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Introduction

An emerging area of investigation in lipid research has 
been the role of sphingolipids in cancer biology. Many 
groups are actively investigating the role of different 
sphingolipid enzymes, sphingolipid binding proteins, 
and transmembrane transporters in cancer biology. 
Among the many contenders, the sphingosine kinase 
(SK) family has probably received the most attention as 
an important enzyme in cancer biology, since their cata-
lytic activity lies at a critical juncture in regulating bioac-
tive sphingolipid metabolism.

Some of the earliest studies of the biological role of SK 
brought to attention, the idea that sphingosine-1-phos-
phate (S1P) can act as a mitogen, both independently and 
as a second messenger in response to extracellular induc-
ers. Prior to this discovery, and at present, a substantial 
amount of evidence that ceramide and sphingosine 

can act as promoters of apoptosis and senescence has 
been accumulating (Ahn & Schroeder, 2002), (Venable 
et al., 2006, Venable & Yin, 2009), (Sakakura et al., 1998). 
Because these bioactive lipids can be interconverted by 
only a few metabolic steps, it was hypothesized that the 
enzymes which regulate this interconversion may regu-
late apoptosis and proliferation (Spiegel et al., 1998). This 
model of sphingolipid biology—referred to as the “sphin-
golipid rheostat”—postulates that regulating relative 
sphingosine, ceramide, and S1P content, consequently 
influences cellular fate.

The simplicity of the rheostat model, in combination 
with a significant amount of evidence supporting it in 
principle, has widespread appeal in the sphingolipid 
field. Still, the model requires refinement as cellular lipid 
changes are becoming more accurately measured. For 
example, this model may not be able to properly account 
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for differences in the subcellular localization of bioac-
tive sphingolipids, where, due to their hydrophobicity, 
they tend to localize to specific membranes and mem-
brane compartments (Hannun & Obeid, 2008, Hannun 
et  al., 2001). In this sense, the rheostat model is likely 
overly simplistic; however, the model may be applicable 
within the context of specific membrane compartments. 
In addition, the diversity of ceramide species produced 
by at least six different ceramide synthases raises ques-
tions about the idea of grouping all ceramide species 
into a unified group, when accounting for their bioac-
tive properties (Levy & Futerman, 2010). Although some 
evidence exists to support this claim, it is currently not 
very clear if these effects are due primarily to differences 
in affinities to downstream binding partners, differences 
in subcellular localization, or both (Senkal et  al., 2007, 
White-Gilbertson et al., 2009, Mukhopadhay et al. 2009). 
Even so, allure of the rheostat model has lead researchers 
to focus on the SKs, and to a lesser extent the cerami-
dases, as major regulators of bioactive sphingolipids.

In humans, and all animals whose genomes have 
been sequenced to date, there are two SK isoforms: SK1 
and SK2. Although both SK isoforms catalyze the same 
biochemical reaction, these two isoforms differ in their 
substrate specificities, subcellular localization, and tis-
sue distributions (Liu et al., 2003, Maceyka et al., 2005). 
Interestingly, several studies have shown that high levels 
of SK2 can have anti-proliferative effects (Maceyka et al., 
2005, Liu et al., 2003). The precise mechanism by which 
this occurs is still unclear; however, it has been suggested 
that this effect may be due to SK2 coupling to sphingosine 
phosphate phosphatase 1 with recycling of sphingosine 
into ceramide or through distinct subcellular localiza-
tion (Le Stunff et al., 2007, Strub et al., Hait et al., 2009). 
Therefore, SK1 and SK2 are not equivalent in their effects 
on biological activity despite their enzymatic similarities. 
Because most of the work on SK in cancer has focused on 
SK1, in this review, we describe the role of SK1 in cancer 
pathogenesis.

SK1 has been implicated in the regulation of many 
aspects of cancer progression including the enhancement 
of cancer cell proliferation or survival, the promotion of 
angiogenesis or lymphangiogenesis, the migration and 
invasion of cancer cells during metastasis, and determi-
nation of chemotherapy resistance or sensitivity (Shida 
et al., 2008). In addition, SK1 may play an indirect role in 
cancer progression by regulating the inflammatory pro-
cess or altering the adaptive immune response (Snider 
et  al., 2010). That SK1 could be important for various 
cancer progression steps is appealing; it may be a suit-
able cancer treatment target. However, we may find that 
further research using animal models of cancer progres-
sion helps us define a more specific role for SK1 in car-
cinogenic processes. Identifying specific involvement of 
SK1 in important steps of carcinogenesis would not only 
be informative for understanding how sphingolipids con-
tribute to physiological processes, but would also aid in 
the further development of SK1 as an effective oncogenic 

target. Here, we summarize much of the evidence impli-
cating SK1 in cancer, describing various properties of 
cancer progression for which SK1 has been implicated, 
in either in vitro or in animal models. This review also 
underscores present progress and limitations in our 
understanding of sphingolipids in cancer biology.

Sphingosine-1-phosphate and sphingosine 
kinase as regulators of cell proliferation and 
survival

S1P was identified as an important second messenger in 
response to fetal calf serum and platelet derived growth fac-
tor (Olivera & Spiegel, 1993). On its own, S1P has mitogenic 
properties, but it can also act synergistically when added 
to PDGF (Olivera & Spiegel, 1993). When SK activity was 
inhibited pharmacologically, fetal calf serum and PDGF 
had reduced effects on the proliferation of NIH 3T3 cells 
(Edsall et al., 1998). Later it was determined that S1P acted 
on a G-protein coupled receptor, which appeared func-
tionally and perhaps even physically to couple to the PDGF 
receptor (Lee et  al., 1998). Interestingly, PDGF may also 
regulate the transcription of the S1P1 receptor through the 
regulation of the, Kruppel-like factor (KLF), transcription 
factor (Carlson et al., 2006). The complete absence of KLF 
leads to embryonic lethality due to hemorrhage similar to 
that observed in the S1P1 receptor knockout mouse or in 
the PDGF receptor knockout mouse (Wu et al., 2008).

Overexpression of SK1 increases the proliferative rate 
of NIH 3T3 cells or HEK 293 cells by accelerating the 
G1-to-S transition (Olivera et al., 1999, Xia et al., 2000), 
which occurs due to an enhancement of phospholipase D 
activity, activation of Raf kinase, enhanced AP-1 binding 
activity, enhanced phosphorylation of the Rb protein, and 
an increase in intracellular calcium (Olivera & Spiegel, 
1993, Wu et al., 1995). SK1 overexpression in MCF-7 cells 
accelerates the growth of colonies in soft agar and pro-
motes the proliferation of MCF-7 in 10% FBS (Sukocheva 
et al., 2003). The effects of SK1 overexpression on survival 
during serum withdrawal and proliferation maintenance 
in low-serum media, depends on phosphorylation at 
serine 225 (Pitson et al., 2005). In addition, SK1 overex-
pression in NIH 3T3 cells induces colony formation in a 
serine 225-dependent manner (Pitson et al., 2005).

S1P prevents intranucleosomal fragmentation 
induced by ceramide by activating ERK and by inhibiting 
JNK. Overexpression of SK1 reduces apoptosis induced 
by serum deprivation, exogenous sphingosine, or C

2
-

ceramide (Nava et  al., 2002, Olivera et  al., 1999). The 
mechanism by which this occurs is unclear, but appears 
to be upstream of executioner caspase activation.

Knockdown of SK1 using siRNA or treatment of glioma 
cells with an SK inhibitor decreases the growth rate of var-
ious glioma cell lines. This effect is independent of which 
SK isoform is predominantly expressed (Van Brocklyn 
et al., 2005). In addition, knockdown of SK1 increased the 
number of apoptotic cells in a small, but statistically sig-
nificant manner (Taha et al., 2006b). This slight induction 
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of apoptosis is similar to what is observed in MCF-7 cells 
treated with SK1-specific siRNA (Taha et  al., 2006b). In 
MCF-7, loss of SK1 was shown to initiate the intrinsic 
apoptotic pathway and induce Bax activation, suggest-
ing that loss of SK1 triggers an apoptotic event upstream 
of mitochondrial permeabilization (Taha et  al., 2006b). 
This effect could be partially reversed by prolonged 
treatment with myriocin, which depletes sphingolipids, 
suggesting that the apoptosis observed is a sphingolipid-
dependent event. This is significant because loss of SK1 
not only leads to a loss of S1P, but also causes significant 
ceramide accumulation. It has been postulated that cer-
amide accumulation in response to either SK1 loss or SK1 
inhibition through pharmacological means is the major 
pathway by which SK1 loss leads to apoptosis in cancer 
cells (Taha et al., 2006b, Pchejetski et al., 2005). Although 
loss of SK1 by RNAi is a non-physiological mechanism by 
which apoptosis would occur in cancer, there is evidence 
that SK1 is lost during cellular stress in response to DNA 
damaging agents, in response to TNF-α, or in response to 
the microtubule disrupting agent paclitaxel (Taha et al., 
2004, Pchejetski et  al., 2005, Taha et  al., 2005). There is 
evidence that p53 mediates SK1 degradation, and that 
this occurs through cathepsin B-mediated degradation 
of SK1 at His 122, followed by Arg 199 (Taha et al., 2006a, 
Taha et  al., 2004). Although the connection between 
p53 activation and SK1 degradation is unclear, linking 
DNA damage to sphingolipid metabolism and apoptosis 
regulation is attractive. In addition, loss of p53 may have 
important consequences for regulation of sphingolipid 
metabolism.

Evidence for sphingosine kinase 1 
overexpression in cancer

In several studies, SK1 is reported to be over-expressed 
in diverse forms of human cancer (French et  al., 2003, 
Johnson et  al., 2005, Van Brocklyn et  al., 2005, Li et  al., 
2009a, Liu et  al., 2010), such as glioblastoma, uterine, 
colon, lung, small intestinal, salivary gland, breast, ovar-
ian, renal, rectal, endometrial, and stomach cancer. More 
recently, high expression of SK1 was associated with resis-
tance to daunorubicin in acute leukemias (Sobue et al., 
2006, Knapp et  al., 2010, Sobue et  al., 2008). That such 
variety of cancers share this overexpression, suggests that 
SK1 expression is driven by a common signaling pathway, 
which is disrupted in many forms of cancer. Two candi-
date pathways that are almost universally dysregulated in 
cancer are the MAP kinase pathway and the hypoxia/HIF 
pathway, which would account for the conserved nature 
of SK1 overexpression. Importantly these two signaling 
pathways have also been shown to regulate SK1 expres-
sion in vitro. The MAP kinase pathway can increase SK1 
expression either through AP-2 or Elk-1 transcription fac-
tors, or hypoxia within the tumor microenvironment may 
activate HIF family members, which are transcriptional 
activators of SK1 (Anelli et al., 2008, Schwalm et al., 2008, 
Cuvillier et al., 2007).

A remaining unaddressed question is whether a two-
fold increase in SK1 expression is significant to cancer 
biology. In other words, whether doubling of the amount 
of SK1 is biologically relevant or simply an interesting 
curiosity? Prior to these studies, it was shown that SK1 
over-expression could imbue non-tumorigenic cell lines 
with tumorigenic properties. For example, high SK1 
expression can protect cells against apoptosis induced by 
serum starvation, induce proliferation in the absence of 
serum, promote angiogenesis, and allow for tumor gen-
eration in mouse xenograft models (Olivera et al., 1999, 
Xia et  al., 2000, Nava et  al., 2002). Therefore, it appears 
that over-expression of SK1 could be significant to tumor 
biology, because it contributes to cancerous properties. 
In contrast, the degree of SK1 overexpression reported 
in studies using cell lines is two or more orders of mag-
nitude greater than that which is reported in human 
cancer tissues. Therefore, it is not yet evident if a two-fold 
increase in SK1 expression is comparable to a 200-fold 
increase in SK1 expression (Xia et al, 2000, Pitson et al, 
2005). Despite this concern, it has been shown that a 
few biologically relevant stimuli, such as hypoxia, which 
increase SK1 expression ~two-fold in tissue culture mod-
els, have a significant effect on sphingolipid metabolism 
(Anelli et al., 2008). These sphingolipid changes appear 
to be sufficient to produce biological effects as a result of 
S1P production (Anelli et al., 2008). Therefore, it is pos-
sible that small changes in SK1 activity or expression, as 
seen in human cancer tissues, have a significant effect on 
S1P generation to at least produce paracrine effects in cell 
culture. Because bioactive sphingolipids are assumed to 
be the ultimate effectors of the SK biological response, 
we hypothesize that a two-fold change in SK1 expression 
is indeed significant for human cancer.

In at least six studies, a correlation between SK1 
and cancer progression has been identified. In the first 
study, SK1 expression correlated with both glioblastoma 
grade and patient survival (Van Brocklyn et  al., 2005). 
Glioblastomas are highly vascular tumors, which are very 
dependent on the HIF transcription family for their pro-
gression. Because SK1 is a HIF-responsive gene, that such 
a relationship exists is not surprising (Anelli et al., 2008, 
Oliver et al., 2009, Kaur et al., 2005). It will be important 
to establish whether S1P plays an essential role in the 
angiogenic nature of these tumors (Van Brocklyn et al., 
2005). More recently, Li et al. found a similar relationship 
in astrocytomas with >40% of astrocytomas exhibiting 
high SK1 expression when compared to adjacent tissues. 
Similar to Brock et al., these authors also found that high 
SK1 expression correlated with astrocytoma tumor grade 
(Li et al., 2008).

In a second study of SK1 expression and cancer sever-
ity, expression of sphingolipid related genes in 171 nor-
mal and breast cancer samples were analyzed, and SK1 
expression was significantly higher in estrogen-receptor 
negative breast cancers, compared to estrogen-recep-
tor positive breast cancers (Ruckhaberle et  al., 2008). 
Importantly, the authors tested this correlation in five 
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independent publicly available datasets and reported 
that SK1 expression was significantly higher in all five 
datasets tested. This analysis validated their original con-
clusion, as well as increased their sample size to 1,269 
patients, thereby strengthening the power of the find-
ings. Also, the authors found that higher SK1 expression 
also correlated with a worse prognosis even when one 
controlled for the estrogen receptor status of the cancers. 
Therefore, SK1 expression may have implications for 
breast cancer treatment regardless of the estrogen recep-
tor status. In several studies, important connections 
between SKs and estrogen have been demonstrated; SKs 
are involved in growth, migration, and survival responses 
due to estrogen. Of particular importance is that SK1 
overexpression induces resistance in breast cancer cells 
to tamoxifen’s growth inhibiting effects (Sukocheva et al., 
2003, Sukocheva et al., 2009).

Providing additional evidence of SK1′s role in can-
cer, a link between SK1 expression and gastric cancer 
has been reported (Li et al., 2009b). SK1 expression was 
higher in tumor tissue relative to normal adjacent tissue 
and an increase in SK1 expression correlated with poorer 
overall survival (Li et al., 2009b). In a more recent study, 
endometrial cancer was shown to have higher SK1 activ-
ity compared with normal uterine tissue, further rein-
forcing the idea that SK1 activity is frequently increased 
in cancer tissues (Knapp et  al., 2010). Surprisingly, 
endometrial cancers also have an increase in SPT activ-
ity with multiple sphingolipid species being increased in 
these tumors. Although tissue S1P is increased, ceramide 
is also increased in these tissues calling into question, 
the universal nature of the sphingolipid rheostat model. 
Also plasma S1P is increased in patients with endome-
trial cancer, suggesting that the presence of endometrial 
cancer can increase the amount of plasma S1P, either 
directly through tumor production or indirectly through 
the body’s response to cancer. However, whether these 
changes in sphingolipid metabolism, contribute to the 
progression of endometrial cancer, remains unclear.

Liu et  al. investigated the correlation between SK1 
expression and salivary gland carcinoma. The authors 
indeed found that SK1 expression was significantly 
increased in salivary gland carcinoma (Liu et al., 2010). 
Importantly, high SK1 expression correlated with higher 
clinical stage and a decrease in overall patient survival. 
Tumor tissues were found to have greater than four-fold 
increase in SK1 expression when compared with non-
cancerous adjacent tissue. The authors also found that 
SK1 expression was an independent predictor of over-
all prognosis providing further support to the idea that 
SK1 expression correlates with a more aggressive cancer 
phenotype.

Most recently Mavaud et al. analyzed prostate tissues 
from 30 patients who underwent laparoscopic prostatec-
tomies for prostate cancer and compared prostate cancer 
tissue to histologically normal adjacent tissue (Mavaud 
et al., 2011). The authors found that the tumor tissue had 
approximately a two-fold increase in SK1 activity when 

compared with adjacent normal tissue. SK1 activity cor-
related with PSA levels, tumor volume, positive surgical 
margins, and a higher Gleason score. Importantly, this 
study is one of the first to look at SK1 activity within 
tumor samples and how activity relates to tumor aggres-
sion rather than SK1 expression alone.

Sphingosine kinase in angiogenesis and 
lymphangiogenesis

S1P was shown to have an angiogenic effect more than a 
decade ago (Lee et al., 1999). More recently, we discov-
ered that the SK family is essential for vasculogenesis 
during embryonic development; a deficit of all four SK 
alleles ceases vascular maturation, promoting embry-
onic lethality due to hemorrhage (Mizugishi et al., 2005). 
Several S1P receptors are also essential for vascular devel-
opment, suggesting that the production of extracellular 
S1P is a required function of SKs during development. 
Mice, lacking S1P1 or both S1P2 and S1P3, fail to develop 
a mature vasculature (Liu et al., 2000, Kono et al., 2004). 
These studies suggest a complex interplay between the SK 
genes and the concerted actions of several S1P receptors 
on the development of the vascular tree. Some functions 
attributed to S1P during vascular development include 
recruitment and proliferation of endothelial cells, stabi-
lization of endothelial junctions, and promotion of adhe-
sion molecule expression to allow for the adherence of 
vascular smooth muscles to the endothelium. The devel-
opment of an endothelial specific S1P1 receptor knock-
out points to an essential requirement for the expression 
of the S1P1 receptor only in the endothelium during vas-
culogenesis; this model reproduces the vascular defects 
observed in the complete S1P1 receptor knockout mouse 
(Allende et  al., 2003). Because processes and signaling 
molecules involved in embryonic vascular development 
are often mimicked by cancer cells, the S1P signaling 
pathway is thought to be a novel target for an anti-angio-
genesis strategy to treat cancer patients. Here, some of 
the major findings in this regard are summarized.

Several cell models have reinforced the idea that tumor 
SK1 may be an important source of S1P that leads to 
enhanced angiogenesis. Overexpression of SK1 in MCF-7 
cells transplanted into a nude mouse enhances tumor 
growth and leads to increased microvessel density around 
the tumors (Nava et al., 2002). This suggests that increased 
SK1 expression within a tumor can greatly enhance tumor 
angiogenesis. Many forms of cancer have increased SK1 
expression, so this could be a plausible mechanism by 
which tumors recruit new blood vessels. More recent stud-
ies indicate that U87 glioma cells increase SK1 expression 
and S1P release in response to hypoxia, thereby providing 
a physiological mechanism by which SK1 expression can 
lead to an enhancement of S1P release and neo-vascu-
larization (Anelli et  al., 2008). In addition to the better-
characterized protein ligands such as VEGF and FGF 
which regulate angiogenesis, the secretion of S1P into the 
tumor microenvironment may be an equally significant 
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mechanism by which tumor hypoxia can regulate angio-
genesis. In addition, we have recently found that S1P can 
act as a significant inducer of lymphangiogenesis; human 
lymphatic endothelial cells are highly responsive to exog-
enous S1P (Anelli et al., 2010). This increase in S1P release 
is associated with endothelial migration and aggregation 
into tubular structures. In a recent study, S1P was shown 
to play an important role in vascular stabilization, and it 
had a more potent effect on vascularization when added 
after VEGF (Tengood et  al., 2010). Thus, targeting VEGF 
in cancer therapy has potential promise, and the addition 
of an S1P-targeting agent may have an additive effect in 
anti-angiogenic therapy.

Targeting S1P as a potential therapeutic could be accom-
plished through multiple mechanisms. Pharmacological 
targeting of the S1P1 receptor may have a similar effect 
as inhibiting S1P formation directly. Evidence that S1P 
receptors are essential for tumor angiogenesis can be 
found in several studies. The introduction of an S1P1-
receptor-specific siRNA into a xenograft model of Lewis 
lung carcinoma greatly decreased the tumor blood vessel 
formation and tumor growth, suggesting that S1P signal-
ing is critical for tumor angiogenesis (Chae et al., 2004). 
Another promising result supporting this strategy was the 
development of an S1P-specific antibody. The systemic 
administration of an S1P-specific monoclonal antibody 
resulted in decreased tumor angiogenesis and decreased 
tumor volume in xenografts of MDA-MB-231 breast car-
cinoma, A549 lung adenocarcinoma, SKOV-3 ovarian 
cancer, and B16-F3 melanoma. That a systemic antibody 
to S1P can decrease the growth of a local xenograft and 
reduce tumor angiogenesis is very promising, but this 
finding is also surprising because serum S1P is very high 
(Visentin et  al., 2006). Also exciting is that this strategy 
can target xenografts of diverse cancer types, suggesting 
that this mechanism of angiogenesis is highly conserved, 
offering a wide therapeutic advantage for multiple tumor 
types. In a separate study, treatment of macular degen-
eration with a S1P specific antibody greatly inhibited the 
formation of blood vessels and improved visual acuity, 
suggesting that this antibody might have multiple clini-
cal uses for aberrant angiogenesis (Caballero et al., 2009). 
Therefore, an S1P-specific antibody similar to the mono-
clonal antibodies currently used to target VEGF may be 
beneficial for cancer treatment.

Sphingosine kinase in chemoresistance

In some of the earliest studies on SK 1, a correlation was 
identified between SK1 expression and apoptosis resis-
tance (Cuvillier et al., 1996). Because the general strategy 
of chemotherapy or radiation therapy is to induce cancer 
cell apoptosis, targeting SK in cancers is a reasonable 
strategy to pursue. Many separate lines of evidence have 
converged on the common conclusion that decreas-
ing SK1 activity sensitizes cells to apoptotic-inducing 
agents and, in fact, SK1 expression often correlates 
with the sensitivity of a cell line to a chemotherapeutic 

agent (Cuvillier et al., Sauer et al., 2009, Song et al., 2011, 
Pchejetski et  al., 2008). For example, overexpression 
of SK1 in HL-60 leukemia cell lines prevents apoptosis 
induced by doxorubicin or taxotere (Bonhoure et  al., 
2006). In addition, resistance to doxorubicin correlates 
with doxorubicin-induced SK1 loss and ceramide accu-
mulation (Bonhoure et al., 2006). In prostate cancer, SK1 
expression correlates with chemotherapeutic resistance 
(Pchejetski et  al., 2005). PC3 and LNCaP cells have dif-
ferential sensitivities to docetaxel and camptothecin with 
docetaxel being the far more effective agent for PC3 cells 
and camptothecin being more effective for LNCaP cells. 
The efficacy of chemotherapeutics to induce apoptosis in 
these cell lines strongly correlates with their ability to alter 
the ceramide:S1P ratio. More ceramide and decreased 
S1P correlates with an enhanced apoptotic response. 
The authors developed these ideas in a xenograft model 
and replicated their original findings; effective doc-
etaxel treatment greatly decreased tumor volume. SK1 
knockdown caused sensitization to the chemotherapies, 
whereas overexpression of SK1 enhanced chemothera-
peutic resistance (Pchejetski et al., 2005).

Evidence for S1P’s importance in drug resistance can 
be found in the model organism D. discoideum in which 
S1P modulation alters cisplatin sensitivity. Deletion of 
one or both slime mold SKs increases cisplatin sensitivity, 
whereas overexpression of D. discoideum SgkA increases 
resistance (Min et al., 2005). Also, deletion of the S1P lyase 
gene increases cisplatin resistance, whereas overexpres-
sion of the S1P lyase induces cisplatin sensitivity (Min et al., 
2004). Altogether, modulation of enzymes that produce or 
degrade S1P, profoundly affect the ability of cisplatin to 
kill this organism. Therefore, it is likely that S1P plays an 
evolutionarily conserved anti-apoptotic role in organisms 
as distantly related to mammals as slime molds.

Sphingosine kinase 1 in mouse models of 
cancer

Although many groups have investigated the role of the 
SK/S1P pathway in cell cultures and xenograft models, 
only in a few studies has the role of SK1 been investigated 
with respect to more representative models of human 
cancer progression. Cancer is often caused by inherited 
and acquired mutations in genes, which lead to dysregu-
lation of signaling in otherwise healthy tissue. Cancers 
therefore, arise within the context of a specific microen-
vironment, which depends on the tissue of origin. Animal 
models in which cancers arise from normal tissue in 
response to genetic insults or a genetic predisposition for 
cancer are generally considered more relevant to clinical 
disease. Although transgenic mice and gene knockout 
mice have their own set of limitations in terms of closely 
resembling how the majority of human cancers could be 
targeted pharmacologically, we believe they are more 
representative than xenografts in terms of their predic-
tive power for, how a specific gene may be involved in 
cancer progression.

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

M
al

m
o 

H
og

sk
ol

a 
on

 0
1/

07
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Sphingosine kinase 1 as an emerging target in cancer  347

There have been relatively few studies that have focused 
on SK1 in a non-xenograft animal model; however, three 
studies in the past few years have shown some promise. 
Two of the non-xenograft models of cancer studied were 
performed in colon cancer models, and a third study was 
conducted in an oral squamous cell carcinoma model. 
In one of the colon cancer studies, azoxymethane was 
used to induce chemical carcinogenesis. In this study, 
wildtype Sphk1 −/− or Sphk2 −/− mice were given weekly 
intraperitoneal injections of azoxymethane for three 
weeks, and then were later analyzed for the presence 
of aberrant crypt foci (Kawamori et  al., 2009). Aberrant 
crypts are the earliest histologically visible stages of colon 
adenocarcinoma. Mice that develop aberrant crypts 
through this model can later develop malignant adeno-
carcinoma, which can be enhanced with the addition of 
intestinal inflammatory agents such as dextran sulfate 
sodium. Sphk1 −/−, but not Sphk2 −/− mice had reduced 
development of aberrant crypt foci in response to AOM 
when compared to wildtype mice. In addition, Sphk1 
−/− mice treated with AOM followed by DSS had dra-
matically decreased intestinal expression of COX-2, and 
a marked decrease in progression to adenocarcinoma 
formation. This phenomenon was attributed to a reduc-
tion in inflammation, a decreased rate of proliferation, 
an enhancement of apoptosis in Sphk1 −/− mice colons. 
Interestingly, wildtype mice with adenocarcinomas had 
an elevated tissue and serum S1P which did not occur in 
Sphk1 −/− mice. SK1 expression increased as the grade of 
the tumors worsened, with metastases having the highest 
SK1 expression. Importantly, SK1 expression in human 
colon adenocarcinomas was also shown to be increased, 
similar to the mouse model.

The second animal model used to study the effects of 
SK1 on intestinal carcinogenesis was the APCmin mouse 
model which develops numerous small intestine polyps. 
The APC gene is commonly mutated in human colon 
cancers and is found as a heterozygous mutation in 
individuals with familial adenomatous polyposis. Loss 
of heterozygosity of APC leads to the formation of pol-
yps and eventually colonic adenocarcinoma in humans. 
Therefore, the APCmin mouse serves as a model of FAP with 
the exception that polyposis occurs primarily in the small 
intestine in mice rather than in the colon such as occurs 
in humans. APCmin mice lacking SK1 had smaller intes-
tinal polyps, but no difference in polyp number. These 
effects were attributed to sphingosine accumulation 
in the adenomas, because they had more intracellular 
sphingosine than their wildtype counterparts. Prolonged 
treatment of isolated rat intestinal epithelial cells with 
increased sphingosine induced apoptosis. In addition, 
Sphk1 −/− intestinal polyps had reduced expression of 
c-myc and cdk4, an effect that could be mimicked with 
exogenous sphingosine treatment. These sphingolipid 
dependent effects were receptor independent: mice lack-
ing an S1P1 receptor allele, both S1P2 receptor alleles, or 
both S1P3 receptor alleles were not different with respect 
to polyp formation in this model (Kohno et  al., 2006). 

In addition, human colon cancer tissue and adenoma-
tous lesions from APCmin mice had decreased S1P lyase 
expression when compared to normal tissue (Oskouian 
et al., 2006). Because S1P lyase is primarily responsible 
for S1P degradation, loss of this enzyme would induce an 
increase in intracellular S1P. Together, these three stud-
ies suggest that intracellular S1P is important for colon 
cancer progression due to its effects on proliferation and 
apoptosis. In addition, in a separate study, colon cancers 
were shown to have reduced ceramide when compared 
to healthy tissues (Selzner et al., 2001).

More recently, the role SK1 plays in oral squamous 
cell carcinoma was investigated (Shirai et al., 2011). The 
authors of this study exposed wildtype and Sphk1 −/− mice 
to the carcinogen 4-nitroquinolone-1-oxide, a known 
inducer of tongue cancer in mice. In wildtype mice, SK1 
expression was found to be significantly increased in 
both dysplastic lesions and in squamous cell carcinomas 
when compared to adjacent normal tissue. Importantly, 
Sphk1 −/− mice exposed to the carcinogen had less of a 
chance of developing tongue tumors and those mice that 

Figure 1.  The Sphingolipid rheostat.  Sphingosine Kinase (SK) lies 
at an important juncture in the metabolic interconversion of the 
pro-apoptotic sphingolipids ceramide and sphingosine and the 
proliferative molecule sphingosine-1-phosphate (S1P). Ceramide 
has been shown to induce apoptosis, senescence, or differentiation 
in many different experimental systems. Sphingosine also has 
been shown to exhibit pro-apoptotic properties in multiple 
experimental systems. S1P, on the other hand, contributes 
many biological activities that altogether may promote the 
growth of cancer cells. Ceramidases (CDases), Sphingosine-1-
phosphate phosphatases/Lipid phosphate phosphatases (SPP), 
and Ceramide synthases (CerS) also are important enzymes 
that regulate the interconversion of bioactive sphingolipids 
although less is currently known about their contribution to 
cancer progression. Several upstream activators of SK1 have been 
shown to contribute to carcinogenesis in cell culture models. 
These include estradiol, growth factors, phosphorylation by ERK, 
and increased transcription by hypoxia inducible factor (HIF). 
The precise mechanism by which SK1 activation/overexpression 
contributes to carcinogenesis is not clear, but may include S1P 
receptor activation, stabilization of NF-kB, or through direct 
interaction of S1P with an intracellular target such as HDAC or 
TRAF2 (not shown).
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did develop tumors had smaller lesions. These effects 
were attributed to an increased level of apoptosis and a 
decreased rate of proliferation in the Sphk1 −/− lesions. 
Altogether these data provide strong evidence that SK1 
plays an important role in both the initiation and pro-
gression of squamous cell carcinoma in response to a 
chemical carcinogen.

Safingol: A sphingosine kinase inhibitor in 
phase I clinical trials

Safingol, also known as L-Threo-Dihydrosphingosine, 
is an unnatural isomer of dihydrosphingosine that 
was originally shown to act as an inhibitor of protein 
kinase C. Subsequent studies showed that safingol also 
could act as a competitive inhibitor of SK. Safingol was 
shown to enhance the cytotoxicity of cancer cells when 
co-administered with one of several chemotherapeutic 
agents (Kedderis et al., 1995). Due to safingol’s ability to 

inhibit multiple kinases, it will be more difficult to tease 
apart whether any biological effects observed are due 
to inhibition of SK or to inhibition of protein kinase C. 
As an anti-cancer agent, this non-specificity of safingol 
action could actually prove to be an advantage, as several 
protein kinase C family members have been shown to 
play important roles in cancer promotion (Gonelli et al., 
2009).

An early glimpse into the safety of SK inhibitors as anti-
cancer agents can be had from the recently published 
safingol phase I clinical trial, which enrolled 43 patients 
with advanced solid tumors and tested the safety of safin-
gol (Dickson et  al., 2011). The safingol trial was a non-
blinded, non-randomized dose escalation study in which 
the authors administered safingol at increasing doses just 
prior to giving a fixed dose of cisplatin. Therefore, the trial 
was evaluating the safety of giving safingol in the presence 
of cisplatin whereby patients were given a 1-2 hour infu-
sion of safingol followed by a 1-hour infusion of cisplatin. 

Table 2.  Xenograft models of SK1 in carcinogenesis.
Xenograft Models Findings Proposed mechanisms References
Gastric Cancer Antisense Sphk1 oligonucleotides 

decreased xenograft growth by 50%
Increased apoptosis in xenograft Fuereder et al., 2011

A-498 kidney carcinoma Sorafenib acts synergistically with two  
SK1/SK2 inhibitors to decrease tumor 
growth

Increased caspase 3/7 activation. 
Decreased ERK activation. Decreased 
angiogenesis.

Beljanski et al., 2010

Bxpc-3 Pancreatic  
Adenocarcinoma

Sorafenib acts synergistically with two  
SK1/SK2 inhibitors to decrease tumor 
growth

Increased caspase 3/7 activation. 
Decreased ERK activation. Decreased 
angiogenesis.

Beljanski et al., 2010

PC-3 - Prostate Cancer SK inhibitor (B-5354c) and Irinotecan 
independently and synergistically  
decrease tumor growth and distant 
metastases

Decreased survival of tumor cells Pchejetski et al., 2008

MCF-7 Breast Cancer Overexpression of SK1 increases tumor 
growth

Increased microvessel density Nava et al., 2002

U937-AML cells SK inhibitor (BML-258) decreased  
tumor growth.

Increased TUNEL positive cells. 
Decreased mitotic figures.

Paugh et al., 2008

NIH 3T3 Overexpression of SK1 allows for tumor 
growth in NOD/SCID mice

Allows for anchorage independent 
growth

Xia et al., 2000

MDA MB-231 Breast cancer A S1P specific antibody decreases  
xenograft growth

Decreased IL-6, IL-8, and VEGF release 
from tumors. Increased Caspase-3 
activation.

Visentin et al., 2006

SKOV-3 Ovarian Cancer A S1P specific antibody decreases  
xenograft growth

Decreased IL-6, IL-8, and VEGF release 
from tumors. Increased Caspase-3 
activation.

Visentin et al., 2006

A549 Lung Adenocarcinoma A S1P specific antibody decreases  
xenograft growth

Decreased IL-6, IL-8, and VEGF release 
from tumors. Increased Caspase-3 
activation.

Visentin et al., 2006

JC Breast Cancer SK specific inhibitor decreases tumor 
volume

Increased apoptosis. French et al., 2003

Table 1.  Sphk1 −/− mouse models of carcinogenesis.
Animal models Findings Proposed mechanisms References
APCmin Sphk1 −/− Decreased intestinal polyp size, but 

not number
Increased intracellular sphingosine. Reduced 
c-myc and CDK4

Kohno et al., 2006

AOM-DSS Sphk1 −/− Decreased aberrant crypt foci Decreased COX-2 Expression. Increased 
proliferation. Decreased apoptosis.

Kawamori et al., 2009

4-NQO Sphk1 −/− Decreased risk of oral SCC with 
4-NQO ingestion. Decreased size of 
lingual tumors when present.

Increased proliferation. Decreased caspase 
activation.

Shirai et al., 2011
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Fortunately, the authors found that toxicity was fairly lim-
ited with a dose limiting toxicity of elevated liver transami-
nases, which was reversible. In addition, the authors were 
able to show that three cohorts of patients receiving the top 
three highest tolerated doses also had a significant reduc-
tion in peripheral blood S1P, suggesting that safingol was 
able to inhibit SK activity in patients at the doses given. The 
efficacy of safingol on tumor responsiveness was difficult 
to assess, since the trial lacked a proper control group. 
Despite this, the authors report that two patients, both with 
adrenal cortical carcinoma, had positive clinical responses 
to the safingol and cisplatin treatment. Unfortunately this 
study was not designed to separate the effects of cisplatin 
from those of safingol, and therefore it is unclear if cisplatin 
alone could produce these effects. This is understandable. 
Since the study was designed to measure safety, future ran-
domized control trials will have to be conducted in order to 
better evaluate efficacy.

Overall, safingol appears to be well tolerated and the 
authors have provided some evidence that it has a mea-
surable effect on blood S1P levels. This study paves the 
way for phase II clinical trials and provides some guide-
lines as to what doses should be used to further evaluate 
clinical responsiveness to this SK inhibitor. As an impor-
tant aside, data gathered from future trials of safingol will 
allow us to correlate changes in blood and tumor sphin-
golipids with clinical responsiveness, thereby providing a 
practical test of the “sphingolipid rheostat” hypothesis in 
the context of human cancer therapy.

Conclusion

SK1 has been studied in the context of regulating prolif-
eration for almost two decades. Since these early revela-
tions, several new functions have been assigned to SK1, 
which may also relate to its involvement in carcinogen-
esis, such as its ability to regulate cell survival, promote 
angiogenesis, regulate lymphocyte trafficking, promote 
inflammation, and control cellular migration. Many of 
these functions overlap with important functions of clas-
sical oncogenes, and so it is not surprising that SK1 is of 
great interest to cancer biologists. Although pharmaco-
logic therapies targeted at SK1 were efficacious in cell 
culture and in a few animal models, stronger evidence 
(in the form of clinical trials) is needed to validate SK1 
as a legitimate target in human cancer. A role for sphin-
golipids in cancer progression may first be tested with 
the S1P receptor antagonist, FTY720, which has already 
been approved for usage in the United States by the FDA 
for the treatment of multiple sclerosis. In addition, the 
safingol clinical trials will likely be the first major tests 
of a competitive SK inhibitor as an anti-cancer agent in 
humans. It will be exciting to follow the development of 
this small molecule inhibitor, as it moves through early 
clinical trials, since it appears to be well tolerated and has 
measurable effects on sphingolipid metabolism.

Importantly, there have only been a few studies utiliz-
ing genetic animal cancer models, which more closely 

resemble what we believe are the natural mutational 
events, which give rise to the various stages of cancer pro-
gression in humans. In addition, more clarity is required 
on the exact cancer promoting or inhibiting signaling 
pathways sphingolipids impinge upon to govern their 
effects on cellular proliferation and survival. In recent 
years, two potential intracellular targets of S1P, TRAF2 
and HDAC, have been identified, which may improve our 
understanding of how bioactive sphingolipids regulate 
known or unknown signaling pathways to regulate cell 
survival and growth. Identifying the molecular substrates 
by which sphingolipids exert their effects is a grand chal-
lenge for our field, and will likely open up the sphingo-
lipid field to the larger cancer research community. In 
the meantime, we can continue to make small gains in 
our understanding of how this important enzyme regu-
lates sphingolipid metabolism in cancerous and normal 
tissues. There is still much to learn about the mecha-
nisms of cancer formation and the role of sphingolipids 
in human physiology in general.
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