primarily by
SphK2 to a mimetic of S1P, FTY720-P. A large body of evidence has established that FTY720-
P prevents egress of T cells from secondary lymphoid organs to circulation by functionally
desensitizing S1Pq (reviewed in [70]).

Although SphK1 and SphK2 are closely related and use the same substrate, sphingosine, and
generate the same product, S1P, they appear to have contrasting roles in cells. In contrast to
SphK1, overexpression of SphK2 suppresses growth and enhances apoptosis, preceded by
cytochrome c release and activation of caspase-3 [71,72]. In NIH 3T3 cells, SphK2 localizes
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to the endoplasmic reticulum (ER) and functions to increase ceramide levels, which contribute
to its apoptogenic effects [73]. Interestingly, artificial targeting of SphK1 to the ER converts
the normally anti-apoptotic kinase into one with a pro-apoptotic function [73]. These results
imply that the cellular location where S1P is produced determines how SphK1 and SphK2 have
opposite effects on cell survival and opposing functions in regulation of sphingolipid
metabolism and thus levels of ceramide.

On the other hand, downregulation of SphK2 in some cancer cells unexpectedly resulted in
cell growth inhibition. In U1242 and U87 MG glioblastoma cells, downregulation of SphK2
inhibited cell proliferation more potently than downregulation of SphK1 [74]. Likewise, in
MCFT7 breast cancer cells as well as HCT116 colon cancer cells, downregulation of SphK2
sensitized them to apoptosis induced by doxorubicin and reduced decreased basal and
doxorubicin-induced expression of p21 without affecting increased expression of p53. This
study shows that endogenous SphK2 is important for p53-independent induction of p21
expression by doxorubicin and suggest that SphK2 may influence the balance between
cytostasis and apoptosis of human cancer cells [75]. Surprisingly, CD4* T cells from SphK2
knockout mice exhibit a hyperactivated phenotype with significantly enhanced proliferation
and cytokine secretion in response to IL-2 and increased STAT5 phosphorylation as well as
reduced sensitivity to regulatory T cell-mediated suppression in vitro. Yet treatment with S1P
did not counteract these effects [76]. Thus, it was suggested that Sphk2 modulates intestinal
autoimmunity and IL-2 pathways in T cells independent of S1P [76].

Some studies suggest that SphK2 has an overlapping function with SphK1. For example, EGF,
which contributes to the invasiveness of human breast cancer cells stimulated SphK2 and
SphK1 in MDA-MB-453 breast cancer cells. Downregulation of SphK2 in these cells
completely eliminated migration towards EGF suggesting that similar to SphK1, SphK2 also
plays an important role in migration of MDA-MB-453 cells towards EGF [44]. In vivo studies
of SphK1 or SphK2 knockout mice also suggest that these kinases may have compensatory or
overlapping roles, at least in mouse development [68,77] as SphK1/SphK2 double-knockout
mice which completely lack S1P die in utero due to severe defects in neurogenesis and
vasculogenesis [68]. These results suggest that the complete absence of S1P may not be
compatible with life, suggesting that pan-SphK inhibitors may not be ideal therapeutics.
Instead, specific targeting of SphK1 may be a novel and reasonable therapeutic option.

8. COLON CANCER AND SPHK1: TUMORIGENESIS

Colorectal cancers (cancers of colon or rectum) are often associated with local bleeding and
thus, at the tumor site, platelets are activated and may secrete large amounts of S1P, leading
us to speculate that S1P could also be important for colorectal cancer progression.
Imunohistochemical analysis of SphK1 expression has been performed in human colorectal
cancer tissue as well as normal mucosa adjacent to the tumor [28]. In normal colonic mucosa,
stromal inflammatory cells express high levels of SphK 1. Differentiated colonic epithelial cells
near the lumen also express high levels of SphK1, suggesting that SphK1 is expressed during
differentiation of epithelial cells. In colon carcinoma cells, a high level of expression was seen
in the cancer cells themselves. Analysis of 27 colorectal cancer specimens indicated that 63%
of tumors express high levels of SphK1 [28]. In agreement with this observation,
overexpression of SphK1 was observed immunohistochemically in a well-established rat colon
carcinogenesis model induced by azoxymethane (AOM) [78]. Of interest, in this AOM-induced
colon cancer model, there was a correlation between expression of SphK1 and adenoma to
carcinoma sequence, that is, there was little or no SphK1 in normal colon mucosa, low SphK1
in adenomas (benign tumor), and high SphK1 expression in carcinomas [78]. In addition,
expression of S1P lyase (SPL), which irreversibly degrades S1P, was significantly
downregulated in human colon cancer tissues in comparison with normal adjacent tissues, as
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determined by quantitative real-time PCR (gPCR) and immunohistochemical analysis [79].
Downregulation of S1P phosphatases was also observed, suggesting that colon cancer cells
survive, at least in part, by reducing S1P catabolism [79].

The adenoma-carcinoma sequence of carcinogenesis of colorectal cancers in humans is well
characterized. First, adenomas arise from normal colon mucosa, and then grow in size, and
finally carcinomas appear to arise from adenomas and a series of genetic alterations leading to
the progressive disordering of the normal mechanisms controlling cell growth are associated.
Pioneering work by Vogelstein and colleagues over the last 20 years has identified a number
of critically important genetic alterations that contribute, through their multiplicity over many
years, to the eventual development of colorectal cancer [80]. The earliest event appears to
involve the APC (adenomatous polyposis coli) gene, which is mutated in individuals affected
by familial adenomatous polyposis (FAP). APC mutations are sufficient for the growth of early
colorectal adenomas and are very common in sporadic colorectal cancer. Thus, MIN mice
model (APCMIN* mice) are an ideal animal model to investigate colorectal tumorigenesis.

To investigate the role of SphK1 in intestinal tumors, the development of small intestinal
adenomas in APCMIN/* SphK /- mice was examined. The most important finding was that the
incidence of adenomas was unchanged but the size distribution was dramatically reduced
[28]. This suggests that SphK1 expression is critical for the progression phase of tumor
development, and also suggests that SphK1 does not regulate the initiation of intestinal tumors.
Another interesting observation was that neither the deficiency of S1P;, S1P,, nor S1P3
receptors had an effect on adenoma incidence or size, suggesting that extracellular S1P
signaling via its receptors was not involved in adenoma progression [28]. On the other hand,
SPL expression and activity in Min mouse adenomas were downregulated compared to
adjacent normal tissues [79], which also suggests that intracellular metabolism of S1P is crucial
in adenoma progression. These recent studies have established a novel link between S1P
metabolism and colorectal tumorigenesis [81] and suggest that SphK1 may also be a biomarker
for colon malignancy. Further, SphK1 may be a good target for the mechanism-based
chemoprevention and for therapeutic strategies against colon cancer development.

An important question is how does expression of SphK1 contribute to tumorigenesis? It is
possible that SphK1 and production of S1P regulate induction of cyclooxygenase-2 (COX-2),
a well-described important player in colon tumorigenesis. Several lines of evidence implicate
SphK1/S1P in COX-2 induction and production of the inflammatory mediator, prostaglandin
E, (PGE)), in response to pro-inflammatory cytokines [82,83]. In rat colon cancers induced
by AOM, mRNA and protein expression of COX-2 as well as SphK1 are upregulated [78] and
both have a similar cellular distribution. Furthermore, SphK1 was also critical for both basal
and cytokine-induced COX-2 expression in this cancer model [78].

9. BREAST CANCER AND SPHK1: HORMONAL THERAPY

Breast cancer is the most common cancer and the second leading cause of death from
malignancy in women in the United States, and thus has been the object of intensive research
that is now revealing the complexity of this disease. The levels of SphK1 mRNA in breast
cancer and normal tissues from the same patient have been measured and compared [13].
SphK1 expression was generally higher in breast cancers compared to adjacent normal breast
tissue and increases up to 4-fold were found in 80% of the cases, whereas low levels in tumors
compared with the normal specimens were rare [13]. Recently, using microarray technology
was used to correlate expression of several enzymes of sphingolipid metabolism in breast
cancer [29]. Survival analysis revealed a worse outcome of patients with high SphK1
expression, suggesting its value as a prognostic marker.
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Many studies have utilized MCF7 breast cancer cells to investigate the role of SphK1 and its
product S1P. Endogenous SphK1 activity in breast cancer cells has been shown to be decreased
by cellular stresses such as actinomycin D, doxorubicin, etoposide, and gamma irradiation,
which were likely caused by post-transcriptional modulations as SphK1 mRNA levels
remained unchanged [84]. Downregulation of SphK1 also reduced the viability of MCF7 cells
[43,84] by inducing cell cycle arrest and apoptosis via the mitochondrial pathway, accompanied
by significant increases in ceramide levels [43,84]. Furthermore, overexpression of SphK1 in
MCEF7 cells significantly enhanced migratory responses towards EGF [43], whereas its
downregulation completely blocked EGF-mediated migration and proliferation and enhanced
sensitivity to doxorubicin, a potent chemotherapeutic agent [43]. Taken together, these results
suggest that SphK1 may be a critical component of EGFR signaling in breast cancer
progression. This has important implications as EGFR expression is associated with poor
prognosis in breast cancer and correlates with lack of response to anti-estrogen therapy [85].

The sex steroid hormone estrogen, 17-beta estradiol (E2), acts as a mitogenic factor
contributing to the development of human breast cancer. In fact, anti-estrogen therapy is the
most successful treatment for patients with estrogen receptor alpha positive breast tumors,
which itself is as effective as any other anticancer drugs in breast cancer treatment [86]. E2
stimulates mitogenesis of MCF7 cells in the absence of any other growth factors. E2 has dual
actions on SphK1 in MCF7 cells - rapid and transient activation and a delayed but prolonged
activation resulting in part from the nuclear transcriptional activity of estrogen receptors [36]
(Fig. 2). Overexpression of SphK1 in MCF7 cells significantly increases cell growth in
response to E2 stimulation, as determined by colony growth in soft agar and solid focus
formation [36]. Moreover, MCF7-SphK1 cells produce larger tumors in nude mice with higher
microvessel density in the periphery in an E2-dependent manner [87]. The growth promoting
effects of E2 have also been suggested to result from increased extracellular EGF and
transactivation of EGFR. As described above, this transactivation mechanism involves
complicated crosstalk in which E2 stimulates SphK1 and production and release of S1P, leading
to activation of the S1P3 receptor, whose downstream signaling stimulates matrix
metalloproteinase cleavage of secreted HB-EGF to release EGF and transactivate the growth
promoting EGFR [88]. Interestingly, prolactin (PRL), another mammogenic hormone, also
upregulates SphK1 biphasically in MCF7 cells [41]. Importantly, downregulation of SphK1
abolished PRL-induced, as well as E2-induced, cell proliferation and migration [41].

Estrogen receptor (ER) status is a major determinant of breast cancer. Therefore,
pharmacological inhibition of E2 synthesis or the ER are effective treatments for ER-positive
tumors against risk of recurrence after surgical removal. When comparing ER positive and ER
negative tumors, SphK1 is more highly expressed in ER negative tumors that are known for
their higher proliferative activity [29]. In the ER positive group, higher expression of SphK1
was associated with worse prognosis. Moreover, immunohistochemical analysis identified the
carcinoma cells in breast tumors as the major source of SphK1 expression [29]. The positive
correlation of SphK1 expression with poor prognosis, as well as its high expression among ER
negative tumors is consistent with the anti-apoptotic and proliferative properties of its product,
S1P.

10. PROSTATE CANCER AND SPHK1: RESISTANCE TO THERAPY

Most pharmacological therapies against cancer utilize the apoptotic machinery of cells and the
participation of ceramide generation in many of them has been suggested. For example, in
prostate cancer cells, taxol (paclitaxel) has been shown to induce ceramide generation [89].
Conversely, inability to generate ceramide has been linked to anti-cancer therapy resistance
[90]. The defect in radiation-resistant and chemo-resistant cell lines that do not generate
ceramide after irradiation or chemotherapy can be bypassed by treatment with cell-permeable
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ceramide [91,92]. However, increased ceramide generation alone may not be sufficient in some
cases to successfully push cells toward apoptosis without also inhibiting the SphKs that produce
S1P. In this regard, a correlation was originally noted between SphK1 activity and resistance
to irradiation in prostate cancer cells. SphK1 activity in radiation-resistant LNCaP cells was
not affected by ionizing radiation, whereas SphK1 activity was markedly inhibited in radiation-
sensitive TSU cells [93]. The relationship between SphK1 and resistance to chemotherapy has
also been shown in prostate cancer cells. Prostate cancer PC-3 cells and LNCaP cells differ in
hormonal requirements, as LNCaP growth is exclusively dependent on androgens, whereas
PC-3 is not. Thus, these two prostate cancer cell lines exhibit contrasting sensitivities to
hormonal therapy and chemotherapy, mimicking the progression from hormone-sensitive to
hormone-refractory disease that is observed in clinical practice. Using these two cell lines, it
was shown that docetaxel (Taxotere) and camptothecin induced strong inhibition of SphK1
and elevation of the ceramide/S1P ratio only in cell lines sensitive to these drugs [94]. SphK1
overexpression in both cell lines impaired the efficacy of chemotherapy by decreasing the
ceramide/S1P ratio [94]. Alternatively, downregulation of SphK1 by siRNA or pharmacologic
inhibition induced apoptosis coupled with ceramide elevation and loss of S1P [94]. In mouse
xenografts, SphK1-overexpressing PC-3 cells developed remarkably larger tumors and
resistance to docetaxel treatment, which provided the first in vivo demonstration of SphK1 as
a sensor of chemotherapy effects [94]. Accordingly, ceramide elevation normally triggered by
docetaxel treatment was attenuated in tumors derived from PC3-SphK1 cells. In agreement
with in vitro results, the increase of the ceramide/S1P ratio was strongly diminished in PC3-
SphK1 tumors compared with the PC3-vector tumors [94]. In addition, another study showed
that PC3 cells are resistant to camptothecin because of their higher SphK1 expression and
activity and elevated expression of S1P; and S1P3 receptors [95]. If these conclusions can be
applied to other types of cancer, they suggest that upregulated expression of SphK1 by cancer
cells not only promotes tumorigenesis, it also protects them against chemo and radiation
therapy.

Indeed, similar effects of altering SphK activity have been reported in other cancer cell types.
In melanoma cells, overexpression of SphK1 reduced sensitivity to Fas- and ceramide-
mediated apoptosis, and conversely, its downregulation decreased resistance to apoptosis
[96]. The sensitivity of MCF7 breast cancer cells to the anticancer drug doxorubicin was
potentiated by the pan SphK inhibitor, DMS [87]. Relevant to this, induction of apoptosis in
in MCF7 cells by doxorubicin was accompanied by degradation of SphK1 [84]. In addition,
chemosensitive HL-60 acute myeloid leukemia cells had low SphK1 expression and produced
ceramide, whereas chemoresistant HL-60 variants had sustained high levels of SphK1 activity
and did not produce ceramide upon drug treatment [97].

Development of multidrug resistance (MDR) in cancer represents a major obstacle to
successful chemotherapy, and involves diverse mechanisms including up-regulation of the
drug efflux pumps, MDR-associated protein (MRP-1) and P-glycoprotein (Pgp). In a recent
study, overexpression of SphK1 in RBE-4 cerebral endothelial cells was shown to enhance the
expression of Pgp at the mRNA and protein levels [98]. Furthermore, as demonstrated in these
brain tumor-derived endothelial cells, S1P also stimulated the transport activity of Pgp via
activation of S1P1 and S1P3 receptors [98]. Moreover, downregulation of SphK1 in Molt-4
and HL-60 leukemia cells responsive to DNA-damaging agents was reported, but notin MDR1-
positive or MRP1-positive cells refractory to doxorubicin and etoposide [97,99]. These
findings suggest that SphK1 may play an important role in the development and maintenance
of MDR.

Collectively, this information indicates that (i) SphK1 activity is downregulated in cancer cells

that are responsive to apoptosis-inducing anticancer treatments and (ii) that upregulation of
SphK1 can protect against various chemotherapies and ionizing radiation, combination therapy
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of a SphK1 inhibitor with cytotoxic drugs or radiation could provide a new strategy for the
treatment of therapeutic-resistant cancers.

11. GLIOBLASTOMA AND SPHK1: A PROGNOSTIC INDICATOR

Gliomas are primary neoplasms of the central nervous system that arise from glial cells.
Astrocytoma is one major type of glioma that occurs in adults. The most aggressive type of
astrocytoma, known as glioblastoma multiforme (GBM), is the most common and most
devastating type of brain cancer with median survival of less than a year, and currently available
therapies only minimally improve the prognosis. The malignant nature of these tumors is due
to their rapid cellular proliferation and diffuse invasion into the surrounding brain, leading to
inevitable recurrence of tumors even after radical resection.

Survival analysis of 48 patients with GBM indicated a strong correlation of SphK1 expression
at the mRNA level with short patient survival [74]. Patients whose tumors were among the
highest one-third with regard to SphK1 expression survived a median of 102 days, whereas
those within the lower two-thirds survived a median of 357 days [74]. Consistent with the
higher expression of SphK1, ceramide levels are lower in human gliomas compared to normal
surrounding brain tissue, and are inversely related to malignant progression and poor prognosis
[100]. In contrast to SphK1, SphK2 expression did not correlate with GBM patient survival
[74]. Likewise, expression of S1Pq, S1P,, and S1P3 receptors were highly variable among
individual tumors, and no significant correlations with histological grade or patient survival
were found [74]. SphK1 is important for proliferation of glioma cells, as pharmacological
inhibition or down-reglation of its expression significantly decreased cell growth by preventing
cells from exiting the G1 phase of the cell cycle [74]. In addition, among a panel of human
glioma cell lines, exogenously added S1P stimulated proliferation of half of the cell lines tested
by signaling through the ERK/MAP kinase and PI-3 kinase pathways [101].

Patients with gliomas expressing high levels of epidermal growth factor receptor (EGFR) and
plasminogen activator inhibitor-1 (PAI-1) have a shorter overall survival prognosis. Moreover,
EGF enhances PAI-1 expression in glioma cells [102]. Although multiple known signaling
cascades are activated by EGF in glioma cells, recently it was shown that EGF enhances
expression of PAI-1 via sequential activation of c-Src, protein kinase C delta (PKCdelta), and
SphK1. EGF induced rapid phosphorylation of c-Src and PKCdelta and concomitant
translocation of PKCdelta as well as SphK1 to the plasma membrane. Furthermore, SphK1
was indispensable for both EGF-induced c-Jun phosphorylation and PAI-1 expression [103],
suggesting another role for SphK1 in EGF-dependent glioblastoma progression.

12. SPHK1 AS A CANCER CHEMOTHERAPEUTIC TARGET

As described above, ample evidence supports SphK1 as a promising target to treat cancer; first,
SphK1 itself is an oncogene; second, SphK1 is overexpressed in various types of tumors; third,
many growth factors and mitogens cause biphasic activation of SphK1 and increases in S1P
production; fourth, S1P has potent stimulaltory effects on tumor angiogenesis; fifth, SphK1
overexpression as well as S1P itself strongly stimulate cell motility, which is important for
invasion and metastasis; sixth, resistance to chemotherapy or radiation therapy is associated
with SphK1 upregulation, suggesting that inhibition of SphK1 may result in regaining
sensitivity to those therapies; seventh, S1P, SphK, S1P receptors, and RTKSs provide a
complicated crosstalk network that suggests SphK1 may also be a key regulator of several
signal amplification loops that contribute to tumorigenesis; finally, because SphK1 is a key
controller of the “sphingolipid rheostat”, inhibitors of SphK1 are expected not only to inhibit
S1P production, but also to increase sphingosine and ceramide, pushing cancer cells more
toward cell death.
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Examination of the effects of specifically downregulating SphK1 expression support this
notion. For example, down-regulation of SphK1 with siRNA triggers apoptosis in many types
of cancer cells including breast [84], glioblastoma [74], prostate, and leukemia [97,99].
Apoptosis induced by knocking down SphK1 was demonstrated by activation of effector
caspases and cytochrome c release [84,97], which were associated with significant increases
in ceramide and sphingosine levels, precursors of S1P that are both known to induce apoptosis
by actions upstream of the mitochondrial pathway [2].

13. SPHK INHIBITORS IN VITRO

Despite the high level of interest in sphingolipid-derived signaling, there are very few
established inhibitors of the enzymes of sphingolipid metabolism. In particular, the field suffers
from a lack of potent and selective inhibitors of SphK. The most commonly used
pharmacological inhibitor to date are sphingosine analogues, especially N,N-
dimethylsphingosine (DMS) and DL-threo-dihydrosphingosine (DHS). DMS and DHS are
potent competitive inhibitors of SphK1 and SphK2, with Ki values of around 5 and 10 uM,
respectively [104,105]. Both elicit growth inhibition and cause apoptosis in a variety of human
cancer cells including colon [106,107], breast [87,108], prostate [93], gastric [106,107], and
lung [107]. More interestingly, these sphingosine analogues can also potentiate anti-cancer
regimen-induced cell death and overcome radiation and chemo resistance in various solid
tumor cell lines [109].

Even though sphingosine analogues were found to be equipotent for many types of cancer cells
in vitro and capable of inhibiting tumor growth in vivo, they caused severe hemolysis in mice.
Moreover, like sphingosine, DMS and DHS can also inhibit protein kinase C [110]. Clearly,
potent inhibitors of SphK1 that can be readily synthesized (or purified from natural sources),
and that are not toxic to animals are needed to evaluate the potential clinical utility of SphK1
inhibitors.

By screening a library of synthetic compounds, a series of inhibitors were found that were
selective towards SphK and did not inhibit other lipid (phosphatidylinostiol 3-phosphate
kinase) and protein kinases (PKCa and extracellular kinase 2), and demonstrated activity at
sub- to micromolar concentrations, making them more potent than other known SphK
inhibitors [13]. These SphK inhibitors were anti-proliferative toward panel of tumor cell lines,
including those with multi-drug resistance phenotype [13].

14. SPHK INHIBITORS IN VIVO

A synthetic variant of one of the inhibitors discussed above, called compound V (IC50 for
inhibition of SphK and cell viability was approximately 2 umol/l), was tested for its effect on
tumors produced from JC mammary adenocarcinoma cells subcutaneously implanted in
immunocompetent BALB/c mice [13]. Interestingly, tumor growth in mice treated with
compound V was 50-85% inhibited compared to growth in untreated mice. Importantly, there
were no significant differences in body weights of the two groups, suggesting compound V
was not toxic. Another inhibitor from this series, 4-(4-(4-chloro-phenyl) -thiazol-2-ylamino)-
phenol, designated as SKI-11, was orally bioavailable, detectable in the blood for at least 8
hours, and showed significant inhibition of xenograft tumor growth [111]. The correlation with
pharmacokinetic and pharmacodynamic properties, in addition to oral bioavailability and anti-
tumor activity of SKI-II, provides strong support for moving this approach forward for cancer
therapy.

Recently, these orally bioavailable SphK inhibitors also suppressed inflammation in the
dextran sulfate sodium (DSS) model of ulcerative colitis in mice [112]. Since it is well known
that some ulcerative colitis patients develop colon and rectal cancer after years of severe
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inflammation, SphK inhibitors may be valuable from the standpoint of prevention of
carcinogenesis.

15. SPHK INHIBITORS AND CLINICAL TRIALS

L-threo-Dihydrosphingosine (Safingol), a protein kinase C inhibitor with SphK-inhibiting
properties, has reached the phase I clinical evaluation level. Administration of Safingol alone
proved to be nontoxic and in combination with doxorubicin did not alter the pharmacokinetics
of the anticancer drug [113]. Although the initial phase I trial with Safingol ended before
achieving a maximally tolerated dose and had entered too few patients to assess activity, a
modest positive effect was noted [113].

The analogue of sphingosine, FTY720, which is known to be phosphorylated in vivo by SphK2,
is an immunomodulator in Phase 111 trials for patients with multiple sclerosis. Recently, a new
action of FTY720 as an activator of protein phosphatase 2A [114], led to a study assessing its
therapeutic potential in blast crisis chronic myelogenous leukemia (CML-BC) and Philadelphia
chromosome-positive (Ph1-positive) acute lymphocytic leukemia (Ph1 ALL) patient cells and
in in vitro and in vivo models of these BCR/ABL™* leukemias. It was found that FTY720 is a
potent inhibitor of BCR/ABL leukemogenesis, as it induces marked apoptosis of CML-
BCCD34+ and Ph1 ALLCD34+/CD19+ patient cells by impairing p210/p190-BCR/ABL activity
and expression [115]. Furthermore, in vivo long-term administration of pharmacologic
FTY720 doses does not induce adverse effects and significantly inhibits wild-type and T315I
p210 and p190 BCR/ABL leukemogenesis in mice [115]. Because, CML-BC and Phl ALL
are fatal BCR/ABL-driven leukemias against which Abl kinase inhibitors fail to induce a long-
term response and FTY 720 has already received FDA approval, this could lead rapidly to new
clinical trials.

Phenoxodiol, an anticancer genistein derivative, directly induces mitotic arrest and apoptosis
in most cancer cells and is currently undergoing clinical trials as a chemotherapeutic in ovarian
and prostate cancers. Recently, SphK was identified as a new target for phenoxodiol [116]. It
was shown that phenoxodiol’s major action is to block the activation of SphK [116]. Although
phenoxodiol is not a SphK1 specific inhibitor, clinical trials using this compound may provide
some important messages for clinical usage of SphK1 inhibitors.

16. CONCLUSIONS

Because of the important roles of sphingolipids in cancer progression as summarized above,
SphK1 targeted therapy is expected to join the next generation of cancer treatments. The results
of many studies described in this review emphasize the role of SphK1 in cancer progression,
suggesting that SphK1 could be a novel molecular target for cancer therapy. In addition to
investigating functional activity of SphKs, much of current research in this area is directed
toward the continuing search for effective SphK1 inhibitors that are effective in vivo.
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ABBREVIATIONS

COX-2, Cyclooxygenase-2
E2, 17-Beta estradiol
EGF, Epidermal growth factor
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EGFR, Epidermal growth factor receptor
ER, Estrogen receptor

GPCR, G protein-coupled receptor
MDR, Multidrug resistance

MMP, Matrix metalloproteinase
RTK, Receptor tyrosine kinase
PCR, Polymerase chain reaction
PGE,, Prostaglandin E,

Pgp, P-glycoprotein

S1P, Sphingosine-1-phosphate
SphK, Sphingosine kinase

SPL, S1P lyase

SPP, S1P phosphohydrolase
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Fig. (1). Expression of SphK1 in various cancers

NCBI microarray repository data and data from Oncomine were analyzed for the expression
of SphK1 in different types of cancer. Normalized values of SphK1 RNA levels were compared
with control tissues and plotted as fold. Error bars indicate standard deviations and all p values
were less than 0.05 for all except for colorectal cancers.
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Fig. (2). A model demonstrating biphasic increases of SphK1 by diverse stimuli

The first peak occurs due to phosphorylation of SphK1 after minutes of stimulation, followed
by the second delayed activation due to transcriptional upregulation of SphK1 after hours of
stimulation.
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Fig. (3). S1P receptor and RTK signal amplification loops

SphK1 activation by various agonists via their receptor tyrosine kinases (RTKs) is followed
by translocation of SphK1, which converts S1P from sphingosine (Sph). Exported S1P not
only induces S1P receptor signaling, but also transactivation of various RTKSs, that form
signaling amplication loops. Solid arrows represent intracellular transductions, dotted arrows
represent translocation, and open arrows represent transactivation of RTKSs.
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