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1 | INTRODUCTION

Many inflammatory mediators are involved in the process of carcinogenesis and can-
cer progression. In addition to cytokines and chemokines, lipid mediators have re-
cently attracted attention as signaling molecules associated with inflammatory
diseases. Sphingosine-1-phosphate (S1P) is a pleiotropic lipid mediator that regulates
cell survival and migration, immune cell recruitment, angiogenesis and lymphangio-
genesis. S1P also plays a significant role in inflammation and cancer. The gradation of
S1P concentration in the blood, lymph and tissue regulates lymphocyte trafficking,
an important component of inflammation. Furthermore, cancer cells produce ele-
vated levels of S1P, contributing to the tumor microenvironment and linking cancer
and inflammation. Future technological advances may reveal greater detail about the
mechanisms of S1P regulation in the tumor microenvironment and the contribution
of S1P to cancer progression. Considering the critical role of S1P in linking inflamma-
tion and cancer, it is possible that the S1P signaling pathway could be a novel thera-

peutic target for cancers with chronic inflammation.
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women.®’ Substantial research has been devoted to reveal the

mechanisms by which chronic inflammation affects cancer develop-

The link between long-term chronic inflammation in the body and
cancer development is well understood.® One example is chronic
inflammatory bowel disease, such as ulcerative colitis and Crohn’s
disease, in which chronic inflammation increases the risk of cancer
development.? Another example of chronic inflammation is obesity,
which not only induces the production of insulin growth factors but
also induces chronic inflammation that promotes cancer progression

| 4,5

and worsens surviva Obesity increases the risk of breast can-

cer and worsens the progression of the cancer in post-menopausal

ment and progression, elucidating the involvement of inflammatory
mediators and inflammatory cells in these processes.®

Multiple inflammatory cells and mediators, such as cytokines and
chemokines, are involved in carcinogenesis and cancer progression
and are affected by chronic inflammation® For instance, the inflam-
matory cytokines interleukin-6 (IL-6) and tumor necrotic factor-alpha
(TNF-alpha) promote the process of carcinogenesis aggravated by
inflammation.” Inflammatory cells, such as macrophages, myeloid-
derived suppressor cells, eosinophils, mast cells and neutrophils, are
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recruited to the cancer microenvironment and contribute to inflam-
mation.® By inhibiting cancer-related inflammation, the risk of can-
cer decreases in some patients.8 For instance, aspirin reduces the
risk of colorectal cancer.!* However, until now there have been no
successful treatments targeting both inflammation and cancer.

In addition to cytokines and chemokines, lipid mediators have
recently attracted attention as signaling molecules associated with
inflammatory diseases.’>*> The role of sphingolipids in patients has
been overlooked for a long time due to the difficulty of quantifying
lipids in the human body.'® Recent technological advances in mea-
suring lipids have progressed the field of lipid research and have re-
vealed that lipid mediators play an important role in human disease.*’
Of the lipid mediators, sphingosine-1-phosphate (S1P) is a bioactive
sphingolipid mediator that regulates cell survival and migration, im-

mune cell recruitment, angiogenesis and Iymphangiogenesis.i&19

S1P also plays multiple roles in a variety of disease processes,zo'23
including inflammation and cancer.24?® Considering its synergistic
effects in both inflammation and cancer, S1P likely plays a role in
inflammation-associated cancers, such as colitis-associated col-
orectal cancer and obesity-associated breast cancer. Furthermore,
interference with S1P signaling might effectively suppress cancer
progression in the context of inflammation.

In this review, we introduce the bioactive lipid mediator S1P and
its role in inflammation and cancer progression. Moreover, we dis-
cuss the clinical utility of S1P as a future therapeutic target for pa-

tients with inflammation-related cancer.

1.1 | S1P, a bioactive lipid mediator

A quarter of a century ago, Sarah Spiegel discovered S1P as a lipid
mediator, which acts as a signaling molecule in the cell.?**° Since
then, molecules that regulate S1P have been described, including
S1P synthetic enzymes, receptors and degrading enzymes, all of
which regulate S1P concentration and its signaling inside and out-
side of cells.3! These discoveries of S1P and related molecules have
driven lipid research forward.*?

S1P is produced by two different sphingosine kinases, SphK1
and SphK2.2% SphK1 exists mainly in the cytosol close to the cell
membrane and is found in nearly every cell type. S1P is exported
from the cell by S1P-specific transporters, such as ATP-binding cas-
sette (ABC) transporters and Spns2, which will be described later in
this review. Outside the cell, S1P binds to S1P-specific G-protein-
coupled receptors, S1IPR1-5, which further evoke cell signaling in an
autocrine, paracrine or endocrine manner. The “inside-out signaling”
process refers to the signaling pathway by which S1P synthesized
in the cell is transported out of the cell to activate S1PR on the cell
surface in an autocrine and paracrine manner (Figure 1).34

1.2 | Sphingosine kinases, S1P
transporters and receptors

Whereas SphK1 exists in the cytosol close to the cell membrane
and contributes to the production of S1P, SphK2 has been reported

mainly in the nuclei and mitochondria (Figure 2).3>%¢ Although S1P
does not differ structurally when produced by SphK1 or SphK2,
it carries out different functions in the body depending on where
it is produced.3! S1P in the nuclei works as a histone deacetylase
(HDAC) inhibitor to epigenetically regulate gene transcription.®®
Accordingly, SphK2 is predominantly expressed in highly differen-
tiated organs, such as the brain, liver and kidney, all of which ex-
hibit complicated functions.>”%® In these organs, S1P in the nuclei
and mitochondria epigenetically controls the transcription of key
genes. For instance, we found that S1P produced by SphK2 regu-
lates the expression of genes that maintain lipid metabolism in the
liver.%® In contrast, high levels of SphK2 in the mitochondria may be
associated with beta-oxidation,®” indicating the importance of S1P
in these organelles as well.

Transporters that export S1P from the cell have been identi-
fied over the past decade.?*%%4% Some of the ATP-binding cassette
(ABC) transporters have been found to transport S1P out of the cell,
including ABCC1.3%4% The function of ABCC1 as a S1P transporter
was initially discovered in mast cells.?? It has been previously re-
ported that ABCC1 and ABCG2 export S1P from ER-positive breast
cancer cells in response to nongenomic effects of estrogen.40 More
recently, Spinster 2 (Spns2) has been identified as an S1P trans-
porter.*¥*3 Spns2 is a member of the major facilitator superfamily,
which does not have a typical ATP-binding motif.***24* Two re-
search groups have observed Spns2 as a S1P transporter in zebraf-
ish. A dysfunction of the Spns2 gene causes abnormal development,
resulting in cardia bifida (two hearts).*44° Notably, the cardia bifida
phenotype was also observed in SIPR2 knockout zebrafish, sug-
gesting a close relationship between Spns2 and $1PR2.44° Spns2

4647 \where it is

exists in vascular and lymphatic endothelial cells,
crucial to the development of lymphatic vessels. Based on current
research, we can assume that Spns2 plays an important role in regu-
lating the concentration of S1P in the blood and Iymph.43'46

S1P receptors are found on the surface of cancer cells and on
surrounding cells in the tumor microenvironment, such as stromal
cells. There are five S1P-specific G-protein-coupled receptors,®* each
with its own signaling pathway and expression on the cell surface.*®
S1PR1 is one of the most prominent receptors in S1P signaling. SIPR1
is expressed on many immune cells given that S1P signaling regulates
immune cell trafficking.49 S1P signaling through S1PR1 also plays a
pivotal role in cell egress from the secondary lymphatic system, in-
cluding the lymph nodes, thymus and spleen.*”">* If S1PR1 is blocked,
lymphocytes cannot egress from the secondary lymphatic system,
and lymphocytes in the blood decrease dramatically.>>2 Both S1PR1
and S1PR3 may play important roles in cancer progression, and S1PR2
may work oppositely depending on the cancer cell type and its envi-

ronment.>® S1PR4 and S1PR5 have not been as well investigated.>*>>

1.3 | S1P concentration gradient and roles of
degrading enzymes

The concentrations of S1P in the blood and lymph are higher than
in tissue.*”>¢7 In blood, S1P concentration ranges from several
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FIGURE 1 Role of sphingosine-1-phosphate (S1P) in cancer progression and inflammation. S1P is released into tumor microenvironment
where it promotes the invasion and migration of cancer cells, lymphangiogenesis, and recruitment of inflammatory cells. Cancer cells in

the lymphatic vessels are stimulated by S1P, which promotes lymphatic spread of cancer. The figure below shows an enlarged view of the
part surrounded by a red square, in which “Inside-out signaling” process of S1P in tumor microenvironment is shown. S1P is generated from
sphingosine (Sph) by sphingosine kinases 1 (SphK1) in the cytosol close to the plasma membrane in a cancer cell, and exported out of the
cells via S1P transporters, such as ATP-binding cassette (ABC) transporters or spinster 2 (Spns2) outside of cells. S1P stimulates specific S1P
receptors (S1PR) to promote numerous cellular functions, such as cell proliferation, migration, angiogenesis and lymphangiogenesis, and
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FIGURE 2 Metabolism of sphingolipids. S1P is generated from sphingosine by sphingosine kinases (SphK) in the Catabolic pathway.
SphK1 mainly exists in the cytosol and SphK2 exists in the nuclei and mitochondria. Ceramide is generated from sphingomyelin by
sphingomyelinases (SMase) in the Sphingomyelin pathway, generated from dihydro-ceramide by ceramide desaturase (DES) in the De

novo pathway, and generated from sphingosine produced in the Salvage and the Catabolic pathways. A-SMase, acid sphingomyelinase;
C1P, ceramide-1-phosphate; C1PP, ceramide-1-phosphate phosphatase; CDase, ceramidase; CK, ceramide kinase; CS, ceramide synthase;
DES, ceramide desaturase; KDS, keto-dihydro-sphingosine; S1P, sphingosine-1-phosphate; SM synthase, sphingomyelin synthase; SMase,
sphingomyelinase; SphK, sphingosine kinase; SPP, sphingosine phosphatase; SPT, serine palmitoyl transferase

hundred nanomolar to several micromolar, whereas in the periph-
eral tissues, where degrading enzymes are more active, the S1P
concentration ranges from several nanomolar to several tens of
nanomolar. S1P in the blood is derived mainly from hematopoietic
cells, particularly red blood cells, which play a major role on S1P
storage.’®>? Lymphatic endothelial cells are the major source of
S1P in lymphatic fluid.*® Interestingly, mice with SphK1 and SphK2
knockout in endothelial cells showed a loss of S1P in lymphatic
fluid while maintaining normal plasma S1P, suggesting that SphK in
the endothelial cells are the major source of S1P in lymph but not
in the blood.>®

S1P degrading enzymes play an important role in maintaining
low levels of S1P in the tissue.*”>” S1P lyase is an enzyme that de-
composes S1P irreversibly.®%%! S1P phosphatase is an enzyme that
removes phosphate from S1P to produce sphingosine,""2 which can
then be converted to ceramide by ceramide synthase.63 Whereas
S1P acts as a “cell survival signal” for cell proliferation and sur-
vival, ceramide acts as a “cell death signal” for cellular apoptosis.®®
Consequently, it is thought that the life or death of a cell is regulated
by the balance between S1P and ceramide.®® However, further re-
search is needed to determine how the balance between S1P and

ceramide is regulated to maintain cell homeostasis. Together, SphK,
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S1P transporters, S1P receptors and degrading enzymes all regu-
late S1P gradation and signaling, which control normal physiological

function as well as inflammation and cancer progression.

1.4 | S1P and inflammation

As mentioned previously, the concentration gradient of S1P in the
blood and peripheral tissues plays a major role in controlling immune
cell dynamics‘49 The S1P concentration gradient regulates lymphocyte
trafficking, which is important for the pathology of inflammation, and it
may play a role in many inflammatory diseases.?>26¢4%> Key cytokines
and chemokines, such as IL-6 and TNF-alpha, are also linked with S1P
signaling in inflammation.?>?% Indeed, we and the others have found
that the S1P-Stat3-S1PR1 amplification loop plays an important role in
amplifying chronic inflammation.?46¢¢” TNF-alpha, interleukin 1-beta
(IL1-beta), and other cytokines can activate SphK1, which can then
induce cyclo-oxygenase2 (COX2) in cells.® Importantly, COX2 sup-
presses the anti-tumor response by CTL-, Th1-, and NK cell-mediated
type-1 immunity. Considering that chronic inflammation evoked by
SphK1 and S1P promotes COX2 induction, which suppresses the anti-
tumor immune response, these molecules may be key players in cancer

progression in the context of chronic inflammation.

1.5 | S1P and cancer progression

S1P promotes cancer progression in multiple ways by contributing to
cell proliferation, migration, invasion, and cell survival, 28476 SphK1
is highly expressed by many cancer cell types and at higher levels
than in normal cells.” We measured S1P concentrations in cancer
tissues and normal tissues using laboratory animal specimens and
surgical specimens by mass spectrometry, and we confirmed that
S1P concentrations in cancer tissues were significantly higher than
that in normal tissues, both in animals and in human patients.w’70
The higher concentrations of S1P produced by cancer cells may
also affect the tumor microenvironment, which is a critical factor in
cancer biology and progression.”*”® For instance, it was observed
that significantly higher S1P concentrations in cancer interstitial
fluid than in the interstitial fluid of surrounding normal tissue, both
in laboratory animals and in human cancer patients.73 Interstitial
fluid bathes the tumor and stromal cells and is considered an essen-
tial part of the tumor microenvironment, not only as the initial route
of metastasis but also as a supplier of factors that promote tumor
metastasis.”®> S1P released into the cancer interstitial fluid acts on
vascular/lymphatic endothelial cells, immune cells, and interstitial
cells in the tumor microenvironment, and it induces angiogenesis,
lymphangiogenesis, immune response, and interstitial reaction.
Supporting this concept, we have found that S1P promotes lymph-
angiogenesis in breast cancer in animal models, and the inhibition
of S1P reduces the metastasis of cancer and prolongs the survival
of animals with implanted tumors.” Moreover, we clarified that an-
giogenesis and lymphangiogenesis caused by breast cancer in an
animal model can be suppressed by the inhibition of S1P production
through SphK1 inhibition using a SphK1-specific inhibitor.!”

H 3675
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We have recently revealed that S1P concentrations in can-
cer tissue are almost always higher than in surrounding non-
cancerous tissue in a variety types of cancer, including breast,
gastric, and pancreatic cancers in human patients.”®’47¢ Notably,
accumulating evidence suggests that SphK1 and S1P seem to be
associated with lymphatic spread based on the analysis of clinical

samples from human cancer patients,”*”°

validating our findings
in the experimental system. Based on the available findings, we
hypothesize that the involvement of S1P in cancer prior to me-
tastasis is as follows (Figure 1): S1P is released into the interstitial
fluid surrounding cancer cells, where it promotes the invasion and
migration of cancer cells. The cancer interstitial fluid with a high
concentration of S1P is then drained into the lymphatic vessels,
promoting lymphangiogenesis and lymphatic metastasis of can-
cer cells. Cancer cells that have entered the lymph duct survive
in the lymphatic vessels, primarily stimulated by S1P supplied
from the lymphatic endothelial cells. Eventually, the cancer cells
in the lymph duct reach the lymph nodes and cause lymph node
metastases. Further clinical and translational studies are needed
to validate this hypothesis and to clarify the role of S1P in cancer

progression.

1.6 | Roles of S1P in inflammation and cancer

In the interaction between cancer and the host, S1P is an important
factor linking cancer and inflammation. It has been previously shown
that S1P is the missing link between chronic inflammation and cancer
progression in colitis-associated cancer.?* S1P plays an indispensable
role in the production of IL-6 regulated by NF-kB, the constitutive
activation of transcription factor STAT3, and the resulting increase
in expression of S1PR1.2* The feed-forward amplification loop of the
S1P/S1PR1/Stat3 system is key to amplifying chronic inflammation in
the disease process.24 Notably, treatment with FTY720 significantly
reduces not only chronic inflammation but also the development
of colon tumors. More recently, we have shown that the amplifica-
tion loop is important for chronic inflammation evoked by obesity,
which stimulates breast cancer progression in both syngeneic and
spontaneous breast cancer mouse models.”” FTY720 treatment sig-
nificantly reduced inflammatory cytokines IL-6 and TNF-alpha and
tumor progression in the both mouse models.”” In these models,
it has been shown that S1P plays a definitive role in the formation
of premetastatic niches, which is exacerbated by obesity. Human
breast cancer patients who were obese showed higher levels of S1P
compared with normal weight patients.”” Together these findings
support the important role of S1P in cancer with chronic inflamma-
tion, not only in the animal models but also in human disease, which
might direct treatment strategies in the near future.

1.7 | Clinical impact of S1P

Technological advances now allow for the accurate measurement
of S1P in surgical specimens,70 thus enabling a greater understand-
ing of the clinical impacts of this lipid mediator. We have measured
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levels of S1P in surgical specimens and have found that S1P levels
in breast cancer, gastric cancer, colorectal cancer, liver cancer, and
pancreatic cancer are almost always higher than in normal tissue.”+7>
Immunohistochemistry of phosphorylated-SphK1 (pSphK1) is an
easy and effective way to estimate S1P production in clinical sam-
ples.”*7> It has been revealed that elevated expression of pSphK1
is significantly associated with lymph node metastasis in breast
cancer’* and with lymphatic invasion and lymph node metastasis in
gastric cancer.”® Moreover, gastric cancer patients with high SphK1
show significantly worse overall survival compared with patients
with low pSphK1 expression.”®

The S1P gradient in the tumor microenvironment may play an im-
portant role in cancer progression. Considering that conditions with
chronic inflammation evoke cytokine production, S1P is expected to
be upregulated by the inflammatory mediators that stimulate SphK1
in cancer cells and stromal cells in the tumor microenvironment. S1P
has a strong action of recruiting immune cells by its concentration
gradient and can also recruit cancer cells toward the vasculature.
Advances in technology may reveal more about the mechanisms of
S1P regulation in the tumor microenvironment and its contribution

to cancer progression.

1.8 | Clinical utility of therapies targeting S1P

Given that S1P plays an important role in inflammation and cancer
progression, targeting S1P signaling might be a promising therapy
for cancer patients, especially patients with chronic inflammation.
Potential therapeutic strategies targeting the S1P signal transduc-
tion system could include novel agents that inhibit S1P production
enzymes, receptors, or S1P itself.

Inhibition of the enzymes that produce S1P is a promising strat-
egy to treat cancer patients.28 For instance, we have previously
demonstrated that SK1-I, a SphK1 specific inhibitor, suppresses an-
giogenesis and lymphangiogenesis that lead to reduction of tumor
burden and metastases in murine breast cancer model.l? PF-543 is
another inhibitor of SphK1 with much stronger potency.”® However,
the effect of PF-543 in vitro has been controversial due to some
negative results.””° Importantly, the effect of PF-543 has not been
assessed in vivo settings of cancer with inflammation. Considering
the important role of S1P in the inflammation and cancer, it is worth
investigating the effect of PF-543 in these settings.

ABC compound, a SphK2 inhibitor, and sphingomab, an anti-S1P

antibody are other S1P signal-targeted drugs,ze'81

and they were
investigated in phase | and Il clinical trials. Sphingomab has been
demonstrated to neutralize extracellular S1P and angiogenesis was
suppressed.82 Alternatively, S1P signaling pathway can be inhibited by
existing drugs, such as FTY720. FTY720 is an FDA-approved drug for
multiple sclerosis.®® Although many studies have shown the anti-cancer
activity of FTY720 in vitro and in vivo, clinical trials using FTY720 for
cancer patients have not yet been conducted, possibly because of its
side effects on the immune system. In order to verify the effect of S1P
inhibitors in inflammatory-associated cancers, it is desirable to conduct

clinical trials after appropriate preclinical studies. Furthermore, the

possibility of combining an S1P signal inhibitor with anticancer drug
therapy and/or molecular targeted drugs should be explored.
Considering the close functions of S1P in chronic inflammation
and in cancer reviewed herein, we would like to emphasize that ther-
apies targeting S1P signaling are expected to have a significant posi-
tive effect in cancer patients in the context of chronic inflammation.
Further studies are needed to validate this concept, but it is worth
carrying out clinical trials for cancer patients with chronic inflamma-
tion by targeting S1P signaling, as this may provide better outcomes

for those patients.

2 | CONCLUSION

Given the critical role of S1P in linking inflammation and cancer,
it is possible that cancer with chronic inflammation may be best
treated by targeting the S1P signaling pathway as a novel thera-
peutic approach. Although further investigation will be needed to
develop the targeted therapies, accelerated technological inno-
vation could greatly improve the possibility of cancer treatments

targeting S1P.

ACKNOWLEDGMENT

This work was supported by the Japan Society for the Promotion of
Science (JSPS) Grant-in-Aid for Scientific Research Grant Number
JP18K19576 for M. Nagahashi and JP16K15610 for T. Wakai and K.
Takabe is supported by NIH/NCI grant RO1CA160688 and Susan G.
Komen Investigator Initiated Research Grant 1IR12222224.

CONFLICT OF INTEREST

The authors have no conflict of interest.

ORCID

Masayuki Nagahashi http://orcid.org/0000-0003-3462-253X

REFERENCES

1. Balkwill F, Mantovani A. Inflammation and cancer: back to Virchow?
Lancet. 2001;357:539-545.

2. Terzic J, Grivennikov S, Karin E, Karin M. Inflammation and colon
cancer. Gastroenterology. 2010;138:2101-2114.e5.

3. Flegal KM, Carroll MD, Ogden CL, Curtin LR. Prevalence and trends
in obesity among US adults, 1999-2008. JAMA. 2010;303:235-241.

4. Maccio A, Madeddu C. Obesity, inflammation, and postmenopausal
breast cancer: therapeutic implications. ScientificWorldJournal.
2011;11:2020-2036.

5. Khandekar MJ, Cohen P, Spiegelman BM. Molecular mechanisms of
cancer development in obesity. Nat Rev Cancer. 2011;11:886-895.

6. Carmichael AR. Obesity and prognosis of breast cancer. Obes Rev.
2006;7:333-340.

7. Demark-Wahnefried W, Platz EA, Ligibel JA, et al. The role of obe-
sity in cancer survival and recurrence. Cancer Epidemiol Biomarkers
Prev. 2012;21:1244-1259.


http://orcid.org/0000-0003-3462-253X
http://orcid.org/0000-0003-3462-253X

NAGAHASHI ET AL.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Mantovani A, Allavena P, Sica A, Balkwill F. Cancer-related inflam-
mation. Nature. 2008;454:436-444.

Lasry A, Zinger A, Ben-Neriah Y. Inflammatory networks underlying
colorectal cancer. Nat Immunol. 2016;17:230-240.

Balkwill FR, Mantovani A. Cancer-related inflammation: com-
mon themes and therapeutic opportunities. Semin Cancer Biol.
2012;22:33-40.

Drew DA, Cao Y, Chan AT. Aspirin and colorectal cancer: the
promise of precision chemoprevention. Nat Rev Cancer.
2016;16:173-186.

Ogretmen B, Hannun YA. Biologically active sphingolip-
ids in cancer pathogenesis and treatment. Nat Rev Cancer.
2004;4:604-616.

Moro K, Nagahashi M, Ramanathan R, Takabe K, Wakai T. Resolvins
and omega three polyunsaturated fatty acids: clinical implica-
tions in inflammatory diseases and cancer. World J Clin Cases.
2016;4:155-164.

Ramachandran S, Shida D, Nagahashi M, et al. Lysophosphatidic
acid stimulates gastric cancer cell proliferation via ERK1-dependent
upregulation of sphingosine kinase 1 transcription. FEBS Lett.
2010;584:4077-4082.

Shida D, Fang X, Kordula T, et al. Cross-talk between LPA1 and epi-
dermal growth factor receptors mediates up-regulation of sphin-
gosine kinase 1 to promote gastric cancer cell motility and invasion.
Cancer Res. 2008;68:6569-6577.

Coant N, Sakamoto W, Mao C, Hannun YA. Ceramidases, roles in
sphingolipid metabolism and in health and disease. Adv Biol Regul.
2017;63:122-131.

Tiper IV, East JE, Subrahmanyam PB, Webb TJ. Sphingosine
1-phosphate signaling impacts lymphocyte migration, inflammation
and infection. Pathog Dis. 2016;74:ftw063.

Aoyagi T, Nagahashi M, Yamada A, Takabe K. The role of
sphingosine-1-phosphate in breast cancer tumor-induced lymphan-
giogenesis. Lymphat Res Biol. 2012;10:97-106.

Nagahashi M, Ramachandran S, Kim EY, et al. Sphingosine-1-
phosphate produced by sphingosine kinase 1 promotes breast
cancer progression by stimulating angiogenesis and lymphangio-
genesis. Cancer Res. 2012;72:726-735.

Studer E, Zhou X, Zhao R, et al. Conjugated bile acids activate the
sphingosine-1-phosphate receptor 2 in primary rodent hepato-
cytes. Hepatology. 2012;55:267-276.

Takabe K, Yamada A, Rashid OM, et al. Twofer anti-vascular therapy
targeting sphingosine-1-phosphate for breast cancer. Gland Surg.
2012;1:80-83.

Liu R, Zhao R, Zhou X, et al. Conjugated bile acids promote chol-
angiocarcinoma cell invasive growth through activation of sphin-
gosine 1-phosphate receptor 2. Hepatology. 2014;60:908-918.
Nagahashi M, Matsuda Y, Moro K, et al. DNA damage re-
sponse and sphingolipid signaling in liver diseases. Surg Today.
2016;46:995-1005.

Liang J, Nagahashi M, Kim EY, et al. Sphingosine-1-phosphate
links persistent STAT3 activation, chronic intestinal inflamma-
tion, and development of colitis-associated cancer. Cancer Cell.
2013;23:107-120.

Huang WC, Nagahashi M, Terracina KP, Takabe K. Emerging role of
sphingosine-1-phosphate in inflammation, cancer, and lymphangio-
genesis. Biomolecules. 2013;3:408-434.

Nagahashi M, Hait NC, Maceyka M, et al. Sphingosine-1-phosphate
in chronic intestinal inflammation and cancer. Adv Biol Regul.
2014;54:112-120.

Pyne NJ, McNaughton M, Boomkamp S, et al. Role of sphingosine
1-phosphate receptors, sphingosine kinases and sphingosine in can-
cer and inflammation. Adv Biol Regul. 2016;60:151-159.

Ogretmen B. Sphingolipid metabolism in cancer signalling and ther-
apy. Nat Rev Cancer. 2018;18:33-50.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

H 3677
Cancer Science RUIia am

Olivera A, Spiegel S. Sphingosine-1-phosphate as second messen-
ger in cell proliferation induced by PDGF and FCS mitogens. Nature.
1993;365:557-560.

Spiegel S, Olivera A, Carlson RO. The role of sphingosine in cell
growth regulation and transmembrane signaling. Adv Lipid Res.
1993;25:105-129.

Takabe K, Paugh SW, Milstien S, Spiegel S. “Inside-out” signaling
of sphingosine-1-phosphate: therapeutic targets. Pharmacol Rev.
2008;60:181-195.

Spiegel S, Milstien S. Sphingosine-1-phosphate: an enigmatic signal-
ling lipid. Nat Rev Mol Cell Biol. 2003;4:397-407.

Maceyka M, Sankala H, Hait NC, et al. SphK1 and SphK2, sphin-
gosine kinase isoenzymes with opposing functions in sphingolipid
metabolism. J Biol Chem. 2005;280:37118-37129.

Takabe K, Spiegel S. Export of sphingosine-1-phosphate and cancer
progression. J Lipid Res. 2014;55:1839-1846.

Strub GM, Paillard M, Liang J, et al. Sphingosine-1-phosphate pro-
duced by sphingosine kinase 2 in mitochondria interacts with pro-
hibitin 2 to regulate complex IV assembly and respiration. FASEB J.
2011;25:600-612.

Hait NC, Allegood J, Maceyka M, et al. Regulation of histone
acetylation in the nucleus by sphingosine-1-phosphate. Science.
2009;325:1254-1257.

Hait NC, Wise LE, Allegood JC, et al. Active, phosphorylated fingo-
limod inhibits histone deacetylases and facilitates fear extinction
memory. Nat Neurosci. 2014;17:971-980.

Nagahashi M, Takabe K, Liu R, et al. Conjugated bile acid-activated
S1Preceptor 2 is a key regulator of sphingosine kinase 2 and hepatic
gene expression. Hepatology. 2015;61:1216-1226.

Mitra P, Oskeritzian CA, Payne SG, Beaven MA, Milstien S, Spiegel
S. Role of ABCC1 in export of sphingosine-1-phosphate from mast
cells. Proc Natl Acad Sci USA. 2006;103:16394-16399.

Takabe K, Kim RH, Allegood JC, et al. Estradiol induces export of
sphingosine 1-phosphate from breast cancer cells via ABCC1 and
ABCG2. J Biol Chem. 2010;285:10477-10486.

Kawahara A, Nishi T, Hisano Y, Fukui H, Yamaguchi A, Mochizuki
N. The sphingolipid transporter spns2 functions in migration of ze-
brafish myocardial precursors. Science. 2009;323:524-527.

Hisano Y, Kobayashi N, Kawahara A, Yamaguchi A, Nishi T. The
sphingosine 1-phosphate transporter, SPNS2, functions as a trans-
porter of the phosphorylated form of the immunomodulating agent
FTY720. J Biol Chem. 2011;286:1758-1766.

Nagahashi M, Kim EY, Yamada A, et al. Spns2, a transporter of phos-
phorylated sphingoid bases, regulates their blood and lymph levels,
and the lymphatic network. FASEB J. 2013;27:1001-1011.

Fukuhara S, Simmons S, Kawamura S, et al. The sphingosine-
1-phosphate transporter Spns2 expressed on endothelial
cells regulates lymphocyte trafficking in mice. J Clin Invest.
2012;122:1416-1426.

Osborne N, Brand-Arzamendi K, Ober EA, et al. The spinster homo-
log, two of hearts, is required for sphingosine 1-phosphate signaling
in zebrafish. Curr Biol. 2008;18:1882-1888.

Pham TH, Baluk P, Xu Y, et al. Lymphatic endothelial cell sphingosine
kinase activity is required for lymphocyte egress and lymphatic pat-
terning. J Exp Med. 2010;207:17-27, S1-4.

Nagahashi M, Takabe K, Terracina KP, et al. Sphingosine-1-
phosphate transporters as targets for cancer therapy. Biomed Res
Int. 2014;2014:651727.

Nagahashi M, Yuza K, Hirose Y, et al. The roles of bile acids and
sphingosine-1-phosphate signaling in the hepatobiliary diseases. J
Lipid Res. 2016;57:1636-1643.

Cyster JG, Schwab SR. Sphingosine-1-phosphate and lymphocyte
egress from lymphoid organs. Annu Rev Immunol. 2012;30:69-94.
Rosen H, Alfonso C, Surh CD, McHeyzer-Williams MG. Rapid in-
duction of medullary thymocyte phenotypic maturation and egress



ELERVWITSYE Cancer Science

51.
52.

53.

54.
55.

56.
57.
58.

59.
60.

61.

62.

63.
64.

65.

66.

67.

NAGAHASHI ET AL.

inhibition by nanomolar sphingosine 1-phosphate receptor agonist.
Proc Natl Acad Sci USA. 2003;100:10907-10912.

Matloubian M, Lo CG, Cinamon G, et al. Lymphocyte egress from
thymus and peripheral lymphoid organs is dependent on S1P recep-
tor 1. Nature. 2004;427:355-360.

Schwab SR, Pereira JP, Matloubian M, Xu Y, Huang Y, Cyster JG.
Lymphocyte sequestration through S1P lyase inhibition and disrup-
tion of S1P gradients. Science. 2005;309:1735-1739.

Takuwa N, Du W, Kaneko E, Okamoto Y, Yoshioka K, Takuwa Y.
Tumor-suppressive sphingosine-1-phosphate receptor-2 counter-
acting tumor-promoting sphingosine-1-phosphate receptor-1 and
sphingosine kinase 1 - Jekyll Hidden behind Hyde. Am J Cancer Res.
2011;1:460-481.

Wang W, Graeler MH, Goetzl EJ. Type 4 sphingosine 1-phosphate
G protein-coupled receptor (51P4) transduces S1P effects on T cell
proliferation and cytokine secretion without signaling migration.
FASEB J. 2005;19:1731-1733.

Cencetti F, Bernacchioni C, Tonelli F, Roberts E, Donati C, Bruni P.
TGFbetal evokes myoblast apoptotic response via a novel signaling
pathway involving S1P4 transactivation upstream of Rho-kinase-2
activation. FASEB J. 2013;27:4532-4546.

Olivera A, Allende ML, Proia RL. Shaping the landscape: met-
abolic regulation of S1P gradients. Biochim Biophys Acta.
2013;1831:193-202.

Nagahashi M, Yamada A, Aoyagi T, et al. Sphingosine-1-phosphate
in the lymphatic fluid determined by novel methods. Heliyon.
2016;2:e00219.

Pappu R, Schwab SR, Cornelissen |, et al. Promotion of lymphocyte
egress into blood and lymph by distinct sources of sphingosine-1-
phosphate. Science. 2007;316:295-298.

Yatomi Y. Plasma sphingosine 1-phosphate metabolism and analy-
sis. Biochim Biophys Acta. 2008;1780:606-611.

Bandhuvula P, Saba JD. Sphingosine-1-phosphate lyase in immunity
and cancer: silencing the siren. Trends Mol Med. 2007;13:210-217.
Kumar A, Zamora-Pineda J, Degagne E, Saba JD. S1P lyase reg-
ulation of thymic egress and oncogenic inflammatory signaling.
Mediators Inflamm. 2017;2017:7685142.

Pyne S, Lee SC, Long J, Pyne NJ. Role of sphingosine kinases
and lipid phosphate phosphatases in regulating spatial sphin-
gosine 1-phosphate signalling in health and disease. Cell Signal.
2009;21:14-21.

Moro K, Kawaguchi T, Tsuchida J, et al. Ceramide species are ele-
vated in human breast cancer and are associated with less aggres-
siveness. Oncotarget. 2018;9:19874-19890.

Aarthi JJ, Darendeliler MA, Pushparaj PN. Dissecting the
role of the S1P/S1PR axis in health and disease. J Dent Res.
2011;90:841-854.

Aoki M, Aoki H, Ramanathan R, Hait NC, Takabe K. Sphingosine-
1-phosphate signaling in immune cells and inflamma-
tion: roles and therapeutic potential. Mediators Inflamm.
2016;2016:8606878.

Lee H, Deng J, Kujawski M, et al. STAT3-induced S1PR1 expres-
sion is crucial for persistent STAT3 activation in tumors. Nat Med.
2010;16:1421-1428.

Yuza K, Nagahashi M, Shimada Y, et al. Upregulation of
phosphorylated-sphingosine kinase 1 expression in colitis-
associated cancer. J Surg Res. 2018;231:323-330.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Snider AJ, Orr Gandy KA, Obeid LM. Sphingosine kinase: role in
regulation of bioactive sphingolipid mediators in inflammation.
Biochimie. 2010;92:707-715.

Pyne NJ, Pyne S. Sphingosine 1-phosphate and cancer. Nat Rev
Cancer. 2010;10:489-503.

Nagahashi M, Tsuchida J, Moro K, et al. High levels of sphingolipids
in human breast cancer. J Surg Res. 2016;204:435-444.

Hanahan D, Weinberg RA. Hallmarks of cancer: the next genera-
tion. Cell. 2011;144:646-674.

Yamada A, Nagahashi M, Aoyagi T, et al. ABCCl-exported
sphingosine-1-phosphate, produced by sphingosine kinase 1, short-
ens survival of mice and patients with breast cancer. Mol Cancer Res.
2018;16:1059-1070.

Nagahashi M, Yamada A, Miyazaki H, et al. Interstitial fluid
sphingosine-1-phosphate in murine mammary gland and cancer and
human breast tissue and cancer determined by novel methods. J
Mammary Gland Biol Neoplasia. 2016;21:9-17.

Tsuchida J, Nagahashi M, Nakajima M, et al. Breast cancer
sphingosine-1-phosphate is associated with phospho-sphingosine
kinase 1 and lymphatic metastasis. J Surg Res. 2016;205:85-94.
Hanyu T, Nagahashi M, Ichikawa H, Ishikawa T, Kobayashi T, Wakai
T. Expression of phosphorylated sphingosine kinase 1 is associated
with diffuse type and lymphatic invasion in human gastric cancer.
Surgery. 2018;163:1301-1306.

Yuza K, Nakajima M, Nagahashi M, et al. Different roles of sphin-
gosine kinase 1 and 2 in pancreatic cancer progression. J Surg Res.
2018;232:186-194.

Nagahashi M, Yamada A, Katsuta E, et al. Targeting the SphK1/S1P/
S1PR1 axis that links obesity, chronic inflammation and breast can-
cer metastasis. Cancer Res. 2018;78:P1-01-06.

Schnute ME, McReynolds MD, Kasten T, et al. Modulation of cel-
lular S1P levels with a novel, potent and specific inhibitor of sphin-
gosine kinase-1. Biochem J. 2012;444:79-88.

Wang J, Knapp S, Pyne NJ, Pyne S, Elkins JM. Crystal struc-
ture of sphingosine kinase 1 with PF-543. ACS Med Chem Lett.
2014;5:1329-1333.

Ju T, Gao D, Fang ZY. Targeting colorectal cancer cells by a novel
sphingosine kinase 1 inhibitor PF-543. Biochem Biophys Res
Commun. 2016;470:728-734.

Britten CD, Garrett-Mayer E, Chin SH, et al. A phase | study
of ABC294640, a first-in-class sphingosine kinase-2 inhibi-
tor, in patients with advanced solid tumors. Clin Cancer Res.
2017;23:4642-4650.

Zhang L, Wang X, Bullock AJ, et al. Anti-S1P antibody as a novel
therapeutic strategy for VEGFR TKl-resistant renal cancer. Clin
Cancer Res. 2015;21:1925-1934.

Cohen JA, Barkhof F, Comi G, et al. Oral fingolimod or intramus-
cular interferon for relapsing multiple sclerosis. N Engl J Med.
2010;362:402-415.

How to cite this article: Nagahashi M, Abe M, Sakimura K,
Takabe K, Wakai T. The role of sphingosine-1-phosphate in
inflammation and cancer progression. Cancer Sci. 2018;109:
3671-3678. https://doi.org/10.1111/cas.13802



https://doi.org/10.1111/cas.13802

