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Introduction

A link between inflammation and carcinogenesis has 
been appreciated for over a century, beginning with the 
recognition by German physician and scientist Rudolf 
Virchow that cancer behaves like ‘a wound that does not 
heal’ (1,2). Cancers sometimes arise at sites of chronic 
inflammation, and tumors often contain inflammatory 
infiltrates. In addition, elevated inflammatory markers and 

cytokines accompany many malignant conditions (3-5).
Despite recognition that inflammation and carcinogenesis 

are somehow connected, the mechanistic underpinnings of 
this important relationship remain elusive. In particular, our 
knowledge regarding which inflammatory signals contribute 
to cancer and how inflammatory signals influence the 
evolution of cancer from normal tissue remains incomplete. 
There is abundant evidence confirming that inflammation 
can promote the progression of many forms of cancer by 
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enhancing angiogenesis, metastasis, metabolic advantages 
and chemotherapy resistance (6-8). In addition, an 
emerging body of data has begun to implicate inflammation 
in the earliest stages of carcinogenesis, including the 
seminal process of cell transformation, during which a cell 
acquires the fundamental characteristics of a cancer cell, 
namely the ability to proliferate in the absence of growth 
signals, exhibit anchorage-independent growth and form 
tumors in immunocompromised mice (9). Additional 
studies have shown that under certain circumstances 
inflammation may alter the epigenetic landscape, influence 
microRNA expression and even promote mutagenesis (10). 
Thus, recent findings are beginning to dispel the long-held 
notion that mutations are the ‘match that lights the fire’ 
of cancer, whereas inflammation is merely the ‘fuel that 
feeds the flame’ (11). Instead, inflammation is increasingly 
being viewed as a potentially seminal event in some types of 
carcinogenesis.

Nowhere is the link between inflammation and 
carcinogenesis more firmly substantiated than in colitis-
associated colon cancer (CAC). CAC is a pathological 
condition defined by the development of colon cancer in 
patients afflicted by Crohn’s disease (CD) or ulcerative 
colitis (UC), two inflammatory diseases of the gut which 
together comprise the disease category called inflammatory 
bowel disease (IBD). Patients with IBD involving the 
colon exhibit an increased risk of developing colon cancer 
compared to the general population (12). In patients 
with CD, the risk of small-bowel adenocarcinoma is 
20 to 30 times that in patients without CD (13). The 
risk of CAC correlates with the intensity, extent and 
duration of inflammation, with pediatric IBD patients 
being at particular risk due to the long duration of their 
inflammatory illness (12). For example, teenagers suffering 
with pancolitis have a lifetime risk of developing colorectal 
cancer that is greater than 15% (12). On the other hand, the 
latency between IBD onset and CAC development provides 
a unique opportunity for therapeutic and chemopreventive 
interventions that could halt or reverse the inflammatory 
processes that contribute to carcinogenesis.

Sphingolipids represent a ubiquitous class of lipids found 
in plants, animals, fungi and some bacteria. As such, they are 
present in human cells, tissues, and extracellular fluids. In 
addition, sphingolipids derived from various food products 
are normal constituents of the human diet (14). The 
phospholipid metabolite sphingosine-1-phosphate (S1P) is 
the final common product generated by the breakdown of 
mammalian sphingolipids (Figure 1). S1P is found at high 

levels in the lymph and the bloodstream, where it circulates 
bound to high-density lipoprotein and albumin (15).  
S1P serves as a ligand for a family of five G protein-
coupled receptors (S1P1-5) implicated in many physiological 
functions, including brain and vascular development, 
blood vessel permeability, the trafficking of lymphocytes 

Figure 1 Metabolism of mammalian dietary sphingolipids under 
normal and colitic conditions. In healthy human intestines, 
mammalian sphingolipids are degraded by enzymes in the brush 
border of the gut mucosa, resulting in formation of sphingosine. 
Sphingosine is taken up by gut epithelial cells and can be 
incorporated into higher order sphingolipids used in human cells, 
or alternatively converted to sphingosine-1-phosphate (S1P). 
S1P can be converted to hexadecenal (hex) and ethanolamine 
phosphate (EP). Low expression of sphingosine kinase 1 (SK1) 
and high expression of sphingosine phosphate lyase (SPL) prevent 
accumulation of S1P. Under colitic conditions, however, SK1 is 
expressed at higher levels, resulting in more S1P production and 
signaling. S1P acts through receptor-mediated mechanisms and 
potentially through receptor-independent intracellular mechanisms 
to promote inflammation. The activity of SPL under inflammatory 
conditions is unknown. However, there is evidence suggesting that 
the SPL cofactor, vitamin B6 (B6), is deficient in inflamed bowel. 
This situation would be expected to cause a significant increase 
in intestinal epithelial S1P levels, as are observed in the SPLGutKO 
mouse model.
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and other hematopoietic cells, and innate immunity (16). 
S1P signaling through the S1P receptor (S1PR) S1P1 
is essential for lymphocyte egress from the thymus and 
peripheral lymphoid organs (17). Pharmacological agents 
that either target S1P1 or disrupt S1P chemical gradients 
induce lymphopenia without blocking other lymphocyte 
function (18). These agents have shown efficacy in the 
treatment of autoimmune diseases including multiple 
sclerosis, rheumatoid arthritis and IBD (see below) (19).

S1P signaling has also been implicated in the activation 
of two critical transcription factors, nuclear factor kappa B 
(NF-κB) and signal transducer and activator of transcription 
3 (STAT3), which independently regulate the transcription 
of large sets of gene targets involved in inflammatory 
signaling, cell proliferation and cell death (20,21). NF-κB 
and STAT3 operate as central signaling nodes linking 
inflammation and carcinogenesis. By modulating the 
activities of these critical molecular targets, S1P sits at a hub 
of intracellular activities, poised to influence inflammation 
and carcinogenesis. Not surprisingly, recent studies 
have implicated S1P signaling and metabolism in the 
pathogenesis of IBD and CAC.

In this review, we will discuss the evidence implicating 
S1P signaling and metabolism in IBD and CAC. We will 
summarize current knowledge linking these processes 
and describe in greater detail our own recent study 
demonstrating enhanced IBD and CAC in genetically 
engineered mice that accumulate S1P in gut tissues due 
to disruption of the main enzyme responsible for S1P 
degradation (22). The results of our study show that S1P 
promotes inflammatory responses, cell transformation, 
IBD development, and the progression of IBD to CAC. 
Our findings demonstrate that these effects are mediated 
through the impact of S1P on STAT3 signaling. Further, 
our results suggest that dietary sphingolipids may exacerbate 
or prevent IBD and CAC depending on their ability to be 
converted to the pro-inflammatory lipid, S1P. Unanswered 
questions and potential new areas of study related to S1P 
metabolism and signaling will also be discussed.

IBD and colitis-associated colon cancer

CD and UC are two conditions that involve unpredictable 
and destructive chronic inflammatory processes that make 
up the disease group called IBD (23). It is estimated that 
IBD currently affects over one million persons in the US, 
including 1 in 10 persons under the age of 18 (24). UC is 
associated with inflammation of the mucosa of the colon 

and rectum. In CD, the full thickness of the bowel wall is 
inflamed, and any part of the digestive tract from the mouth 
to the anus may be involved. IBD is associated with weight 
loss, diarrhea, abdominal pain and fever (25-27). It can lead 
to fistulas, perforations, infections and can stunt the growth 
and pubertal development of affected children. Microscopic 
features of IBD include ulceration, abscesses, inflammatory 
infiltrates, edema, mucin depletion and loss of the normal 
crypt architecture. In addition to these complications, when 
IBD involves the colon, patients are faced with an increased 
risk of developing intestinal dysplasia and CAC (10).

Standard IBD treatments include steroids, other 
immunosuppressants, aminosalicylates and antibiotics. 
Other medications are aimed at reducing symptoms 
and maintaining nutrition. For refractory cases and/or 
complications, surgery may be required. Critical obstacles 
in treating IBD and preventing CAC include the need for 
ideal surrogate markers of tissue inflammation, safe agents 
for preventing IBD in the public, the elderly and the young, 
and safe, effective alternatives to highly toxic or unpleasant 
treatments including steroids, other immunomodulatory 
agents, and elemental diets. Targeted therapies and dietary 
chemoprevention strategies to reduce the need for global 
immunosuppressive regimens in IBD patients are urgently 
needed.

IBD is caused by dysregulation of homeostatic 
mechanisms that normally maintain the optimal gut 
microbiome, intestinal mucosal integrity and function 
(23,27-44). Genome-wide association studies have 
implicated a number of human genes as risk factors for 
IBD, including ATG16L, NOD2/CARD15, IBD5, CTLA4, 
TNFSF15, JAK2, STAT3, IL23R, and ORMDL3 (45). The 
function of these genes has provided some clues regarding 
the etiology of IBD, pointing to the role of antimicrobial 
peptides, innate and adaptive immune cell function, Th-
17 cells, regulatory T cells (Tregs), and cytokines (tumor 
necrosis factor, interleukins 17, 23, 12, 22 and IL-6) as 
contributing factors in IBD. Many of these cytokines serve 
as ligands for cell surface receptors that activate NF-κB and 
STAT3, two key transcriptional regulators that control cell 
growth, programmed cell death pathways and inflammation 
in response to intrinsic and environmental stimuli. In 
addition to genes directly involved in inflammation and the 
innate immune response, genome-wide association studies 
have identified IBD risk genes implicating autophagy and 
endoplasmic reticulum (ER) stress in the development of 
IBD. One ER-stress related gene implicated in IBD risk, 
ORMDL3, is a member of the ORM class of proteins, 
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which have been shown to act as negative regulators of 
sphingolipid biosynthesis (46,47). This finding, along with 
other studies in mouse models of IBD and CAC, point 
toward a role for sphingolipids—and specifically for S1P 
signaling —in these diseases.

Sphingolipids in immune functions, inflammation 
and cancer

Sphingolipids are ubiquitous membrane lipids found in our 
bodies as well as in our diet (48,49). In addition to serving 
structural roles in cell membranes such as the formation 
of lipid rafts, sphingolipid turnover yields metabolites that 
regulate cell proliferation, migration and programmed cell 
death. In so doing, sphingolipids influence processes that 
are critical to the initiation and progression of cancer, and 
they have been implicated in both early and late stages of 
carcinogenesis (50).

All sphingolipids are built upon a long chain amino base 
backbone, which in mammals is sphingosine (Figure 1). 
Gut enterocytes synthesize sphingolipids de novo and also 
import and metabolize dietary sphingolipids. Degradation of 
mammalian sphingolipids by enzymes located in the brush 
border of the lower gastrointestinal (GI) tract results in 
release of sphingosine, which enters enterocytes and can be 
incorporated into complex sphingolipids (48). Alternatively, 
sphingosine can be converted to S1P by phosphorylation at 
its C1 carbon, a biochemical step catalyzed by either of two 
sphingosine kinases (SKs), SphK1 and SphK2 (51). S1P can 
be dephosphorylated to regenerate sphingosine, a process 
catalyzed by either of two specific S1P phosphatases, 
Sgpp1 and Sgpp2, as well as by members of the LPP class 
of nonspecific lipid phosphatases (51). S1P is irreversibly 
degraded to hexadecenal and ethanolamine phosphate 
by the intracellular, pyridoxal 5’-phosphate (PLP)-
dependent enzyme sphingosine phosphate lyase (SPL) (52).  
Despite the fact that S1P is a substrate for many lipid 
phosphatases, SPL alone is responsible for regulating steady 
state cellular, tissue and extracellular S1P levels, as shown 
by the profound elevation of S1P observed in SPL-deficient 
cell and animal model systems (22,53,54).

Upregulation of SphK1 has been shown to occur 
in mouse models of colon cancer and in human colon 
adenomas and colorectal cancer specimens (55,56). 
Evidence derived from SphK1 knockout (KO) mice and 
cellular experiments with SphK1 silencing demonstrate 
that SphK1 and production of S1P promote colon cancer 
progression (55,56). Conversely, downregulation of SPL 

in adenomas of ApcMin/+ mice (which exhibit activated Wnt 
signaling and develop florid intestinal polyposis) correlates 
with accumulation of S1P in intestinal adenomas, compared 
to the low levels found in surrounding non-tumor intestinal 
tissue (57). SPL downregulation has also been observed in 
human colorectal and prostate cancers (57,58). In the case 
of prostate cancers, SPL expression was inversely correlated 
with SphK1 expression, and both SPL downregulation and 
SphK1 upregulation correlated with higher clinical stage 
and poor prognosis (58). Further, SPL overexpression 
sensitized both colon and prostate cancer cells to DNA 
damaging chemotherapy (57,58). These cumulative findings 
suggest that changes in S1P metabolism contribute to cancer 
development and can influence the response to treatment. 
Further, these studies suggested that proteins involved in 
S1P metabolism, transport and signaling may be particularly 
useful therapeutic targets in cancers exhibiting long latency 
periods that are amenable to chemopreventive strategies.

In 2004, Jason Cyster’s research group showed that T 
lymphocytes require S1P1 expression and signaling through 
S1P1 at the last stage of their maturation in order to egress 
from the thymus and enter the circulation (17). The role 
of S1P1 in lymphocyte egress explains the lymphopenia 
that occurs with administration of FTY720 (fingolimod), 
a receptor agonist that induces receptor desensitization, 
accounting for its S1P1 functional antagonistic property 
(59-62). Additional studies have shown that administration 
of pure S1P1 antagonists also results in lymphopenia 
(63). Subsequently, Cyster’s group showed that inhibiting 
SPL also causes a block in lymphocyte egress, in this case 
by preventing formation of an S1P chemical gradient 
that stimulates chemotaxis of mature thymocytes into the 
bloodstream (64). Similar events were shown to orchestrate 
the exit of T lymphocytes from peripheral lymphoid organs. 
SKs located in perivascular cells at the corticomedullary 
junction region of the thymus are the source of the 
S1P that stimulates lymphocyte egress (65). Graler and 
colleagues showed that SphK2 specifically contributes to 
the redistribution of S1P in lymphoid tissues and facilitates 
lymphocyte egress (66). Importantly, administration of 
S1P1 antagonists has been shown to reduce progression of 
autoimmune diseases, with the most well established effects 
being in chronic relapsing multiple sclerosis (67). These 
profoundly important studies have provided the first clinical 
context in which targeting S1P signaling and metabolism 
has improved patient outcomes and has been adopted into 
medical treatment for a human disease. These studies raise 
the possibility that similar S1P-targeted strategies could be 
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of potential benefit in other inflammatory diseases including 
rheumatoid arthritis, muscular dystrophy, IBD, and to 
prevent transplant-related complications such as graft vs. 
host disease.

In addition to its role in the adaptive immune response, 
S1P signaling has been shown to contribute to innate 
immune functions including mast cell functions, monocyte 
and macrophage activity, T-reg functions, and cytokine 
signaling (68). Recent studies have also provided evidence 
linking S1P signaling to two key inflammatory signaling 
pathways regulated by the transcription factors NF-κB 
and STAT3. In 2010, the research group of Hua Yu 
demonstrated that the S1P and STAT3 signaling pathways 
co-stimulate one another in a regulatory loop that promotes 
carcinogenesis (21). In this system, STAT3 upregulates one 
of its target genes, S1P1, thereby allowing S1P to induce a 
signal that results in STAT3 activation. The amplification 
of these pathways by mutual co-stimulation was shown to 
produce a constitutively active signal that contributes to 
cancer progression and metastasis. Also in 2010, Spiegel 
and colleagues demonstrated that S1P is a cofactor 
required by TRAF2 to activate NF-κB in response to 
TNFα stimulation (20). The elucidation of these critical 
connections, combined with the revelations regarding S1P’s 
role in hematopoietic cell trafficking, further established 
that S1P signaling is an important inflammatory pathway 
that contributes to immune function and has a potential role 
in the pathogenesis of inflammation-associated diseases.

S1P signaling and metabolism in IBD and CAC

Sphingolipids are found in many dietary food sources, and 

the enzymes required for sphingolipid degradation and 
reutilization are found in the brush border of the intestinal 
mucosa as well as in the epithelial cells of the gut (14,48). 
However, evidence from a variety of sources suggests that 
the enzymes of S1P metabolism may not be static, and 
in fact may be significantly responsive to inflammatory 
conditions in the gut. Under homeostatic conditions, 
S1P is detected only at low levels in gut epithelial tissues 
(Figure 2). This can be explained in part by the low 
expression of SphK1 and SphK2 in healthy colon tissues 
(56,69,70). Under normal circumstances any S1P generated 
from endogenous or dietary sphingolipids is likely to be 
immediately degraded by SPL, which is highly expressed 
and active in the differentiated enterocytes of healthy small 
and large intestinal mucosa (71). However, the situation 
is quite different when inflammation is present. SphK1 
is upregulated and activated in colonic tissues in mouse 
models of both IBD and CAC (72-75). Consistent with this 
finding, we have observed high SphK1 and S1PR expression 
levels in the colon tissues of pediatric IBD patients 
compared to controls (Degagne, unpublished observations). 
The upregulation of SphK1 enhances S1P production 
and accumulation. Although changes in SPL activity have 
not been reported in IBD or CAC, the enzyme’s cofactor, 
PLP, also known as vitamin B6, has been found at reduced 
levels in inflamed murine colon tissues, in inflammatory 
conditions in humans, and in IBD patients during flare 
compared to in remission (76,77). This raises the possibility 
that SPL activity may be compromised under inflammatory 
conditions, which would further enhance S1P accumulation.

Based on the positive effects of targeting S1PRs in other 
autoimmune diseases, a number of research groups have 

Figure 2 Structures of key dietary and endogenous sphingolipids that modulate inflammatory bowel disease (IBD) and colitis-associated 
colon cancer (CAC) initiation and progression. B6, vitamin B6/pyridoxal 5’-phosphate; EP, ethanolamine phosphate; Hex, hexadecenal; 
SK1, sphingosine kinase 1; S1P, sphingosine-1-phosphate; SPL, sphingosine phosphate lyase. 
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investigated the potential utility of applying this strategy 
in the treatment of IBD (78). Studies employing S1PR 
antagonists including FTY720 (which targets S1P1, 3, 4  
and 5), and W-061 and KRP-203 (which both target S1P1) 
have been undertaken in a variety of different mouse 
models of IBD (79-84). These models include the IL-
10 KO mouse, chemical induction of IBD with dextran 
sodium sulfate (DSS), 2,4,6-trinitrobenzenesulfonic acid 
or oxazolone, and the adoptive transfer model, all of 
which have yielded promising results. These represent a 
heterogeneous set of IBD model systems including CD 
vs. UC, T cell-dependent and -independent conditions, 
and models involving predominantly Th1 or Th2 immune 
responses. In addition to targeting S1PRs, genetic and 
pharmacological approaches to reduce S1P biosynthesis 
have also been shown to attenuate colitis in murine models 
of IBD. These include genetic disruption of SphK1 and 
treatment of mice with pharmacological inhibitors of 
SK activity with ABC747080 and ABC294640 (72). The 
positive results of targeting S1P using these diverse models 
strongly support the notion that targeting S1P signaling 
and metabolism may be of benefit in IBD.

S1P signaling may also be important in driving the 
development of CAC as a consequence of IBD. Spiegel’s 
group showed that when mice lacking the secondary 
sphingosine kinase (SphK2) and control mice were treated 
with a chemical regimen that induces CAC, the KO mice 
exhibited increased IBD symptoms, as well as an increase 
in CAC, as shown by higher tumor incidence, tumor size 
and tumor burden than controls (70). They found that 
SphK2 KO mice exhibited elevated expression of SphK1. 
The production of S1P by SphK1 in these mice leads to a 
persistent amplification of a signaling pathway involving 
NF-κB, IL-6, STAT3 and S1P1 in chronic colitis and in 
CAC. CAC development was blocked by treatment with 
FTY720, which functionally antagonizes S1PRs and also 
exhibits inhibitory activity against SphK1.

Generation of a gut-specific conditional SPL KO 
mouse (SPLGutKO)

SPL is highly expressed in differentiated enterocytes and 
is downregulated in murine adenomas and spontaneously 
arising colorectal cancers in humans (57,71). SPL provides 
a critical function in regulating S1P levels and actions 
in the lower GI tract. By preventing S1P accumulation 
in enterocytes, which are constantly exposed to DNA-
damaging oxidants in the gut lumen, SPL likely helps 

to promote apoptosis and maintain their high turnover 
rate. We considered that SPL KO mice might afford an 
opportunity to examine whether S1P metabolism plays a 
role in IBD and CAC. However, global SPL deletion in 
mice results in cellular and tissue S1P levels hundreds of 
times higher than normal, a state that is not compatible with 
life (our unpublished findings) (85). Therefore, to study 
the role of SPL and S1P signaling in IBD and CAC, we 
generated an inducible intestinal-specific KO line (22). This 
was accomplished by generating mice with “floxed” alleles 
of Sgpl1 which encodes murine SPL, and then breeding 
these mice to mice harboring a Cre transgene (Tg) under 
control of an intestinal epithelium-specific promoter. In the 
resulting mouse line, which we have called the SPLGutKO, 
recombination and inactivation of Sgpl1 is induced 
specifically in tissues of the intestinal epithelium upon 
treatment with the antibiotic β-naphthoflavone (NF) (86). 
This results in virtual absence of SPL activity in gut tissues 
and produces an 8-fold increase in S1P levels in tissues 
of the lower GI tract including the colon. In contrast, 
no significant changes in the tissue levels of sphingosine, 
ceramide, dihydrosphingosine or sphingomyelin were 
observed in the SPLGutKO intestinal tissues. To avoid 
differences in the microbiome of SPLGutKO and control mice 
caused by antibiotic treatment, “floxed” littermates lacking 
the Cre Tg were treated with NF and used as controls. 

IBD and CAC are enhanced in the SPLGutKO mouse

We found that SPLGutKO and control mice were similar with 
regard to body weight, litter sizes, and life spans. Further, 
colitis and CAC did not develop spontaneously in SPLGutKO 
(or control) mice. Therefore, to determine the impact 
of SPL downregulation on IBD and CAC, we compared 
the sensitivity of SPLGutKO and control mice to a well-
established regimen for inducing CAC using the gut irritant 
DSS combined with the mutagen azoxymethane (AOM). 
Disease activity was monitored by following IBD symptoms 
of diarrhea, blood in stools and weight loss. Under these 
conditions, we observed more profound symptoms of IBD 
in SPLGutKO mice compared to controls. Consistent with 
these findings, plasma and colon cytokines associated with 
IBD in humans, including TNF-α, IL-1β, IL-6, IL-17, IL-
21 and IL-23, were elevated to a greater degree in SPLGutKO 
mice than controls. Gross and microscopic pathology 
revealed more profound IBD pathology in SPLGutKO mice, 
including increased recruitment of macrophages to colon 
tissues, shorter colon lengths due to fibrosis and tissue 
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constriction, and lower hematocrits and larger spleen sizes, 
indicating blood loss in stool and compensatory secondary 
hematopoiesis in the spleen. In addition to suffering 
increased IBD symptoms and pathology, SPLGutKO mice 
developed more colitis-associated tumors than control mice. 
Further, the uninvolved tissues of their colons exhibited a 
higher rate of proliferating cells per crypt than controls. In 
contrast, we observed no difference in the size of tumors 
in both animal groups, indicating that in this model 
system tumor progression was not significantly affected by 
S1P signaling. These cumulative findings suggested that 
SPL disruption in the lower GI tract worsens colitis and 
promotes the development of CAC by influencing an early 
stage in the carcinogenic process.

Enhanced IBD and CAC in SPLGutKO mice is 
mediated by STAT3 signaling

STAT3 signaling promotes colon cancer cell proliferation, is 
constitutively activated in most colon cancers, is implicated 
in IBD pathogenesis, and participates in a positive feedback 
loop with S1P signaling (21,45,87-92). Therefore, we 
suspected that the impact of SPL downregulation on IBD 
and CAC might be mediated through the IL-17/STAT3 
signaling pathway. To probe for differences in the milieu 
from which CAC tumors arise in SPLGutKO and control mice 
after AOM/DSS, we performed immunohistochemistry, 
immunofluorescence and western blotting on the non-
tumor tissues from these mice. We demonstrated a 
significantly higher level of STAT3 activation in the non-
tumor colon tissues of SPLGutKO mice compared to control 
mice. STAT3 activation was higher in the differentiated 
colonic enterocytes of SPLGutKO mice, which showed much 
higher staining than controls, whereas STAT3 activation 
levels in tumor tissues and in interstitial tissues were 
comparable in both groups. We also observed upregulation 
of STAT3 target genes including S1P1 in murine tissues 
and in cells deficient in SPL. In addition to regulating 
conventional mRNA target expression, STAT3 has been 
shown to induce a number of microRNAs, including miR-
21 and miR-181b1, which serve a crucial role in mediating 
cell transformation downstream of STAT3 via their ability 
to silence the two anti-oncogenes PTEN and CYLD, 
respectively (93). Interestingly, the non-tumor tissues of 
SPLGutKO mice exhibited upregulation of miR-21 and miR-
181b1 and downregulation of their own target proteins 
PTEN and CYLD compared to control mice. Our findings 
suggested that SPL disruption enhances STAT3 signaling 

and promotes induction of STAT3-activated microRNAs 
important in cell transformation. When a STAT3 inhibitor 
was administered to SPLGutKO mice concomitant with 
AOM/DSS treatment. The features of IBD and CAC were 
attenuated, including elevated inflammatory cytokines, IBD 
pathology and tumor incidence. In addition, miR-21 and 
miR-181b1 levels were reduced, whereas PTEN and CYLD 
levels normalized. Together, these findings demonstrate that 
SPL silencing enhances the severity of IBD and incidence 
of CAC in a STAT3-dependent manner.

S1P levels are increased in colitic bowel

To explore the role of S1P and SPL in the early stages of 
IBD independently of CAC, we treated mice with two 
cycles of DSS without administration of AOM. In these 
short-term IBD experiments, SPLGutKO mice exhibited more 
severe IBD disease activity, pathology and STAT3 activation 
than controls. In both the control and SPLGutKO colon 
tissues, S1P levels rose in response to DSS treatment, with 
the latter showing more profound S1P elevation. We next 
investigated STAT3-target gene expression in colon tissues 
using a PCR array containing 86 STAT3 transcriptional 
targets. In SPLGutKO mouse colons, 28 STAT3 targets 
were upregulated by 2-fold or greater in comparison to 
the expression levels in control mouse colons. The most 
significantly affected genes (macrophage inflammatory 
proteins 1α and 1β, Cd80, Il-2, oncostatin M receptor, 
genes) are involved in gp130 signaling, proinflammatory, 
and chemokinetic functions. In addition, miR-21 and miR-
181b1 were upregulated in SPLGutKO mouse colons to a 
greater degree than in control mouse colons in response to 
DSS. Similar to the findings of others, we observed elevated 
SphK1 expression in the colon tissues of IBD patients. In 
addition, we found S1P1 and 66 of 88 other STAT3 target 
genes to be upregulated in IBD compared to age/gender-
matched control colon tissues.

SPL downregulation promotes cell 
transformation via S1P1/JAK2/STAT3 signaling 
and microRNA-dependent silencing of the anti-
oncogene CYLD

Our studies implicated SPL in regulating CAC at an 
early step of tumorigenesis, since SPL disruption in gut 
epithelium led to an increase in tumor incidence but not 
tumor size. To address the specific role of SPL in the 
earliest stages of tumorigenesis, we turned to a cellular 
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model. Employing a pair of isogenic mouse embryonic 
fibroblasts (MEFs) derived from STAT3 KO mice and wild 
type littermate controls, we silenced SPL in the presence 
or absence of STAT3. We found that silencing SPL led 
to an increase in S1P accumulation and transport into the 
media. S1P export was mediated by the S1P transporter 
Spns2, as shown by the normalization of extracellular 
S1P in cells deficient in both SPL and Spn2. In contrast, 
intracellular S1P levels were unaffected by SPL silencing. 
This suggests that the cells rapidly export accumulated S1P 
into the extracellular space, consistent with our finding 
that Spns2 expression is upregulated in SPL-deficient 
MEFs. IL-6, the major cytokine inducer of JAK2/STAT3 
signaling through the gp130 cell surface receptor, was 
increased in SPL silenced cells, but only when STAT3 was 
present. Treatment of MEFs with exogenous S1P led to a 
modest increase in activation of JAK2 and STAT3, and the 
activation of both proteins was intensified by the silencing 
of SPL. Importantly, SPL deficiency led to an increase in 
the rate of cell proliferation and bestowed MEFs with an 
ability to form tumors in nude mice, one of the hallmarks of 
cell transformation. Both of these effects were only observed 
in the STAT3+ MEF background, demonstrating that SPL 
silencing induces cell transformation through a STAT3-
dependent mechanism. SPL silencing in STAT3+ MEFs 
also led to an increase in miR-181b1 and reduced expression 
of its target CYLD. Inhibition of STAT3 signaling, S1P1 
signaling or induction of CYLD using chemical modulators 
reversed the ability of SPL silencing to increase the rate 
of cell proliferation in STAT3-expressing MEFs. These 
cumulative findings demonstrate that loss of SPL function 
and associated extracellular S1P accumulation promote cell 
transformation through a mechanism involving STAT3 and 
its targets miR181b1 and S1P1.

Dietary sphingolipids that do not generate S1P 
protect against IBD and CAC

Our studies demonstrate that S1P accumulation promotes 
IBD, cell transformation, and CAC. Further, inflammation 
increases colon S1P levels, likely through upregulation of 
SphK1 and possibly in response to other changes affecting 
S1P catabolism. Dietary sphingolipids derived from 
mammalian food sources, like human sphingolipids, contain 
a sphingosine backbone and can be converted to S1P in gut 
epithelium. The inflamed colons of IBD patients, which 
exhibit SphK1 upregulation, would be adept at converting 
mammalian sphingolipids to S1P. Further, since they exhibit 

upregulation of S1PRs, they would be susceptible to S1P 
signaling and its impact on STAT3 signaling, cytokine 
induction and CAC.

In contrast, dietary sphingolipids that contain a different 
structural backbone and cannot be converted to S1P would 
not be expected to promote inflammation and CAC. We 
have been studying a class of dietary metabolites called 
sphingadienes derived from the sphingolipids of soy and 
other plants (Figure 1) (94). Sphingadienes contain an extra 
double bond in comparison to the single double bond 
found in sphingosine (95). Sphingadienes exhibit anti-
inflammatory and chemopreventive activities in several 
models of colon cancer (96,97). We tested the impact of 
sphingadienes on CAC by delivering them orally to wild 
type mice concomitant with AOM/DSS. In comparison to 
vehicle control, we found that sphingadiene administration 
increased the expression of SPL, CYLD and PTEN in 
colon tissues (22). In contrast, it reduced colon tissue S1P 
levels, STAT3 activation and cytokine levels. In addition, in 
comparison to delivery of sphingosine or a vehicle control, 
sphingadiene administration cut CAC tumor incidence 
in half. Together with our other results implicating S1P 
signaling in IBD and CAC, these findings suggest that 
dietary sphingolipids may either promote or prevent CAC, 
depending on their ability to be converted to S1P.

Oxidative stress could modulate SPL activity 
through post-translational modifications

Oxidative stress is an unavoidable consequence of 
physiological inflammatory stress (98). Inflammation induced 
by pathogen exposure or tissue injury increases cellular 
reactive oxygen and nitrogen species (RONS) through 
multiple enzymatic sources (99,100). RONS are required 
for pathogen neutralization, but can also exert deleterious 
effects by oxidation of macromolecules such as lipids, 
proteins and DNA (101,102). RONS can also alter protein 
activities by reversible oxidation of critical thiols of signaling 
proteins and enzymes (101,102). Interestingly, very little is 
known regarding the extent to which oxidative stress impacts 
sphingolipid metabolism through modulation of SPL activity. 
Considering the important role of SPL in maintaining low 
S1P levels in gut mucosal cells, changes in SPL activity could 
have profound effects on inflammation.

Site-directed mutagenesis of human SPL revealed two 
critical cysteine residues, Cys218 and Cys318, that are 
required for SPL activity (103). SPL activity is inhibited 
by the sulfhydryl-alkylating agent, N-ethylmaleimide 
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(NEM) (103). Additionally, inclusion of thiol reducing 
agents is also required to obtain optimal activities during 
SPL activity measurements. These observations suggest 
that: critical cysteine residues are solvent accessible and 
thus may be susceptible for forming mixed disulfides and 
for oxidation by RONS and other reactive lipid aldehydes, 
such as 4-hydroxynonenal and malondialdehyde. It is 
interesting to note that the human SPL Cys318 residue is 
flanked by basic amino acids, Lys and Arg (103). Presence 
of these basic amino acids surrounding Cys residues is likely 
to decrease the pKa of sulfhydryl moities and increase its 
susceptibility for redox interactions. During catalysis of S1P 
cleavage, Cys is required to optimize orientation of PLP 
and may potentially catalyze retro-aldol cleavage of PLP-
S1P intermediate (104-107). Thus, both reversible (e.g., 
mixed disulfide formation) and irreversible (e.g., oxidation 
to sulfenic or sulfonic forms) reactions would likely result in 
SPL inactivation. Additionally, SPL may also interact with 
the glutaredoxin and thioredoxin family of enzymes that 
act to reduce reversibly oxidized cysteines. Confirmation 
of these redox interactions in vivo would provide directly 
linkage between oxidative stress and SPL and provide 
mechanisms by which RONS act to enhance inflammation 
during pathogen invasion and tissue injury.

Nitration of tyrosine by reactive nitrogen species such as 
peroxynitrite (-ONOO) may be another avenue for oxidative 
stress dependent modulation of SPL activity. Nitrotyrosine 
is a hallmark of cellular nitrosative stress (108). Interestingly, 
Zhan and co-workers discovered evidence for tyrosine 
nitration on Tyr 355 and Tyr 356 residues (109). Although 
the consequences of nitrotyrosine formation on SPL activity 
were not examined, the known role of Tyr in stabilizing 
PLP in SPL would suggest that nitration would result in 
inactivation of SPL. Given that SPL activity was found to 
be decreased in prostate and colon cancer cells (57,58), it 
may be plausible that nitrotyrosine formation may be an 
additional mechanism for SPL down-regulation during 
tumor initiation and progression.

In addition to redox modulation by RONS, SPL may 
also be subject to phosphorylation-dependent regulation. 
A survey of potential post-translational modification 
sites on SPL shows several putative sites for acetylation 
and phosphorylation (phosphosite.org). Among these, 
phosphorylation at Ser 564 was confirmed in human cancer, 
embryonic stem cells, and T lymphocyte cells (110-112). 
However, these studies did not directly study SPL activity. 
Detection of phosphorylated SPL in cells undergoing active 
mitosis and during T-cell receptor activation implicates 

post-translational modification of SPL as an important 
regulatory step during mitosis and lymphocyte activation.

Conclusions and future directions

Our studies in murine models and human IBD tissues 
demonstrate that S1P signaling and metabolism in the 
gut are influenced by the presence of inflammation. Both 
SphK1 and S1P1 are upregulated in colitic tissues, and 
S1P levels are higher in inflamed colon tissues compared 
to non-inflamed tissues. Other enzymes and receptors 
involved in S1P metabolism and signaling have not been 
studied extensively in the context of IBD, and it would 
be interesting to know whether they also are influenced 
by the inflammatory milieu. In that context, Sgpl1 gene 
expression levels may not tell the full story, since deficient 
vitamin B6 levels in inflamed colons could hamper the 
enzyme’s activity. Additionally, heightened oxidative stress 
associated with IBD may further repress SPL activity 
through post-translational modifications. Considering the 
high expression of SPL in the differentiated enterocytes of 
the lower GI tract and the profound effects associated with 
its loss of function in the colons of SPLGutKO mice, this will 
be important to examine.

Conversely, it is clear that S1P signaling and metabolism 
have a profound impact on IBD and CAC. Our findings 
suggest that S1P signaling and metabolism can modulate 
the intensity of inflammation and its progression to CAC by 
increasing STAT3 signaling and its downstream effectors, 
including microRNAs that have been implicated in cell 
transformation. The collaborative relationship between 
STAT3 and S1P signaling suggest that targeting both 
pathways may be important in reducing CAC incidence 
in IBD, a condition where both pathways appear to be 
upregulated and contribute to disease progression.

Recently, investigators reported the discovery of a novel 
cytokine called PEPITEM that regulates the entry of T 
lymphocytes into inflamed tissues (113). PEPITEM acts 
by stimulating S1P production in endothelial cells, leading 
to S1P release into the blood. T cells adjacent to the 
endothelium of inflamed tissue receive an S1P-mediated 
signal which then prevents their ability to undergo 
transendothelial migration. The PEPITEM pathway 
represents a self-regulatory mechanism by which the 
immune system titrates its responses to prevent unbridled 
inflammation. Importantly, this pathway appears to be 
dysfunctional in autoimmune diseases such as diabetes and 
in aging, two conditions in which plasma PEPITEM levels 
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were shown to be reduced. Whether PEPITEM deficiency 
contributes to pathological inflammation in IBD patients 
has yet to be tested. If this turns out to be true, the pathway 
may represent a novel avenue for harnessing S1P-mediated 
effects to treat IBD and reduce the risk of CAC.

Over the past few years, several cellular processes and 
molecular factors underlying the development of IBD 
have been revealed. IBD is caused by dysregulation of 
homeostatic mechanisms that normally maintain the 
optimal gut microbiome, intestinal mucosal integrity and 
function (23,27-43). While many factors are involved 
in IBD, genetic studies have implicated ER stress, 
inflammasome activation and autophagy to be key processes 
that, while designed to coordinately maintain gut cellular 
homeostasis, can promote inflammation and increase 
the risk of IBD development when imbalanced (44).  
ER stress is particularly important in cell types in which 
protein secretion plays a significant role, such as leukocytes 
which produce cytokines and gut Paneth cells which are 
specialized to produce anti-microbial peptides important 
in barrier maintenance of the gut. ER stress and autophagy 
have also been implicated in regulating cell death and 
carcinogenesis, raising the possibility that they are 
important factors in the progression from IBD to CAC 
(114,115). Importantly, sphingolipids have been shown to 
regulate autophagy and have been implicated in ER stress 
as well (116). Whether S1P signaling and metabolism 
influence these processes in the context of IBD and CAC 
remains to be determined. This is an intriguing possibility, 
considering recent reports by the group of Yoshi Uchida 
demonstrating that in keratinocytes, ER stress leads to an 
increase in S1P production and signaling and that both S1P 
and another sphingolipid ceramide-1-phosphate induce the 
production of antimicrobial peptides (117-121).

Dietary factors may have a role in the development 
of IBD and its progression to CAC. Although colon 
cancer incidence is diminishing in the United States and 
other westernized countries, this is largely attributed to 
improved surveillance. In contrast, IBD incidence is rising, 
and there is evidence to suggest that this is due to dietary 
changes associated with westernization (122). Our findings 
have led us to propose a model in which mammalian 
sphingolipids that can be converted to S1P promote 
inflammation and CAC, whereas plant sphingolipids that 
cannot be converted to S1P are anti-inflammatory and 
chemopreventive. Our finding that SPL is upregulated and 
STAT3 activation is inhibited in the colon tissues of mice 
treated with sphingadienes may in part explain their ability 

to reduce CAC. However, the impact of sphingadienes 
or other dietary sphingolipids on other aspects of 
inflammatory signaling has not been tested. Further, the 
role of endogenous and dietary sphingolipids in other 
processes implicated in the cause of colon cancer and CAC 
is unknown. For example, how do sphingolipids influence 
oxidative stress-induced DNA damage that can lead to 
induction of procarcinogenic genes and silencing of tumor-
suppressor pathways? Do sphingolipids influence the “field 
change” of cancer-associated molecular alterations (such 
as p53 mutations, microsatellite instability, epigenetic 
changes, and additional microRNA alterations) that occur 
prior to histologic evidence of dysplasia (10,123)? Shifts 
in bacterial flora and enterotoxigenic species of bacteria 
have been shown to play a contributory role in CAC and 
sporadic colon cancer (124). Do dietary sphingolipids 
alter the gut microbiota, and conversely does the altered 
microbiota associated with IBD and CAC change the 
sphingolipid content of the gut and thereby influence 
epithelial biology, inflammatory signals and carcinogenic 
stimuli?

A further understanding of how S1P, sphingadienes 
and other dietary lipids influence the gut mucosa and 
its innate immune functions will allow the leveraging of 
sphingolipids to reduce IBD incidence, the extent and 
severity of inflammation in the disease, and prevent the late 
consequence of CAC in patients at risk.
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