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1.  INTRODUCTION 
 Approximately 15% of American women will be diagnosed with breast cancer, the 2nd leading 
cause of cancer death among women. Breast cancer death rates have been dropping due to 
advances in detection and better treatments, particularly hormonal therapies for the ~70% of breast 
cancers that express estrogen receptors (ER) and progesterone receptors (PR). Aromatase 
inhibitors, which prevent the production of estrogen and direct ER antagonists, such as tamoxifen, are 
especially effective against ER positive tumors and have less side effects than traditional chemo- and 
radio-therapies. The human epidermal growth factor receptor 2 (HER2), upregulated in 10 to 15% of 
breast cancers, can also be targeted with an inhibitory monoclonal antibody (Herceptin). However, 
hormonal therapies are ineffective in the 15 to 20% of tumors that are ER/PR/HER2 negative, termed 
triple negative breast cancer (TNBC). These tumors are more aggressive and metastatic, leading to 
significantly worse prognoses. In addition to de novo resistance, acquired resistance to these types of 
therapies is a major problem. Therefore, it is critical that we understand the other signaling pathways 
that contribute to breast cancer progression and metastasis in order to develop new approaches for 
treatment of breast cancer. Our studies have demonstrated that the bioactive sphingolipid metabolite, 
sphingosine-1-phosphate (S1P), may be an attractive target for TNBC treatment as it regulates 
numerous physiological and cellular processes that are important for breast cancer progression, 
including cell proliferation and survival, migration and invasion important for metastasis, inflammation 
that can paradoxically drive tumorigenesis, and angiogenesis that provides cancer cells with nutrients 
and oxygen (1). In particular, one of the enzymes that produces S1P, sphingosine kinase 1 (SphK1), 
is commonly upregulated in breast cancer cells and has been linked to increased cancer progression 
and poor prognosis, possibly leading to resistance to certain anti-cancer therapies. Moreover, we 
found that the other sphingosine kinase isoform, SphK2, also plays an important role in breast cancer 
progression and metastasis. We believe that our studies supported by this grant that are briefly 
summarized below can lead to novel therapies that will overcome the overarching challenges of 
developing safe and effective novel drugs for treating obesity-promoted cancers, metastatic breast 
cancer, as well as TNBC, by identifying the bioactive sphingolipid metabolite, S1P produced by 
SphK1 and SphK2, as a critical factor that drives breast cancer proliferation and metastasis. 
 
2. KEY WORDS 
Sphingosine-1-phosphate, sphingosine kinase, FTY720 (fingolimod, Gilenya), triple negative breast 
cancer, ERα, obesity, histone deacetylase, inflammation, tamoxifen resistance 
 
3.  ACCOMPLISHMENTS 
3.1.  Major Goals of the Project 
 Our project had three major aims that were all successfully completed. 
Aim 1. Determine the role of SphK1 and S1P in obesity promoted chronic inflammation and tumor 
progression and decipher the molecular links between the SphK1/S1P/S1PR1 axis and persistent 
NF-kB and STAT3 activation. 
Aim 2. Target the SphKs/S1P/S1PR1 axis with fingolimod/FTY720 for treatment of obesity-
associated breast cancer to suppress the malicious amplification cascade, and reactivate ER 
expression in ER-negative breast cancer. 
Aim 3. Examine the association of the SphKs/S1P/S1PR1 axis in human breast cancer and 
prognosis. 
 Due to space limitations, only the most important and novel published findings will be briefly 
described. I am especially pleased that several of the trainees who carried out this work obtained 
independent positions. 
 The inability to effectively predict, prevent, and treat metastatic breast cancer is a major problem 
in breast cancer care. Our proposal provided evidence that the SphKs/S1P/S1PR1 axis is one of the 
critical factors that drive breast cancer growth and metastasis. We believe that these findings will 
pave the way for development of new adjuvant therapies targeting this axis as a promising strategy 
for effective treatment of advanced and refractory breast cancer. 
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Aim 1. Role of SphK1 and S1P in obesity promoted breast cancer progression. 
 Although obesity with associated inflammation is now recognized as a risk factor for breast cancer 
and distant metastases, the functional basis for these connections remains poorly understood. Our 
studies show that in breast cancer patients and in animal breast cancer models, obesity is a sufficient 
cause for increased expression of S1P, which mediates cancer pathogenesis (1-9). We have 
completed preclinical studies demonstrating that a high-fat diet accelerated the onset of tumors and 
increased triple-negative spontaneous breast tumors in MMTV-PyMT transgenic mice (1,6). High-fat 
diet was also sufficient to upregulate expression of SphK1 along with its receptor S1PR1 in syngeneic 
and spontaneous breast cancer models (6). We also observed that S1P produced in lung pre-
metastatic niches by tumor-induced SphK1 increased macrophage recruitment and induced IL6 and 
signaling pathways important for metastatic colonization (6). Moreover, overexpression of multidrug 
resistance transporter ABCC1, but not ABCB1, enhanced S1P secretion, tumor growth, 
angiogenesis, and lymphangiogenesis, with a concomitant increase in lymph node and lung 

metastases as well as shorter survival of mice (7). Interestingly, S1P 
exported via ABCC1 from breast cancer cells upregulated transcription 
of SphK1, thus promoting additional S1P formation (7). Further support 
for a key role of S1P in metastasis emerged from a genome-wide in 
vivo screen that identified novel host regulators of metastatic 
colonization (10). Our results establish a critical role for circulating S1P 
produced by tumors and the SphK1/S1P/S1PR1 axis in obesity-related 
inflammation, formation of lung metastatic niches, and breast cancer 
metastasis, with potential implications for prevention and treatment 
(Fig. 1). These findings offer a preclinical proof of concept that 
signaling by a sphingolipid may be an effective target to prevent 
obesity-related breast cancer metastasis. 

Figure 1. Model illustrating the role of SphK1/S1P/S1PR1 axis in the link between obesity, 
inflammation, breast cancer progression, and lung metastasis. It also indicates targeting of this axis 
with FTY720 for treatment. 
 
Aim 2. Target the SphKs/S1P/S1PR1 axis with fingolimod/FTY720 for treatment of obesity-
associated breast cancer to suppress the malicious amplification cascade and reactivate ER 
expression in ER-negative breast cancer. 
 Our work supported by this grant also demonstrated that a multi-pronged attack with the multiple 
sclerosis drug FTY720 (fingolimod, Gilenya) is a novel combination approach for effective treatment 
of both conventional hormonal therapy-resistant breast cancer and TNBC (1-8). We found that oral 
administration of clinically relevant doses of FTY720 suppressed development, progression and 
aggressiveness of spontaneous breast tumors in these mice (2). In ERα-negative human and murine 
breast cancer cells, FTY720 reactivated expression of silenced ERα and sensitized them to 
tamoxifen. We also observed that the active phosphorylated form of FTY720 acts not only as a 
functional antagonist of S1PR1, but is also a potent histone deacetylase inhibitor that reactivates ERα 
expression and thus enhances hormonal therapy for breast cancer (2). FTY720 also greatly reduced 
tumor growth in the syngeneic orthotopic 4T1-luc2 metastatic mouse breast cancer model used in our 
lab (9), accompanied by reduced levels of S1P and dihydro-S1P (ligands for S1PR1) in tumor 
interstitial fluid (4,5). While these observations further support our proposal that S1P may have an 
important role within the tumor microenvironment, they also provide important insight into an 
additional mechanism of action of FTY720 on cancer progression due to reduction of S1P via 
suppression of SphK1 activity. Importantly, in tumor-bearing mice, FTY720 treatment reduced pro-
inflammatory cytokines, macrophage infiltration, S1P-mediated signaling, and tumor progression and 
metastasis induced by obesity, thereby prolonging survival (6). Thus, our results establish a critical 
role for circulating S1P produced by tumors and the SphK/S1P/S1PR1 axis in breast cancer 
progression, inflammation, formation of lung metastatic niches, and metastasis, with potential 
implications for prevention and treatment of TNBC with FTY720.  
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 In a recent study, we demonstrated in TNBC cells, which lack the canonical estrogen receptor, 
ERα66 but express the novel splice variant ERα36, that ERα36 is the receptor responsible for E2-
induced activation of SphK1 and formation and secretion of S1P (11). Tamoxifen, the first-line 
endocrine therapy for breast cancer, is an antagonist of ERα66, but an agonist of ERα36, and, like 
E2, activates SphK1 and increases secretion of S1P. A major problem with tamoxifen therapy is 
development of acquired resistance. We found that tamoxifen resistance correlated with increased 
SphK1 and ERα36 expression in tamoxifen-resistant breast cancer cells, in patient-derived 
xenografts, and in endocrine-resistant breast cancer patients (11). Our data further indicate that 
targeting the SphK1 axis may be a therapeutic option to circumvent endocrine resistance and 
improve patient outcome. Taken together, these findings offer preclinical proof of concept that the 
SphK/S1P/S1PR1 axis plays an important role in breast cancer progression and metastasis. 

Aim 3. Examine the association of the SphKs/S1P/S1PR1 axis in human breast cancer and prognosis. 
Consistent with our observation that a HFD upregulates expression of SphK1, the enzyme that 
produces S1P, along with its receptor S1PR1 in syngeneic and spontaneous breast tumors (6), we 
found that the activated phosphorylated SphK1 was highly expressed in TNBC and particularly 
prevalent in larger tumors (higher T stage) and in tumors from patients with lymph node metastases 
(higher TNM stage) (7). In addition, patients with breast tumors that had higher expression of 
phosphorylated SphK1 (P = 0.011) or SphK1 (P = 0.0014) had worse disease-free survival (7). In 
addition, using novel methods for sphingolipid analyses developed in our lab (3), we found that S1P 
levels were higher in human breast tumor tissue interstitial fluid than in the normal breast tissue (4). 
Moreover, patients with breast cancers that express both activated SphK1 and ABCC1 have 
significantly shorter disease-free survival. These findings suggest that export of S1P via ABCC1 
functions in a malicious feed-forward manner to amplify the S1P axis involved in breast cancer 
progression and metastasis, which has important implications for prognosis of breast cancer patients 
and for potential therapeutic targets. Taken together, these studies suggest that activation of SphK1 
in breast cancer worsens patient survival by export of S1P to the tumor microenvironment to enhance 
key processes involved in cancer progression. 

3.3. Opportunities for Training and Professional Development 
 This project was not designed to provide training and professional development opportunities. 
However, we should note that the VCU School of Medicine has developed several new programs to 
enhance the training and professional development of graduate students and postdoctoral fellows. 
These vital programs provide these trainees, who are critical to the scientific endeavor, with career 
and mentoring resources based on the FASEB Individual Development Plan, including web-based 
tools for an Individual Development Plan, job opportunities in BioCareers, career resources from 
AAAS, CV/resume writing samples from UCSF Office of Career and Professional Development, and 
other career development websites. For graduate students these functions reside within the Office of 
Graduate Education, for Postdoctoral trainees, these reside in the Office of Research and Innovation. 
While no trainees were included in the original proposal, I am actively involved in training graduate 
students and mentoring junior investigators. I have been advising Melissa Maczis on career 
development. Using the “Individual Development Plan” website, she created an Individual 
Development Plan (IDP) and has been using it to record the immediate and long-term objectives of 
her research and her career path plan. She has been making outstanding progress toward 
accomplishing her career goals and based on her accomplishments successfully applied for and 
received a predoctoral fellowship from NIH (F31 CA220798).  

3.4. How were the results disseminated to communities of interest? 
 I presented several research lectures on this project to the cancer research community at the 
Massey Cancer Center Retreat and in the regular meetings of the Massey Cancer Center Cancer Cell 
Signaling Program that I direct together with Dr. Andrew Larner. I also presented this work to the 
international scientific community in several Keynote lectures (See below). Melissa Maczis also 
presented her work in seminars to VCU graduate students. 
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4. IMPACT 
 
4.1. The impact on the development of the principal discipline of the project 
 The work supported by this grant strongly supports the idea that a multi-pronged attack with 
FTY720 is a novel combination approach for effective treatment of conventional hormonal therapy-
resistant breast cancer and triple-negative breast cancer. We previously found that the active 
phosphorylated form of FTY720 is a potent histone deacetylase inhibitor that reactivates ERalpha 
expression and enhances hormonal therapy for breast cancer (2). FTY720 has several advantages 
over available HDAC inhibitors as potential treatments for breast cancer patients: it is an orally bio-
available pro-drug; it has already been approved for human use; it regulates expression of only a 
limited number of genes compared to other HDAC inhibitors; it has good pharmacokinetics and a long 
half life; it suppresses several survival and proliferative pathways; and it is much less toxic, it 
accumulates in tumor tissues, and both the phosphorylated and unphosphorylated forms target 
important pathways in breast cancer. We also found that FTY720, which targets the 
SphK1/S1P/S1PR1 axis, prevents the amplification cascade and mitigates obesity-promoted 
metastatic niche formation and breast cancer metastasis (6,7). Hence, we believe that our studies will 
pave the way for exploration of new clinical trials using FTY720 as a prototype of new adjuvant 
treatment strategies for hormonal resistant breast cancer. This might be particularly relevant in view 
of the increase in obesity that is now endemic and in de novo and acquired resistance to hormonal 
therapy. In an unrelated project, we found that treatment of mice with FTY720 targeted S1PR1 and 
blocked and reversed neuropathic pain induced by bortezomib (Stockstill et al., J. Exp. Med. 
215:1301-1313, 2018) (reviewed in 12). The development of chemotherapy-induced painful 
peripheral neuropathy is a major dose-limiting side effect of many chemotherapeutics. Thus, in 
addition to synergizing with chemotherapy, FTY720 also might suppress chemotherapy-induced 
neuropathic pain. As FTY720 also shows promising anticancer potential and is FDA approved, rapid 
clinical translation of our findings is anticipated. 
 
4.2. The Impact on Other Disciplines 
 Although this work may not have a direct impact on other disciplines it might contribute to them, 
particularly in the treatment of cognitive impairment. HDAC inhibitors have shown promise as a 
treatment to combat the cognitive decline associated with aging and neurodegenerative disease, as 
well as to ameliorate the symptoms of depression and posttraumatic stress disorder, among others. 
Due to its unique features described above and its high brain penetration, FTY720 might be more 
effective than other HDAC inhibitors as an adjuvant therapy for erasing aversive memories (2). This 
might also be relevant to suppression of cognitive impairment and neuropathic pain associated with 
chemotherapy. Moreover, our recent work shows that targeting the S1P/S1PR1 axis by treatment 
with FTY720 greatly reduces cancer-induced bone pain and neuroinflammation (Grenald et al., Pain. 
158:1733-1742, 2017) (reviewed in 12) and supports potential fast-track clinical application of the 
FDA-approved drug, FTY720, as a therapeutic avenue for preventing “chemo brain”, i.e. 
chemotherapy-related cognitive impairment or cognitive dysfunction. 
 
4.3. The Impact on Technology Transfer 
Nothing to report 
 
4.4. The impact on Society Beyond Science and Technology 
Nothing to report 
 
5. CHANGES/PROBLEMS 
 There were no significant changes in the project or its direction.  
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a b s t r a c t

Breast cancer remains the most common malignant disease in women. The estrogen re-
ceptor-a (ERa) and its ligand 17b-estradiol (E2) play important roles in breast cancer. E2
elicits cellular effects by binding to ERa in the cytosol followed by receptor dimerization and
translocation to the nucleus where it regulates gene expression by binding to ERE response
elements. However, it has become apparent that E2 also exerts rapid non-genomic effects
through membrane-associated receptors. There is emerging evidence that this induces for-
mation of the bioactive sphingolipid metabolite sphingosine-1-phosphate (S1P). S1P in turn
has been implicated in many processes important in breast cancer progression. One of the
enzymes that produce S1P, sphingosine kinase 1 (SphK1), is upregulated in breast cancer and
its expression has been correlated with poor prognosis. This review is focused on the role of
the SphK/S1P axis in estrogen signaling and breast cancer progression and will discuss new
therapeutic approaches targeting this axis for breast cancer treatment.

© 2015 Elsevier Ltd. All rights reserved.
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1. Introduction

The estrogen receptor-a (ERa) and its ligand 17b-estradiol (E2) play important roles in breast cancer. Most of the canonical
genomic effects of binding of E2 to ERa are mediated by nuclear transcriptional regulation. However, E2 also exerts rapid non-
genomic signaling throughmembrane-associated receptorsmany of them resulting from increased formation of the bioactive
sphingolipid metabolite sphingosine-1-phosphate (S1P). S1P and sphingosine kinases (SphKs) that produce it have been
implicated in many processes important in breast cancer progression. In this review, we discuss the role of the SphK/S1P axis
in estrogen signaling and breast cancer progression and also some new therapeutic approaches to potentially target this axis
for breast cancer treatment.
1.1. Formation and metabolism of S1P

It has long been known that sphingolipid metabolism generates metabolites with important functions. The best char-
acterized are ceramide, the backbone of all sphingolipids, its breakdown product sphingosine, and S1P. S1P metabolism has
been discussed in many reviews (Hannun and Obeid, 2008; Maceyka and Spiegel, 2014; Shamseddine et al., 2015) and is only
briefly outlined here. Two sphingosine kinases, known as SphK1 and SphK2, catalyze the phosphorylation of sphingosine to
S1P, which is irreversibly cleaved by S1P lyase to phosphoethanolamine and a fatty aldehyde or dephosphorylated back to
sphingosine by several phosphatases which then can be reutilized for ceramide and sphingolipid formation. Tissue levels of
S1P are thus determined by the balance between activity of SphKs and S1P lyase and phosphatases.
1.2. S1P signaling

1.2.1. S1P and its receptors
S1P has important roles in regulation of a wide variety of complex biological processes important for breast cancer

progression (Carroll et al., 2015; Maceyka and Spiegel, 2014). Most of these actions are mediated by binding to a family of five
specific cell surface receptors (S1PR1-5) (Maceyka and Spiegel, 2014). Numerous stimuli, including hormones such as
estradiol (E2), rapidly activate SphK1 and/or SphK2 to transiently increase intracellular S1P levels in specific pools. S1P
produced mainly by activated SphK1 can then be secreted by Spns2, a member of the major facilitator superfamily of non-
ATP-dependent transporters or by ABC transporters ABCA1, ABCC1, and ABCG2 (Nishi et al., 2014; Takabe and Spiegel,
2014). S1P in turn activates its receptors in an autocrine or paracrine manner known as ‘inside-out’ signaling of S1P
(Hobson et al., 2001; Takabe et al., 2008). Physiological responses regulated by S1P depend on the spectrum of ubiquitously
but differentially expressed S1PRs and the variety of G proteins they are coupled to. Thus, many signaling pathways
downstream of S1PRs that have been linked to cancer progression have been shown to be activated depending on the cell
type, including MAPKs, phospholipase C, adenylate cyclase, and Rac/PI3K/Akt, to name a few (Pyne et al., 2014; Takabe et al.,
2008). Moreover, various types of cancer cells differentially express different sets of S1PRs, thus providing S1P with the ability
to regulate numerous cellular processes important for breast cancer, including growth, survival, migration, invasion,
inflammation, angiogenesis, and lymphangiogenesis (Nagahashi et al., 2014).

1.2.2. Intracellular actions of S1P
While it has long been suspected that S1P also has intracellular actions that are independent of S1PRs, only recently have

several intracellular targets been identified that are likely to be important in the context of cancer. We found that S1P, but not
dihydro-S1P, produced by SphK1 activated by TNF directly binds to and activates the E3 ubiquitin ligase activity of TNF
receptor-associate factor 2 (TRAF2), an important component in NF-kB signaling (Alvarez et al., 2010). NF-kB regulates
transcription of pro-survival or anti-apoptosis genes, thus identifying one of the mechanisms for the pro-survival actions of
S1P in cancer progression. Interestingly, in contrast to SphK1, which is localized to the cytosol, SphK2 is mainly in the nucleus
of most types of cells. We showed that nuclear S1P produced by ERK/MAPK-dependent activation of SphK2 is an endogenous
inhibitor of histone deacetylases (HDACs) (Hait et al., 2009). Since SphK2 is present in repressor complexes together with
HDACs in the nucleus of breast cancer cells (Hait et al., 2009), the S1P it produces inhibits HDAC activity resulting in enhanced
transcription of specific target genes. This was the first indication that nuclear sphingolipid metabolism is involved in
epigenetic regulation. Another link between nuclear S1P and gene expression was recently reported by Ogretmen and col-
leagues who discovered that S1P binds to hTERT and stabilizes telomerase at the nuclear periphery by allosterically
mimicking hTERT phosphorylation. In murine xenografts, inhibitors of SphK2 decreased tumor growth and overexpression of
wild-type hTERT in cancer cells, but not a hTERTmutant that was unable to bind S1P, restored tumor growth (Panneer Selvam
et al., 2015). Their results suggest that S1P promotes telomerase stability and telomere maintenance important for cancer cell
proliferation and tumor growth. In the mitochondria, SphK2 produces S1P that binds to prohibitin 2 (PHB2), a protein that
regulates mitochondria assembly and function. Deleting SphK2 or PHB2 induced a mitochondrial respiration defect through
cytochrome c oxidase (Strub et al., 2011) and may be important for the well-known Warburg metabolism of cancer cells. In
this regard, it was suggested that SphK1, but not SphK2, functions to maintain the Warburg effect and cell survival (Watson
et al., 2013).
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1.3. Role of estrogen in breast cancer

Breast cancer is the most common cancer among women worldwide and occurs in about 1 in 8 women in the US (http://
www.cancer.org, last accessed June 10, 2015). The estrogen receptor-a (ERa) plays an important role in breast cancer path-
ogenesis and progression (McDonnell and Norris, 2002). Patients with tumors that express ERa are termed “ERa-positive” and
those lacking ERa are termed “ERa-negative”. The majority of human breast cancers start out as estrogen-dependent because
they are derived from cells that express ERa (Saha Roy and Vadlamudi, 2012). The steroid hormone, E2, interacts directly with
estrogen-specific cytoplasmic/nuclear receptors, ERa66 and ERa46 (Marino et al., 2006). ERa66 is the main ERa responsible
for ERa-positive breast cancer responses to E2. ERa46 is a 46 kDa splice variant that also functions in association with ERa66.
The canonical pathway by which E2 elicits cellular effects is initiated by binding to ERa in the cytosol followed by homo- or
hetero-dimerization and translocation to the nucleus. In the nucleus, ERa dimers function as transcription factors by binding
to specific response elements (ERE) on DNA, and either activating or repressing transcription (Mangelsdorf et al., 1995). These
genomic responses are slow and take days to induce effects through translational events. E2 also initiates rapid non-genomic
responses, taking minutes to cause an effect through a membrane-associated 36 kDa splice variant (ERa36) of ERa66 (Marino
et al., 2006), or through a G protein-coupled receptor (GPR30) (Filardo et al., 2007). Ample evidence has accumulated sug-
gesting an important role for S1P in E2-mediated signaling (Sukocheva and Wadham, 2014).
1.4. Role of the SphK1/S1P axis in ER signaling

Our initial demonstration that overexpression of SphK1 in human breast cancer cells promoted tumorigenesis and neo-
vascularization when implanted in nude mice (Nava et al., 2002) was followed by numerous reports confirming the
importance of SphK1 and formation of S1P as anti-apoptotic and growth-promoting factors in breast cancer (Carroll et al.,
2015; Newton et al., 2015; Pyne et al., 2014; Sukocheva and Wadham, 2014; Truman et al., 2014). Moreover, expression of
SphK1 has been shown to correlate with poor prognosis in breast cancer patients (Pyne et al., 2014; Ruckhaberle et al., 2008).
Fig. 1. Role of the SphK/S1P axis in signaling pathways initiated by E2. Binding of E2 to cytosolic ERa induces its dimerization and translocation to the nucleus
where it associates with estrogen response elements (ERE) to regulate gene expression. E2 can also signal through cell surface E2 receptors to initiate rapid non-
genomic effects that include activation of SphK1 and production of S1P. After export of this S1P by transporters, it activates S1PRs (such as S1PR3) leading to
downstream signaling that regulates many processes important for breast cancer progression including processing of pro-EGFR by metalloproteinases. EGF then
stimulates EGFR-mediated signaling important for cell growth (Sukocheva et al., 2013). S1P produced in the nucleus by SphK2 is an endogenous inhibitor of
HDACs (Hait et al., 2009).

http://www.cancer.org
http://www.cancer.org
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E2 activates SphK1 in breast cancer cells and increases formation and export of S1P (Sukocheva andWadham, 2014; Takabe
and Spiegel, 2014). Increased SphK1 activity correlates with enhanced cell growth, and also is required for E2-dependent
activation of MAPK and intracellular Ca2þ mobilization in ERa-positive MCF-7 breast cancer cells (Sukocheva et al., 2006).

Anti-estrogen therapy with tamoxifen or aromatase inhibitors is the treatment of choice for ERa-positive breast cancer.
Unfortunately, loss of ERa expression leading to resistance to hormonal therapies is common and hormonal therapies are not
effective in ERa-negative breast cancers. One of the mechanisms by which breast cancer cells become resistant is a switch to
growth factor-dependent growth. Intriguingly, activation of ERa by E2 activates EGFR by a “criss-cross” transactivation process
important for E2-dependent growth that requires ERa, activation of SphK1, production and secretion of S1P that activates
S1PR3, leading to enhanced processing of pro-EGFR and activation of EGFR (Sukocheva et al., 2006) (Fig. 1). This also caused
increased localization of EGFR in endosomes to delay its degradation and direct it for recycling for continuous proliferative
signaling (Sukocheva et al., 2009). Interestingly, SphK1 mRNA is also increased after E2 treatment, suggesting that SphK1 is
transcriptionally regulated by ERa66. Transactivation to EGFR was also detected in T47D ERa-positive cells in response to E2
treatment, but not in ERa-negative SK-BR-3; whereas, S1P was able to transactivate the EGFR in both ERa-positive and ERa-
negative cells (Sukocheva et al., 2013). This suggests that both E2 and S1P are critical components in the transactivation of
EGFR in the transition from E2-dependent growth to growth-factor-dependent growth. Moreover, SphK1 was required for
EGF-induced breast cancer migration, proliferation, and cell survival and both ERa and GPR30 have been implicated in
initiation of this signaling (Sukocheva andWadham, 2014). However, only E2 and not EGF stimulated export of S1P via ABCC1
and/or ABCG2 from breast cancer cells in an ERa-dependent manner (Takabe et al., 2010). Although Spns2, another bona fide
S1P transporter, has been shown to export S1P from cells (Nishi et al., 2014; Takabe and Spiegel, 2014) and to be important in
inflammatory and autoimmune diseases in mouse models (Donoviel et al., 2015), its involvement in breast cancer has not yet
been investigated.

1.5. S1P in development of tamoxifen resistance

Tamoxifen is an anti-estrogen drug that binds to ERa, preventing estrogen binding, thereby causing cell growth arrest in
breast cancer cells that are estrogen-dependent. Previous studies have shown that when patients with ERa-positive breast
cancer are treated with tamoxifen for 5 years, the rate of cancer recurrence is reduced by 39 percent and breast cancer
mortality is decreased by about one-third throughout the first 15 years (Davies et al., 2011). Unfortunately, half of these
patients will ultimately fail therapy due to acquired resistance. Moreover, breast cancer in patients whose tumors do not
express ERa, progesterone receptor, and human epidermal growth factor receptor 2 (HER2, also known as ErbB-2), termed
triple-negative breast cancer (TNBC), is aggressive with high recurrence, metastatic, andmortality rates (Bayraktar and Gluck,
2013). These patients do not respond to hormonal therapy due to de novo (intrinsic) resistance and have limited treatment
options.

The SphK1/S1P/S1PRs axis has been implicated in the development of tamoxifen resistance or acquired (extrinsic) che-
moresistance. SphK1 expression and activity were shown to be elevated in acquired-tamoxifen resistant ERa-positive MCF7
cells, and SphK1 inhibition or downregulation restored the anti-proliferative and pro-apoptotic effects of tamoxifen
(Sukocheva et al., 2009; Watson et al., 2010). In a cohort of 304 ERa-positive breast cancer patients, SphK1 expression
correlated with tamoxifen resistance (Pyne et al., 2012). Moreover, high SphK1 and ERK1/2 expression in tumors of ERa-
positive breast cancer patients, high S1PR1, but not S1PR2, expression, and higher expression of S1PR1/3 and ERK1/2 were all
found to be associated with shorter time to recurrence on tamoxifen (Watson et al., 2010). These correlations suggest that the
SphK1/S1P/S1PR1/3 axis and ERK1/2may cooperate to promote ERa-positive breast cancer progression and resistance to anti-
estrogen therapies.

1.6. Inhibition of the ER/S1P axis

Inhibitors that effectively target the ERa/S1P axis could also potentially be useful as new therapies for breast cancer.
Numerous studies have shown the inhibitors of SphK1 decrease cancer cell growth and survival and also sensitize them to
chemotherapeutics. For example, the non-selective SphK1/2 inhibitor, SKI-II, has been shown to abrogate ERa signaling, likely
acting both as a SphK inhibitor and in a similar manner as tamoxifen by directly binding to the ERa and blocking binding of E2
(Antoon et al., 2011a). Moreover, SphK1 inhibition by siRNA knockdown or treatment with SKI-5C sensitizes TNBC cells to
chemotherapeutic drugs (Datta et al., 2014). However, fewer studies have shown the utility of SphK1 inhibitors in vivo. We
found that treatment mice bearing syngeneic breast tumors with the specific SphK1 inhibitor SK1-I not only suppressed S1P
levels in the tumor and circulation, but importantly reduced tumor burden and metastases to lymph nodes and lungs
(Nagahashi et al., 2012). Growth of MDA-MB-468 xenograft tumors in mice was significantly inhibited by the SphK1/2 in-
hibitor SKI-II and the tyrosine kinase inhibitor gefitinib when used in combination, but not as single agents (Martin et al.,
2014). Although inhibition of SphK2 has also been reported to reduce tumorigenesis (Antoon et al., 2011b; Liu et al., 2013),
further studies are needed to insure that these effects are solely dependent on inhibition of SphK2 activity.

We and others found that the multiple sclerosis pro-drug FTY720/fingolimod, a sphingosine analog that is phosphorylated
mainly by SphK2 to a S1Pmimetic in vivo, has pleiotropic anti-cancer actions in breast cancer cells and in animal models. First,
FTY720 has anti-proliferative actions in many types of cancer cells without affecting normal cells (Romero Rosales et al.,
2011). Moreover, FTY720 is a substrate and thus a competitive inhibitor of SphK1 and SphK2, decreasing levels of pro-
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survival S1P and increasing levels of pro-apoptotic sphingosine (Pyne et al., 2014). Phosphorylated FTY720 (FTY720-P) is also
a functional antagonist of and downregulates S1PR1, which interferes with activation of NF-kB and STAT3, and inhibits
neovascularization in B cell-derived tumors (Deng et al., 2012; Lee et al., 2010; Liu et al., 2012) and colorectal cancer (Liang
et al., 2013; Nagahashi et al., 2014). Furthermore, in breast cancer cells, FTY720-P produced in the nucleus by nuclear SphK2 is
a potent inhibitor of class 1 HDACs that enhances histone acetylations and regulates expression of a restricted set of genes
important for cancer progression, independently of its known effects on canonical signaling through S1PR1 (Hait et al., 2015).
Importantly, in ERa-negative human and murine breast cancer cells and in ERa-negative syngeneic breast tumors, FTY720
activated re-expression of silenced ERa, which restored the ability of the anti-estrogen drug tamoxifen to block breast cancer
proliferation and enhance apoptosis (Hait et al., 2015). Because a high fat diet and associated obesity are now endemic and
associated with worse prognosis in breast cancer, we also investigated the effect of FTY720 administration on increased
tumorigenesis in high fat diet fed mice. FTY720 significantly impaired development, progression and aggressiveness of
spontaneous breast tumors in MMTV-PyMT transgenic mice and also reduced HDAC activity and restored expression of
estrogen and progesterone receptors induced by the high fat diet (Hait et al., 2015). Taken together, these results provide
further support the notion that FTY720 deserves consideration as a new therapeutic for treatment of both hormonal therapy-
resistant breast cancer and triple-negative breast cancer.
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The phosphorylated prodrug FTY720 is a histone deacetylase
inhibitor that reactivates ERα expression and enhances
hormonal therapy for breast cancer
NC Hait1, D Avni1, A Yamada2, M Nagahashi2, T Aoyagi2, H Aoki2, CI Dumur3, Z Zelenko4, EJ Gallagher4, D Leroith4, S Milstien1,
K Takabe2 and S Spiegel1

Estrogen receptor-α (ERα)-negative breast cancer is clinically aggressive and does not respond to conventional hormonal therapies.
Strategies that lead to re-expression of ERα could sensitize ERα-negative breast cancers to selective ER modulators. FTY720
(fingolimod, Gilenya), a sphingosine analog, is the Food and Drug Administration (FDA)-approved prodrug for treatment of multiple
sclerosis that also has anticancer actions that are not yet well understood. We found that FTY720 is phosphorylated in breast cancer
cells by nuclear sphingosine kinase 2 and accumulates there. Nuclear FTY720-P is a potent inhibitor of class I histone deacetylases
(HDACs) that enhances histone acetylations and regulates expression of a restricted set of genes independently of its known effects
on canonical signaling through sphingosine-1-phosphate receptors. High-fat diet (HFD) and obesity, which is now endemic,
increase breast cancer risk and have been associated with worse prognosis. HFD accelerated the onset of tumors with more
advanced lesions and increased triple-negative spontaneous breast tumors and HDAC activity in MMTV-PyMT transgenic mice. Oral
administration of clinically relevant doses of FTY720 suppressed development, progression and aggressiveness of spontaneous
breast tumors in these mice, reduced HDAC activity and strikingly reversed HFD-induced loss of estrogen and progesterone
receptors in advanced carcinoma. In ERα-negative human and murine breast cancer cells, FTY720 reactivated expression of silenced
ERα and sensitized them to tamoxifen. Moreover, treatment with FTY720 also re-expressed ERα and increased therapeutic
sensitivity of ERα-negative syngeneic breast tumors to tamoxifen in vivo more potently than a known HDAC inhibitor. Our work
suggests that a multipronged attack with FTY720 is a novel combination approach for effective treatment of both conventional
hormonal therapy-resistant breast cancer and triple-negative breast cancer.

Oncogenesis (2015) 4, e156; doi:10.1038/oncsis.2015.16; published online 8 June 2015

INTRODUCTION
The majority of breast tumors express the estrogen receptor-α
(ERα) that plays important roles in breast cancer pathogenesis and
progression, and hormonal therapies such as tamoxifen (TAM) are
the first line of adjuvant therapy.1,2 Unfortunately, 30% of these
patients will ultimately fail therapy because of de novo or acquired
resistance. Moreover, patients with ER, progesterone receptor (PR)
and human epidermal growth factor receptor 2 (also known as
ErbB-2) triple-negative breast cancer, which is aggressive with
high recurrence, metastatic and mortality rates,3 do not respond
to hormonal therapies and have limited treatment options.
Epidemiological and clinical studies indicate that obesity, which
is now endemic, increases breast cancer risk and is associated with
worse prognosis4 that may be due in part to the high frequency of
triple-negative breast cancer and ineffectual hormonal therapy.5

As hormonal therapy is so effective with relatively few side effects,
the possibility of reversing hormonal unresponsiveness is an
appealing treatment approach. Histone deacetylases (HDACs) are
negative regulators of ERα transcription, and HDAC inhibitors,
including suberoylanilide hydroxamic acid (SAHA, vorinostat) and
trichostatin A, have been shown to reactivate ERα expression in

ERα− negative breast cancer cells and reverse TAM resistance in
preclinical studies.6–8 Encouragingly, in phase II clinical trials, the
combination of vorinostat and TAM showed promising activity in
reversing hormone resistance.9

FTY720 (fingolimod), the Food and Drug Administration (FDA)
approved prodrug for the treatment of multiple sclerosis, is
phosphorylated in vivo by sphingosine kinase 2 (SphK2) to its
active form FTY720-phosphate (FTY720-P), a mimetic of
sphingosine-1-phosphate (S1P) and an agonist of four S1P
receptors (S1PRs) that interferes with immune cell trafficking by
inducing internalization and degradation of S1PR1.10 However,
FTY720 has strong anticancer effects in vitro and in vivo in various
types of cancers including breast11,12 that are not well understood
independently of its effects on immune cell trafficking.13 Although
some of its actions have been attributed to FTY720-P acting as a
functional antagonist of S1PR1, reducing persistent activation of
the transcription factor STAT3 (signal transducer and activator of
transcription 3) important in malignant progression,14–16 others
have shown that the unphosphorylated FTY720 is an activator of
protein phosphatase 2A, a tumor suppressor that is inactivated in
many cancers.17,18 However, our recent study suggests that
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FTY720-P and not FTY720 binds and inhibits recombinant class I
HDACs.19 Because it is generally believed that FTY720 in cancer
cells is phosphorylated at the plasma membrane by SphK2 to form
FTY720-P that acts via S1PRs, we asked where FTY720 is
phosphorylated in breast cancer cells and whether FTY720-P also
inhibits HDACs in these cells and in tumors to regulate histone
acetylation and gene expression, and can be used to re-express
ERα in ER-negative aggressive breast carcinoma for hormonal
therapies.

RESULTS
SphK2 produces FTY720-P in the nucleus of breast cancer cells
that inhibits class I HDACs
Following treatment with FTY720, an analog of sphingosine,
FTY720-P is produced and accumulates over time in the nucleus of
human and murine breast cancer cells in agreement with
the predominant nuclear localization of SphK2 in these cells
(Figures 1a, c, and f). Nuclear S1P levels were concomitantly
decreased by almost twofold in these cell lines after FTY720
treatment because of decreased phosphorylation of the endo-
genous substrate sphingosine (Figures 1a and c). Interestingly,

although it is generally assumed that most of the actions of the
phosphorylated active form of FTY720 are at the plasma
membrane to modulate S1PR signaling,10 much more FTY720-P
was present in cells than secreted into the media where it can
interact with S1PRs (Figures 1b and d). Overexpression of SphK2
robustly increased the formation of nuclear FTY720-P by 420-fold
in MDA-MB-231 cells (Figure 1e) and 100-fold in MCF7 cells
(Figure 1g), whereas catalytically inactive SphK2G212E had no
significant effect on phosphorylation of FTY720 or formation
of nuclear S1P. In agreement with our previous results showing
that FTY720-P inhibits recombinant class I HDACs,19 we observed
that FTY720-P but not FTY720 itself inhibited endogenous class I
HDACs (HDAC1–3 and HDAC8) immunoprecipitated from nuclear
extracts with the corresponding antibodies as potently as the pan
HDAC inhibitor SAHA (Supplementary Figure S1). However, in
contrast to SAHA that inhibited class II HDAC7, FTY720-P did not.

Phosphorylated FTY720 enhances histone acetylations and
regulates gene expression independently of S1PRs
Because the majority of FTY720-P is produced in the nucleus of
breast cancer cells where its target HDACs are located, we next
examined its effects on histone acetylation. Concomitant with

Figure 1. FTY720-P is produced in the nucleus of breast cancer cells by SphK2. Breast cancer cell lines, murine 4T1 (a, b), human MDA-MB-231
(c, d) and human MCF7 (f) were treated with 5 μM FTY720. (a, c) Nuclear levels of FTY720-P and S1P were determined by liquid
chromatography, electrospray ionization/tandem mass spectrometry (LC-ESI-MS/MS) at the indicated times. Equal amounts of protein from
nuclear and cytosolic fractions were analyzed by immunoblotting with SphK2 antibody. Antibodies against histone H3 or laminA/C and
tubulin were used as nuclear and cytosol markers. (b, d) Total intracellular and secreted FTY720-P were determined in 4T1 cells after 8 h and
MDA-MB-231 cells after 6 h of FTY720 treatment, respectively. MDA-MB-231 cells (e) and MCF7 cells (g) transfected with vector, SphK2 or
catalytically inactive SphK2G212E (ciSphK2) were treated with vehicle or 5 μM FTY720 for 6 and 24 h, respectively. Nuclear levels of FTY720-P and
S1P were determined by LC-ESI-MS/MS. Data are mean± s.d. *Po0.005 compared with vector; #Po0.005 compared with vehicle. Equal
expression of nuclear SphK2 was confirmed by immunoblotting.
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increased nuclear FTY720-P (Figure 1), FTY720 increased acetyla-
tion of specific lysines of histone H3, H4 and H2B in MCF7 and
4T1 cells (Figures 2a and b). Similar results were found with MDA-
MB-231 cells (Supplementary Figure S2a). In order to demonstrate
that these effects are because of the intranuclear action of
FTY720-P, experiments were carried out with purified MCF7 nuclei
devoid of S1PRs. FTY720-P more potently than S1P enhanced
histone acetylation in these nuclei (Figure 2c). Treatment of MCF7
cells with the SphK2 inhibitor K145 reduced FTY720-mediated
histone acetylation (Supplementary Figure S2b). Importantly,
addition of FTY720 itself also increased histone acetylation in
these nuclei in a SphK2-dependent manner, as this effect was
further enhanced by overexpression of SphK2 (but not catalytically
inactive SphK2G212E) (Figure 2d) and was prevented by its
downregulation (Figure 2f). These effects correlated with the
extent of formation of FTY720-P (Figures 2e and g).
To conclusively demonstrate that the effects on histone

acetylation are due to direct intranuclear action of FTY720-P on
HDAC activity independently of canonical signaling through
S1PRs, cells were treated with FTY720-P that activates all S1PRs
except S1PR2.20 Although treatment of cells with FTY720-P, as
expected, increased S1PR-mediated phosphorylation of ERK1/2, it
did not induce significant changes in histone acetylation or in
HDAC activity, in contrast to the significant effects of treatment
with FTY720 or SAHA (Figures 2h and i).
Microarray analysis also indicated that the effects of FTY720 on

gene expression in breast cancer cells are clearly distinguished
from S1P receptor occupancy (Figure 3a). Unsupervised cluster

analysis on 22 277 probe sets as well as supervised hierarchical
cluster analyses demonstrated that there were no major
differences in the clustering of the gene expression profiles
between the naive, vehicle-treated and S1P-treated groups,
whereas significant differences were observed in gene clustering
between them and the FTY720- and SAHA-treated groups
(Figure 3a). Although activation of S1PRs did not significantly
alter gene expression, FTY720 treatment significantly changed the
profiles of 713 genes. In comparison, SAHA significantly altered
expression of 3166 genes, of which 276 were common to FTY720
(Figure 3b). The gene ontology analysis revealed that the majority
of the commonly affected genes were related to transcription
followed by lipid and steroid biosynthesis, transport and meta-
bolic processes (Figure 3c). In addition, regulation of cell growth
and angiogenesis genes was also prominent. Together, these
results indicate that breast cancer cells take up FTY720 and that
FTY720-P produced in the nucleus by SphK2 inhibits class I HDACs
and increases specific histone acetylations and regulates expres-
sion of a restricted subset of gene programs independently
of S1PRs.

FTY720 treatment suppresses development and progression of
spontaneous breast tumors in HFD-fed MMTV-PyMT transgenic
mice
Aberrant expression of class I HDACs and dysregulation of global
histone acetylations has been found in a many cancers, including
breast, and HDACs are promising targets in cancer therapeutics

Figure 2. Nuclear FTY720-P enhances specific histone acetylations in breast cancer cells. MCF7 cells (a) and 4T1 cells (b) were treated with
FTY720 (5 μM) for the indicated times. Histone acetylations in nuclear extracts were detected by immunoblotting with antibodies to specific
histone acetylation sites. (c) Purified nuclei from naive MCF7 cells were incubated for the indicated times with vehicle, S1P (1 μM) or FTY720-P
(1 μM) and histone acetylations determined. (d, e) Purified nuclei were isolated from MCF7 cells transfected with vector, SphK2 or ciSphK2 and
treated with FTY720 (1 μM) for 15min. (f, g) Purified nuclei were isolated from MCF7 cells transfected with siControl or siSphK2 and incubated
with the indicated concentrations of FTY720 for 15 min. Histone acetylations were determined by immunoblotting (d, f) and levels of FTY720-
P by liquid chromatography, electrospray ionization/tandem mass spectrometry (LC-ESI-MS/MS) (e, g). *Po0.05. (h, i) Naive MCF7 cells were
treated with vehicle, FTY720-P (100 nM), FTY720 (1 μM) or SAHA (2 μM) for 2 h, nuclear extracts were analyzed by western blotting with the
indicated antibodies (h) and HDAC activity measured and expressed as arbitrary fluorescence units (AFU) (i). *Po0.001.
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(reviewed in refs 21–24). Therefore, it was of interest to examine
whether the HDAC inhibitory activity of FTY720-P could mitigate
breast cancer development in a mouse model. Because diet,
particularly fat intake, contributes to the development and
progression of breast cancer and has been associated with worse
prognosis,4,5,25 MMTV-PyMT transgenic mice, which sponta-
neously develop breast cancer that closely mimics progression
of the human disease,26,27 were fed a high-fat diet (HFD). Female
PyMT transgenic mice on a normal chow diet spontaneously
developed palpable mammary tumors by 7.5 weeks (Figure 4a). In
agreement with others,28,29 feeding a HFD accelerated the onset
of tumors that were palpable by 6 weeks (Figure 4a) and increased
tumor multiplicity and size (Figures 4a and b). Although FTY720
administration decreased tumor burden without affecting onset in
mice on normal diet (Figure 4a), it significantly increased the
latency for appearance of palpable tumors to 7.5 weeks and
dramatically suppressed tumor development in mice on HFD
(Figures 4a–c). In addition, HFD-fed PyMT mice exhibited more
advanced mammary carcinogenic lesions with poorly differen-
tiated malignant cells of dissimilar cell shape and size (Figure 4d).
These changes were all mitigated by FTY720 treatment. Consistent
with the profound effect on tumor size, there was a significant
increase in proliferation determined by Ki67 staining in the mice
fed HFD compared with normal diet, which was decreased by
FTY720 (Figures 4d and e). Conversely, TUNEL (terminal

deoxynucleotidyl transferase dUTP nick end labeling) staining
revealed a large increase in apoptotic cells in tumors from FTY720-
treated MMTV-PyMT transgenic mice (Figures 4d and e).

FTY720 treatment reverses HFD-induced HDAC activity and loss of
estrogen and progesterone receptors in advanced carcinoma
In agreement with the advanced carcinoma observed in animals
fed with HFD and consistent with a previous report,29 expression
of cyclin D1 was elevated (Figures 4d and 5a) and immunohis-
tochemistry revealed high intensity of cyclin D1-positive clusters
within these tumors (Figure 4d). In contrast, ERα protein and
mRNA as well as PR mRNA were significantly reduced (Figure 5a
and f), all of which are associated with poor prognosis in human
breast cancers.30 Notably, these characteristics of advanced
tumorigenic mammary lesions were reversed by FTY720 admin-
istration to the HFD-fed transgenic mice (Figure 5b). Moreover,
FTY720 treatment clearly induced nuclear ERα expression
(Figure 5b, c, and f). Intriguingly, HFD reduced acetylation of H3-
K9, H4-K5 and H2B-K12 in breast tumors that corresponded with
increased nuclear HDAC activity (Figures 5a,d). Conversely, FTY720
administration dramatically increased these specific histone
acetylations determined by immunoblotting (Figure 5b) and
confirmed by immunohistochemical staining of H3-K9ac in
mammary tumors (Figure 5c). FTY720 also reduced HDAC activity
in breast tumors (Figure 5d), concomitant with marked production

Figure 3. Microarray analysis of genes regulated by FTY720 and SAHA. Gene expression in naive MCF7 cells or MCF7 cells treated with vehicle,
S1P (100 nM), FTY720 (1 μM) or SAHA (1 μM) for 24 h was determined by microarray analyses. (a) Heatmap showing supervised hierarchical
clustering of 713 genes differentially expressed in FTY720-treated cells compared with naive. Expression level of a given gene is indicated by
red (high) and green (low). Note that not all of the genes differentially regulated by SAHA are shown. (b) Venn diagram of genes differentially
regulated by FTY720 and SAHA. (c) The gene ontology (GO) Biological Process analyses of 276 common probe sets regulated by SAHA and
FTY720 treatment ranked for biological processes.
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of nuclear FTY720-P compared with FTY720 (Figure 5e) and
increased mRNA levels of ERα and PR, without affecting expression
of ErbB2 (Figure 5f). Interestingly, in tumor-free mammary fat pads
from MMTV-PyMT transgenic mice or from naive C57BL/6 mice,
HFD reduced HDAC activity and increased histone acetylations
(Supplementary Figure S3).

FTY720 sensitizes triple-negative breast cancer cells to TAM by
reactivation of silenced ERα expression
HDACs are negative regulators of the ERα transcriptional complex
and HDAC inhibitors have been shown to epigenetically restore
ERα expression and reverse TAM resistance in hormone-resistant

breast cancer cells6,7,31,32 and in preclinical animal studies.33,34

As we found that FTY720 is phosphorylated in the nucleus of ERα-
negative MDA-MB-231 and 4T1 breast cancer cells by SphK2
(Figure 1) and that FTY720-P is a potent class I HDAC inhibitor, we
asked whether it induces ERα re-expression in ERα-negative breast
cancer. Although FTY720 alters expression of many fewer genes
than SAHA (Figure 3c), FTY720 more potently than SAHA
enhanced ERα expression in 4T1 cells (Figure 6a), whereas in
MDA-MB-231 cells, it enhanced ERα mRNA and protein expression
to the same extent as SAHA (Figures 6b and c). Similar to SAHA,
FTY720 also enhanced expression of PR, one of the ERα target
genes (Figures 6b and c). As expected, neither SAHA nor FTY720
had a significant effect on expression of ERβ (Figure 6b). Moreover,

Figure 4. FTY720 treatment suppresses advanced tumorigenic mammary lesions in HFD-fed PyMT transgenic mice. Female PyMT transgenic
mice were fed with a normal diet (ND) or a Western HFD, and were treated daily with saline or FTY720 (1 mg/kg) by gavage starting after
weaning. (a) Tumor volumes were determined at the indicated times. (b) Representative images of 10-week-old female PyMTTg mice fed
with ND or HFD without or with FTY720. Note the difference in the size of the tumors in the mammary pads. (c) Tumor volumes and
weights were determined at 11 weeks. (d, e) Tumor sections were stained with hematoxylin and eosin (H&E), proliferation determined
by Ki67 staining, apoptosis by TUNEL and cyclin D1 expression determined by immunohistochemistry. Scale bars: 200 μm and 100 μm,
as indicated. (e) Quantification of Ki67- and TUNEL-positive cells. Data are mean± s.e.m. #Po0.05 compared with ND; *Po0.05 compared
with HFD.
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chromatin immunoprecipitation assays revealed that FTY720, even
more potently than SAHA, enhanced association of acetylated
histone H3 at the ERα promoter (Figure 6d), indicating that
reactivation of ERα expression correlates with ERα promoter
hyperacetylation. In agreement, treatment of these ERα-negative
cells with E2 enhanced their proliferation only in the presence of
FTY720 (Figure 6e). We next examined whether FTY720, which
restores ERα expression in ERα-negative breast cancer cells, could
also induce sensitivity to TAM, an ERα antagonist. As expected,
TAM alone at concentrations up to 10 μM did not inhibit growth of

MDA-MB-231 cells (Figure 6f). Like other HDAC inhibitors,6,31,32

FTY720 reduced growth in a concentration-dependent manner
and importantly sensitized the cells to TAM. For example,
although a concentration of 2.5 μM TAM or FTY720 alone only
reduced growth of MDA-MB-231 cells by 9.3% or 29.3%,
respectively, when combined, cell growth was inhibited by
463% (Figure 6f), with a Synergistic Index of 0.23. Similarly, in
highly metastatic ERα-negative 4T1 murine mammary carcinoma
cells, FTY720 also greatly enhanced the growth inhibitory effect of
TAM (Figure 6g), with a Synergistic Index of 0.23.

Figure 5. FTY720 treatment reverses HFD-induced loss of estrogen and progesterone receptors in PyMT transgenic mice. Female PyMT
transgenic mice were fed with a normal diet (ND) or a Western HFD, and were treated daily with saline or FTY720 (1mg/kg) by gavage starting
after weaning (n= 5 each), as indicated. (a, b) Nuclear extracts from tumors were analyzed by western blotting with the indicated antibodies.
(c) Representative images of tumor sections immunostained with anti-ERα or anti-H3-K9ac antibodies. Scale bars: 20 μm. (d) HDAC activity in
nuclear extracts of tumors was determined and expressed as arbitrary fluorescence units. (e) FTY720 and FTY720-P levels in nuclear extracts of
tumors from mice on HFD treated with FTY720 were measured by liquid chromatography, electrospray ionization/tandem mass spectrometry
(LC-ESI-MS/MS). (f) ERα, PR and ErbB2 mRNA levels in tumors were quantified by quantitative real-time PCR (QPCR) and normalized to Gapdh.
Data are mean± s.e.m. *Po0.05 compared with ND; #Po0.05 compared with HFD.
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FTY720 increases therapeutic sensitivity of ERα-negative syngeneic
breast tumors to TAM
As we have found that FTY720 treatment induces functional ERα
reactivation and sensitizes ERα-negative breast cancer cells to
TAM in vitro, we sought to determine whether FTY720 also
enhances antiestrogen therapy in vivo. We utilized a syngeneic
mouse metastatic breast cancer model instead of conventional
xenografts in immunocompromised nude mice that more
accurately mimics human breast cancer.35,36 ERα-negative
4T1 cells were orthotopically implanted into the second mammary
fat pad of immunocompetent mice and randomized to insure
similar tumor burdens before treatment. 4T1 cells produced large
primary tumors in the chest mammary fat pad that were not
significantly reduced by TAM administration (Figure 7a). Orally
administered FTY720 reduced tumor growth, an effect that was
significantly potentiated by coadministration of TAM (Figures 7a
and b). Strikingly, FTY720 enhanced the antitumor efficacy of TAM
more than SAHA. TUNEL staining also revealed a large increase in
apoptotic cells in tumors from FTY720- plus TAM-treated mice as
compared with tumors from mice treated with each separately
(Figure 7c). Immunohistochemical analysis revealed that nuclear
expression of ERα was increased in tumors from FTY720-treated
mice that was more prominent when combined with TAM than
even in tumors from mice treated with the combination of SAHA
and TAM (Figure 7d). Consistent with the decreased nuclear HDAC
activity in tumors from animals treated with FTY720 or SAHA
(Figure 7e), acetylation of histone H3-K9, H4-K5 and H2B-K12 was
increased in these tumors (Figure 7g), leading to re-expression of

ERα (Figures 7f and g). Taken together, these data suggest that
FTY720 induces epigenetic ERα reactivation in vivo to enhance
hormonal therapy of ERα-negative breast cancer.

DISCUSSION
Hormonal therapies, including selective estrogen receptor mod-
ulators and aromatase inhibitors, are the standards of care for
treatment of ER-positive breast cancer. However, development of
resistance to hormone therapies in advanced breast cancer is a
major obstacle. Therefore, epigenetic reactivation of silenced ERα
expression by HDAC inhibitors has emerged as an attractive
potential mode of therapy for these breast cancer patients.9

Moreover, treatment of triple-negative breast cancer, which has
poor prognosis, remains challenging because the tumors are more
aggressive and resistant to hormonal therapy.30 Epigenetic
modifications are responsible for the lack of ERα expression and
HDACs 1, 2 and 3 are overexpressed in breast cancer and correlate
with more aggressive tumor type.37 In agreement, we found that
consumption of HFD by MMTV-PyMT transgenic mice induced
more aggressive, poorly differentiated tumors with increased
HDAC activity. In contrast, in mammary pads from naive animals
or those without tumors, HFD reduced HDAC activity, supporting
the notion that HFD and obesity increase acetylations of histones
with changes in the epigenome.38 Similar to our findings, it was
previously reported that HFD-induced HDAC activity plays
important roles in epigenetic regulation of tumor suppressor
genes involved in colorectal tumor growth and progression,

Figure 6. FTY720 induces ERα expression in ERα-negative human and murine breast cancer cells and sensitizes them to tamoxifen. 4T1 (a) and
MDA-MB-231 (b) cells were treated with FTY720 (5 μM) or SAHA (1 μM) for 24 h. ERα, PR and ERβ mRNA levels were determined by quantitative
real-time PCR (QPCR) and normalized to GAPDH. (c) Proteins in MDA-MB-231 nuclear extracts were analyzed by immunoblotting with the
indicated antibodies. LaminA/C was used as a loading control. (d) MDA-MB-231 cells were subjected to chromatin immunoprecipitation (ChIP)
analyses with antibodies to H3-ac, H3 or normal rabbit IgG, as indicated. The precipitated DNA was analyzed by real-time PCR with primers
amplifying the core promoter sequence of the ERα gene. Relative binding to the promoter is expressed as fold enrichment compared with
input. Data are mean± s.d. *Po0.003 compared with vehicle. (e) MDA-MB-231 cells were treated with FTY720 (1 nM) without or with 10 nM E2
for the indicated days and cell proliferation was determined by WST assay. (f, g) MDA-MB-231 cells (f) or 4T1 cells (g) were treated with the
indicated concentrations of TAM or FTY720, or with 2.5 μM FTY720 with increasing concentrations of TAM for 48 h and cell proliferation
determined. Data are expressed as % of untreated control.

Epigenetic reactivation of ERα by phosphorylated FTY720
NC Hait et al

7

Oncogenesis (2015), 1 – 11



including increased epithelial–mesenchymal transition and tumor
inflammation in a xenograft model.39

Several HDAC inhibitors have been developed that restored the
efficacy of hormonal therapy in preclinical models33,34,40 and a few
have advanced to clinical trials.9,41 Combination of the HDAC
inhibitor vorinostat with TAM for patients with ER-positive
metastatic breast cancer progressing on hormonal therapy
showed encouraging reversal of hormone therapy resistance.9

Similar results were obtained in a phase II clinical trial in
postmenopausal women with locally recurrent or metastatic ER-
positive breast cancer progressing on treatment with a nonster-
oidal aromatase inhibitor when combined with the HDAC inhibitor
entinostat,41 leading to a phase III clinical trial that is currently
underway (Clinical-Trials.gov identifier: NCT02115282).
It was originally suggested that the prodrug FTY720 (fingolimod,

Gilenya) approved for human use is phosphorylated at the plasma
membrane by SphK2 to form FTY720-phosphate that acts via S1P
receptors.10,20 However, in this study we have demonstrated that
FTY720 is predominantly phosphorylated to FTY720-P in the
nucleus of both ER-positive and ER-negative breast cancer cells.
Although it has been suggested that phosphorylation of FTY720 by
SphK2 is a requirement for its induction of apoptosis in vitro and
in vivo, the targets for this action have not been identified.42 We are

now showing that the active phosphorylated form of FTY720 is a
potent class I HDAC inhibitor. This novel nuclear action of FTY720-P
provides a new mechanism to explain the cytotoxic effects of
FTY720 in cell culture and its preclinical antitumor efficacy in many
xenograft and syngeneic cancer models.43 Moreover, similar to
other HDAC inhibitors, treatment with FTY720 enhances histone
acetylation at the ERα promoter leading to its re-expression, and
sensitizes ER-negative breast cancer cells to TAM therapy. Interest-
ingly, even in HFD-fed PyMT transgenic mice that developed more
advanced, poorly differentiated mammary tumors with increased
HDAC activity and decreased expression of ERα and PR, oral
administration of FTY720 not only suppressed development and
progression of these spontaneous breast tumors, but also reduced
HDAC activity in tumors and concomitantly induced expression of
ERα and PR. Importantly, FTY720 treatment of breast tumor-bearing
mice also induced re-expression of ERα in the tumor and greatly
enhanced the anticancer efficacy of TAM, even more potently than
a known HDAC inhibitor.
FTY720 has multiple beneficial anticancer activities. First, it has

been convincingly shown that the unphosphorylated form is a
potent activator of protein phosphatase 2A, a heterotrimeric
serine/threonine phosphatase that counteracts the activity of
many kinase-driven signaling pathways, including MEK and

Figure 7. FTY720 reduces breast tumor growth and enhances anticancer effectiveness of TAM in ERα-negative 4T1 syngeneic xenografts.
4T1 cells were surgically implanted into the second mammary fat pads under direct vision. Tumor-bearing mice were randomized into five
groups 2 days after implantation and then treated with vehicle, FTY720 (1 mg/kg), TAM (25mg/kg), FTY720 plus TAM or SAHA (intraperitoneal
(i.p.) 20 mg/kg) plus TAM by gavage daily till day 15 (n= 8). (a) Tumor volumes were measured daily. (Insert) Tumor volumes on day 15.
(b) Representative tumors. *Po0.01, #Po0.05 compared with vehicle. (c, d) Immunohistochemical staining of tumor sections for TUNEL
(c) and ERα (d). Scale bar: 20 μm. Quantifications of TUNEL-positive cells and ERα intensity are shown. *Po0.05 compared with vehicle or TAM.
(e) HDAC activity in nuclear extracts of tumors was determined and expressed as arbitrary fluorescence units. (f) Expression of ERα in the
tumors was analyzed by quantitative real-time PCR (QPCR) and normalized to Gapdh. (g) Nuclear extract proteins were analyzed by western
blotting with the indicated antibodies. Histone H3 was used as loading control. Data are mean± s.e.m. *Po0.01 compared with vehicle
or TAM.
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AKT.17,18 In this regard, reduced protein phosphatase 2A activity is
a common event in breast cancer that could predict sensitivity to
FTY720.44 Second, unphosphorylated FTY720 also inhibits and
induces proteasomal degradation of SphK1,45 which is upregu-
lated in breast cancer and correlates with poor prognosis and drug
resistance.46–49 High expression of SphK1 and S1PR1 are also
associated with development of TAM resistance in ER-positive
breast cancer patients.50 Third, because FTY720-P is a functional
antagonist of S1PR1, it can also suppress tumor growth by several
S1PR1-dependent mechanisms. It was shown to decrease
prosurvival/anti-apoptotic signaling from S1PR1 via suppression
of proapoptotic Bim and upregulation of prosurvival Mcl-1
proteins.51 Targeting S1PR1 with FTY720 also interferes with a
major positive feedback loop for persistent STAT3 activation in
breast tumor microenvironment critical for malignant
progression.14 Moreover, FTY720 by interfering with the upregula-
tion of SphK1 and S1PR1 curtails the S1P/SphK1/S1PR1 feed-
forward amplification loop that leads to nuclear factor-κB and
persistent STAT3 activation that play important roles in the link
between chronic inflammation and cancer.16 Finally, in this paper
we have uncovered a novel action of FTY720-P as a potent
inhibitor of class I HDACs that acts similarly to other HDAC
inhibitors to reactivate ERα expression and sensitize breast cancer
cells to TAM therapy.
At first glance, the immunosuppressive action of FTY720 would

seem to be an undesirable effect in cancer therapy. However, it
has been shown that following treatment of tumor-bearing mice
with FTY720, there was a significant reduction in accumulation of
tumor-associated regulatory T cells and an increase in peripheral
blood regulatory T cells, suggesting that FTY720 causes a block in
blood-to-tumor regulatory T-cell recruitment that would allow
more potent antitumor immunity.52 Moreover, treatment of mice
with FTY720 after tumors were established to block new T-cell
trafficking from secondary lymphoid organs still enabled the
increase in the capacity of tumor-infiltrating CD8+ T cells to
produce IL-2 and to proliferate and subsequent tumor rejection
induced by combinatorial immunotherapy with anti-CTLA-4 and
anti-PD-L1 monoclonal antibodies.53

As HDAC inhibitors are being developed for treatment of breast
cancer acting through multiple epigenetic pathways, and numerous
clinical trials are underway,21–24 it is not surprising that FTY720 has
such potent anticancer activity. FTY720 has several advantages over
available HDAC inhibitors as potential treatments for breast cancer
patients: it is an orally bioavailable prodrug; it has already been
approved for human use; it regulates expression of only a limited
number of genes (a majority related to cholesterol and sphingolipid
metabolism) compared with other HDAC inhibitors; it has good
pharmacokinetics and a long half-life; it suppresses several survival
and proliferative pathways; it is much less toxic, accumulates in
tumor tissues, and both the phosphorylated and unphosphorylated
forms target important pathways in breast cancer. Hence, we hope
that our studies will pave the way for exploration of new clinical
trials using FTY720 as a prototype of new adjuvant treatment
strategies for hormonal-resistant breast cancer.

MATERIALS AND METHODS
Cell culture and transfection
Human breast cancer cells MCF7 and MDA-MB-231 (ATCC, Manassas, VA,
USA) and murine 4T1 breast cancer cells (Caliper Life Sciences, Waltham,
MA, USA) were cultured and transfected with vector, SphK2 or catalytically
inactive SphK2G212E as previously described.54 SphK2 was downregulated
by transfection with ON-TARGETplus SMARTpool siRNA against SphK2, and
scrambled siRNA (Dharmacon, Lafayette, CO, USA) was used as control.54

Cell growth was determined with WST-8 reagent and absorbance was
measured at 450 nm.55

Nuclear extracts and immunoblotting
Nuclear extracts from tissues and cells were prepared and protein
expression determined by immunoblotting as previously described.54

Proteins were separated by SDS–polyacrylamide gel electrophoresis,
transblotted to nitrocellulose and incubated with primary antibodies as
indicated in figure legends, including rabbit polyclonal antibodies to:
histone H3-K23ac (1:1000 dilution; EMD Millipore, Billerica, MA, USA);
histone H3, H3-K9ac, H4-K5ac and H2B-K12ac (1:1000 dilution; Abcam,
Cambridge, MA, USA); laminA/C, tubulin, p-ERK1/2, HDAC3 and HDAC7
(1:1000 dilution; Cell Signaling Technology, Danvers, MA, USA); HDAC1,
HDAC2 and HDAC8 (1:1000 dilution; Santa Cruz Biotechnology, Santa Cruz,
CA, USA); V5 (1:5000 dilution; Life Technologies, Grand Island, NY, USA);
and SphK2 (1:1000 dilution).54 Immunopositive bands were visualized by
enhanced chemiluminescence using secondary antibodies conjugated
with horseradish peroxidase (goat anti-rabbit or anti-mouse, 1:5000
dilution; Jackson ImmunoResearch, West Grove, PA, USA) and Super-
Signal West Pico chemiluminescent substrate (Pierce Chemical Co.,
Rockford, IL, USA). Optical densities of bands associated with proteins of
interest were quantified using AlphaEaseFC software (Alpha Innotech,
Miami, FL, USA) and normalized to the optical densities of their respective
tubulin bands.

Quantification of sphingolipids by mass spectrometry
Sphingolipids were measured by liquid chromatography, electro-
spray ionization–tandem mass spectrometry (4000 QTRAP, AB Sciex,
Framingham, MA, USA).54

HDAC activity measurements
Enzymatic activities of HDACs immunoprecipitated from nuclear extracts
with specific antibodies were measured with fluorometric assay as
previously described.54.

Quantitative real-time PCR
Total RNA from cells or tumors was isolated with Trizol (life Technologies,
Grand Island, NY, USA) and reverse transcribed with the High Capacity
cDNA Reverse Transcription Kit and pre-mixed primer probe sets from
Applied Biosystems (Foster City, CA, USA). Complementary DNA (cDNA)
was amplified with the ABI 7900HT (Applied Biosystems).54

Chromatin immunoprecipitation
Cells were crosslinked with 1% formaldehyde for 10min at 37 °C and then
quenched with glycine, washed with cold phosphate-buffered saline,
suspended in SDS buffer, sonicated and centrifuged. Supernatants were
pre-cleared with protein G-Sepharose beads (GE Healthcare, Piscataway,
NJ, USA) that were blocked with sonicated herring sperm DNA (Promega,
San Louis Obispo, CA, USA) in IP buffer (16.7 mM Tris (pH 8), 16.7 mM NaCl,
1.2 mM EDTA, 0.01% SDS, 1.1% Triton X-100, containing 0.05mg/ml bovine
serum albumin). Chromatin was immunoprecipitated with rabbit poly-
clonal anti-acetylated H3 or anti-H3 antibodies, or with control rabbit IgG.54

DNA–protein complexes were pulled down with the protein G-Sepharose
beads and then washed with low salt buffer, high salt buffer, LiCl buffer
and Tris-EDTA buffer before eluting with 1% SDS in 0.1 M NaHCO3.
Crosslinks were reversed by heating at 65 °C overnight in 0.3 M NaCl,
followed by proteinase K digestion for 1 h at 55 °C. Input samples were also
similarly treated. DNA was purified with QIAquick PCR Purification Kit
(Qiagen, Germantown, MD, USA). The ER promoter was analyzed by
quantitative real-time PCR using SYBR Green Master Mix (Applied
Biosystems) and the following primers: sense, 5′-GAACCGTCCGCAGCT
CAAGATC-3′; anti-sense, 5′-GTCTGACCGTAGACCTGCGCGTTG-3′. Results
were analyzed relative to input using the ΔCT method. Specific
endogenous chromatin immunoprecipitation enrichments were all at least
threefold greater than control.

Animal studies
All animal studies were conducted in the Animal Research Core Facility at
VCU School of Medicine in accordance with the institutional guidelines.
Animals were bred and maintained in a pathogen-free environment and all
procedures were approved by the VCU Institutional Animal Care and Use
Committee that is accredited by the Association for Assessment and
Accreditation of laboratory Animal Care. All mice were kept on a 12-h light/
dark cycle with free access to food.
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Male MMTV-PyMT mice on a FVB/N background (Jackson Laboratories,
Bar Harbor, MD, USA) were randomly bred with normal FVB/N females to
obtain females heterozygous for the PyMT oncogene. Mice were fed a
normal diet or HFD (TD.88137; Harlan Laboratories, Indianapolis, IN, USA)
containing cholesterol (0.2%), total fat (21% by weight; 42% kcal from fat),
saturated fatty acids (460% of total fatty acids), sucrose (34% by weight),
protein (17.3% by weight) and carbohydrate (48.5% by weight). Palpable
mammary tumors developed as early as 6 weeks of age. Tumor size was
measured with calipers every 3 days and total tumor volume was
estimated by the cylinder formula.
For the syngeneic breast cancer model, 4T1 mouse mammary cancer

cells were surgically implanted in the upper fat pads of female BALB/c mice
(8 to 12 weeks of age, Jackson Laboratories) under direct vision as
described previously.35,36 Tumor-bearing mice were randomized 2 days
after implantation into five treatment groups: vehicle, FTY720 (p.o. 1 mg/
kg, Cayman Chemical Company, Ann Arbor, MI, USA), TAM (intraperitoneal
25mg/kg; Sigma-Aldrich, St Louis, MO, USA), FTY720 plus TAM, and SAHA
(intraperitoneal 20mg/kg; Sigma-Aldrich) plus TAM. Tumors were mea-
sured regularly and tumor volumes calculated. At the indicated times,
animals were killed by exsanguination, blood was collected, tumors
excised, weighed, fixed in 10% neutral buffered formalin and embedded in
paraffin or frozen in liquid nitrogen for morphological and immunofluor-
escence analyses.

Histopathological analysis
Tissue slices (5 μm) were stained with hematoxylin and eosin for
morphological analysis. Frozen tissue samples were embedded in Optimal
Cutting Medium (OCT 4583; Sakura Finetek, Torrance, CA, USA) for
immunofluorescence analysis. Paraffin-embedded slides were deparaffi-
nized, and antigen unmasking was carried out by microwave heating in
citrate buffer for 20min. Slides were incubated with 3% H2O2 and then
with goat or horse serum (DAKO, Carpinteria, CA, USA) for 30min at room
temperature. After washing with phosphate-buffered saline, slides were
incubated at 4 °C overnight with the following primary antibodies: ERα
(Santa Cruz), H3-K9ac (Abcam), cyclin D1 (Cell Signaling) and Ki67 (Dako).
Biotinylated secondary antibodies were added and incubated at room
temperature for 20min. After 5 min with streptavidin-HRP, sections were
stained with DAB substrate and counterstained with hematoxylin. Slides
were examined with a Zeiss Axioimager A1 (Jena, Germany) and images
captured with an AxioCam MRc camera.

Gene expression microarrays
Total RNA was extracted using the MagMAX-96 for Microarrays Total RNA
Isolation Kit (Life Technologies) in an automated manner using the
MagMAX Express magnetic particle processor. RNA purity integrity was
assessed by spectrophotometry at 260, 270 and 280 nm and by RNA 6000
Nano LabChips with the 2100 Bioanalyzer (Agilent Technologies,
Carpenteria, CA, USA).56 Single-strand cDNA was synthesized from
500 ng total RNA primed with a T7-(dT24) oligonucleotide. Second-strand
cDNA synthesis was performed with Escherichia coli DNA Polymerase I, and
cRNA biotinylated by in vitro transcription using the GeneChip 3' in vitro
transcription Express Kit (Affymetrix, Santa Clara, CA, USA). After incubation
at 37 °C for 16 h, labeled cRNA was purified using the GeneChip Sample
Cleanup Module. Fragmented cRNA (10 μg) was hybridized on the
GeneChip HG-U133A 2.0 array for 16 h at 60 r.p.m. in a 45 °C hybridization
oven. Arrays were washed and stained with streptavidin phycoerythrin
(Life Technologies) in the Affymetrix fluidics workstation. Every chip was
scanned at a high resolution on the Affymetrix GeneChip Scanner 3000 7G
and raw intensities for every probe were stored in electronic files by the
GeneChip Operating Software v1.4.36 Overall quality of each array was
assessed by monitoring the 3′/5′ ratios for the housekeeping gene,
glyceraldehyde 3-phosphate dehydrogenase (GAPDH), and the percentage of
‘Present’ genes (%P). Arrays exhibiting GAPDH 3′/5′ o3.0 and %P 440%
were considered good-quality arrays. For microarray data analyses,
background correction, normalization and estimation of probe set
expression summaries and filtering and hierarchical cluster analyses were
performed using the log-scale Robust Multi-array Analysis method57 and
BRB-ArrayTools v3.1.0 (NCI, Bethesda, MD, USA), respectively. Differentially
expressed genes among the classes were identified by t-test analyses. To
adjust for multiple hypotheses testing, the resulting P-values were used to
obtain the false discovery rates using the q-value method. All analyses
were performed on the R environment using functions provided by the
BioConductor packages.58

Statistical analysis
Statistical analysis was performed using unpaired two-tailed Student’s
t-test for comparison of two groups. Po0.05 was considered significant.
Experiments were repeated at least three times with consistent results. For
animal studies, measurements were blind with respect to group
assignments.
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Fig. 1 – The updated sphingolipid rheostat. This schematic
cartoon shows important enzymes that regulate the levels of
S1P and ceramide and includes “inside-out” signaling by the
S1P/S1PR1 axis that can influence actions of the sphingolipid
rheostat. CerS, ceramide synthase; CDase, ceramidase; S1PPase,
S1P phosphatase; S1PRs, S1P receptors.
Introduction

Nearly two decades have passed since it was first proposed that
regulation of the interconvertible sphingolipid metabolites, cer-
amide and sphingosine-1-phosphate (S1P), and their opposing
signaling pathways are major determinants of cell fate, a concept
referred to as the “sphingolipid rheostat”. Since then, many
reports have substantiated the role of the sphingolipid rheostat
in cell fate determination and in the initiation, progression, and
drug sensitivity of cancer. Thus, modulation of the rheostat has
emerged as a focus for treatment strategies to battle cancer. S1P
regulates numerous processes important for cancer including
proliferation, transformation, angiogenesis, metastasis, survival,
and drug resistance. Ceramide on the other hand has been linked
to cell growth arrest and cell death. With the increased under-
standing of sphingolipid metabolism and signaling, as well as the
present focus on therapies designed to modulate the levels of
sphingolipids in cancer, it is an appropriate time to re-examine
the sphingolipid rheostat concept and determine how it fits
within the current knowledge of sphingolipid signaling in cancer.
Sphingolipid metabolism

Sphingolipids are essential constituents of all eukaryotic mem-
branes. They contain a sphingoid base, a fatty amino alcohol of
typically 18 carbons, in mammalian cells called sphingosine. De
novo synthesis of the sphingoid base begins with the condensa-
tion of palmitate and serine catalyzed by serine palmitoyl
transferase, leading to the formation of dihydrosphingosine
(sphinganine), which is then amino-acylated with a chain of 14–
32 carbons to form various dihydroceramide species by a family of
six (dihydro) ceramide synthases. Dihydroceramides are desatu-
rated to form ceramides and complex sphingolipids, such as
glycosphingolipids and sphingomyelin that are built by linking
different head groups to the primary hydroxyl group of ceramides.
During catabolism, both basal and signal-mediated, these head
groups are hydrolyzed, re-generating ceramide. Ceramide is a
bioactive lipid in its own right, and can be deacylated by
ceramidases to yield sphingosine. Sphingosine, which is not an
intermediate in the de novo biosynthetic pathway, is also a
bioactive molecule and can be phosphorylated by sphingosine
kinase (SphK) type 1 and 2 to sphingosine-1-phosphate (S1P),
again a potent signaling molecule. S1P can be irreversibly
degraded by S1P lyase (SPL) or dephosphorylated to sphingosine,
which can then be re-acylated back to ceramide. It is the rapid,
compartment-specific interconversion of these three metabolites
with distinct effects on cell fate that forms the biochemical basis
of the so-called “sphingolipid rheostat”.
The sphingolipid rheostat

In 1996, the term “sphingolipid rheostat” was proposed [1] to tie
together several seminal findings demonstrating the capacity of
S1P and ceramide to differentially regulate cell growth and
survival by modulation of opposing signaling pathways [1–3].
This was based on the discoveries that elevation of ceramide
induces cell growth arrest and apoptosis [3], whereas S1P
production is required for optimal cell proliferation induced by
growth factors [4] and suppresses ceramide-mediated apoptosis
[1]. Insight that the “sphingolipid rheostat” coordinately regulates
the levels of these sphingolipid metabolites to control cell fate
emerged from inhibition of SphK leading to decreased S1P and
elevated ceramide, and subsequent cell death (Fig. 1). Thus, the
sphingolipid rheostat appeared to be a sensing mechanism for
cells to regulate their fate in part through the interconversion
between S1P and ceramide.

In the years since, efforts have been made to elucidate the
molecular mechanisms and signaling pathways by which these
metabolites exert their effects, and to manipulate the S1P/
ceramide balance to direct cells down particular paths for the
development of therapeutics targeting the sphingolipid rheostat.
In the process, these studies have revealed roles that S1P and
ceramide play in the etiology of several debilitating human
diseases, particularly cancer, and have clarified the enormous
complexity of the interplay between S1P, ceramide, and sphingo-
lipid metabolism, and how this affects complex cellular responses
and biological programs. In light of these recent findings, we will
revisit whether the S1P/ceramide rheostat concept adequately
addresses the complex nature by which sphingolipids affect
physiological processes and modulate cell fate, and, accordingly,
their role in cancer.
Role of sphingolipid metabolites in cell fate and
cancer

Ceramide

Ceramide is a tumor suppressor, promoting intrinsic and extrinsic
apoptotic pathways, autophagic cell death, and the inhibition of
cell growth, and thus it is not surprising that enzymes responsible
for production of ceramide are often altered in cancer resulting in
reduction of ceramide accumulation [5]. Moreover, many che-
motherapeutic drugs elevate ceramide, and blocking the increase
in ceramide provides drug resistance. While specific molecular
species of ceramide have been implicated in some of these
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pathways, it is unclear whether the specific species itself is
required or is merely a reflection of its compartmental- or
enzyme-specific generation. For example, it was shown that in
glioblastoma tumors, a metabolic shift favoring S1P at the
expense of C18 ceramide may be a major contributor to angio-
genesis [6]. Although there are numerous pathways affected by
ceramide, only a few direct targets have been convincingly
identified. The key players in ceramide regulated signaling in
cancer are activation of serine/threonine protein phosphatases,
such as PP1, PP2A and PP2C, protein kinase Cζ (PKCζ) and
inhibition of AKT (reviewed in Ref. [5]). Formation of ceramide-
enriched membrane microdomains is a general mechanism by
which ceramide can regulate numerous signaling pathways at the
plasma membrane or in the outer mitochondrial membrane
important for BAX insertion, oligomerization, pore formation
and apoptosis.
S1P and its receptors

Within two years of the development of the rheostat concept, the
first cell surface G-protein coupled receptor for S1P was discov-
ered [7], followed by the identification of the other members of
the S1P receptor family, designated S1PR1–5 [8]. Moreover,
intracellular S1P generated by activation of SphK can readily be
secreted to act in an autocrine or paracrine manner [9], a
paradigm that has been coined inside-out signaling by S1P
(Fig. 1) [10]. Signaling through S1PR1–5 fits nicely into the
rheostat hypothesis as activation of S1PRs has been shown to
promote growth, survival, motility angiogenesis, lymphangiogen-
esis, and metastasis, important for the pro-cancer activities of S1P
[11]. For example, several S1PRs activate the pro-survival ERK and
Akt signaling pathways, and S1PR3 activation initiates a signaling
cascade through the mTOR pathway that counteracts ceramide-
mediated autophagy [12]. Moreover, recent studies have shown
that the S1P/S1PR1 axis is at the nexus between NF-κB and STAT3
and connects chronic inflammation to colitis-associated cancer
[13]. S1P produced by SphK1 is essential for production of the NF-
κB-regulated pro-inflammatory cytokines TNF-α and IL-6, leading
to activation of the transcription factor STAT3, and consequent
upregulation of its target gene S1PR1 [14]. Reciprocally, S1PR1
maintains STAT3 activation in a malicious feed-forward amplifica-
tion loop important for colon cancer, lymphoma and glioblastoma
[14,15].
S1P transporters

How does S1P, which is made by intracellular SphKs exit cells to
activate S1PRs? There is now ample evidence that cells export
intercellular S1P into the extracellular environment both through
ABC transporters as well as the major facilitator superfamily
member, Spinster 2 (Spns2) [10]. The S1P secreted from tumor
cells through these transporters can act in an autocrine fashion to
promote the growth and motility of the tumors themselves, but
more importantly on the tumor microenvironment to enhance
angiogenesis and lymphangiogenesis [16], as well as affecting
tumor-associated macrophages [14], and may differentially recruit
immune cells such as Tregs to block anti-tumor immunity [17].
S1P intracellular targets

Though the majority of known S1P functions are attributable to its
action through cell surface S1PRs, recently several intracellular
targets of relevance to cancer have been found. The first of these
is TRAF2, an essential component in the TNF- α/NF-κB signaling
pathway. TRAF2 is an E3 ubiquitin ligase, and it was found that
S1P bound to and stimulated its ubiquitin ligase activity [18]. In
addition, SphK1 was shown to be required for the TNF-α-induced
ubiquitination of RIP1 and subsequent activation of NF-κB, a pro-
growth mediator. Interestingly, another group showed that SphKs
were dispensable in bone marrow-derived macrophages for TNF-
α-induced activation of NF-κB, though even in wild type macro-
phages TNF-α did not increase S1P levels, suggesting alternative
mechanisms for the stimulation of TRAF2 activity [19]. S1P,
produced by SphK2, was shown to bind to and inhibit histone
deacetylases 1 and 2, leading to increases in histone acetylation
[20]. Further support for this notion that HDACs are intracellular
targets of S1P emerged from a recent study in Drosophila, which
have no identified S1PRs, showing that increased nuclear S1P
caused decreased HDAC activity and increased histone acetyla-
tion, and importantly suppressed dystrophic muscle degeneration
[21]. Furthermore, the pro-drug FTY720 is also phosphorylated in
the nucleus by SphK2 and FTY720-phosphate is a potent class I
HDAC inhibitor [22], which might explain its potent anti-cancer
effects.
Targeting S1P metabolic enzymes to modulate the
sphingolipid rheostat and cancer

Recently several excellent reviews discussed how targeting spe-
cific ceramide metabolic enzymes regulates the sphingolipid
rheostat to amplify tumor suppressive activities of ceramide and
consequently cell fate, and highlights the usefulness of ceramide-
based therapeutics for treatment of cancer [5,23]. Therefore, we
will mainly focus in this section on effects of targeting S1P
metabolism.

SphK1

In many cancers, elevated levels of SphK1 are an independent
predictor of mortality, and strongly correlate with poor prognosis,
reduced overall survival, and advanced tumor stages [11,24].
However, no mutations in SphKs have been identified, suggesting
that it is the regulation of SphK activity, and hence a potential for
S1P “cellular addiction”, that is responsible for SphK1's “onco-
genic” role [25]. There is some evidence to support this notion: 1)
in cell culture, expression of SphK1 and S1P levels dictate
resistance to cytotoxic drugs and radiation; 2) in animal models,
overexpression of SphK1 and formation of S1P leads to aggressive
tumors, and inhibition of SphK1 reverses drug resistance and
enhances sensitivity to radiotherapy; 3) SphK1 is overexpressed
in many types of cancer and high levels of SphK1 correlate with
poor outcomes in patients. Because of these observations, multi-
ple drugs targeting SphK1 have been designed. The “first genera-
tion” inhibitors such as N,N-dimethyl-sphingosine and SK1-II,
with poor potency and selectivity between SphK isoforms, as
well as SK1-I which specifically targets SphK1, though with low
potency, showed promise in preclinical animal models. However
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studies with the “second generation” of SphK1 inhibitors, such as
PF-543, which are much more potent and are highly selective,
have limited to no success in inducing apoptosis [26,27], even
though in all cases S1P levels were reduced and in two of these
studies ceramide levels were concomitantly elevated [6,28]. Why
then, if the rheostat postulates that a reduction in S1P and rise in
ceramide should increase cell death, are these SphK1 inhibitors
ineffective? There are several potential explanations for this: first,
reduction of SphK1 levels due to proteasomal degradation may be
critical [29]. Second, inhibitors might affect SphK1 activity in
different subcellular locations and only those that affect cellular
S1P vs. sphingosine and ceramide more profoundly are effective
compared to those that simply inhibit SphK1. Second generation
inhibitors, with their much higher specificity and potency, do not
have strong effects on changing the sphingolipid rheostat and
only increase ceramide levels at an order of magnitude greater
concentration than their Ki values [28]. This further substantiates
the notion that the sphingolipid rheostat is a critical component,
not only reduction in the levels of S1P. Hence, in light of this, it
might be appropriate to consider a more broad-spectrum
approach to therapeutics to induce the apoptotic benefits that
dictate chemotherapeutic efficiency. Third, as indicated by Abu-
husain et al. [6], S1P produced by cancer cells may mainly act in a
paracrine manner in the tumor microenvironment that is impor-
tant for angiogenesis and lymphangiogenesis but does not affect
tumor growth itself. It is important to note that all of the studies
reported so far with second generation SphK1 inhibitors utilized
cultured cancer cells, and therefore it will be important to
examine their effects in animal cancer models. As more and more
SphK1 drugs are developed with fewer off target effects, estab-
lishing how perturbations in S1P/sphingosine balance affects
ceramide should become easier. These ventures should also be
significantly aided with a variety of SphK1 structures that have
been published [30], and with the recent development of a high-
throughput assay to screen SphK inhibitors [31].

SphK2

In contrast to SphK1, the actions of SphK2 remain poorly
characterized and much less is known about its biology and roles
in cancer and other diseases. However, SphK2 is critical to the
function of one of the few FDA approved sphingosine analog
drugs, FTY-720, as it phosphorylates it to the “active” form that
acts on S1PRs (except S1PR2) [32] and inhibits histone deacety-
lases [22]. The difficulty in targeting SphK2 in rheostat modula-
tion therapies is that its roles in regulating sphingolipid
metabolism are not well understood. SphK2 is present in several
subcellular compartments, and there are conflicting data regard-
ing its role in cancer development. Moreover, inhibitors targeting
its activity have not been as successfully developed as those for
SphK1. Compound ABC294640 (SphK2 Ki¼9.8 mM) has shown
promise in reducing cancer cell growth in vitro and in mouse
models of cancer [33,34]. However, this compound has also been
linked to potential off target anti-estrogenic effects [35]. In
another example, SLR080811 (SphK2 Ki¼1.3 mM) showed a
reduction of the levels of S1P in cells, though it had no anti-
proliferative properties, and when administered to mice, raised
blood S1P levels [36], confounding evaluation of its effectiveness
as a chemotherapeutic in mice cancer models. Clearly, targeting
SphK2 in the treatment of disease is still in its infancy and will
require significant efforts to substantially increase the potency
and specificity of inhibitors. Unfortunately, unlike SphK1, little is
also known of the structure of SphK2 and pharmacophore design
for SphK2 is complicated by the necessity to cross secondary
subcellular membrane barriers to reach the target.

S1P lyase and S1P phosphatases

As the terminal step in irreversible catabolism of all sphingolipids,
SPL controls levels of S1P and other bioactive sphingolipid metabo-
lites, and is also the link between sphingolipid and phospholipid
metabolism. Indeed, deletion of SPL not only increases S1P levels but
also sphingosine and ceramide, probably due to reutilization of the
sphingosine backbone for ceramide synthesis. Not surprisingly,
knockout mice have severely altered lipid homeostasis, aberrant
S1P signaling, and inflammatory responses leading to early death
[37,38]. SPL levels are downregulated in various human cancers and
inversely correlated to clinical outcomes and resistance to treatment,
further supporting a role for S1P in cancer development. Several
novel findings leading to mechanistic actions of SPL in tumorigenesis
and chemoresistance have recently been described. Deletion of
intestinal SPL promoted colon carcinogenesis through the S1P/
S1PR1 axis and activation of STAT3. STAT3 in turn enhanced
expression of specific miRs that target the anti-oncogenes PTEN (a
lipid phosphatase that negatively regulates the PI3K/AKT pathway)
and cylindromatosis (CYLD; a deubiquitinating enzyme that nega-
tively regulates NF-κB) [39]. Interestingly, upregulation of SPL levels
by consumption of sphingadienes, plant-type sphingolipids that
cannot be converted to S1P, was able to enhance the metabolism
of S1P attenuating STAT3 signaling, cytokine production, and
tumorigenesis [39]. SPL deficiency or its inhibition has also been
associated with elevated nuclear S1P levels and reduced HDAC
activity that in turn induced dysregulation of Ca2þ homeostasis [40],
and upregulation of several S1P transporters, including multi-drug
resistant proteins, contributing to chemoresistance [41].

In addition to SPL, S1P levels are also reversibly regulated by
two S1P phosphatases (SGPP1 and SGPP2) that dephosphorylate
S1P to sphingosine that can then be used for ceramide formation.
This places S1P levels under dual control, with one pathway
removing sphingolipids from the signaling pool and the other
shifting the rheostat balance from the proliferative effects of S1P
to the pro-apoptotic effects of sphingosine and ceramide accu-
mulation. Similar to SPL, there is evidence that S1P phosphatase
expression is downregulated in several types of cancer. Closer
examinations of these studies reveals that increased S1P content
in the tumors was correlated with decreased SGPP2 expression
and increased SphK1, supporting the notion of coordinated
regulation of sphingolipid metabolism [6].
Modified rheostat paradigm: addition of the S1P/
S1PR axis

The field of cancer research has embraced the concept of the
sphingolipid rheostat. As more and more studies involving
ceramide and S1P signaling attempt to use the rheostat model
to explain their findings, and as the signaling mechanisms by
which these sphingolipid metabolites exert their control on cell
fate becomes more complex, and additional proteins that regulate
sphingolipid metabolism are discovered, the need for a more
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nuanced model has become apparent. For example, although
initially elevation of ceramide was linked to cell growth inhibition
and reduction of tumor growth, more recent studies suggest that
ceramides with different fatty acid chain lengths might play
distinct functions. De novo-generated C18- and C16-ceramides
by CerS1 and CerS6 play opposing proapoptotic and prosurvival
roles in the regulation of tumor growth, respectively [42].
Whether a specific acyl chain species is required for apoptosis,
for example by N-acyl chain-specific binding to effector proteins,
or whether the N-acyl chain species generated is merely a
reflection of the enzyme- and/or compartment-specific genera-
tion of ceramide, has yet to be elucidated.

The molecular roles of S1P in the rheostat have become more
complex. It is generally accepted that S1P is a pro-survival factor
and many studies have demonstrated that S1P acts through cell
surface S1PRs through “inside-out” signaling to promote cancer
growth, progression and metastasis [43]. S1P does this through
the autocrine promotion of tumor growth and importantly, in a
paracrine manner by enhancing angiogenesis, lymphangiogenesis,
recruitment of pro-tumor immune cells, and affecting the tumor
microenvironment. This suggests that the “sphingolipid rheostat”
concept should be modified to include this “inside-out” signaling
(Fig. 1). Furthermore, a recent study showed that S1P can also act
in a feed-forward, “outside-in” signaling in a paracrine fashion.
Namely, S1P acting through S1PRs has been shown to stimulate
SphK1 transcription via the transcription factor AP-1, which is
composed of c-Fos and c-Jun [44]. This positive feedback loop
maintains sustained activation of the SphK1-S1P axis and
increased fibronectin expression leading to initiation and progres-
sion of diabetic nephropathy [44], and could also contribute to the
pathogenesis of other diseases including cancer. Moreover, activa-
tion of Gq induced plasma membrane translocation of SphK1 and
cross-activation of S1PRs [45]. Hence, increased SphK1 activity
and increases in S1PR synthesis or their activations, completes
this positive feedback amplification loop.

These more recent studies suggest that the enzymes of the
rheostat do not just function by directly changing the fate of the
sphingoid base (i.e. ceramide vs. S1P) as initially conceived in the
rheostat model, but also by the roles these metabolites have in
myriad, often opposing, signaling pathways. While the initial
rheostat model was based on the relative intracellular levels of
ceramide and S1P determining signaling and cell fate, we now
know that the localized production, secretion, and signaling of
these metabolites have a profound effect on tumor outcomes. Our
new, more nuanced understanding of the sphingolipid rheostat
must be taken into consideration as we design, test, and imple-
ment new chemotherapeutics targeting this axis for cancer
treatment. More work is needed to understand alterations that
occur in the complex sphingolipid pathways during cancer
development and progression, and their relationship to the
Warburg effect and the metabolic shift from oxidative phosphor-
ylation to the synthesis of lipids and biomass essential for
increased cellular proliferation [46].
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Abstract

Background: Sphingosine-1-phosphate (S1P) is a pleiotropic bioactive lipid

mediator that regulates many physiological and pathological processes. It has been

suggested that S1P gradient with high concentrations in the blood and lymphatic

fluid and low concentrations in the peripheral tissue plays important roles in

immune cell trafficking and potentially cancer progression. However, only a few

reports have assessed S1P levels in the lymphatic fluid due to lack of an established

easy-to-use method. Here, we report a simple technique for collection of lymphatic

fluid to determine S1P.

Materials and methods: Lymphatic fluid was collected directly with a catheter

needle (classical method) or was absorbed onto filter paper after incision of

cisterna chyli (new method) in murine models. Blood, lymphatic fluid and
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mesenteric lymph nodes were corrected from wild type and sphingosine kinase 2

(SphK2) knockout mice to determine S1P levels by mass spectrometry.

Results: The volume of lymphatic fluid collected by the new method was at least

three times greater than those collected by the classical method. S1P concentrations

in lymphatic fluid are lower than in blood and higher than in lymph nodes.

Interestingly, S1P levels in lymphatic fluid from SphK2 knockout mice were

significantly higher than those in wild type, suggesting an important role of SphK2

and/or SphK1 to regulate S1P levels in lymphatic fluid.

Conclusions: In agreement with the previous theory, our results confirm “S1P
gradient” among blood, lymphatic fluid and peripheral lymphatic tissues.

Convenient methods for collection and measurement of sphingolipids in

lymphatic fluid are expected to provide new insights on functions of sphingolipids.

Keywords: Surgery, Biochemistry, Cell biology, Immunology, Oncology, Cancer
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1. Introduction

Sphingosine-1-phosphate (S1P) is a pleiotropic bioactive lipid mediator that

regulates many physiological and pathological processes including immune cell

trafficking, inflammation, angio-/lymphangiogenesis, and cancer progression [1, 2,

3, 4, 5, 6]. We have recently reported that S1P is strongly associated with

lymphatic network development [7, 8] and lymphatic metastasis in cancer patients

[9, 10, 11]. Further, we have shown that S1P links inflammation and cancer in

colitis-associated colon cancer [12, 13]. These many pathological processes are

regulated by S1P that is secreted from cells to the extracellular spaces and exerts its

functions by binding to five specific G protein–coupled receptors (S1PR1-5) in

autocrine and paracrine manners, a process known as “inside-out” signaling [1, 14,

15].

S1P is generated by two sphingosine kinases (SphK1 and SphK2) inside cells, and

secreted out of the cell to the extracellular spaces, such as interstitial fluid (IF) and

lymphatic fluid [16]. Among the extracellular S1P, the S1P levels in the blood and

lymphatic fluid are considered to be high, and those in tissue interstitial fluid are

much lower [16]. Previous evidence suggested that the S1P gradient of high S1P

concentrations in the circulation (blood and lymphatic fluid) plays an important

role in immune cell trafficking [7, 17, 18, 19, 20] and potentially cancer

progression. Lymphocytes egress from the secondary lymphatic organs to the

blood or lymphatic circulation through S1P-mediated activation of S1PR1 on the

cell surface [21, 22]. SphK activity in lymphatic endothelial cells is required for

lymphocyte egress from secondary lymphatic organs, and lymphatic endothelial

cells have been considered to be a major source of S1P in lymphatic fluid [23, 24].
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Although S1P levels in blood have been published to be associated with lymphatic

metastasis by our group and others [9, 16], only a few reports have assessed its

levels due to lack of an established easy-to-use method. Considering the

importance of S1P in lymphatic fluid for immune cell trafficking and cancer

progression, establishing the easier method to measure it will help researchers to

understand disease processes and move the research field forward. Here, we report

a simple technique for collection of lymphatic fluid to determine sphingolipids

including S1P by high sensitivity liquid chromatography-electrospray ionization

tandem mass spectrometry (LC-ESI-MS/MS).

2. Material and methods

2.1. Reagents

Internal standards were purchased from Avanti Polar Lipids (Alabaster, AL) and

added to samples in 20 μl ethanol:methanol:water (7:2:1) as a cocktail of 500 pmol

each. The HPLC grade solvents were obtained from VWR (West Chester, PA).

2.2. Animals

All animal studies were conducted in the Animal Research Core Facility at VCU

School of Medicine in accordance with institutional guidelines. We utilized SphK2

knockout mice as models since they are well characterized, and because we have

previously found that SphK2 knockout mice demonstrate compensatory higher

expression of SphK1 in the tissues [12]. These knockout mice were kindly given

by Dr. Richard L. Proia of National Institute of Diabetes and Digestive and Kidney

Diseases [25, 26]. Female C57BL/6 and SphK2 knockout mice and their

corresponding wild type (WT) litter mates were used.

2.3. Collection of lymphatic fluid from the cisterna chyli

To increase the lymphatic flow in the abdomen, 200 μl of mineral oil was

administered by gavage to mice 2 h prior to euthanasia. At that time, the abdomen

was opened under anesthesia. Lymphatic flow was confirmed by the white lucent

color in the intestinal trunk and the cisterna chyli under stereomicroscopy (Fig. 1).

The intestinal trunk is formed by the confluence of the efferent vessels of the

cranial mesenteric and celiac nodes, and the single trunk enters into the cisterna

chyli located along the abdominal vena cava and aorta on the cranial side of the

renal veins [27]. The cisterna chyli was cut with the bevel of a fine needle, and the

lymphatic fluid was absorbed with a piece of pre-weighed absorbance paper with a

fine and rigid point. The absorbance paper was handled with extreme care in order

to avoid contamination from any other intra-peritoneal fluid. This procedure was

performed by experienced surgeons, surgical residents, or laboratory technicians.

Article No~e00219

3 http://dx.doi.org/10.1016/j.heliyon.2016.e00219

2405-8440/© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.heliyon.2016.e00219


The volume of the collected fluid was measured by weight and sphingolipids were

analyzed by LC-ESI-MS/MS.

2.4. Preparation of blood samples

Whole blood was collected from inferior vena cava (IVC), and 40 μl immediately

transferred into 500 μl of methanol in a glass tube for measurement of

sphingolipids. The remaining collected blood from the IVC was left undisturbed

at room temperature, allowing the blood components to coagulate. Serum was then

collected by centrifuging at 2,600 x g for 10 min in a refrigerated centrifuge.

[(Fig._1)TD$FIG]

Fig. 1. Collection of lymphatic fluid from a mouse. (A) Lymphatic fluid was observed as fluid with

white lucent color in the intestinal trunk and the cisterna chyli. (B) Schematic illustration of lymph

collection from a mouse. (C and D) Lymphatic fluid was collected directly with a 24 G catheter needle.

(E and F) Lymphatic fluid was absorbed onto filter paper after incision of cisterna chyli by needle. CA,

celiac artery; SMA, superior mesenteric artery; IVC, inferior vena cava.
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2.5. Extraction of lipids

Fluid absorbed onto filter paper was placed in 13 × 100 mm borosilicate tubes with

a Teflon-lined cap (VWR, West Chester, PA). Methanol (1 ml) and chloroform

(0.5 ml) were added along with the internal standard cocktail. The contents were

dispersed by sonication at room temperature for 30 s and incubated at 48 °C

overnight. KOH (1 M) in methanol (75 μl) was added and, after brief sonication,

samples were incubated in a shaking water bath for 2 h at 37 °C to hydrolyze

glycerophospholipids. The extract was brought to neutral pH with 6 μl of glacial
acetic acid, centrifuged using a table-top centrifuge, and the supernatant was

removed and dried in a Speed Vac. The dried residue was reconstituted in 0.5 ml of

the starting mobile phase solvent, briefly sonicated and then centrifuged for 5 min

in a tabletop centrifuge before transfer of the clear supernatant to the autoinjector

vials.

2.6. LC-ESI-MS/MS of sphingoid bases, sphingoid base 1-
phosphates, and complex sphingolipids

For LC-ESI-MS/MS analyses, a Shimadzu LC-20 AD binary pump system coupled

to a SIL-20AC autoinjector and DGU20A3 degasser coupled to an ABI 4000

quadrupole/linear ion trap (QTrap) (Applied Biosystems, Foster City, CA)

operating in a triple quadrupole mode was used. Q1 and Q3 were set to pass

molecularly distinctive precursor and product ions (or a scan across multiple m/z in

Q1 or Q3), using N2 to collisionally induce dissociations in Q2 (which was offset

from Q1 by 30–120 eV).

Sphingolipids were separated by reverse phase LC using a Supelco 2.1(i.d.)x50

mm Ascentis C18 column (Sigma, St. Louis, MO) and a binary solvent system at a

flow rate of 0.5 ml/min. Prior to injections, the column was equilibrated for 0.5 min

with a solvent mixture of 95% mobile phase A1 (CH3OH/H2O/HCOOH, 58/41/1,

v/v/v, with 5 mM ammonium formate) and 5% mobile phase B1 (CH3OH/

HCOOH, 99/1, v/v, with 5 mM ammonium formate), and after sample injection

(typically 40 μl), the A1/B1 ratio was maintained at 95/5 for 2.25 min, followed by

a linear gradient to 100% B1 over 1.5 min, which was held at 100% B1 for 5.5 min,

followed by a 0.5 min gradient return to 95/5 A1/B1. The column was re-

equilibrated with 95:5 A1/B1 for 0.5 min before the next run.

2.7. Statistical analysis

Results were analyzed for statistical significance with a two-tailed Student’s t-test,
with P < 0.05 considered significant. Experiments were repeated at least three

times. In vivo experiments were repeated three times and each experimental group

consisted of at least four mice. Data presented is from one of three representative

experiments.
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3. Results

3.1. Improved method of lymphatic fluid collection from
cisterna chyli

It has been suggested that S1P gradient with high concentrations in the blood and

lymphatic fluid and low concentrations in the peripheral tissue plays important

roles in immune cell trafficking and potentially cancer progression. However, only

a few reports have assessed S1P levels in the lymphatic fluid due to lack of an

established easy-to-use method. The classical method for collection of lymphatic

fluid require lengthy duration of cannulations. Therefore, we sought to develop a

simple method that does not require special equipment and settings. To this end,

we compared collection of lymphatic fluid from the cisterna chyli by direct

aspiration using a 24-gauge needle (classical method) with a filter paper absorption

method after opening the cisterna chyli by incision with the bevel of a needle after

adequate exposure of the lymphatic vessel (new method) (Fig. 1). The paper that

absorbed lymphatic fluid was colorless indicating that there was little or no

contamination with blood (Fig. 1E).

S1P levels were measured by mass spectrometry in the lymphatic fluid collected

either by direct aspiration or by paper absorption (Fig. 2A). The volume of the

lymphatic fluid collected by the paper absorption method was at least three times

greater than that collected by direct aspiration (Fig. 2B). S1P and dihydro-S1P

(DHS1P) levels in lymphatic fluid from both paper absorption and direct aspiration

methods showed consistent results with minimal variation (Fig. 2C and D). In

mice, S1P concentrations in lymphatic fluid were in the range of 0.1 to 0.3 μM
(Fig. 2C), compared to more than 0.5 μM in plasma. The level of dihydro-S1P

(DHS1P), which is generated by the de novo pathway and is also a ligand for all of

the S1P receptors, was about 0.05 μM in lymphatic fluid and almost 0.2 μM in

plasma (Fig. 1D). It is important to note that levels of S1P in lymphatic fluid

collected by the filter paper method are in excellent agreement with previous

reports on lymphatic fluid collected by the cannulation method [23, 28].

3.2. S1P gradient between blood, lymphatic fluid, and mesen-
teric lymph node (MLN)

Next, we tested the theory of S1P gradient among serum, lymphatic fluid, and

peripheral tissue such as MLN utilizing our new method to measure S1P in the

lymphatic fluid. Levels of Sph, DHSph, S1P, and DHS1P in whole blood, serum,

lymph, and MLN from WT mice were determined by LC-ESI-MS/MS (Fig. 3).

S1P and DHS1P levels in the lymphatic fluid are significantly lower than those in

serum. On the other hand, S1P and DHS1P levels in lymphatic fluid are

significantly higher than those in MLN. Of note, both Sph and DHSph levels in
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lymph are significantly higher than those in serum (Fig. 3). DHSph, but not Sph, in

the MLN showed significantly higher than those in lymphatic fluid (Fig. 3).

3.3. Effect of deletion of SphK2 on sphingolipid levels in blood,
lymphatic fluid, and MLN

The relative contributions from each of the SphK isoforms to lymphatic fluid and

tissue levels of S1P have not been fully elucidated. To this end, we next examined

the effects of deletion SphK2. In agreement with previous reports [12, 28], S1P and

dihydro-S1P levels in whole blood and serum of SphK2 knockout mice were

higher than their WT littermates, most likely due to compensatory up-regulation of

[(Fig._2)TD$FIG]

Fig. 2. Levels of S1P and dihydro-S1P (DHS1P) in lymphatic fluid measured by mass spectrometry.

(A) Detection of sphingoid bases. Extracted ion chromatograms for LC-ESI-MS/MS reverse-phased

separation of sphingoid bases in the lymphatic fluid collected by direct aspiration (left) or paper

absorption (right) are shown. (B) Volumes of lymphatic fluid collected by the direct method (blue bar)

and the filter paper method (light blue bar) are shown. (C and D) Levels of S1P and DHS1P in plasma

(yellow bars), or lymphatic fluid collected by the direct method (blue bars) or by the filter paper method

(light blue bars) were measured by mass spectrometry. Data shown are mean ± SD (n = 3).
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SphK1 [12] (Fig. 4A and B). Levels of Sph and DHSph in whole blood and serum

are much lower than the phosphorylated sphingoid bases in the SphK2 knockout

and WT mice, as was previously reported [7, 28, 29, 30, 31]. Interestingly, levels

of S1P and dihydro-S1P in the lymphatic fluid as well as mesenteric lymph node

were significantly increased in SphK2 mice compared to their littermates (Fig. 3B).

These results suggest the roles of SphK2 and/or SphK1 to regulate the levels of

S1P and DHS1P in lymphatic fluid and the peripheral tissue.

4. Discussion

High levels of S1P in blood and lymphatic fluid are critical for maintenance of tone

and integrity of the vascular endothelium. The S1P gradient between high levels in

the circulation and the low levels in tissues due to the presence of S1P degrading

activity from phosphatases and S1P lyase is important for immune cell trafficking

[17, 32]. In this regard, it has been generally assumed that S1P levels in lymphoid

tissues are very low so that S1PR1 on lymphocytes can sense the S1P gradient as

they exit into the blood or lymphatic fluid. However, only a handful of studies have

reported S1P levels in lymphatic fluid [7, 23, 28]. To overcome the hurdles for S1P

measurement in the lymphatic fluid, we have established simple and reliable

methods to collect adequate amounts of lymphatic fluid to enable the measurement

of levels of bioactive sphingolipids by LC-ESI-MS/MS.

The most commonly described technique for lymphatic fluid collection is by

cannulation of lymphatic vessels [23, 28, 33, 34]. The cannulation method has

[(Fig._3)TD$FIG]

Fig. 3. Levels of sphingolipids in whole blood, serum, lymphatic fluid (lymph), and mesenteric lymph

node (MLN) from wild type (WT) mice. Levels of sphingosine (Sph), dihydro-Sph (DHSph), S1P, and

dihydro-S1P (DHS1P) in whole blood, serum, lymph, and MLN from WT mice were determined by

LC-ESI-MS/MS. Mean ± SD (n = 6). *, P < 0.05; **, P < 0.001; ***, P < 0.0001 for serum vs. lymph

or lymph vs. MLN.
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several advantages: long-term continuous observation is possible, a higher amount

of fluid can be obtained, and importantly, contamination from other body fluids is

relatively low. However, this method requires special equipment and is technically

challenging in mice and therefore the majority of studies have used larger animals

[33, 34]. On the other hand, direct aspiration with a needle is less difficult to

perform, but usually collapses the vessel resulting in a lower yield. The challenge

of obtaining enough fluid is met by our filter paper absorption method, which does

not require special equipment, is relatively easy to perform when adequate

exposure of the vessel is obtained, eliminates the effect of irritation from the

cannula on the lymphatic vessel wall, and allows for immediate sampling. Since

the paper absorption technique is easy to perform, any person who works on animal

study can use it. Indeed, not only experienced surgeons, but also surgical residents

and technicians were able to perform this technique to collect lymph. It is vital to

[(Fig._4)TD$FIG]

Fig. 4. Levels of sphingolipids in lymphatic fluid from SphK2−/− mice and littermate WT mice. Levels

of sphingosine (Sph), dihydro-Sph (DHSph), S1P, and dihydro-S1P (DHS1P) in lymphatic fluid in (A)

whole blood, (B) serum, (C) lymphatic fluid, (D) mesenteric lymph node from SphK2−/− and their

littermate WT were determined by LC-ESI-MS/MS. Mean ± SEM (n = 4). *, P < 0.05; **, P < 0.01;

***, P < 0.001.
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avoid contamination with blood, which contains high concentrations of S1P.

Nevertheless, if it occurs, it can readily be detected by the appearance of the red

color of hemoglobin on the filter paper. Contamination with other body fluids

could be another concern. However, this is unlikely since the level of S1P in

lymphatic fluid collected by the direct filter absorption method is very similar to

that obtained by needle aspiration, which has very low possibility of contamina-

tion. As a further validation of our method, previous reported S1P levels in

lymphatic fluid collected by cannulation [23, 28] are in excellent agreement with

the data from the filter paper absorption method. Therefore, we suggest that this

paper absorption method is a reliable and simple method for collection of

lymphatic fluid from mice. Although this collection method via the cisterna chili is

likely only applicable for animal models, it is expected to be a valuable tool for

studies to elucidate the functions of S1P in inflammatory diseases, lymphatic

vascular disorders, and cancer invasion into the lymphatic system.

SphK1 which is localized mainly in the cytosol and translocated to the plasma

membrane upon stimulation by cytokines and growth factors, is important for

export of S1P and regulation of its extracellular levels [8, 35]. In contrast, SphK2

is localized to several intracellular organelles including the endoplasmic reticulum,

the mitochondria, and the nucleus where it produces S1P that regulates intracellular

functions. [36, 37, 38, 39]. Interestingly, knocking out SphK2 increased levels of

S1P and dihydro-S1P in both blood and lymphatic fluid. It has been reported that

mice lacking both SphK1 and SphK2 in endothelial cells have a loss of S1P in

lymphatic fluid while maintaining normal plasma S1P, suggesting that SphKs in

lymphatic endothelial cells are the source of S1P in lymphatic fluid [24]. In

contrast to lymphatic fluid, serum S1P is derived predominantly from

hematopoietic cells, with red blood cells playing a major role [23, 40]. Higher

levels of S1P in both serum and lymphatic fluid in SphK2 knockout mice could be

explained by upregulation of SphK1 in both hematopoietic cells and endothelial

cells. On the other hand, considering that the sources of S1P in serum and

lymphatic fluid are different, it is possible that global knockout of SphK2 affects

production of S1P in the hematopoietic cells, but induces some compensatory

mechanism either in lymphatic endothelial cells or in upstream tissue to maintain

S1P level in lymphatic fluid. Further studies are needed with tissue specific

knockout of SphK1 and/or SphK2 to explore the mechanisms by which levels of

S1P in lymphatic fluid are regulated.

5. Conclusions

We determined the levels of S1P in lymphatic fluid, which is lower than blood and

higher than lymph nodes. In agreement with the previous theory, our results

confirm the “S1P gradient” among blood, lymphatic fluid and the peripheral

lymphatic tissues. Convenient methods for collection and measurement of
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sphingolipids in lymphatic fluid are expected to provide new insights on functions

of sphingolipids.
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Abstract The tumor microenvironment is a determining fac-
tor for cancer biology and progression. Sphingosine-1-
phosphate (S1P), produced by sphingosine kinases (SphKs),
is a bioactive lipid mediator that regulates processes important
for cancer progression. Despite its critical roles, the levels of
S1P in interstitial fluid (IF), an important component of the
tumor microenvironment, have never previously been mea-
sured due to a lack of efficient methods for collecting and
quantifying IF. The purpose of this study is to clarify the levels
of S1P in the IF from murine mammary glands and its tumors
utilizing our novel methods. We developed an improved cen-
trifugation method to collect IF. Sphingolipids in IF, blood,
and tissue samples were measured by mass spectrometry. In
mice with a deletion of SphK1, but not SphK2, levels of S1P
in IF from the mammary glands were greatly attenuated.
Levels of S1P in IF from mammary tumors were reduced
when tumor growth was suppressed by oral administration
of FTY720/fingolimod. Importantly, sphingosine, dihydro-

sphingosine, and S1P levels, but not dihydro-S1P, were sig-
nificantly higher in human breast tumor tissue IF than in the
normal breast tissue IF. To our knowledge, this is the first
reported S1P IF measurement in murine normal mammary
glands and mammary tumors, as well as in human patients
with breast cancer. S1P tumor IF measurement illuminates
new aspects of the role of S1P in the tumor microenvironment.

Keywords Cancer . Endothelial cells . Interstitial fluid .Mass
spectrometry . Sphingolipids . Sphingosine-1-phosphate

Introduction

The tumor microenvironment is a determining factor in cancer
biology and progression [1]. Although it has been long known
that the lymphatic system is the initial pathway for metastasis
in many cancers including mammary cancer, recent findings
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suggest new mechanisms for how cancer cells gain access to
the lymphatic system and how they manipulate their microen-
vironment to establish metastasis. An increasing number of
proteins in the tumor microenvironment are now known to
play important roles in tumor progression [2–4]. Interstitial
fluid that bathes the tumor and stromal cells is considered as
an important part of the tumor microenvironment not only as
the initial route of metastasis, but also as a supplier of factors
that promote tumor metastasis.

Sphingosine-1-phosphate (S1P) is a potent bioactive sig-
naling molecule that regulates many physiological and patho-
logical processes involved in immune cell trafficking, inflam-
mation, vascular homeostasis, and cancer progression [5–8].
S1P is generated by sphingosine kinases (SphK1 and SphK2),
and is then secreted, exerting its functions by binding to five
specific G protein–coupled receptors (S1PR1–5) in autocrine,
paracrine, and/or endocrine manners, a process known as
Binside-out^ signaling [9–11]. BInside-out^ signaling refers
to the process by which S1P produced inside cells is secreted
by transporters and signals through its receptors on the outside
of cells. The Binside-out^ signaling of S1P plays important
roles in cancer cell pathophysiology [12]. Though we have
shown that SphK1 is the significant contributor to extracellu-
lar S1P while SphK2 contributed to intracellular S1P of mam-
mary cancer cells [12], to date the relative contribution of each
SphK to secreted S1P has never been definitively demonstrat-
ed in an in vivo setting.

Recently studies from our laboratory have demonstrated
that S1P produced by SphK1 in cancer cells promotes mam-
mary cancer progression by stimulating angiogenesis,
lymphangiogenesis, and subsequently lymph node metastasis
[13], We have also shown that S1P produced by up-regulation
of SphK1 and subsequent activation of the S1PR1 receptor
play an essential role in maintaining persistent activation of
the important transcription factors NF-kB and Stat3 in a
feedforward amplification loop that links chronic inflamma-
tion and colitis associated carcinogenesis [14]. Despite
this emerging understanding of importance of S1P in
cancer cell signaling, the role of S1P in the tumor mi-
croenvironment, particularly in the interstitial fluid (IF),
remains unclear. This is in part because of difficulties
presented by collecting and analyzing IF, a barrier that
once surmounted, is expected to provide important in-
sights into the tumor microenvironment and how tumors
develop and respond to therapy.

Here we introduce simple and reproducible methods to
measure the levels of sphingolipids including S1P in small
volume of interstitial fluid from healthy mammary glands
and tumor using a modified centrifugation method combined
with liquid chromatography-electrospray ionization tandem
mass spectrometry (LC-ESI-MS/MS). Using our newmethod,
we are able for the first time to demonstrate the contributions
of SphK1 and SphK2 to secreted S1P in vivo, and have been

able to provide definitive evidence that S1P is increased in
breast tumor interstitial fluid and that this increase is amelio-
rated by treatment with the prodrug FTY720, concomitantly
with suppression of tumor growth.

Materials and Methods

Reagents

Internal standards were purchased from Avanti Polar
Lipids (Alabaster, AL) and added to samples in 20 μl
ethanol:methanol:water (7:2:1) as a cocktail of 500 pmol
each. The HPLC grade solvents were obtained from VWR
(West Chester, PA). ). FTY720 was from Cayman Chemical
Company (Ann Arbor, MI).

Animals

All animal studies were conducted in the Animal Research
Core Facility at VCU School of Medicine in accordance with
institutional guidelines. Experiments without breast tumor im-
plantation utilized SphK1−/− and SphK2−/−mice since they are
well characterized, and because we have previously found that
SphK2−/− mice demonstrate compensatory higher expression
of SphK1 in the tissues [14]. These knockout mice were kind-
ly provided by Dr. Richard L. Proia of National Institute of
Diabetes and Digestive and Kidney Diseases [15, 16]. We
obtained each knockout mouse with littermate WT from het-
erozygous parents. Experiments with 4T1 breast tumor im-
plantation, used syngeneic Balb/c female mice at 8–10 weeks
of age (Harlan, Indianapolis, IN).

Tumor Growth

4T1-luc2 cells, a mouse mammary gland derived adenocarci-
noma cell line that has been engineered to express luciferase
(Caliper Life Sciences, Perkin Elmer, Waltham, MA), were
cultured in RPMI Medium 1640 with 10 % fetal bovine se-
rum. 4T1-luc2 cells (1 × 105 cells in 10 μl RPMI) were
implanted in the 2nd chest mammary gland under direct vision
as previously described [13, 17]. The tumor burden of 4T1-
luc2 cell tumors was determined by measurement of biolumi-
nescence with the IVIS Imaging System (Xenogen, Perkin
Elmer). Where indicated, tumor-bearing mice were random-
ized 2 days after implantation into two treatment groups treat-
ed with saline or FTY720 (p.o. 1 mg/kg/day).

Human Tissue Samples from Patients with Breast Cancer

Breast cancer tissue samples were collected from 7 patients
who had invasive tumors larger than 1.5 cm and underwent
surgical resection in Niigata University Medical and Dental
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Hospital. This study protocol was approved by the
Institutional Review Board of Niigata University Medical
and Dental Hospital, and informed consent was obtained from
all the patients. Cancerous tissue, peri-tumor normal
breast tissue and normal breast tissue distant from the
cancer were collected from surgical specimens immedi-
ately after operation, excised and frozen in liquid nitro-
gen. Peri-tumor normal breast tissue was defined as tis-
sue within 1 cm from the gross edge of tumor, and
distant from tumor was defined as tissue more than
2 cm from the gross edge of tumor. All tissue samples
were stored at −80 °C.

Construction of the IF Collection Tube

Based on the previous Bnylon basket^ approach to the collec-
tion of IF developed byWiig et al., [3, 18, 19] an IF collection
tube was constructed by gluing Spectrum/Mesh nylon filters
(20 μM mesh, 55 μM thick, Spectrum Labs. Inc., Rancho
Domingguez, CA) to the bottom of Wizard Minicolumn
Inserts (Promega, Madison, WI) after removing the original
bottom filter. These were then placed on top of the spin col-
umns (Fig. 1).

Collection of IF from Tissues

Animals were sacrificed by exsanguination, blood was col-
lected, and tissues were harvested for IF collection by an
established method [3, 18, 19] with some modifications.
Briefly, tissue was excised, blotted gently, and placed in
pre-weighed tubes on ice. Tubes were re-weighed to
determine tissue weight and the tissue was sectioned
several times with scissors. The samples were then
transferred into the inserts with nylon mesh, and placed
into the pre-weighed centrifuge tubes. The tubes were
centrifuged at 106 × g for 10 min at 4 °C and the IF
accumulated below the filter. The volume of IF was
quantified by weight. PBS containing phosphatase inhib-
itors (100 μl) was added to the IF and the tubes were
centrifuged at 1000 × g for 10 min at 4 °C to remove any
contaminating cells (Fig. 1).

Cell Counting and Immunoblot

Cell numbers were determined in IF without centrifugation,
after centrifugation at 106 × g, 1000 × g, 10,000 × g by
counting the numbers under microscopy. Protein from lymph
node (LN) tissue extracts or from IF were quantified by
western blotting with anti-actin antibody and stained
with Ponceau S to visualize proteins. Densitometry of
the blot was assessed using Image J software, and the
relative level of actin was normalized with equal protein
amount of LN and IF.

Quantitation of Sphingolipids by LC-ESI-MS/MS

Lipids were extracted from IF, blood, or tissue samples and
sphingolipids were quantified by liquid chromatography,
electrospray ionization-tandem mass spectrometry (LC-ESIMS/
MS, 4000 QTRAP, ABI) as described previously [12, 20, 21].

Statistical Analysis

Results were analyzed for statistical significance with a two-
tailed Student’s t-test, with P < 0.05 considered significant.
Experiments were repeated at least three times with consistent
results.

Results

An Improved Method to Collect IF from Tissues

Although it has been suggested that S1P levels are relatively
low in IF compared to cells, this has not been verified exper-
imentally [22]. We modified an established method by Wiig
et al. [3, 18, 19] and developed a new IF collection tube to
enable efficient collection of IF from small tissue samples for
sphingolipid measurements (Fig. 1). The recovery of IF was
low from tissues weighing less than 200 mg, while the volume
of IF collected was proportional to the weight of tissues
weighing more than 200 mg (Fig. 2a). To protect S1P from
degradation, buffer containing phosphatase inhibitors was
added to the IF, and a subsequent centrifugation at 1000 × g
was used to remove contaminating cells (Fig. 2b). To examine
whether collected IF contained cells or components of broken
cells, 10 μg of protein in IF from lymph node tissue and the
same amount of protein extracted from lymph node tissue
were separated by SDS-PAGE and immunoblotted with an
antibody to actin, the major intracellular protein. Actin was
barely detectable in the IF (Fig. 2c). Densitometric analysis of
the actin band revealed that the IF contained less than 0.3 % of
the actin protein as compared to the same amount of protein
extracted from lymph node tissue (Fig. 2c). Repeated analyses
of IF samples demonstrated minimal variation (i.e. tight error
bars), also indicating low contamination.

Effect of Deletion of SphK1 or SphK2 on Sphingolipid
Levels in Blood

As we have an interest in investigating the level and function
of S1P in the various fluid compartments of the body, we
initially investigated the different contributions of SphK1
and SphK2 to S1P levels in whole blood and serum using
knockout mice. In agreement with previous reports [15,
23–25], levels of S1P and dihydro-S1P (DHS1P) in blood as
well as in serum of SphK1−/− mice were lower than those
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found in wild type (WT) littermates (Fig. 3a and 3c). In con-
trast, and in agreement with others [14, 26], S1P and DHS1P
levels in blood as well as serum of SphK2−/−mice were higher
than those of their WT littermates, most likely due to compen-
satory up-regulation of SphK1 that produces S1P and DHS1P
in the SphK2−/− animals [14] (Fig. 3b and 3d). Hence, SphK1,
rather than SphK2, appears to contribute to the S1P levels in
whole blood and serum. Levels of sphingosine (Sph) and
dihydro-Sph (DHSph) in blood and serum are much lower
than the phosphorylated sphingoid bases in both knockouts
and WT mice, as were previously reported [21, 26–29].

S1P Levels Are Higher in Mammary Gland IF than
in Mammary Gland Itself

Next, it was of interest to examine the contribution of SphK1
and SphK2 to levels of bioactive sphingolipids in IF compared
to the tissue it was collected from.We examined their levels in
IF frommammary gland compared to the tissue itself. S1P and
DHS1P levels in mammary glands were much lower than

those of Sph and DHSph and there were no major differences
in S1P levels between the SphK1 knockouts and their litter-
mate controls (Fig. 4a), yet there were significant decreases in
levels of DHS1P and Sph in SphK1−/− mice. S1P levels were
slightly increased in SphK2 knockout mice compared to their
littermate controls, while levels of Sph were not changed
(Fig. 4b). Importantly, substantial concentrations of S1P and
DHS1P were found in IF from mammary glands, which were
approximately 10-fold higher than those in the tissue.
Moreover, deletion of SphK1 greatly reduced levels of both
phosphorylated sphingoid bases as well as Sph and DHSph
(Fig. 4c). In contrast, deletion of SphK2 did not affect their
levels in IF significantly (Fig. 4d).

Levels of Bioactive Sphingolipids in Breast Tumor IF
Correlate with Tumor Growth

Wepreviously showed in a syngeneic mouse breast cancer mod-
el in which 4T1-luc2 murine mammary cancer cells were
orthotopically implanted into the chest mammary glands of
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10 min

Cell pellet Interstitial 
fluid

Supernatant for 
analysis

Add 
phosphatase 
inhibitor mix

Put cut tissue 
into tube Cell pellet

Fig. 1 Scheme for the isolation of IF from tissues. Excised tissuewas placed
inside pre-weighed inner tubes with nylon mesh. The tubes were centrifuged
at 106 × g for 10 min at 4 °C allowing IF accumulation in the bottom of the

tube together with a very small cell pellet. After weighing to determine the
volume of IF, phosphatase inhibitor mix was added and the tubes were
centrifuged at 1000 × g for 10min at 4 °C to remove any contaminating cells
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immunocompetent mice that S1P levels are increased in tumors
and correlated with tumor growth [13]. Because we [14] and
others [30, 31] have shown that oral administration of FTY720
reduces tumorigenesis, and because of the known effects of
FTY720 on S1P signaling, we treated 4T1 tumor bearing mice
with FTY720 and examined correlations between tumor burden
and levels of bioactive sphingolipids in tumor IF. FTY720 great-
ly reduced tumor growth, as demonstrated by in vivo biolumi-
nescence and tumor volumemeasurements (Fig. 5a–c), levels of
S1P and DHS1P in tumor IF were significantly decreased com-
pared to saline treated animals (Fig. 5d).

S1P Levels Are Higher in Breast Cancer IF than
in Normal Breast Tissue IF from Human Patients

Next, we examined the levels of sphingolipids in IF from
human patients with breast cancer to examine whether the
observation seen in animal models is also applicable to the
human patients. For this purpose, we obtained IF from breast
tumor tissue and normal breast tissue from two different areas
(peri-tumoral area and distant area from the tumor) in
each patient with breast cancer and determined levels
of sphingolipids in the fluid. Importantly, Sph, DHSph, and
S1P levels, but not DHS1P, were significantly higher in the
breast tumor tissue IF than in the normal breast tissue IF
(Fig. 6). There is no significant difference in levels of Sph,
DHSph, S1P or DHS1P between IF from normal breast tissue
that is distant from tumor and that from peri-tumor normal
breast tissue (Fig. 6).

Discussion

High levels of S1P in blood are critical for maintenance of the
tone and integrity of the vascular endothelium. The S1P

gradient between high levels in the circulation and the low
levels in tissues due to the presence of S1P degrading activity
from phosphatases and S1P-lyase is important for immune
cell trafficking [22]. It has been generally assumed that S1P
levels in IF of lymphoid tissues are very low so that S1PR1 on
lymphocytes can sense the S1P gradient as they exit into the
blood. Previous studies have suggested that S1P secreted by
tumor cells plays an important role in tumor progression and
metastasis [13]. However, there are no reports on S1P in IF,
due in part to the difficulties in collection. To our knowledge,
this is the first report of the measurement of S1P and DHS1P
in tumor IF in murine normal mammary glands and mammary
tumors, as well as in human patients with breast cancer.
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Wiig et al. previously described a method to collect IF
without causing cellular damage using low speed centrifuga-
tion of tissues on nylon mesh which required a large amount
of tissue [3, 18, 19]. In order to collect IF from a smaller
amount of tissue, we improved this method by designing a
more efficient IF collection tube with a smaller nylon mesh
surface area, thereby reducing loss of IF from absorption of
the fluid by the mesh. Based on our experience, we recom-
mend the use of at least 400 mg tissue for reproducible col-
lection of IF. Nevertheless, LC-ESI-MS/MS is sufficiently
sensitive to accurately measure sphingolipids in a volume of
IF of less than 10μl. As was reported byWiig et al. [3, 18], we
also found negligible contamination of IF with cellular com-
ponents from contaminating or broken cells as shown by the
extremely low amounts of actin.

Using the simple method for collection of IF that we have
described, we have been able to validate previous assumptions
regarding extracellular S1P as well as discover several new
insights into the role of S1P in the tumor microenvironment.
Levels of S1P in normal mammary glands are known to be
relatively low, much lower than Sph; however, we have found
high concentrations of bioactive sphingolipids (reaching
0.6 μM S1P and 0.2 μM DHS1P) to be present in IF from
normal mammary glands. Sphingolipid metabolites in mam-
mary gland IF from SphK1−/− mice were significantly de-
creased, suggesting that it is SphK1 that plays a pivotal role
in regulating levels of these metabolites in IF from normal
mammary glands. Though in vitro studies have suggested that
it is SphK1 and not SphK2 that is the major contributor of
secreted S1P, this is the first study to validate this in an in vivo
setting.

FTY720 is a pro-drug approved for treatment of multiple
sclerosis. It is phosphorylated in vivo to FTY720-phosphate, a
S1P mimetic that modulates S1PR functions [32]. However,
we [14] and others [30, 31] have shown that FTY720 also
potent anti-cancer activities. In agreement, we found that oral
administration of FTY720 greatly reduced breast tumor
growth in a syngeneic model. Importantly, S1P and DHS1P
levels in tumor IF were significantly decreased by FTY720
administration and correlated with the reduction of tumor
growth.While this observation further supports the notion that
S1P may have an important role within the tumor microenvi-
ronment, it also provides an important insight into the possible
mechanisms of action of FTY720 on cancer progression.
Though FTY720 in its phosphorylated form is known to have
its immunosuppressive effects as a functional antagonist of
S1PR1, inducing internalization and degradation of S1PR1
and prolonged receptor downregulation, it has also been
shown that FTY720 inhibits SphK1 and induces its
proteasomal degradation [33, 34]; therefore, the lower levels
of S1P in the tumor IF from tumor bearing mice treated with
FTY720 compared to saline treated animals could also be due
to inhibition or reduction of SphK1 in the breast cancer cells.

SphK1 is known to be upregulated in many cancers including
breast [35–39] and we have shown that tumor bearing mice
have increased systemic S1P [13] and may communicate with
the host via the systemic SphK1/S1P axis to regulate lung
metastasis/colonization [40]. Our findings suggest the possi-
bility that S1P secreted from tumor cells to IF may be impor-
tant for metastasis by stimulating S1P signaling important for
cancer progression and highlights its important role in the
tumor microenvironment. Further studies to investigate the
roles of tumor IF in cancer progression is necessary to address
this issue.
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Targeting the SphK1/S1P/S1PR1 Axis That Links
Obesity, Chronic Inflammation, and Breast
Cancer Metastasis
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Abstract

Although obesity with associated inflammation is now recog-
nized as a risk factor for breast cancer and distant metastases, the
functional basis for these connections remain poorly understood.
Here, we show that in breast cancer patients and in animal breast
cancer models, obesity is a sufficient cause for increased expres-
sion of the bioactive sphingolipid mediator sphingosine-1-phos-
phate (S1P), which mediates cancer pathogenesis. A high-fat diet
was sufficient to upregulate expression of sphingosine kinase 1
(SphK1), the enzyme that produces S1P, along with its receptor
S1PR1 in syngeneic and spontaneous breast tumors. Targeting the
SphK1/S1P/S1PR1 axis with FTY720/fingolimod attenuated key
proinflammatory cytokines, macrophage infiltration, and tumor
progression induced by obesity. S1P produced in the lung pre-
metastatic niche by tumor-induced SphK1 increased macrophage
recruitment into the lung and induced IL6 and signaling pathways

important for lung metastatic colonization. Conversely, FTY720
suppressed IL6, macrophage infiltration, and S1P-mediated sig-
naling pathways in the lung induced by a high-fat diet, and it
dramatically reduced formation of metastatic foci. In tumor-
bearing mice, FTY720 similarly reduced obesity-related inflam-
mation, S1P signaling, and pulmonary metastasis, thereby
prolonging survival. Taken together, our results establish a critical
role for circulating S1P produced by tumors and the SphK1/S1P/
S1PR1 axis in obesity-related inflammation, formation of lung
metastatic niches, and breast cancer metastasis, with potential
implications for prevention and treatment.

Significance: These findings offer a preclinical proof of concept
that signaling by a sphingolipidmaybe an effective target to prevent
obesity-related breast cancer metastasis. Cancer Res; 78(7); 1713–25.
�2018 AACR.

Introduction
Obesity has drastically increased to become one of the leading

health concerns in the United States (1), and is now recognized
as a risk factor for breast cancer incidence, progression, recur-
rence, and prognosis (2, 3). Epidemiologic and clinical studies
indicate that obesity increases breast cancer risk by approximate-
ly 40% in postmenopausal women and is associated with
endocrine therapy resistance (2, 4). Obese breast cancer patients
are more likely to be diagnosed with larger, higher-grade tumors,
have an increased incidence of distant metastases, and elevated
risks of recurrence and death (3, 5). However, the mechanisms
by which obesity increases breast cancer incidence and worsens
prognosis remain ill defined.

High body weight has also been associated with larger and
more aggressive tumors in animal models of breast cancer
(6–10). Obesity in both humans and rodents is characterized
by increased production of insulin and growth factors, low-
grade chronic inflammation, and secretion of proinflammatory
cytokines that regulate breast cancer development and progres-
sion (11–13). Animal models that recapitulate human cancers,
such as syngeneic or transgenic murine models with intact
immune functions, have provided important clues to the crit-
ical roles of the cytokines TNFa and IL6, and have highlighted
the key roles played by the master transcription factors NFkB
and STAT3 in the link between chronic inflammation and
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breast cancer (14–16). Infiltration of macrophages (12) that
produce these cytokines into the tumor microenvironment is
now recognized as an important enabler of cancer progression,
and tumor-associated macrophages (TAM) correlate with
increased angiogenesis, metastasis, and decreased survival of
breast cancer patients (17). Macrophages have also been shown
to be recruited to premetastatic niches, specialized microenvir-
onments in distant organs primed by factors secreted from
cancer cells that promote metastatic progression (18–20), but
the underlying mechanisms guiding their assembly are largely
unknown.

There is growing evidence that sphingosine-1-phosphate
(S1P), a pleiotropic bioactive sphingolipid metabolite enriched
both in blood and lymphatic fluid is involved in inflammation,
obesity, and breast cancer (21). S1P generated by activation of
sphingosine kinase 1 (SphK1) is exported out of cells and
signals through specific S1P receptors to regulate numerous
cellular processes important for breast cancer, including cell
growth, survival, invasion, immune cell trafficking, vascular
integrity, angiogenesis, and cytokine and chemokine produc-
tion (22–25). Previous clinical studies have shown that SphK1
is overexpressed in breast cancer and its expression is associated
with poor patient outcomes (26, 27). Because it has been
suggested that S1P levels are elevated in plasma of obese
humans and rodents (28), in this work we explored the role
of S1P in obesity promoted breast cancer in patients and in
animal models. We uncovered that the SphK1/S1P/S1PR1 axis
is a critical factor linking obesity, low-grade chronic inflam-
mation, and breast cancer, identified S1P as an important new
factor in metastatic niche formation and demonstrated that
targeting the SphK1/S1P/S1PR1 axis is an effective treatment
for metastatic breast cancer exacerbated by obesity.

Materials and Methods
Cell culture

A C57Bl/6 mouse mammary fat pad–derived adenocarcinoma
cell line E0771 was obtained from CH3 BioSystems. A BALB/c
mouse mammary fat pad–derived adenocarcinoma cell line 4T1-
luc2 that has been engineered to express luciferase was obtained
from PerkinElmer. E0771 cells were cultured in DMEMwith 10%
FBS. 4T1-luc2 cells were cultured in RPMI medium 1640 with
10% FBS. SphK1 was overexpressed by transfection with Lipo-
fectamine Plus (Invitrogen) as described (29). Transfection effi-
ciency was determined by quantitative PCR (qPCR) and Western
blot analysis. All these cell lines were usedwithin 10 passages after
reception in the current experiments, and have been routinely
tested for mycoplasma contamination using the PCR Mycoplas-
ma Detection Kit (ABM) and the last mycoplasma test was
performed in August 2017. Mycoplasma-free cell lines were used
in all of our experiments.

Patient samples
Blood was taken prior to operation from 19 breast cancer

patients who did not have any complications, and underwent
surgery at Niigata University Medical and Dental Hospital.
Serum was separated by centrifugation, and preserved at
�180�C. All the patients were Japanese, and obesity was defined
as body mass index (BMI) 25 kg/m2 among that population.
Collection and use of all specimens in this study were approved
by the Institutional Review Board of Niigata University. Written

informed consent was obtained from all participants and the
studies were conducted in accordance with the Declaration of
Helsinki.

Animal models
All animal studies were conducted in the Animal Research

Core Facility at VCU School of Medicine in accordance with
the institutional guidelines. Animals were bred and main-
tained in a pathogen-free environment and all procedures
were approved by the VCU Institutional Animal Care and
Use Committee (IACUC) that is accredited by Association for
Assessment and Accreditation of Laboratory Animal Care.

Female C57Bl/6 mice and BALB/c mice were obtained from
Jackson Labs. Mice were fed with either normal diet (ND) or
high-fat diet (HFD; TD.88137, Harlan Labs) containing cho-
lesterol (0.2%), total fat (21% by weight; 42% kcal from fat),
saturated fatty acids (>60% of total fatty acids), sucrose (34%
by weight), protein (17.3% by weight), and carbohydrate
(48.5% by weight) for 12 weeks prior to implantation of cancer
cells. E0771 breast cancer cells (5 � 104 cells in 10-mL Matrigel)
were surgically implanted in the upper mammary fat pad under
direct visualization as described previously (23). Tumor size
was measured with calipers every 2 days and total tumor
volume was estimated by the cylinder formula. Tumor-bearing
mice were randomized 2 days after implantation prior to
treatment with saline or FTY720. FTY720 (Cayman Chemicals)
was administered by gavage at a dose of 1 mg/kg/day in PBS.
Mice were sacrificed by exsanguination, blood was collected,
tumors excised, weighed, fixed in formalin, and embedded in
paraffin or frozen in liquid nitrogen. For survival studies, mice
were euthanized according to a morbidity scale approved by
IACUC.

For tumor-conditioned media (TCM) treatments, mice were
injected intraperitoneally with TCM (300 mL) from E0771, HeLa,
or 4T1-luc2 cells overexpressing Sphk1 or from vector-transfected
cells for 5 days prior to tail vein injections of E0771 cells or 4T1
cells (1 � 105/100 mL/mouse), respectively, as described previ-
ously (19, 20, 30). Metastatic lesions in the lung were determined
histologically, by examining hematoxyin and eosin (H&E)–
stained sections.

For the spontaneously developed breast cancer model, male
MMTV-PyMT mice on a FVB/N background (Jackson Laborato-
ries) were randomly bred with normal FVB/N females to obtain
females heterozygous for the PyMT oncogene. Female heterozy-
gous mice developed palpable mammary tumors as early as 5
weeks of age. Tumor sizes were measured every 3 days by caliper
and total tumor volume was estimated by the cylinder formula
(31). HFD or ND feeding and FTY720 administration was started
at weaning.

Bioluminescent quantification of tumor burden
D-Luciferin (0.2-mL of 15 mg/mL stock, PerkinElmer) was

injected intraperitoneally into mice previously implanted with
4T1-luc2 cells, and Living Image Software (Xenogen) was used to
quantify the photons/second emitted by the cells as described
previously (23).

Interstitial fluid collection
Interstitial fluid (IF) from breast and breast tumors was col-

lected as described previously (32, 33). Briefly, tissue was excised
and placed in preweighed tubes on ice. Tubes were reweighed to
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determine tissue weight and the tissue was sectioned several
times with scissors. Samples were then transferred into inserts
capped with nylon mesh, and placed into preweighed centri-
fuge tubes. The tubes were centrifuged at 100� g for 10 minutes
at 4�C and the IF accumulated in the bottom. The volume of
IF was quantified by weight. PBS containing phosphatase
inhibitors (100 mL) was added to the IF and the tubes were
centrifuged at 1,000 � g for 10 minutes at 4�C to remove any
contaminating cells.

Quantification of S1P and dihydro-S1P by mass spectrometry
Lipids were extracted from blood, tissues, and interstitial

fluid, and S1P and dihydro-S1P quantified by liquid chroma-
tography, electrospray ionization-tandem mass spectrometry
(LC-ESI-MS/MS, 4000 QTRAP, AB Sciex) as described previ-
ously (23, 34, 35).

Histopathologic analysis
Tissue slices (5 mm) were stained with H&E for morphologic

analysis. Paraffin-embedded slides were deparaffinated, and
antigen unmasking was carried out by microwave heating in
citrate buffer for 20minutes. Slides were incubated with 3%
H2O2 and then with goat or horse serum (DAKO) for 30min-
utes at room temperature. After washing with PBS, slides were
incubated at 4�C overnight with the following primary anti-
bodies with indicated dilutions: IL6 (1:200, Abcam), SphK1
(1:100, Abcam), S1PR1 (1:100, Santa Cruz Biotechnology), Ki-
67 (1:25, Dako). Biotinylated secondary antibodies (1:200)
were added and incubated at room temperature for 20minutes.
After 5minutes with streptavidin–HRP, sections were stained
with DAB substrate and counterstained with hematoxylin.
Slides were examined with a Zeiss Axioimager A1 (Jena) and
images captured with an AxioCam MRc camera.

Immunofluorescence analysis
Tumors were also frozen, and embedded in optimal cutting

medium (OCT 4583; Sakura Finetek) for immunofluorescence
analysis. Sections were fixed in 4% paraformaldehyde, blocked
with horse serum containing 2.5% of fraction V for 1 hour, and
then stained with primary antibodies at 4�C overnight: anti–IL6
(1:200, Abcam), or anti-F4/80 (1:200, AbD Serotec). After two
washes with PBS, sections were stained with Alexa488- and
Alexa594-conjugated secondary antibodies (1:500, Invitrogen)
for 30 minutes. Nuclei were counterstained with Hoechst 33432
(Invitrogen) for 5 minutes. Slides were mounted and examined
with a LSM710 laser-scanning confocal microscope (Zeiss).

Immunoblotting
Frozen tissue samples were homogenized and sonicated in 300

mL of buffer containing 50mmol/LHEPES (pH 7.4), 150mmol/L
NaCl, 1 mmol/L EDTA, 1% Triton X-100, 2 mmol/L sodium
orthovanadate, 4 mmol/L sodium pyrophosphate, 100 mmol/L
NaF, 1:500 protease inhibitormixture (Sigma). Equal amounts of
proteins were separated by SDS-PAGE, transblotted to nitrocel-
lulose, and immunopositive bands visualized by ECL (36).

Real-time PCR
Total RNAwas isolated from tissues and cells using TRIzol (Life

Technologies) and reverse transcribed with the High Capacity
cDNA Reverse Transcription Kit. Premixed primer-probe sets and
TaqMan Universal PCR Master Mix (Applied Biosystems) were

employed to examine mRNA levels. cDNAs were diluted 10-fold
(for the target genes) or 100-fold (for GAPDH) and amplified
using the ABI7900HT cycler.GapdhmRNAwas used as an internal
control to normalize mRNA expression.

Statistical analysis
Statistical analysis was performed using unpaired two-tailed

Student t test for comparison of two groups and ANOVA
followed by post hoc tests for multiple comparisons (GraphPad
Prism). P < 0.05 was considered significant. Experiments were
repeated at least three times in triplicate with consistent results.
In vivo experiments were repeated three times and each exper-
imental group consisted of at least six mice.

Results
Obesity increases S1P levels in breast cancer patients and in a
syngeneic breast cancer model

Because obesity is now recognized as an independent prog-
nostic factor for breast cancer patients (37, 38), and we have
shown that S1P levels are elevated in breast tumors (23), it was of
interest to examine the effects of obesity on S1P levels in breast
cancer patients that didnot yet receive therapy. S1P levels in serum
from obese breast cancer patients were significantly higher than
those from nonobese patients (Fig. 1A). Likewise, serum levels of
dihydro-S1P, which also binds to all S1P receptors, were signif-
icantly higher in the obese patients (Fig. 1A).

Next, HFD induced obesity in C57Bl/6 mice, a common
model because of its similarities to metabolic changes in obese
humans, was used to investigate the mechanisms underlying
obesity-promoted breast cancer progression. To this end, E0771
mouse breast cancer cells were implanted into mammary fat pad
of syngeneic C57Bl/6 mice fed with HFD or ND for 12 weeks
(Fig. 1B). As expected, mice fed with HFD developed signifi-
cantly larger tumors within 30 days than those on ND (Fig. 1C).
HFD significantly increased S1P levels in both normal mam-
mary fat pad and breast tumors (Fig. D). HFD also significantly
increased S1P levels in the tumor IF, which is a component of
the tumor microenvironment and bathes cancer cells in the
tumor (Fig. 1D). This is in agreement with our previous finding
that tumor generated S1P is secreted into tumor IF (33), and
that S1P levels are higher in human breast cancer and its tumor
IF compared with those of normal breast tissue (33, 39). Similar
to patients, levels of S1P in serum from nontumor-bearing mice
and tumor-bearing mice fed with HFD were also significantly
increased compared with mice on ND, and the difference
between mice fed with ND and those with HFD were larger in
the tumor bearing mice than nontumor-bearing mice (Fig. 1D).
Moreover, S1P levels in the lung were also increased in the mice
fed with HFD regardless of tumor existence (Fig. 1D). Consis-
tent with elevation of S1P in tumors, expression of SphK1, but
not SphK2, and S1PR1, albeit to a much lesser extent, was
increased in the tumors from mice fed HFD (Fig. 1E).

The SphK1/S1P/S1PR1 axis connects obesity, chronic
inflammation, and breast cancer progression

To investigate the involvement of the S1P/S1PR1 axis in
tumor progression in obese animals, we utilized the prodrug
FTY720/fingolimod that is phosphorylated in vivo to its active
form FTY720-P, an S1P mimetic that acts as a functional
antagonist of S1PR1 by inducing its internalization and
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degradation (40). When E0771 tumors in syngeneic mice on a
HFD reached 5 mm in diameter, mice were treated orally daily
with FTY720 (1 mg/kg) or saline. FTY720 significantly sup-
pressed tumor progression determined by decreases of primary
tumor volumes and tumor weights in the obese mice (Fig. 2A
and B). FTY720 administration, however, did not significantly
affect weight gain of HFD-fed mice (Fig. 2C), indicating that
FTY720 did not affect diet intake. Treatment with FTY720
also significantly suppressed HFD-induced elevation of S1P in
serum, tumors, and IF (Fig. 2D).

The proinflammatory cytokines, IL6 and TNFa, produced by
tumor-infiltrating stromal cells, such as TAMs, are known to
have important roles in obesity-related cancer progression (12).
Indeed, expression of these cytokines was increased in the
tumors of HFD-fed mice, compared with those fed ND, which
was suppressed by FTY720 treatment (Fig. 2E). Moreover, as
expected, HFD increased recruitment of TAMs, as revealed by
immunofluorescence with anti-F4/80, (Fig. 2F). Of note,
FTY720 dramatically decreased infiltration of TAMs in tumors
of HFD-fed mice (Fig. 2F).

Figure 1.

Obesity increased circulating levels of S1P in humans and mice with breast cancer. A, S1P and dihydro-S1P levels in serum from preoperative breast
cancer patients with BMI < 25 kg/m2 (n ¼ 11), or BMI 25 kg/m2 (n ¼ 8) were measured by LC-ESI-MS/MS. The S1P and dihydro-S1P levels are shown in the
box plot. The central rectangle spans the first quartile to the third quartile. A segment inside the rectangle shows the median and "whiskers" above
and below the box shows the value of the minimum and maximum. All data points are also shown as dots. �, P < 0.05. B–E, The SphK1/S1P/S1PR1 axis in
HFD promoted breast cancer progression. B, Prior to implantation of E0771 cells into the chest mammary fat pad under direct vision, C57Bl/6 mice
were fed ND or HFD for 12 weeks and body weight was measured. C, Tumors were harvested 30 days after the implantation, and the tumor weight was
measured. Data are means � SEM. � , P < 0.05. D, Levels of S1P in mammary fat pad (MFP) and breast tumors, tumor IF, serum without or with breast
tumors, and lung without or with breast tumors from mice fed with ND or HFD were measured by LC-ESI-MS/MS. E, Expression of Sphk1, Sphk2, and S1pr1
in breast tumors was determined by qPCR and normalized to Gapdh mRNA. Data are expressed as means � SEM. � , P < 0.05.
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Targeting the SphK1/S1P/S1PR1 axis with FTY720 attenuates
obesity-induced tumor progression and inflammation

An obesogenic HFD has been shown to enhance primary
tumorigenesis and metastasis in MMTV-PyMT transgenic mice,
which spontaneously develop breast cancer accompanied by
recruitment of TAMs and increased tissue inflammation (9, 10).
Therefore, we also sought to examine the role of the SphK1/
S1P/S1PR1 axis in the link between inflammation and obesity-
promoted breast cancer progression in this mouse model that
closely mimics progression of the human disease (41). Con-
sistent with previous reports (7–10, 31), HFD increased tumor
incidence, multiplicity, and size with a significant increase in
proliferation determined by Ki67 staining (Fig. 3A and B). HFD
feeding, which increased circulating S1P levels (Fig. 3C), also
enhanced mRNA expression of SphK1, but not SphK2, and
S1PR1 in tumors, corresponding with increased protein levels

determined by IHC (Fig. 3D and E). Because we and others have
shown that enhanced S1PR1 expression reciprocally activates
STAT3, leading to its persistent activation and upregulation of
IL6 expression (36, 42), we also studied the effects of interfering
with S1P formation and S1PR1 function and this feed-forward
amplification loop with FTY720. Daily administration of
FTY720 to HFD-fed MMTV-PyMT transgenic mice not only
decreased HFD-induced S1PR1 expression, but also, in agree-
ment with the notion that it is an inhibitor of SphK1 and
induces its proteasomal degradation (43, 44), FTY720 almost
completely abrogated the increase in SphK1 protein in the
tumors (Fig. 3D and E). Concomitantly, FTY720 administra-
tion prevented increased levels of circulating S1P (Fig. 3C),
prevented activation of Stat3, and increases in IL6 expression,
and reduced tumor development of HFD-fed MMTV-PyMT
mice (Fig. 3).

Figure 2.

The SphK1/S1P/S1PR1 axis connects
obesity, chronic inflammation, and
breast cancer progression. A–E, Mice
were treated as above and when
tumors reached 5 mm in diameter,
HFD-fed mice were treated by gavage
dailywith PBS or FTY720 (1mg/kg).A,
Tumor volumesweremeasured on the
indicated days. B–E, After treatment
for 18 days, tumors were harvested
and tumor and body weights
determined (B and C). D, Levels of S1P
in breast tumors, tumor IF, and serum
were measured by LC-ESI-MS/MS. E,
Tnfa and IL6 mRNA levels in tumors
were determined by qPCR and
normalized to Gapdh mRNA. Data are
expressed asmeans� SEM. � , P <0.05
versus ND; #, P < 0.05 versus HFD. F,
Immunofluorescence analysis of
tumors stained for IL6 (green), F4/80
(red), and Hoechst (blue). Scale bar,
100 mm.
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S1P produced by tumor SphK1 primes distant premetastatic
sites

Our results show that S1P is secreted from the primary
tumor into the tumor IF that drains into systemic circulation
via lymphatic flow. Taken together with a recent study
suggesting that S1P transported out of lymph endothelial
cells by Spns2 can regulate metastatic colonization (45),
it was intriguing to examine whether increased levels of
circulating S1P can also promote formation of "premeta-
static niches" in distant sites, such as the lung, that assist
circulating cancer cells to form metastatic lesions at that
location. To this end, prior to tail vein injections of E0771

breast cancer cells (Fig. 4A), mice were treated for 5 days
with TCM from control or SphK1-overexpressing E0771 cells
that contained increased levels of S1P (Fig. 4A; Supplemen-
tary Fig. S1).

Sevendays after tumor challengewhen therewereno significant
metastases, H&E staining showed extensive infiltration of inflam-
matory cells into the lungs of mice receiving TCM containing
high levels of S1P (TCM-Sphk1) compared with those receiving
control TCM (Fig. 4B). Histologic analysis also revealed extensive
clusters of macrophages and greater IL6 staining (Fig. 4C). Sphk1,
S1pr1, and IL6 mRNA levels were also all significantly higher
in those lungs (Fig. 4D). Furthermore, treating mice with TCM

Figure 3.

Targeting the SphK1/S1P/S1PR1 axis with FTY720 mitigates HFD-induced inflammation and tumorigenesis in MMTV-PyMT transgenic mice. A, Beginning
at 3 weeks of age, MMTV-PyMT transgenic mice were fed ND or HFD and treated daily by gavage with PBS or FTY720 (1 mg/kg). A, Spontaneous
tumor sizes were determined on the indicated days. B, Tumor sections were stained with Ki67 antibody and percent Ki67–positive cells determined.
Scale bar, 50 mm. C, Levels of S1P in serum were measured by LC-ESI-MS/MS. D, Expression of Sphk1, Sphk2, S1pr1, and IL6 in breast tumors was
determined by qPCR and normalized to Gapdh mRNA. E, Breast tumors were immunostained with anti-SphK1 or anti-S1PR1. Scale bar, 50 mm. Relative
intensity of the immunostaining was quantified. Data are expressed as means � SEM. � , P < 0.05 versus ND; #, P < 0.05 versus HFD.
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generated from SphK1-expressing tumor cells, but not TCM
derived from control tumor cells, activated ERK, Akt, and STAT3
(Fig. 4E), known survival signaling pathways downstreamof S1P/
S1PR1, that have been implicated in premetastatic niche forma-
tion (19, 36, 42). We confirmed our findings by repeating experi-
ments utilizing tail vein injections of another breast cancer cell
line of 4T1-luc2 after 5-day TCM treatment. As expected, histo-
logic analysis revealed that there were increased metastatic foci
in the lung in the mice treated with TCM-Sphk1 compared with
those treated with control TCM (Fig. 4F).

FTY720 inhibits HFD-induced inflammation and lung-seeding
ability for breast cancer cells

Because low-grade inflammation is induced by cancer, and
obesity may exacerbate that inflammation, obesity has been
suggested to increase cancer cell colonization and promote
pulmonary breast cancer metastasis (6, 9, 10, 46). We next
examined the involvement of the SphK1/S1P/S1PR1 axis in
lung seeding ability for breast cancer cells. We performed tail
vein injections of 4T1-luc2 cells after 5-day TCM-Sphk1 treat-
ment, and treated with clinically relevant doses of FTY720

Figure 4.

S1P in tumor conditioned medium increased macrophage recruitment and induced factors and signaling pathways important for lung premetastatic
niches. A, Equal amounts lysates of E0771 cells with SphK1 overexpression or control (Ctrl) analyzed by immunoblotting with the indicated
antibodies (left). Schematic overview of regimen for examination of premetastatic niche formation in the lung utilizing TCM (right). B–E, Mice were treated
with TCM from Sphk1-overexpressing E0771 cells (TCM-Sphk1) or control E0771 cells (TCM-Ctrl) for 5 days, followed by systemic tumor challenge.
Lungs were harvested 7 days later. B, H&E staining of lung sections. Scale bar, 100 mm. C, Immunofluorescence analysis of lung sections stained for
IL6 (green), F4/80 (red), and Hoechst (blue). Scale bar, 100 mm. D, Expression of Sphk1, S1pr1, and IL6 mRNA in lungs determined by qPCR and normalized
to levels of Gapdh mRNA. Data are means � SEM. � , P < 0.05. E, Equal amounts of lung lysates analyzed by immunoblotting with the indicated antibodies.
F, Quantitation of metastatic lesions in the mouse model with TV injection of 4T1-luc2. Data are means � SD. � , P < 0.05 versus TCM-Ctrl.
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(Fig. 5A), and found that FTY720 significantly decreased the
tumor burden detected by IVIS imaging (Fig. 5B). To examine
the effect of HFD, mice were fed HFD or ND for 12 weeks prior
to treatment with TCM-Sphk1 and subsequent intravenous
injection of E0771 cells (Fig. 5C). The lungs of HFD-fed mice
were heavier than those of mice fed ND, suggesting the presence
of increased cancer cell–seeding lesions (Fig. 5D). Indeed,
histologic analyses showed significantly increased numbers of
cancer cell–seeding foci in the lungs of the HFD-fed mice
(Fig. 5E). Moreover, HFD-induced obesity also increased
recruitment of macrophages (Fig. 5F) that have been shown
to mediate inflammatory responses, and increase expression of
IL6 (Fig. 5F), which facilitate tumor cell recruitment, extrava-
sation, and colonization into the niche (42, 46). S1P-stimu-
lated signaling including pERK, pAKT, and pStat3, was also
enhanced in lungs of mice fed HFD compared with ND
(Fig. 5G). Importantly, treatment of mice fed HFD with clin-
ically relevant doses of FTY720 dramatically suppressed HFD-
induced formation of cancer cell–seeding foci (Fig. 5D and E),
IL6, and macrophage infiltration (Fig. 5F), as well as S1P-
mediated signaling pathways (Fig. 5G). Finally, we repeated
experiments utilizing tail vein injections of 4T1-luc2 cells after
5-day TCM-Sphk1 treatment into HFD-fed mice, and treated
with FTY720 (Fig. 5H). We found significant decreases of tumor
burden in the mice treated with FTY720 compared with control
mice (Fig. 5H).

FTY720 suppresses pulmonary metastasis in MMTV-PyMT
transgenic and E0771 syngeneic orthotopic HFD-fed mice

In the metastatic lung colonization assay, cancer cells are
injected intravenously and travel directly to the lung rather than
from the primary tumor. Accordingly, we next tested the effect of
FTY720 on obesity-related cancer metastasis of spontaneous and
syngeneic breast tumors where cancer cells metastasize from the
breast to the lung, more closely mimicking the pathology of the
human disease. HFD enhanced pulmonary metastasis in MMTV-
PyMT mice (Fig. 6A), consistent with previous reports (47).
FTY720 administration drastically reduced lung metastases
(Fig. 6A). Likewise, increased metastasis of breast cancer cells to
the lung from E0771 orthotopic breast tumors was observed in
mice fed HFD compared with those fed ND (Fig. 6B), with
expression of SphK1 and S1PR1 significantly elevated in those
lungs (Fig. 6C). Treatment of HFD-fed mice with FTY720 signif-
icantly reduced metastasis as well as expression of SphK1 and
S1PR1 (Fig. 6B andC), indicating that elevated SphK1/S1P/S1PR1
correlates with HFD increased lung metastasis.

FTY720 suppresses obesity-related inflammation and S1P
signaling and prolongs survival in tumor-bearing mice

The key inflammatory cytokine IL6, which is known to
enhance metastatic potentials of tumor cells (46), was elevated
in lungs from HFD-fed mice (Fig. 7A) concomitantly with
increased S1P levels (Fig. 7B) and activation of key signaling
pathways (Fig. 7C). FTY720 suppressed elevation of the proin-
flammatory cytokines, S1P levels, and stimulation of signaling
pathways downstream of S1PR1 as demonstrated by reduction
in phosphorylation of ERK, AKT, Stat3, and p65 (Fig. 7A–C).
To determine whether FTY720 treatment also affects the sur-
vival of mice developing breast cancer lung metastases, we
carried out a long-term study of syngeneic mice orthotopically
implanted with E0771 cells. In agreement with previous studies

in other animal models of breast cancer (48), Kaplan–Meier
survival analysis revealed that HFD significantly worsened
the survival of these mice compared with those fed ND
(Fig. 7D). Daily administration of FTY720 significantly pro-
longed the survival of HFD-fed mice (Fig. 7D).

Discussion
Obesity-induced chronic inflammation has decisive roles in

the pathogenesis of breast cancer and distal recurrence; how-
ever, the underlying mechanisms linking obesity and chronic
inflammation to an increased risk of breast cancer and metas-
tasis are poorly understood. In the current study, we identified
a novel mechanism involving the SphK1/S1P/S1PR1 axis in a
malevolent feed-forward amplification loop that connects obe-
sity, inflammation, and breast cancer progression and metas-
tasis. Targeting this axis with FTY720, which reduced expres-
sion of SphK1 and S1PR1 and S1P levels, significantly sup-
pressed breast cancer metastasis and prolonged survival in
obese HFD-fed MMTV-PyMT transgenic and E0771 syngeneic
orthotopic breast cancer mice. In agreement with the critical
role of the SphK1/S1P/S1PR1 axis in persistent activation of
NFkB and STAT3 and production of proinflammatory cyto-
kines IL6 and TNFa (19, 36, 42), we found that in animals
bearing breast tumors, increased S1P by HFD is essential for the
production of IL6, the multifunctional NFkB-regulated cyto-
kine, as well as activation of STAT3 and the upregulation of its
target gene S1pr1 (36). Administration of FTY720 interfered
with the SphK1/S1P/S1PR1 axis and prevented STAT3 activa-
tion along with decreasing these proinflammatory cytokines
and macrophage recruitment, resulting in suppression of obe-
sity-promoted chronic inflammation and breast cancer pro-
gression and metastasis.

We have revealed that HFD increases S1P levels in the circu-
lation of not only tumor-bearing animals, but also of nontumor-
bearing animals (Fig. 1). Furthermore, S1P levels in the normal
mammary fat pad and lung tissue were also increased with HFD
without tumor. These findings indicate that obesity itself increase
the levels of S1P in the body. Indeed, it has been reported that S1P
levels are positively associated with obesity in humans. Plasma
levels of S1P were reported to be higher in obese patients than
those in nonobese and lean individuals (49). In addition, it was
demonstrated that levels of plasmaS1Pdirectly correlatewithBMI
and total body fat percentage (28, 50). Taken together, these
findings indicate that the S1P levels in the blood and local organs
are increasedwith obesitymost likely in addition to increased S1P
secretion from enlarged tumor.

Our data show that HFD-induced obesity increased levels of
S1P not only in the primary tumor itself but also in tumor
interstitial fluid—a component of the tumor microenviron-
ment, in the systemic circulation, and in distant sites such as
the lungs. Similarly, serum S1P levels from obese breast cancer
patients are higher than those in normal weight patients. The
"seed-and-soil hypothesis," first proposed by Paget, spawned
the idea that primary tumors secrete factors that contribute
to the development of premetastatic niches, characterized
by an abundance of bone marrow–derived cells and stromal
cells (30, 51). It has also been shown that even before tumor
cells arrive premetastatic niches in distant organs are formed to
create a favorable microenvironment for disseminating tumor
cell colonization (52). Our data suggest that S1P is one of these
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Figure 5.

FTY720 suppressed HFD-induced inflammation and lung-seeding ability of breast cancer cells. A, Schematic overview of treatment regimen for lung
colonization. Mice were fed ND and treated with TCM from Sphk1-overexpressing 4T1-luc2 cells (TCM-Sphk1) for 5 days and also daily treated orally with
PBS or with FTY720 (1 mg/kg) as indicated. At day 6, 4T1 cells were injected intravenously and tumor burden was quantified by in vivo bioluminescence
on the indicated days. B, Tumor burden of mice with tail vein injection of 4T1-luc2 cells treated without or with FTY720 quantified by in vivo bioluminescence
on day 11. Data are means � SEM. � , P < 0.05 versus ND. C, Schematic overview of treatment regimen for lung colonization. Mice were fed ND or HFD
for 12 weeks and treated with TCM from Sphk1-overexpressing E0771 cells (TCM-Sphk1) for 5 days and also daily treated orally with PBS or with
FTY720 (1 mg/kg) as indicated. At day 6, E0771 cells were injected intravenously and 7 days later, lungs were harvested. D, Lung weights. E, H&E staining of
lung sections. Top and bottom panels show lower (�40) and higher (�100) magnifications, respectively. Arrows, cancer cell–seeding lesions. Scale bar,
200 mm. Quantitation of cancer cell–seeding lesions. Data are means � SEM. � , P < 0.05 versus ND; #, P < 0.05 versus HFD. F, Immunofluorescence
analysis of lung sections stained for IL6 (green) and F4/80 (red). Scale bar, 100 mm. G, Equal amounts of lung lysates analyzed by immunoblotting,
with the indicated antibodies. H, Tumor burden of HFD-fed mice with tail vein injection of 4T1-luc2 cells treated without or with FTY720 quantified by
in vivo bioluminescence on the indicated days. Data are means � SEM. � , P < 0.05 versus HFD, respectively.
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factors secreted by tumor cells due to upregulation of SphK1.
We found that TCM from SphK1-overexpressing breast cancer
cells, which contains high levels of S1P, promoted metastatic
niche formation and lung metastasis. S1PR1 has previously
been identified as a key component for persistent activation of
STAT3 in both primary tumors and in various cell types includ-
ing myeloid cells in distant organs, leading to premetastatic
niche formation (19, 42). Although in the past it was not clear
how S1PR1 was activated, our results suggest that S1P secretion
from tumor cells is the primary driver of S1PR1 activation to
influence the microenvironment of distant organs such as lung
by promoting recruitment of macrophages known to promote
tumor cell extravasation, seeding, and persistent growth, and
enabling metastasis (Fig. 7E). Consistent with this key role for
S1P, a genome-wide screening of 800 mutant mice using an
in vivo assay for the discovery of new microenvironmental
regulators of metastatic colonization identified the S1P trans-
porter Spns2 that regulates levels of S1P in lymph and blood
as a critical new player (45).

We also found that in HFD-induced obese animals, SphK1
and S1PR1 expression is increased in metastatic lesions, along
with higher levels of proinflammatory cytokines, IL6 and TNFa.
Taken together with previous findings, this indicates that upre-
gulation of SphK1, formation of S1P, and subsequent activa-
tion of S1PR1 leads to persistent activation of survival signaling
and STAT3 in a malicious feed-forward amplification loop
critical for breast cancer proliferation, survival, crosstalk with
the microenvironment and metastasis.

FTY720, which targets the SphK1/S1P/S1PR1 axis, prevents
the amplification cascade and mitigates obesity-promoted met-
astatic niche formation and breast cancer metastasis. We found
that FTY720 decreased S1P levels as well as SphK1 and S1PR1
expression in the breast tumors. It has been reported that
FTY720 inhibits SphK1 activity and promotes its proteosomal
degradation (53). It has also been reported that FTY720 induces
functional antagonism by the rapid polyubiquitylation, endo-
cytosis, and proteasomal degradation of S1PR1 (54). This
mechanism may also contribute to FTY720-induced cancer

Figure 6.

FTY720 suppresses lung metastasis
in HFD-fed MMTV-PyMT transgenic
and E0771 syngeneic orthotopic
breast cancer mice. A, MMTV-PyMT
transgenic mice were fed with ND or
HFD and treated daily by gavage
with PBS or FTY720 (1 mg/kg) as
indicated. Lungs were harvested
when mice were 10 weeks
old. C, H&E staining of lung sections.
Top and bottom panels show lower
(�20) and higher (�200)
magnifications, respectively. Arrows,
metastatic lesions. Scale bar,
100 mm. Quantitation of metastatic
lesions. Data are means � SEM.
� , P < 0.05 versus ND; #, P < 0.05
versus HFD. B and C, C57Bl/6 mice
were fed with ND or HFD for
12 weeks, before E0771 cells were
implanted into the chest mammary
fat pad under direct vision. When
tumor sizes reached 5 mm in
diameter, mice fed HFD were
randomized into two groups and
treated by gavage with PBS or
FTY720 (1 mg/kg/day). Lungs were
examined 18 days later. B, H&E
staining of lung sections. Top and
bottom panels show lower (�20)
and higher (�200) magnifications,
respectively. Arrows, metastatic
lesions. Scale bar, 100 mm.
Quantitation of metastatic lesions.
Data are means � SEM. � , P < 0.05
versus ND; #, P < 0.05 versus HFD. C,
Lung sections were immunostained
with anti-SphK1 or anti-S1PR1. Scale
bar, 50 mm. Relative intensity of
immunostaining was quantified.
Data are means � SEM. � , P < 0.05
versus PBS; #, P < 0.05 versus HFD.
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cell–selective apoptosis (55) and its inhibition of tumor vas-
cularization and angiogenesis (56). Taken together, these direct
effects of FTY720 on sphingolipid metabolism may explain the
mechanisms through which FTY720 targets the SphK1/S1P/
S1PR1 axis.

It is possible that the reduction of primary tumor size may be at
least partly responsible for the decrease ofmetastatic tumor burden.
Although our results of survival data (Fig. 7) showed a benefit from
FTY720, the effect was not as dramatic as the results shown in Figs.
4–6. In this case, response to therapy was not linear to the length of
survival. While the reduction in disease burden substantiates an
important role for the SphK1/S1P/S1PR1 axis, there remained a
significant disease burden in treated mice, implying limited efficacy
as a single modality therapy. Clinically, it is well known that
therapies that reduce metastatic burden often do not result in
longer survival in a variety of settings of human patients (57).

Our objective is to elucidate the role of the SphK1/S1P/S1PR1
axis in cancer associated with inflammation and to show the
effects of FTY720 in that setting. FTY720 acts by multiple
means in addition to its effects on obesity-related inflamma-
tion. In agreement with previous reports, we also found that
FTY720 inhibited tumor growth in mice treated with ND. In
this research, our discovery is that FTY720 is effective on
cancer with obesity-associated inflammation. Future develop-
ment of more specific drugs that target the SphK1/S1P/S1PR1
axis will further aid in elucidating its importance in control of
pulmonary metastatic burden and the usefulness of targeting
this axis therapeutically for obesity-promoted metastatic
breast cancer.
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Figure 7.

FTY720mitigates obesity-related lung
inflammation and S1P signaling, and
prolongs survival of breast cancer–
bearingmice.A–D, C57Bl/6mice were
fed ND or HFD for 12 weeks. Tumor-
bearing mice fed HFD were
randomized into two groups 2 days
after implantation and then treated by
gavage with PBS or FTY720 (1 mg/kg/
day) and 18 days later, lungs were
examined. A, Lung sections were
immunostained with anti-IL6. Scale
bar, 50 mm. Relative intensity of the
immunostaining was quantified. B,
Levels of S1P in lungs were measured
by LC-ESI-MS/MS. Data are means �
SEM. � , P < 0.05 versus. ND; #, P < 0.05
versus HFD. C, Equal amounts of lung
lysates were analyzed by Western
blotting with the indicated antibodies.
D, Kaplan–Meier cumulative survival
curves for mice fed with ND, HFD, or
HFD plus FTY720 treatment. Data
fromdays after E0771 implantation are
shown. E, Scheme illustrating the role
of SphK1/S1P/S1PR1 axis in the link
between obesity, inflammation, and
breast cancer progression and lung
metastasis and targeting this axis with
FTY720 for treatment. See text for
more details.
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Tumor Microenvironment

ABCC1-Exported Sphingosine-1-phosphate,
Produced by Sphingosine Kinase 1, Shortens
Survival of Mice and Patients with Breast Cancer
Akimitsu Yamada1,2,3,4, Masayuki Nagahashi1,2,5, Tomoyoshi Aoyagi1,2,
Wei-Ching Huang1,2,6, Santiago Lima2, Nitai C. Hait2,7,8, Aparna Maiti7, Kumiko Kida3,4,
Krista P. Terracina1, Hiroshi Miyazaki9, Takashi Ishikawa10, Itaru Endo3, Michael R.Waters2,
Qianya Qi11, Li Yan11, Sheldon Milstien2, Sarah Spiegel2, and Kazuaki Takabe1,2,3,5,7,10,12

Abstract

Sphingosine-1-phosphate (S1P), a bioactive sphingolipid
mediator, has been implicated in regulation of many processes
important for breast cancer progression. Previously, we observed
that S1P is exported out of human breast cancer cells by ATP-
binding cassette (ABC) transporter ABCC1, but not by ABCB1,
both known multidrug resistance proteins that efflux chemother-
apeutic agents. However, the pathologic consequences of these
events to breast cancer progression and metastasis have not been
elucidated. Here, it is demonstrated that high expression of
ABCC1, but not ABCB1, is associated with poor prognosis in
breast cancer patients. Overexpression of ABCC1, but not ABCB1,
in humanMCF7 andmurine 4T1breast cancer cells enhanced S1P
secretion, proliferation, and migration of breast cancer cells.
Implantation of breast cancer cells overexpressing ABCC1, but
not ABCB1, into the mammary fat pad markedly enhanced
tumor growth, angiogenesis, and lymphangiogenesis with a

concomitant increase in lymph node and lung metastases as well
as shorter survival of mice. Interestingly, S1P exported via ABCC1
from breast cancer cells upregulated transcription of sphingosine
kinase 1 (SPHK1), thus promoting more S1P formation. Finally,
patients with breast cancers that express both activated SPHK1
and ABCC1 have significantly shorter disease-free survival. These
findings suggest that export of S1P via ABCC1 functions in a
malicious feed-forward manner to amplify the S1P axis involved
in breast cancer progression and metastasis, which has important
implications for prognosis of breast cancer patients and for
potential therapeutic targets.

Implication:Multidrug resistant transporter ABCC1 and activation
of SPHK1 in breast cancer worsen patient's survival by export of S1P
to the tumor microenvironment to enhance key processes involved
in cancer progression. Mol Cancer Res; 16(6); 1059–70. �2018 AACR.

Introduction
Despite the recent improvement of 5-year survival due to

advances in chemotherapy and targeted therapy, close to
40,000women in theUnited States continue to succumb to breast
cancer every year (1). ATP-binding cassette (ABC) transporters are
transmembrane proteins that transport various molecules across
cellular membranes including chemotherapeutic agents, func-
tioning as a xenobiotic protective mechanism (2). Some of the
ABC transporters, such as ABCB1 (multidrug resistance protein 1:
MDR1) and ABCC1 (multidrug resistance associated protein1:
MRP1), were originally identified as "multi-drug resistant genes
and proteins." Indeed, ABCB1 was demonstrated to export doxo-
rubicin, one of the most frequently used chemotherapeutics for
breast cancer that led to development of ABCB1 inhibitors to fight
drug resistance (3, 4). Disappointingly, all 12 clinical trials that
examined ABCB1-targeted therapy failed to improve survival (5).
This suggested to us that other ABC transporters may also drive
drug resistance not only because they export drugs, but because
they export molecules that biologically aggravate cancer progres-
sion and that targeting these transporters may not be sufficient to
improve survival.

The bioactive sphingolipidmediator sphingosine-1-phosphate
(S1P) is a key regulatory molecule in cancer that promotes
cell proliferation, migration, invasion, angiogenesis, and
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lymphangiogenesis (6–8). S1P is generated intracellularly by
two sphingosine kinases, SphK1 and SphK2, and is exported
out of the cells, where it regulates many functions by binding
to and signaling through a family of five G protein–coupled
receptors (S1PR1–5) in an autocrine, paracrine, and/or endo-
crine manner, which is known as "inside-out" signaling (9).
We previously demonstrated that SphK1, but not SphK2,
produces S1P that is exported from MCF7 breast cancer cells
stimulated by estradiol (10). We also demonstrated that
expression of SphK1 is upregulated in human breast cancers
(11) and the level of activated, phosphorylated SphK1 corre-
lates with lymphatic metastasis (12), in agreement with reports
by others (13, 14).

It has previously been proposed that ABC transporters such
as ABCC1 may function not only as an export mechanism for
drugs but also exacerbate cancer progression. However, no
candidates for this potential mechanism have yet been uncov-
ered (3, 15). High expression of ABCC1 has also been associ-
ated with poor prognosis in several types of human cancers,
including breast cancer (5). Based upon our finding that ABCC1
exports S1P (10), it was tempting to suggest that S1P export
via ABCC1 contributes to aggressive breast cancers with poor
prognosis. Here, we show that export of S1P via ABCC1 func-
tions in a feed-forward manner to amplify the S1P axis involved
in breast cancer progression and contributes to shortened
survival of mice and humans with breast cancer

Materials and Methods
Cell culture

MCF7 human mammary adenocarcinoma cells were
obtained from ATCC; a murine mammary adenocarcinoma
cell line that overexpresses luciferase 4T1-luc2 was obtained
from Perkin Elmer. Human umbilical vein endothelial cells
(HUVEC) and human lymphatic endothelial cells (HLEC) were
obtained from Angio-Proteomie. Cells were purchased in 2010
to 2012. After purchase, cell lines were expanded and frozen
after one to three passages. Cells were expanded and stored
according to the manufacturer's instructions. MCF7 and 4T1-
luc2 cells were used for no longer than 10 passages, whereas
HUVEC and HLEC cells were used for no longer than 3
passages. All cell cultures were routinely tested to rule out
mycoplasma infection using Mycoplasma Detection Kit (ABM).
MCF7 was cultured in modified IMEM without phenol red
supplemented with 10% FBS, 0.22% dextrose, and 2 mmol/L
glutamine. 4T1-luc2 was cultured in RPMI 1640 medium with
10% FBS. HUVECs and HLECs were maintained in endothelial
cell medium supplemented with 5% FBS and endothelial cell
growth supplement (ScienCell Research Laboratories).

Full length Homo sapiens ABCB1 (NM_000927.4) and ABCC1
(NM_004996.3) were subcloned into pcDNA3.1 in frame with a
C-terminal V5-His tag (Invitrogen) using PCR with the following
primers: ABCB1-forward 50-TAA TAT GGA TCC ATG GAT CTT
GAAGGGGACCG-30; ABCB1-reverse 50-TAA TATGGA TCC ATG
GAT CTT GAAGGGGACCG-30; ABCC1-forward 50-TAA TAT TCT
AGA TTC TGG CGC TTT GTT CCA GC-30; ABCC1-reverse 50-TAA
TAA TCT AGA TTC ACC AAG CCG GCG TCT TTG G-30. Lipofec-
tamine (Invitrogen) andLipofectamine Plus reagents (Invitrogen)
were used to transfect MCF7 and 4T1-luc cells and Geneticin
(G418) at 0.8 or 0.1 g/L, respectively, was used to select stably
transfected clones.

In vitro assays
Cell proliferation was determined with a WST-8 Kit. Motility

was determined by wound healing assays (16). In vitro angiogen-
esis and lymphangiogenesis were determined by tube formation
assays as described previously (17, 18). qPCR and western blot-
ting were carried out essentially as described previously (10).
Lipids were extracted and sphingolipids quantified by liquid
chromatography-electrospray ionization-tandemmass spectrom-
etry (LC-ESI-MS/MS; refs. 10, 19). Cellswerefixed for 5minutes in
4% paraformaldehyde in PBS and blocked by horse serum, and
immunocytochemistry was performed using the following
primary antibodies: anti-ABCB1 (C219, Abcam), anti-ABCC1
(MRPr1,Monosan), and anti-SphK1phospho-Ser225 (ECMBios-
ciences). The specificities of anti-ABCC1 and anti-SphK1 antibo-
dies and anti–phospho-SphK1 specific antibody, phospho-
Ser225, were previously confirmed using siRNA knockdown
(10, 20). After incubationwithbiotinylated secondary antibodies,
antigens were visualized with 3,30-diaminobenzidine (Dako),
and cells were counterstained with hematoxylin.

Animal studies
All procedures were approved by the VCU Institutional Animal

Care and Use Committee that is accredited by the Association for
Assessment and Accreditation of Laboratory Animal Care. For
mice xenograft experiments, 10- to 18 week-old female BALB/c
nu/nu mice (Harlan Laboratories) were ovariectomized via the
dorsal approach, and 0.72 mg 17-b-estradiol pellets (Innovative
Research) were implanted subcutaneously as described previous-
ly (21).MCF7 cells stably expressing ABCB1 (B1), ABCC1 (C1), or
vector (V) were orthotopically implanted into the right upper
mammary fat pads of nude mice as described previously (18, 22,
23). For syngeneic mice experiments, 4T1-luc2 cells stably expres-
sing ABCB1, ABCC1, or vector were implanted in the same
manner in 8- to 12-week-old female BALB/c mice (Harlan Lab-
oratories). Tumor volumes inmm3 were determined bymeasure-
ments of length and width using calipers every 2 to 3 days.
Bioluminescence was used to determine total tumor burden as
well asmetastases in ex vivo in axillary lymphnodes and lungs and
was measured and quantified utilizing Xenogen IVIS 200 and
Living Image software (Caliper Life Sciences; refs. 24, 25). Tumor
interstitial fluid was collected as described previously (26).

For FACS, tumors were minced and digested, and cell suspen-
sions were processed (18). Alexa 488–conjugated LYVE-1
(eBioscience); PE-conjugated podoplanin, PerCP-Cy5.5–conju-
gated CD45, APC-conjugated CD31, Alexa 700–conjugated TER-
119 (BioLegend), or appropriate matched fluorochrome-labeled
isotype control mAbs were used for staining. Cells were analyzed
by FACS using BD FACSCanto II and BD FACSAria II (BD
Biosciences), and data were assessed with BD FACSDiva Software
version 6.1.3 (BD Biosciences). The remaining tumor sections
were fixed with 10% of neutral-buffered formalin for histopath-
ologic analysis.

Patient samples
This study was approved by the Institutional Review Board of

Yokohama City University (Yokohama, Japan), and the patients
provided informed consents before inclusion in the study. The
study followed the Declaration of Helsinki and good clinical
practice guidelines. Tissues were obtained from 275 patients with
stage 1 to 3 breast cancers treated in Yokohama City University
Medical Center, Japan, between 2006 and 2008. The clinical
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characteristics are presented in Supplementary Table S1. Tissue
microarrays were constructed as described previously (27).
Because SphK1 is activated by phosphorylation in breast cancer
cells, we examined the activation status of SphK1 in breast cancer
patients by immunostaining of a tissue microarray from breast
cancer patients with a phospho- SphK1–specific antibody. Spec-
ificity of the anti-phosphorylated SphK1 antibody was confirmed
by immunocytochemistry of MCF7 human breast cancer cells. In
agreement with previous studies (10, 28), pSphK1 staining was
increased after stimulation of MCF7 cells with estradiol and
was absent when SphK1 was downregulated by a specific siRNA
(data not shown).

Histopathologic analyses of mouse and human tumor samples
Five-micron sections ofmouse andhuman tumorswere stained

with anti-Ki67 (DAKO), anti-SphK1 (Abcam), anti-SphK1 phos-
pho-Ser225 (ECM Biosciences), anti-CD31 (BD), anti–LYVE-1
(Abcam), or anti-CK8 (Abcam). Sections were examined with a
BX-41 light microscope (Olympus) or TCS-SP2 AOBS Confocal
Laser Scanning Microscope (Leica), and microvessel density was
determined as described previously (29). ABCB1 and ABCC1
staining in the breast tumors was assessed according to the
intensity and population of staining. We scored each sample
by 0 to 3: 0 ¼ negative, there is no staining in the tumor cells;
1 ¼ weak, more than 10 % of tumor cells stained with
weak intensity; 2 ¼ moderate, more than 30% of tumor cells
stained with intermediate intensity or less than 30% of tumor
cells stained with strong intensity; 3 ¼ strong, more than 30%
of tumor cells stained with strong intensity. Negative: 0 and
weak: 1 are considered as low expression, whereas moderate: 2
and strong: 3 are considered as high expression as described
previously (27).

Interstitial fluid collection and quantification of sphingolipids
by mass spectrometry

Cells, culturemedium, and interstitial fluid from breast tumors
were collected as described previously (26). Lipids were extracted
from these samples, and sphingolipidswere quantified by LC-ESI-
MS/MS (4000 QTRAP, AB Sciex) as described previously (26).

METABRIC data acquisition and preprocessing and survival
analysis

Level 3 z-score normalized gene expression data were down-
loaded from theMETABRIC breast cancer study using CBioPortal.
All of 2,509 patients with both overall survival data and U133
microarray data from Curtis and colleagues and Pereira and
colleagues studies were considered (30, 31). For single gene
survival analyses based on expression of SphK1, patients were
classified as having high or low expression of the given gene using
a gene-specific z-score threshold. Patients were labeled as "high" if
the expression of the interrogated gene was above the threshold
and "low" if below the threshold. Todetermine the SphK1-specific
threshold, z-scores of 0, �0.5, �1, and �2 were investigated. For
each cutoff, a survival curve was generated. The cutoff that
generated the lowest log-rank P value was chosen as the SphK1
cutoff. For dual ABCC1 or ABCB1 transporter and SphK1 survival
analyses, an inclusive z-score threshold of above and below 0 for
each gene was used tomaximize the size of the study sample. Two
patient groupswere classifiedby their patterns of expressionof the
pair of genes. For all analyses, Kaplan–Meier analysis was per-
formed using GraphPad prism software. Statistical analysis was

performed using the Mantel–Cox log-rank test and considered
significant at a ¼ 0.05 significance level.

Statistical analysis
In vitro and in vivo experiments were repeated at least three times

and consistent results are presented. Results were analyzed for
statistical significancewith the Student t test for unpaired samples.
Correlations among the clinicopathologic parameters and
each transporter or activated SphK1were evaluated by the Pearson
v2 test, the Fisher exact test, and the Mann–Whitney test. Patient
outcomeswere assessed by disease-free survival, and distributions
were estimated by the Kaplan–Meier method using SPSS
19.0 (SPSS Inc.) Differences were compared using the log-rank
test. P < 0.05 was considered statistically significant.

Results
High expression of ABCC1, but not ABCB1, is associated with
poor prognosis in breast cancer patients

To further solidify the association of ABC transporter expres-
sion with breast cancer patient prognosis, we extended our
previous study, which had a limited number of patients and a
short duration (27), utilizing a tumor tissue microarray from
a larger cohort of patients, and we analyzed expression of
ABC transporters by IHC. Patient and tumor characteristics
are summarized in Supplementary Tables S1 and S2. ABCB1
was highly expressed in 32.4% (89/275), whereas ABCC1 was
highly expressed in 38.9% (107/275) of the tumors analyzed.
Representative images of ABCB1 and ABCC1 stained tissues are
shown in Fig. 1A. Patients with high ABCC1 expression had
significantly shorter disease-free survival compared with
patients with low ABCC1-expressing tumors with the follow-
up period up to 8 years (P ¼ 0.004; Fig. 1B). In contrast,
expression levels of ABCB1 were not associated with disease-
free survival despite the extended number of patients and
follow-up period (Fig. 1B).

Overexpression of ABCC1, but not ABCB1, enhances S1P
secretion, proliferation, and migration of breast cancer cells
and promotes angiogenesis and lymphangiogenesis in vitro

To investigate the role of ABC transporters in cancer progres-
sion, we generated MCF7 human breast cancer cells and 4T1-luc2
murine breast cancer cells stably overexpressing vector, ABCB1,
and ABCC1. Expression of ABCB1 and ABCC1 was confirmed at
the mRNA and protein levels by qPCR and Western blotting,
respectively, and IHC confirmed that these ABC transporters
are expressed on the plasma membrane (Fig. 2A; Supplementary
Fig. S1).

Consistent with our previous reports demonstrating that S1P is
exported viaABCC1but not ABCB1using siRNA (10), and specific
inhibitors (20), overexpression of ABCC1, but not ABCB1, sig-
nificantly increased S1P secretion fromhumanMCF7 andmurine
4T1 breast cancer cells, as measured by LC-ESI-MS/MS (Fig. 2B
and C). In addition, ABCC1 overexpression increased not only
S1P, but also dihydro-S1P (DHS1P; Supplementary Fig. S2A).
Moreover, as expected, intracellular S1P was decreased, whereas
sphingosine (Sph) was increased (Supplementary Fig. S2B).
Although intracellular ceramides and sphingomyelins levels were
slightly decreased (Supplementary Figs. S2C, S3A, and S3B), there
were no significant changes in intracellular monohexosylcera-
mides (Supplementary Figs. S2C and S3C). Our results imply
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that overexpression of ABCC1 that increases secretion of S1P leads
to increased degradation of ceramide to sphingosine to compen-
sate for the loss of intracellular S1P.

We next examined several biological processes important for
cancer progression known to be regulated by S1P (7, 8). Over-
expression of ABCC1 but not ABCB1 significantly enhanced cell
proliferation (Fig. 2D). Moreover, MK571, an ABCC1 inhibitor,
not only prevented secretion of S1P, but also suppressed the
growth-stimulating effect of ABCC1 overexpression (Fig. 2D).
In agreement with previous reports showing that directly add-
ing S1P enhances breast cancer cell proliferation and migration
(17, 32), cells expressing ABCC1 also showed significantly
enhanced migration in scratch assays that was reduced by
treatment with MK571. In contrast, MK571 had no significant
effects on migration of vector or ABCB1 transfected cells (Fig.
2E and F). These results suggest that overexpression of ABCC1
increases the export S1P that enhances proliferation and migra-
tion of breast cancer cells.

Because S1P is a potent angiogenic and lymphangiogenic
factor (18), we next examined whether S1P secreted from cells
overexpressing ABC transporters could affect angiogenesis or
lymphangiogenesis. Conditioned media from breast cancer
cells expressing ABCC1, but not ABCB1 cells, promoted both
angiogenesis and lymphangiogenesis of HUVECs and HLECs,
respectively (Fig. 2G and H). However, conditioned medium
from MCF7 cells expressing ABCC1 that were treated with

MK571, an inhibitor of ABCC1 or with SK1-I, a specific
inhibitor of SphK1, lost its ability to stimulate in vitro
angiogenesis and lymphangiogenesis of endothelial and
lymph endothelial cells, respectively (Fig. 2G and H). Collec-
tively, these results suggest that S1P produced by SphK1 and
secreted from breast cancer cells via ABCC1 transporter
could affect not only the cancer cells themselves but also the
microenvironment.

Overexpression of ABCC1, but not ABCB1, markedly enhances
tumorigenesis in MCF7 xenografts

Wenext examined the role of ABCC1 and secreted S1P in breast
cancer progression in vivo by comparing tumors produced by
MCF7 cells stably overexpressing ABCC1 or ABCB1 implanted
into ovariectomized athymic nude mice in the presence of estra-
diol pellets. MCF7 cells were utilized because they readily secrete
S1P in response to estradiol (10). Tumors from MCF7 cells
overexpressing ABCC1 grew significantly faster and were much
larger than tumors from mice implanted with MCF7 cells over-
expressing vector or ABCB1 (Fig. 3A).Morphologically, MCF7/C1
tumors appeared more poorly differentiated by H&E staining
(Fig. 3B). In agreement, these tumors also had significantly higher
mitotic activity than tumors from MCF7 cells overexpressing
vector or ABCB1 by Ki67 staining (Fig. 3B and C). Likewise,
mice implanted with MCF7 cells overexpressing ABCC1 had
significantly higher blood vessel densities detected by CD31

Figure 1.

Expression of ABCC1 but not ABCB1
correlates with poor prognosis in
human breast cancer patients. Tissue
microarrays containing 275 breast
tumor tissues were stained with
anti-ABCB1 or anti-ABCC1 antibodies.
A, Expression of ABCB1 and ABCC1
was scored as 0, negative; 1, weak;
2, moderate; or 3, strong. Scores 0 and
1 are considered as low expression,
whereas scores 2 and 3 are considered
as high expression. Representative
images are shown under high
magnification for ABCB1 staining (top)
and ABCC1 staining (bottom).
B, Kaplan–Meier disease-free survival
curves according to expression of
ABCB1 and ABCC1. P values were
calculated by the log-rank test.
Scale bar, 50 mm.
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Figure 2.

Overexpression of ABCC1, but not ABCB1, enhances proliferation and cell migration of breast cancer cells and promotes S1P secretion–mediated angiogenesis
and lymphangiogenesis of endothelial cells. A–E, MCF7 or 4T1 breast cancer cells were transfected with vector (V), ABCB1 (B1), or ABCC1 (C1) as indicated.
A, IHC reveals that expressed ABCB1 and ABCC are localized to the plasma membrane. B and C, S1P secreted from the indicated breast cancer cells was
determined by LC-ESI-MS/MS. D, Proliferation of cells treated with vehicle or 20 mmol/L MK571 for 48 hours was determined by WST8 assay. Data are
expressed as fold increase compared with 0 time. E and F, Monolayers of the indicated 4T1 cells treated with vehicle or 20 mmol/L MK57 were wounded and
migration of cells into the wounded area was measured 24 hours later. E, Representative photographs of wounded areas are shown. F, Cell migration was
determined as percent of initial wounded area and expressed as means � SD of 6 determinations. G and H, HUVECs and HLECs were cultured on reduced growth
factor basement membrane matrix-coated 48-well plates and incubated for 6 hours without or with S1P (1 mmol/L) or conditioned medium from MCF cells
overexpressing ABCC1 (C1) were pretreated with vehicle (NC, nontreated control) or 20 mmol/L MK571 without or with 10 mmol/L SK1-I for 12 hours and conditioned
medium prepared. þM, treated with MK571; þS, treated with SK1-I. Six random fields per condition were photographed (G) and total tube length determined (H).
Scale bars, 20 mm (A), 200 mm (E), and 100 mm (G). � , P < 0.05; �� , P < 0.01 determined by Student t test. Data, means � SD.
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immunofluorescence (Fig. 3B and C). These results suggest that
overexpression of ABCC1 enhances breast cancer progression
and angiogenesis.

Overexpression of ABCC1, but not ABCB1, enhances tumor
growth, angiogenesis, and lymphangiogenesis and contributes
to poor survival of mice bearing 4T1 syngeneic tumors

Because it is well established that S1P plays critical roles in
immune responses and affects the tumor microenvironment, we
next examined the role of ABCC1 in an immunocompetent
syngeneic breast cancer model. In vivo bioluminescence revealed
that tumors from 4T1-luc2 cells overexpressing ABCC1 orthoto-
pically implanted inBALB/Cmice grew significantly faster and to a
much greater size than 4T1-luc2 tumors overexpressing vector or
ABCB1 (Fig. 4A). Similar to the xenograft model, tumors of 4T1
cells overexpressing ABCC1 also had high mitotic activity mea-
sured by Ki67 staining (Fig. 4B). These tumors also had increased
angiogenesis and lymphangiogenesis compared with tumors
overexpressing ABCB1 or empty vector, as quantified by micro-
vessel density of blood vessels (MVD) and lymphatic vessels
(MLD) determined by immunofluorescence staining for CD31
and Lyve1, respectively (Fig. 4C). These results were further
confirmed by flow cytometry of cells from mammary site tumors
that quantified blood endothelial cells (BEC) and lymphatic
endothelial cells (LEC) using CD31, a marker for both BECs
and LECs, and gp38 (podoplanin), a specific marker for LECs
(Fig. 4D). Given the significant increase in both angiogenesis and
lymphangiogenesis, we then determined lymph node and lung
metastasis and survival of the mice. As shown in Fig. 4E, mice
implanted with 4T1 cells overexpressing ABCC1 had significantly
more metastases not only in lymph nodes but also in the lung,
both measured by ex vivo bioluminescence, than in mice
implanted with 4T1 cells overexpressing ABCB1. Similarly,
the numbers of metastatic lesions were significantly greater in
the mice bearing ABCC1-expressing tumors, determined by
immunofluorescence and H&E staining (Fig. 4F). Furthermore,
these mice had significantly shorter survival compared with
mice bearing ABCB1-expressing tumors (23 � 3 days compared
with 30 � 2 days; Fig. 4G). Together, these results suggest that
tumors overexpressing ABCC1 are much more aggressive with
worse survival, possibly due to enhanced S1P secretion.

S1P exported via ABCC1 upregulates transcription of SphK1
and enhances its own production of S1P

Previous studies demonstrated that expression of SphK1 is
elevated (33, 34) and correlates with poor survival in human
breast cancer patients (13) and inmice breast cancermodels (18).
Therefore, it was of interest to determine expression of SphK1 in
breast cancer cells and tumors overexpressing ABC transporters.
SphK1 mRNA levels were significantly increased in both MCF7
and 4T1 cells overexpressing ABCC1 (Fig. 5A; Supplementary Fig.
S4). Similarly, IHC revealed increased activated SphK1 deter-
mined with a phospho-SphK1–specific antibody (Fig. 5B). Upre-
gulation of SphK1 mRNA in cells overexpressing ABCC1 was
suppressed by MK571, an ABCC1 inhibitor, but had no effects
on SphK1 levels in cells overexpressing ABCB1 or vector (Fig. 5C).
As these results suggest that S1P secreted through ABCC1 leads to
upregulation of SphK1, the kinase that produces it, we next
examined whether exogenous S1P can upregulate SphK1 in na€�ve
breast cancer cells. Indeed, SphK1 mRNA was increased by treat-
ment of 4T1 cells with S1P in a time- and dose-dependentmanner
(Fig. 5D), supporting the notion that S1P exported by ABCC1 can
act in a positive feedback manner to amplify its own production.
In agreement with these in vitro data, IHC revealed that tumors
overexpressing ABCC1 had higher levels of SphK1 and activated

Figure 3.

Overexpression of ABCC1, but not ABCB1, enhances MCF7 tumor growth in a
mouse xenograft model. A, BALB/c nude mice were ovariectomized and
estrogen pellets implanted under anesthesia. Tumors were established by
surgical implantation of MCF7 cells stably overexpressing vector, ABCB1, or
ABCC1 into chest mammary fat pads. Tumor size was measured at the
indicated times (n ¼ 5 mice/group). B, Representative images of H&E and
Ki67 staining and confocal immunofluorescent images of stained blood
vessels with anti-CD31 (red) and nuclei costained with Hoechst (blue) in tumor
sections 83 days after implantation. C, Percentage of Ki67-positive cells and
microvessel density were determined. Scale bar, 100 mm. � , P < 0.05; �� , P < 0.01
determined by Student t test. Data, means � SEM.
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Figure 4.

Overexpression of ABCC1, but not ABCB1, enhances 4T1 tumor growth and decreases survival in a syngeneic mouse model. A–F, 4T1-luc2 cells transfected
with vector, ABCB1, or ABCC1 were implanted into mammary fat pads of BALB/c mice under direct vision (23). A, Tumor burden was determined by in vivo
bioluminescence (n ¼ 10 mice/group). B, Representative images of Ki67 staining of tumor sections are shown and the percentage of Ki67 positive cells within
tumors was enumerated. (n¼ 5) C, Confocal immunofluorescent images of tumors stained for blood vessels (anti-CD31, red), lymphatic vessels, (anti-lyve1, green),
and nuclei (Hoechst, blue). Microvessel density and lymphatic vessel density were determined. D, Tumors were minced, digested with collagenase, and BECs
and LECs were quantified by FACS. Representative panels of FACS analysis are shown. E, Regional lymph node metastases and lung metastases were determined
by ex vivo bioluminescence 12 days after implantation. F, Confocal immune fluorescent images of lymph nodes stained for adenocarcinoma (anti-CK8, green,
white arrows) and nuclei (Hoechst, blue) and H&E-stained lung sections show metastases (black arrow). G, Kaplan–Meier survival curves of mice bearing 4T1/V,
4T1/B1, and 4T1/C1 tumors. Days were counted after cancer cell implantation. P values were calculated by log-rank test. Scale bar, 100 mm (B and C); 2 mm (F).
� , P < 0.05; �� , P < 0.01 based on Student t test. Data, means � SEM.
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SphK1 than those expressing ABCB1 or vector (Fig. 6A–D).
Likewise, SphK1 mRNA expression was higher in tumors over-
expressingABCC1, as demonstratedbyqPCR(Fig. 6E).Consistent
with increased SphK1 expression, S1P levels in tumors and in
tumor interstitial fluid were significantly higher in tumors over-
expressing ABCC1 than tumors overexpressing ABCB1 or vector
(Fig. 6F).

Patients with breast cancers that express both activated SphK1
and ABCC1 have shorter disease-free survival

Because expression of ABCC1 in murine breast tumors upre-
gulates SphK1 and decreases survival, we investigated whether
increased expression of SphK1 and ABCC1 in human breast
tumors could be a prognosis indicator. To this end, expression
of ABCC1and activated SphK1 in humanbreast cancer tissueswas
determined by IHC of human breast tumor microarrays and ER,
PgR, and HER2 status was determined by an expert pathologist
and tumors divided into 4 subtypes of breast cancer: Luminal
[estrogen receptor positive (ERþ), HER2�]; Luminal-HER2 (ERþ,
HER2þ); HER2 (ER�, HER2þ); and triple-negative breast cancer

(TNBC: ER�, HER2�; Supplementary Table S1). Scoring of
pSphK1 expression in human breast tumor samples was shown
in Fig. 7A. The frequency of strong pSphK1 expression was higher
in HER2 overexpressing or TNBC, the more aggressive breast
cancer subtypes. pSphK1 was more prevalent and increased in
a larger tumors (higher T stage) and in tumors from patients with
lymph node metastases (higher TNM stage; Fig. 7B; Supplemen-
tary Table S3). Finally, we correlated clinical outcomes with
expression of pSphK1 and ABCC1. Importantly, patients with
breast tumors that had higher expression of pSphK1 had worse
disease-free survival compared with those with weaker pSphK1
levels (P¼ 0.011; Fig. 7C). Strikingly, in patient tumors with high
expression of both pSphK1 and ABCC1, disease-free survival was
significantly decreased (Fig. 7C). In contrast, there was no signif-
icant difference in survival of those expressing high levels of
ABCB1 and pSphK1 (Fig. 7C). In agreement with previous studies
showing that expression of SphK1 is elevated in patients with
breast cancer and correlates with poor prognosis (13), mining of
METABRIC breast tumor expression database showed that SphK1
expression significantly correlates with worse survival prognosis
(median survival of 124 months with high SphK1 expression
compared with 163 months for patients with low SphK1 expres-
sion, P¼ 0.0014; Fig. 7D). Furthermore, those with high levels of
both SphK1 and ABCC1 had much worse prognosis with median
survival of 114 months (P < 0.0068, Fig. 7D). Such correlations
were not observed with ABCB1 expression (Fig. 7D).

Together, these findings support the notion that breast cancer
patients with tumors that have high ABCC1 expression have
poorer survival, at least in part, due to enhanced expression of
SphK1 and secretion of S1P into the tumor microenvironment.

Discussion
Among themany known ABC transporters, ABCB1 and ABCC1

are twomultidrug resistant proteins that are upregulated in breast
cancer in response to chemotherapy and contribute to chemore-
sistance (2). ABCB1 is the most well studied as it effluxes the
commonly used anticancer drugs, anthracyclines and taxanes.
However, clinical trials with agents targeting ABCB1 have all
failed (35). Recent reports suggest that the functions of ABC
transporters are not limited merely to the efflux of drugs as they
also transport other types of molecules including lipids (36).
Lipid-derived signaling molecules, such as leukotrienes and pros-
taglandins, conjugated organic anions, and S1P, have also been
identified as substrates of multitasking ABCC1 transporter (37).
Among them, the bioactive sphingolipid mediator S1P is now
recognized as a critical regulator of many physiologic processes
important for breast cancer progression (38). S1P is generated
inside cancer cells by SphK1, and then exported outside of the cell
into the tumor microenvironment where it can bind to five G
protein–coupled receptors whose downstream signaling is
responsible for most of the action of S1P. This "inside-out"
signaling by S1P plays a pivotal role in cancer cells and in the
tumor microenvironment by regulating inflammatory cells
recruitment and stimulating angiogenesis and lymphangiogen-
esis (39). SphK1 levels are upregulated in many malignant
tumors, including lung (40), kidney (33), colon (41), breast
(13, 18), prostate (42), stomach (43), liver (44), brain (45), in
non-Hodgkin lymphoma (46), and chronic myeloid leukemia
(47), and has been reported to be associated with poor prognosis
in several types of cancer, including esophageal (48), bladder

Figure 5.

S1P exported via ABCC1 upregulates expression of SphK1. A, SphK1 expression
inMCF7and4T1 cells transfectedwith vector or ABCC1was determinedbyQPCR
and normalized to GAPDH. Data, means � SEM. B, Activation of SphK1 in
transfected MCF7 cells was determined by immunocytochemistry with
pSphK1 antibody. Scale bar, 20 mm. C, 4T1 cells transfected as indicated were
treated with vehicle or 20 mmol/L MK571 for 24 hours in serum-free medium.
Cells were then stimulated in medium containing 10% serum for 3 hours.
SphK1 mRNA levels were determined by qPCR and normalized to Gapdh. Data,
means � SD. D, Na€�ve 4T1 cells were starved for 24 hours and treated with
100 nmol/L or 1 mmol/L S1P in 0.4% fatty acid free BSA for 3 or 8 hours as
indicated. SphK1 and GAPDH mRNA was determined by qPCR.
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(49), prostate (50), and breast (13, 51). In agreement, we found
that expression of SphK1 correlates with breast cancer staging. We
also demonstrated for the first time that activated SphK1, deter-
minedwith a phospho-SphK1–specific antibody, which is a direct
reflection of S1P production, is associated with poor survival in
human breast cancer. Interestingly, patients whose breast tumor
had high expression of both activated SphK1 and ABCC1 had
significantly shorter disease-free survival, whereas no associations
were observed with expression of ABCB1. These findings are
consistent with the view that increased production of S1P by
higher levels of pSphK1 and its increased efflux of S1P by ABCC1
combine to shorten survival.

It is now recognized that tumors display another level of
complexity by regulating the tumor microenvironment (52). We
demonstrated previously that S1P is increased in breast tumors
and in their interstitial fluid that fills the space of the tumor
microenvironment (26) and that S1P can enhance breast cancer–
induced angiogenesis and lymphangiogenesis (18, 53). In the
current study, we have shown that S1P levels in tumor and
interstitial fluid are higher in breast tumors that overexpress
ABCC1. Furthermore, export of S1P by ABCC1 not only affected
the cancer cells themselves and markedly enhanced tumor
growth, it also influenced the tumor microenvironment, increas-
ing angiogenesis, and lymphangiogenesis. It is thus not surprising

that these rapidly growing tumors aggressively metastasized to
lymph nodes or distant organs and shortened survival of mice
bearing these tumors. In sharp contrast, overexpression of ABCB1
could result in a slightly increased level of S1P around breast
cancer cells that have very high endogenous SphK1, but the effects
of small increases in S1P levels on physiologic functions, such as
tumor progression and metastasis, would not be expected to be
significant. Our results suggest that export of S1P by ABCC1 is as
important as production of S1P by SphK1 in cancer progression
and in the tumor microenvironment.

Another unexpected and important finding in this study was
that S1P exported via ABCC1 from breast cancer cells upregulated
their expression of SphK1, leading to further increased production
of S1P that in turn acts on the tumor cells themselves and on the
tumor microenvironment. Hence, exported S1P acts in a mali-
cious feed-forward amplification loop to amplify the S1P axis that
drives tumorigenesis and metastasis. Although not examined in
the current study, the results ofmany previous studies suggest that
these effects of S1P are mediated by binding to S1P receptors
present on the cancer cells or on cells in the microenvironment,
including endothelial and lymphendothelial cells (8). Similar to
the shorter survival ofmice bearing tumors overexpressingABCC1
(that upregulates SphK1), patients with tumors that overexpress
both SphK1 andABCC1 have poor prognosis. Taken together, our

Figure 6.

Overexpression of ABCC1 in breast
tumors enhances expression of
SphK1 and increases S1P in tumor
interstitial fluid. A and B, MCF7 cells
transfected with vector, ABCB1, or
ABCC1 were implanted into chest
mammary fat pads of ovariectomized
BALB/c nude mice. pSphK1 in tumors
determined by IHC on day 32. C–E,
4T1-luc2 cells transfected with vector,
ABCB1, or ABCC1 were implanted into
mammary fat pads of BALB/c mice
and tumors analyzed on day 12. SphK1
expression in 4T1 tumors was
examined by staining with anti-SphK1
antibody.B andD,Relative intensity of
immunostainingwasquantifiedbyNIH
ImageJ. Scale bar, 200 mm. E, Sphk1
mRNA level in tumors were
determined by qPCR and normalized
to Gapdh. F, S1P levels in tumors
(n ¼ 10) and in tumor interstitial
fluid (n ¼ 5) were determined by
LC-ESI-MS/MS. Data, means � SEM.
� , P < 0.05; �� , P < 0.01.
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Figure 7.

Patients with breast cancers that express both activated SphK1 and ABCC1 have shorter disease-free survival. pSphK1 in 275 human breast tumors examined by IHC.
A, Scoring of pSphK1 expression in human breast tumor samples. B, Frequency of high pSphK1 expression in human breast tumors correlated with
clinicopathologic factors, tumor size, and lymph node metastasis status and TNM stage. � , P < 0.05; �� , P < 0.01. C, Kaplan–Meier disease-free survival curves
according to expression of pSphK1, co-expression of pSphK1 with ABCB1, and coexpression of pSphK1 with ABCC1. P values were calculated by the log-rank test.
D,Kaplan–Meier survival analysis of breast cancer patients from theMETABRIC database. Datawere obtained from patientswith clinical and expression information.
Median survival is tabulated along with a log-rank P value representing the significance of high gene expression of SphK1 among all patients, among ABCB1
high patients, or among ABCC1 high patients on patient survival.
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results suggest that combined therapies that target SphK1 (S1P
production) and ABCC1 (S1P secretion) should be more bene-
ficial than targeting each of them alone or then inhibitors of
ABCB1. Our study might also explain the failure of previous
clinical trials targeting ABCB1. We suggest that ABCC1, not
ABCB1, contributes to worse prognosis through the export of the
potent lipid mediator, S1P, independently of its effects on efflux
chemotherapeutic drugs. This represents a new concept of action
of ABCC1 and a significant advancement in understanding of the
role of ABC transporters in breast cancer, with the potential for
applicability in other malignancies.
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A B S T R A C T

Breast cancer affects 1 out of 8 women in the US and is the second highest cause of death from
cancer for women, leading to considerable research examining the causes, progression, and
treatment of breast cancer. Over the last two decades, sphingosine-1-phosphate (S1P), a potent
sphingolipid metabolite, has been implicated in many processes important for breast cancer in-
cluding growth, progression, transformation and metastasis, and is the focus of this review. In
particular, one of the kinases that produces S1P, sphingosine kinase 1 (SphK1), has come under
increasing scrutiny as it is commonly upregulated in breast cancer cells and has been linked with
poorer prognosis and progression, possibly leading to resistance to certain anti-cancer therapies.
In this review, we will also discuss preclinical studies of both estrogen receptor (ER) positive as
well as triple-negative breast cancer mouse models with inhibitors of SphK1 and other com-
pounds that target the S1P axis and have shown good promise in reducing tumor growth and
metastasis. It is hoped that in the future this will lead to development of novel combination
approaches for effective treatment of both conventional hormonal therapy-resistant breast cancer
and triple-negative breast cancer.

1. Introduction

Breast cancer affects nearly 1 out of every 8 women over their lifetime and is the second leading cancer cause of death for women
behind lung cancer in the US. Fortunately, over the last 30 years, breast cancer death rates have been dropping due to increased
awareness of the disease, advances in detection, and better treatments. A large factor in these better treatments has been development
of hormonal therapies to directly target specific receptors in the cancer cells such as estrogen (ER) and progesterone receptors (PR)
that are present in roughly 70% of breast cancers. ER positive tumors in particular can be treated with estrogen antagonists such as
tamoxifen to great effect with less side effects than traditional chemotherapy. The human epidermal growth factor receptor 2 (HER2),
that is upregulated in 10–15% of breast cancers tumors can also be treated with a monoclonal antibody. However, there are still
15–20% of tumors that are ER/PR/HER2 negative, termed triple negative breast cancer (TNBC), which are usually more aggressive
and metastatic with significantly worse prognosis. Therefore, current cancer research is also focused on deeper understanding of
novel signaling pathways that can contribute to breast cancer growth and metastasis. In the last 20 years, it has become apparent that
the bioactive sphingolipid metabolite, sphingosine-1-phosphate (S1P), regulates processes important for breast cancer including
inflammation that can drive tumorigenesis, angiogenesis, which provides cancer cells with nutrients and oxygen, cell growth and
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survival, as well as migration and invasion important for metastasis (Espaillat et al., 2017; Maczis et al., 2016; Nagahashi et al., 2014;
Newton et al., 2015; Pyne et al., 2014, 2016; Pyne and Pyne, 2010). In this review, we will summarize current research findings on
S1P in breast cancer and examine the roles of the S1P/sphingosine kinase 1 (SphK1) axis in breast cancer signaling, prognosis,
progression and as a possible target for future treatments, especially for TNBC and tumors that show resistance to typical first line
treatments.

2. Formation of sphingosine-1-phosphate

Sphingolipids are important membrane constituents of all eukaryotic cells that also generate bioactive metabolites, such as S1P.
The formation of S1P from sphingosine, produced by degradation of sphingolipids, begins with the activation of one of two enzymes,
SphK1 or SphK2, resulting in the former case in its translocation from the cytosolic compartment to the plasma membrane where its
substrate sphingosine resides (Hannun and Obeid, 2008). Numerous growth factors such as EGF, hormones, such as estradiol (E2),
and pro-inflammatory cytokines such as IL-1 and IL-6 activate SphK1 (Gao et al., 2015; Maceyka et al., 2012; Maceyka and Spiegel,
2014; Maczis et al., 2016). In many cases, it has been shown that this is due to stimulation of extracellular signal-regulated kinases 1/
2 (ERK1/2) that in turn phosphorylate SphK1 on Ser225 allowing for its specific targeting to the plasma membrane (Pitson et al.,
2003). This is in contrast to SphK2 that also resides in intracellular compartments, including the nucleus, and produces S1P there
(Hait et al., 2009). As with other potent mediators, S1P is rapidly turned over either by dephosphorylation back to sphingosine by
phosphatases or irreversibly cleaved by S1P lyase to ethanolamine phosphate and hexadecenal (Aguilar and Saba, 2012; Hannun and
Obeid, 2008; Maceyka and Spiegel, 2014).

3. Sphingosine-1-phosphate signaling in breast cancer

Following activation of SphK1 and restricted formation of S1P, the majority of the effects mediated by S1P occur after its export
from the cell by the specific transporter called spinster 2 (Spns2) or by ATP-binding cassette transporters ABCA1, ABCC1, and ABCG2.
S1P then can bind to one of five specific G protein-coupled cell surface S1P receptors (S1PR1-5) in an autocrine/paracrine manner,
termed “inside-out” signaling. This leads to stimulation of downstream signaling mediated by overlapping G-proteins (Maceyka et al.,
2012; Maczis et al., 2016; Takabe et al., 2008) (Fig. 1). A complete description of all of the interconnected signaling pathways that are
activated by S1P is beyond the scope of this review, and this area has been extensively reviewed (Kihara et al., 2014; Pyne et al.,
2016). Therefore, we will mainly focus on S1PR1 and S1PR3, two receptors that have been linked to breast cancer progression.

Intriguingly, S1PR1 has been linked to persistent activation of signal transducer and activator of transcription 3 (STAT3). STAT3

Fig. 1. Role of the SphK1/S1P axis in breast tumor progression and metastasis.
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has been shown to be involved in many aspects of tumor growth and metastasis by activating a wide range of pathways promoting
proliferation, survival, inflammation, invasion, and angiogenesis (Yu et al., 2014). STAT3 also enhances transcription of S1PR1 and
activation of S1PR1 by S1P reciprocally activates STAT3 (Alshaker et al., 2014, 2015; Espaillat et al., 2017; Lee et al., 2010; Liang
et al., 2013; Nagahashi et al., 2014). In breast cancer in particular, persistent STAT3 activation seems to be mainly due to upre-
gulation of the pro-inflammatory cytokine IL-6 and S1PR1 (Alshaker et al., 2014, 2015; Lee et al., 2010). Moreover, IL-6 can activate
SphK1 leading to a strong feed-forward mechanism promoting cancer cell progression (Lee et al., 2010). This signaling pathway is
further complicated in ER negative breast cancer cells. as the adipokine leptin, a product of adipocytes, has also been shown to
upregulate STAT3 and SphK1. SphK1 in turn induces production of IL-6, which then activates STAT3 (Alshaker et al., 2014, 2015).
Pharmacological and molecular approaches further demonstrated that leptin-induced SphK1 activity and expression are mediated by
activation of ERK1/2 and Src family kinase pathways, but not by the major pathways downstream of the leptin receptor, janus kinase
2 (JAK2) (Alshaker et al., 2015). As obesity is a risk factor for breast cancer and related to poorer prognosis, these studies could have
implications for ER-negative breast cancer.

Binding of S1P to S1PR1 has also been shown to activate various receptor tyrosine kinases (RTKs) important for angiogenesis and
proliferation such as VEGFR, EGFR, and PDGFR. This can result in “criss-cross” pathway activations as the growth factors that
activate these RTKs can also activate SphK1. For example, EGF activation of SphK1 plays an important role in the migration of breast
cancer cells towards EGF along with increased cell growth (Sarkar et al., 2005). S1P also potentiates the EGFR signaling pathway by
insulin-like growth factor binding protein 3 (IGFBP-3), a growth promoter associated with poorer prognosis, suggesting that in-
hibition of both EGFR and SphK1 could have beneficial therapeutic effects in TNBC (Martin et al., 2014). Moreover, VEGF-mediated
activation of SphK1 plays an essential role in regulating angiogenesis and lymphangiogenesis (Anelli et al., 2010; Nagahashi et al.,
2012).

As for S1PR3, its activation via S1P was linked to the activation of the Notch signaling pathway along with p38MAPK in breast
cancer stem cells (BCSCs) leading to proliferation and tumorigenicity (Hirata et al., 2014). BCSCs can also be activated by carci-
nogens, such as benzyl butyl phthalate, which has been shown to increase SphK1 expression leading to S1PR3 activation, implying
that S1PR3 is a determinant of pollutant-driven breast cancer metastasis (Wang et al., 2016).

Most of S1PR3's cancer promoting and pro-survival effects can be attributed to sustained activation of ERK1/2 and AKT/PI3K
pathways, key regulators of cell cycle progression, survival, and proliferation mechanisms in breast cancer cells (Datta et al., 2014;
Wang et al., 2016; Watson et al., 2010). In triple-negative MDA-MB-231 breast cancer cells, early and sustained phosphorylation of
both ERK1/2 and AKT/PI3K was inhibited by a SphK1 inhibitor while only sustained activation was inhibited by pertussis toxin, a
potent G protein inhibitor, suggesting that S1PRs are crucial only for sustained activation (Datta et al., 2014). Aside from activating
its own downstream signaling cascade, the AKT/PI3K pathway is involved in crosstalk with several other pathways, including RAS/
RAF/MEK and ER, further strengthening the interconnecting pro-survival and progression pathways (Maiti et al., 2017). Another
study in TNBC cells substantiated a link between sphingosine, SphK1, and the protein kinase C (PKC) serine/threonine kinase family,
important regulators of cell proliferation and survival (Kotelevets et al., 2012). This study also showed that targeting SphK1 in triple-
negative MDA-MB-231 breast cancer cells decreased proliferation and survival by compromising PKC activity and cytokinesis
(Kotelevets et al., 2012). While the exact mechanisms of these pathways have not been elucidated, they support the significance of
SphK1 as a target for cancer therapy. A recent study with MDA-MB-231 cells looked at how S1P signaling affected adhesion and
invasion via the tumor cell microenvironment. It was reported that extracellular matrix rigidity-dependent S1P secretion regulates
metastatic cancer cell invasion and adhesion (Ko et al., 2016). These results suggest that alterations in the mechanical environment of
the extracellular matrix surrounding the tumor cells actively regulate secretion of S1P, which in turn, may contribute to cancer
progression. In summary, many of the pathways modulated by the SphK1/S1P/S1PR axis in breast cancer cells are overlapping,
promoting their growth, survival, proliferation, and metastasis (Fig. 1).

In addition to the very well-known functions of S1P as a ligand for S1PRs, recent studies suggest that S1P also has important
intracellular actions (Maceyka et al., 2012). Especially relevant is the observation that SphK2 is present in the nucleus of many breast
cancer cell lines (Hait et al., 2009; Igarashi et al., 2003; Sankala et al., 2007) where it produces S1P that inhibits class I histone
deacetylases (HDACs) (Hait et al., 2009). Thus, it was suggested that HDACs are direct intracellular targets of S1P and link nuclear
sphingolipid metabolism and S1P to epigenetic regulation of expression of specific genes (Hait et al., 2009). Recently, we found that
FTY720 is also phosphorylated in breast cancer cells by nuclear SphK2 and accumulates there. Moreover, like S1P, nuclear FTY720-P
is also a potent inhibitor of class I HDACs. Furthermore, we observed that high fat diet increased triple-negative spontaneous breast
tumors and HDAC activity in MMTV-PyMT transgenic mice that was suppressed by oral administration of FTY720. Interestingly, this
treatment not only inhibited HDACs, it also reversed high fat diet-induced loss of ER and PR in advanced carcinoma (Hait et al.,
2015). Furthermore, treatment with FTY720 also re-expressed ER and increased therapeutic sensitivity of TNBC syngeneic breast
tumors to tamoxifen in vivo more potently than a known HDAC inhibitor. This work suggests that in combination, FTY720 could be
an effective treatment of both conventional hormonal therapy-resistant breast cancer and triple-negative breast cancer (Hait et al.,
2015).

4. Sphingosine kinase 1 and estrogen receptor signaling

Nearly 80% of breast cancers are ER positive, meaning they are dependent on estrogens such as 17β-estradiol (E2) to signal
growth, proliferation and metastasis. E2 normally binds to ER in the cytoplasm and after dimerization, translocates to the nucleus. In
the nucleus, the ER dimers bind to estrogen response elements and act as transcription factors to activate or repress gene transcription
(Klinge, 2001). E2 can also induce rapid, non-genomic cellular changes through membrane ERs that are still ill defined, including the
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splice variant ER36 and the G protein-coupled receptor GPR30 (Wang and Yin, 2015; Zhou et al., 2016). These membrane ERs have
been shown to activate SphK1, producing S1P and activate signaling pathways downstream of S1PRs leading to increased cell growth,
higher microvessel density in tumors, and enhanced resistance to anti-cancer drugs in response to hormonal therapies (Maczis et al.,
2016; Sukocheva et al., 2006, 2013; Takabe et al., 2010). GPR30 was suggested to activate SphK1 as its downregulation by anti-sense
oligonucleotides inhibited E2-mediated activation of SphK1 in MCF-7 breast cancer cells (Sukocheva et al., 2006). However, the
identity of the responsible receptor has not yet been conclusively established. E2-mediated formation of S1P led to rapid release of
S1P from breast cancer cells via the ABCC1 and the ABCG2 transporters (Takabe et al., 2010) and “inside out” signaling by S1P
(Maczis et al., 2016; Sukocheva et al., 2006, 2013). Furthermore, inhibiting these transporters blocked E2-induced activation of
ERK1/2 (Takabe et al., 2010). It was convincingly demonstrated that activation of S1PR3 by S1P transactivated EGFR through a
pathway mediated by Src and matrix metalloproteases. This switch from E2/ER-mediated growth to SphK1/EGFR activation has also
been thought to contribute to resistance to hormonal therapies such as tamoxifen (Maczis et al., 2016; Sukocheva and Wadham, 2014;
Sukocheva et al., 2006).

SphK1 activity has also been linked to the effects of several microRNAs that are regulated by ER. miR-515-5P, a tumor suppresser,
was shown to reduce SphK1 activity and loss of miR-515-5P resulted in increased oncogenic SphK1 activity. In addition, E2 treatment
downregulated miR-515-5P levels, and miR-515-5p is downregulated in ER-positive compared to ER-negative breast cancers (Pinho
et al., 2013).

5. Sphingosine kinase 1 and breast cancer prognosis

Over the last few years, new evidence from several studies has illuminated the multi-factorial role of the SphK1/S1P axis in breast
cancer and its link with worse prognosis and overall outcomes (Maczis et al., 2016; Ruckhaberle et al., 2008). It also usually cor-
responds with upregulation of associated S1PRs and chemotherapeutic resistance (Gao et al., 2015). In one study, 62.5% of tumors
analyzed (20 out of 32) had at least a 2-fold increase in SphK1 mRNA expression compared to surrounding normal breast tissue (Datta
et al., 2014). Furthermore, ER negative tumors had higher SphK1 levels than ER-positive tumors and the deadlier, triple-negative
tumors had the highest levels of SphK1 expression of all tumor types examined. Overall, the analysis revealed an inverse correlation
between SphK1 levels and survival of breast cancer patients. One of the possible causes investigated in this study was resistance to
doxorubicin and docetaxel-based chemotherapies, mainstays for treatment of ER positive breast cancer, and it was found that non-
responders to treatment had significantly higher SphK1 mRNA levels. This infers that SphK1 does not just promote progression and
growth of tumors but also impacts survival through its effects on drug resistance (Datta et al., 2014). Patients with high levels of
cytoplasmic Sphk1 compared to low SphK1 had a nearly 8-years shorter mean time to recurrence on tamoxifen (12.61 years with low
SphK1 and 4.65 years with high SphK1 expression). Further investigations examined expression of S1PR1 and S1PR3 in particular
and it was noted that patients with high membrane S1PR1 had a roughly 3 years shorter mean time to recurrence on tamoxifen and
just over 8 years shorter disease-specific survival. It has been speculated that these differences in recurrence and survival could be due
to E2 activation of SphK1 leading to the activation of the ERK1/2 pathways downstream of S1PR3 (Watson et al., 2010). Similar
observations were made in another study (Ohotski et al., 2013).

Interestingly, S1P levels in breast cancer patients with lymph node metastasis that correlate with poor prognosis were sig-
nificantly higher than those with negative lymph nodes, consistent with the notion that S1P plays an important role in angiogenesis,
lymphangiogenesis, and metastasis (Tsuchida et al., 2016). Another interesting finding was that SphK1 levels determined by im-
munohistochemistry in deadlier TNBC tumors were lower, in contrast with some earlier studies. However, the S1P levels were higher,
possibly suggesting the tumor microenvironment is responsible for the increase in S1P, not the tumor itself. This agreed with their
observation of higher levels of S1P in patients with increased white blood cells, and suggested that since TNBCs are more im-
munogenic and immune cells express SphK1 and secrete S1P, they could increase S1P levels in the microenvironment (Tsuchida et al.,
2016).

In sum, high levels of SphK1 expression and resulting high levels of S1P are most likely related to poorer prognosis for most
patients. This could be due to the ability of the SphK1/S1P axis to promote cancer cell growth, proliferation, survival, and drug
resistance. Thus, decreasing SphK1 expression and activity and S1P production could represent a new approach to improve prognosis
of breast cancer.

6. Sphingosine kinase 1 in animal models of breast cancer progression and metastasis

Most of the data on SphK1 and its relationship to breast cancer in humans have come from analysis of tumor samples combined
with patient follow-up data. An increasing number of studies have used mouse models to examine the role of the SphK1/S1P axis in
breast cancer progression. The first observation was that breast cancer cells stably overexpressing SphK1 formed more and larger
tumors in mice than vector transfectants with higher microvessel density in their periphery (Nava et al., 2002). Similar results were
obtained by orthotopically implanting 4T1-luc2 murine breast cancer cells into the mammary fat pads of immune competent female
mice (Nagahashi et al., 2012). The 4T1-luc2 tumors are rapidly growing and metastasize first to the lymph nodes and then the lungs,
reminiscent to human breast cancer progression. Interestingly, circulating levels of S1P in tumor bearing mice were also significantly
increased. Treatment of these mice with the specific SphK1 inhibitor SKI-1 decreased plasma S1P levels concomitantly with sig-
nificant reductions in tumor volume, weight, and mitotic activity as well as lymph node and lung metastsis (Nagahashi et al., 2012).
Moreover, cancer stem cells overexpressing SphK1 had increased ability to develop tumors in nude mice. Tumorigenicity of these
cancer stem cells was inhibited by S1PR3 knockdown or a S1PR3 antagonist indicating that S1P promotes expansion of cancer stem
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cells via S1PR3 by a ligand-independent Notch activation (Hirata et al., 2014).
Growth of tumors to beyond a certain size requires the formation of new blood vessels, termed angiogenesis, to continue to feed

the rapidly growing and dividing cells (Nagahashi et al., 2012). To further spread throughout the body, the tumor cells usually
extravasate and travel through the lymph system while also promoting formation of new lymph vessels through lymphangiogenesis.
Both tumor size and metastasis are crucial in determining the staging and prognosis of a cancer (Nagahashi et al., 2016). There are
also many cellular factors that contribute to angiogenesis and lymphangiogenesis, and perhaps others still to be discovered. However,
it is becoming clear that S1P plays an important role in these processes. The angiogenic and lymphangiogenic actions of S1P are likely
mediated via activation of S1PR1 on endothelial cells (Anelli et al., 2010; Nagahashi et al., 2012). As discussed above, S1P is
commonly elevated in cancer tissues and in the circulation and also in lymph interstitial fluid from human breast cancer tumors
(Nagahashi et al., 2016).

7. SphK1/S1P/S1P receptor axis as a therapeutic target for breast cancer

With such strong connections between SphK1/S1P/S1PR axis and the growth and progression of breast cancer cells, SphK1 and
S1PR offer new and novel targets for possible future treatment avenues aimed at treating breast cancer, especially TNBC. Several
preclinical studies have used mouse breast cancer models to investigate the effects of SphK1 inhibiters or S1PR modulators on tumor
growth. A combination of the non-specific SphK inhibitor SKI-II with gefitinib, an EGFR inhibitor, significantly inhibited growth of
xenograft MDA-MB-468 TNBC tumors whereas neither SKI-II or gefitinib alone had any effects (Martin et al., 2014). Another SphK1
inhibitor, SKI-5C, also significantly reduced growth of tumors from another TNBC cell line, MDA-MB-231, in xenografted SCID mice
(Datta et al., 2014). Using an improved syngeneic breast cancer cell implantation method that mimics human breast cancer biology
better than conventional xenograft subcutaneous implantation, treatment with the specific SphK1 inhibitor SK1-I suppressed tumor
growth of murine 4T1 breast cancer cells and S1P levels and reduced metastases to lymph nodes and lungs (Nagahashi et al., 2012).

Lastly, one of the most promising possible future avenues for breast cancer treatments that target the S1P axis is Fingolimod
(FTY720), a sphingosine analog pro-drug currently used to treat multiple sclerosis that has long been known to have beneficial effects
in many preclinical breast cancer models (Azuma et al., 2002; Deng et al., 2012; Hait et al., 2015; Rincon et al., 2015). FTY720 effects
are not limited only to suppressing the development and progression of breast tumors on its own but also is an effective adjuvant
therapy. Treatment with FTY720 potentiated the anti-cancer effects of doxorubicin in MDA-MB-231 xenograft tumors and particu-
larly in MDA-MB-231 cells that acquired resistance to doxorubicin (Rincon et al., 2015). FTY720 has been shown to synergize with
the effect of tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) reducing tumor volume and inducing apoptosis in
xenograft breast cancer models without affecting normal cells (Woo et al., 2015). FTY720 has several anti-cancer targets that con-
tribute to its multi-potent effectiveness. When phosphorylated by SphK2, FTY720-P is a S1P mimetic that acts as a functional an-
tagonist of S1PR1, reducing the persistent activation of STAT3 (Deng et al., 2012) and thus diminishes accumulation of regulatory T
cells in tumors (Priceman et al., 2014).

We found that FTY720 is phosphorylated by nuclear SphK2 in breast cancer cells. FTY720-P accumulates in the nucleus and
potently inhibits class I histone deacetylases (HDACs) leading to increased histone acetylations and expression of a restricted set of
genes independently of its known effects on S1PRs. We also observed that feeding a high-fat diet accelerated formation of tumors and
increased triple-negative spontaneous breast tumors in MMTV-PyMT transgenic mice and that oral treatment with FTY720 inhibited
development and aggressiveness of spontaneous breast tumors in these mice, reduced HDAC activity and dramatically reversed high-
fat diet-induced loss of ER and PR in advanced carcinoma. Like other HDAC inhibitors, treatment of ER-negative breast cancer cells
with FTY720 reactivated expression of silenced ER and sensitized them to tamoxifen. Furthermore, treatment with FTY720 also re-
expressed ER and increased therapeutic sensitivity of ER-negative syngeneic breast tumors to tamoxifen in vivo more strongly than a
pan HDAC inhibitor.

Unphosphorylated FTY720 also has anti-cancer actions. It inhibits SphK1 by binding to an allosteric site that exerts auto-in-
hibition on the catalytic site. It also induces proteasomal degradation of SphK1 and thus inhibits actions of S1P (Lim et al., 2011).
Moreover, part of the effectiveness of FTY720 in tumor suppression can be attributed to its ability to activate the tumor suppressor
PP2A (Perrotti and Neviani, 2013; Saddoughi et al., 2013), which is commonly inhibited in breast cancer and is crucial for main-
taining tumor cell properties (Rincon et al., 2015).

Overall these studies show that FTY720 is a multi-faceted drug with the potential to work as an effective anti-cancer drug by itself
and also as an adjuvant to hormonal therapies, traditional chemotherapies, and even radiation therapies to treat not only ER-positive
tumors but also the more difficult TNBCs and tumors that develop resistance to chemotherapeutic agents. As FTY720 is already an
FDA approved drug for treating humans, it is hoped that it can re-purposed for use as a cancer treatment.
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Background: Interest in immunotherapy for breast cancer is rapidly emerging, and appli-

cable animal models that mimic human cancer are urgently needed for preclinical studies.

This study aimed to improve a technique for orthotopic inoculation of syngeneic breast

cancer cells to be used as a preclinical animal model for immunotherapy.

Materials and methods: We used our previously reported murine model of orthotopic cancer

cell inoculation under direct vision and compared the efficiency of tumorigenesis with

tumor cells suspended in either phosphate-buffered saline or Matrigel containing varying

numbers of cells. As a model for immune rejection, murine BALB/cederived 4T1-luc2 breast

cancer cells were inoculated orthotopically into both BALB/c and C57BL/6 mice.

Results: Matrigel-suspended cells formed larger tumors with higher efficiency than

phosphate-buffered saline-suspended cells. The maximum volume of Matrigel that could

be inoculated without spillage was 20 mL and 30 mL in the #2 and #4 mammary fat pads,

respectively. Tumor take rates increased as the injected cell number increased. In this

immune rejection model, there were no significant differences in tumor weight between

the strains up to day 7, after which tumor weight decreased in C57BL/6 mice. Biolumi-

nescence in C57BL/6 mice was also significantly less than that in BALB/c mice and

increased up to day 7, then swiftly decreased thereafter.

Conclusions: This improved technique of innoculating murine breast cancer cells using

bioluminescence technology may be useful in evaluating the efficacy of tumor regression

mediated by immune responses, as shown by an allogeneic response in C57BL/6 mice.
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Introduction luciferase was purchased from Caliper Life Sciences/Perki-
Immunotherapy, including checkpoint inhibitors, cancer vac-

cines, adoptive cell immunotherapy, and strategies that exploit

chimeric antigen receptoreengineered T cells, is rapidly

emerging as a promising modality for different types of can-

cers.1 The early success of immune checkpoint inhibition, such

astargeted therapyagainst cytotoxicT-lymphocyteeassociated

protein 4 (CTLA-4), along with programmed death-1 (PD-1)2,3

and the PD-1 ligand, PD-L1,4 has drawnmuch attention.5

One of the most commonly used animal models for onco-

logic preclinical studies is xenografts of human cancer cells or

patient-derived cancer tissue into immune-deficient mice.6,7

However, these models are not suitable to evaluate immune

responses or the effects of immunotherapy because the host

animal lacks a fully functioning immune system. Sponta-

neous tumorigenic models using transgenic mice or carcino-

gens have been developed in animals with an intact immune

system, but these models may require a long waiting time for

the development of cancer, which limits their practicality.8,9

Furthermore, these models usually require expensive equip-

ment, such as mouse-specific imaging scanners (computed

tomography, magnetic resonance imaging, or positron emis-

sion tomography), to detect and measure tumors. Even with

such state-of-the-art diagnostic imaging equipment, the

evaluation of immunotherapy responses remains chal-

lenging. Tumor size may not necessarily reflect the amount of

cancer cells, as tumors may initially enlarge on imaging

studies due to accumulated infiltrating immune cells when

immunotherapy is actually effective. Recently, patient-

derived “humanized” xenograft models have been developed

using patient tumors implanted into immune-deficient mice

that are engineered to have intact human immune cells.10-12

However, the cost of these animals and other limitations,

including take rate, viral contamination and selection pres-

sure, hinder this approach,10 and even these modern models

cannot escape from the challenges of assessing tumor re-

sponses to immunotherapy.12 Thus, orthotopic inoculation of

syngeneic murine tumor cells tagged with a bioluminescent

reporter into immune intact mice is themost straightforward,

fast, and affordable model to study the effect of immuno-

therapy at this point.

We have previously reported the establishment of a mu-

rine syngeneic breast cancer model using cell inoculation into

chest mammary fat pads under direct vision, which can

mimic human cancer progression.13-15 In this study, we report

the establishment of an improved orthotopic inoculation

technique ofmurine breast cancer cells using luciferase-tagged

4T1-luc2 murine cancer cells suspended in Matrigel and

demonstrate that this model is useful to assess immune-

mediated regression of breast tumors.
Materials and methods

Cell culture

4T1-luc2 cells, a mouse mammary adenocarcinoma cell line

derived fromBALB/cmice that has been engineered to express
nElmer (Hopkinton, MA). 4T1-luc2 cells were cultured in RPMI

Medium 1640 with 10% fetal bovine serum. E0771 cells, a

C57BL/6 mouse mammary fat padederived adenocarcinoma

cell line, were cultured in Dulbecco’s Modified Eagle Medium

with 10% fetal bovine serum.

Animal models

Approval from the Virginia Commonwealth University

Institutional Animal Care and Use Committee was obtained

for all experiments. Female BALB/c and C57BL/6 mice were

obtained from Jackson Laboratory. All cell inoculations into

#2 (chest) and #4 (abdomen) mammary fat pads under

direct vision were carried out as previously described.13 All

procedures were performed using sterile technique under

isoflurane anesthesia, and the animals were prepped and

draped in a sterile manner. In brief, a 10-mm incision was

made medial to the nipple, and a cotton swab was used to

expose the mammary gland. A syringe with a 26-G needle

was used to inject the cell suspension directly into the

mammary gland under direct vision, and the wound was

closed with a suture. To maximize the take rate, cell

inoculations were conducted within 1 h from preparation

of cell suspensions. Tumor growth was monitored by

caliper measurement, and animals were weighed every

other day.

Preparation of Matrigel and phosphate-buffered saline cell
suspensions
1 � 104 of 4T1-luc2 cells were suspended in 20 mL of either

phosphate-buffered saline (PBS) or Matrigel. Cells were inoc-

ulated into #2 and #4 mammary fat pads of BALB/c mice

(n ¼ 8). Fourteen days after inoculation, tumors were assessed

by palpation, then harvested, and weighed.

Determination of the optimum amount of Matrigel for injection
into mammary fat pads
To determine the amount of Matrigel a mammary fat pad can

hold, 10 mL of Matrigel stained with 10% Trypan blue was

injected incrementally into the #2 and #4 mammary fat pads

(n ¼ 12, each group). Spillage of Matrigel out of the fat pad was

assessed visually after each injection.

Tumorigenesis with different numbers of cells inoculated
4T1-luc2 cells (5 � 102, 1� 103, 5� 103, 1� 104) or E0771 cells (5

� 104, 1 � 105, 5 � 105, 1 � 106) were suspended in 20 mL of

Matrigel, then inoculated into the #2 and #4 mammary fat

pads of C57BL/6 or BALB/c mice, respectively (n ¼ 8, each

group). Formation of tumors was determined by palpation.

Larger numbers of E0771 cells were inoculated because of the

slower growth rate of this tumor in the appropriate syngeneic

mouse strain.

4T1-luc2 tumors in C57BL/6 mice (immune rejection model)
1 � 104 of 4T1-luc2 cells, derived from BALB/c mice, sus-

pended in Matrigel were implanted into the right #2 fat pad

of C57BL/6 mice or BALB/c mice as a control. Tumor growth

was monitored every other day by bioluminescence (IVIS)

http://dx.doi.org/10.1016/j.jss.2016.06.003
http://dx.doi.org/10.1016/j.jss.2016.06.003
http://dx.doi.org/10.1016/j.jss.2016.06.003
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Fig. 1 e Location of mouse mammary fat pads and the difference in tumorigenesis of cancer cells suspended in Matrigel or

PBS. (A) The locations of mousemammary fat pads (#2-5) were identified after midline incision (red circles and arrows). This

representative image depicts the ease to access #2 and #4 mammary fat pads for inoculation under direct vision. Note, #1

pads cannot be seen, and #3 pads are too small, and #5 pads are too deep at the base of the legs for accurate inoculation. (B)

Tumorigenesis 2 wk after inoculation of 1 3 104 4T1-luc2 cells. (C) Tumor weights were significantly greater in the tumors

from Matrigel-suspended cells, than from the PBS-suspended cells (n [ 8). (D) Histologic examination showed that

inoculation of PBS-suspended cells resulted in scattering of cancer cells in the mammary fat pad, and cancer cells were also

seen in secondary tumors outside the mammary fat pad, whereas Matrigel-suspended cells formed single tumors confined

to the mammary fat pad. (Color version of figure is available online.)
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imaging (n ¼ 4). For tumor weight analysis, cells were inoc-

ulated into bilateral #2 and #4 fat pad, and tumors were

harvested and weighed on days 3, 7, and 9 (n ¼ 8, each).

Pathologic analyses were performed after formalin fixation
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Fig. 2 e The amount of Matrigel a mammary fat pad can hold w
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Bioluminescent quantification of tumor burden

Xenogen IVIS-200 and Living Image software (Caliper Life

Sciences/PerkinElmer) were used to quantify the photons per

second emitted by 4T1-luc2 cells. D-Luciferin (150 mg/kg; Per-

kinElmer) was injected intraperitoneally into mice previously

implantedwith 4T1-luc2 cells. Bioluminescencewasmeasured

and quantified at 5-min intervals up to photocount peak.

Bioluminescence was then determined by the peak number of

photons per second calculated over this time frame.15

Statistical analyses

Statistical analyses were performed by the chi-square test or

Fisher exact test with a single degree of freedom, and the

Student’s t-test was used to analyze the differences between

two groups. P values <0.05 were considered to have statistical

significance. All statistical analyses were performed using

SPSS version 23.0 (SPSS, Chicago, IL).
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inoculation for 4T1-luc2 and 2 and 3 weeks for E0771.

(Color version of figure is available online.)
Results

Comparison of tumorigenesis after inoculation of cell
suspensions in Matrigel or PBS

The locations of mouse mammary fat pads are illustrated in

Figure 1A after injection of 10% Trypan blue dye through the

skin close to the nipple. The image shows the relative ease

of access to #2 and #4 mammary fat pads for inoculation

under direct vision from exposure through a midline inci-

sion. Notable in Figure 1A, #1 pads are not visible despite

wide exposure, #3 pads are too small to access, and #5 pads

are too deep at the base of the legs for accurate inoculation.

Therefore, #2 and #4 mammary fat pads were used for

orthotopic inoculation of breast cancer cells in subsequent

experiments.

In our previous study, we found that inoculation of cell

suspensions in PBS resulted in spillage out of the mammary

fat pads, with scatter of cells outside the pads.13 Therefore,

the volume injected was minimized, which limited the

number of cells that could be inoculated. We now have

compared the efficiency of generating 4T1-luc2 tumors from

cells suspended in Matrigel with that of PBS-suspended cells

in our orthotopic inoculation under direct vision model. Only

3 of 8 mice (37.5%) developed palpable tumors from cells

injected in PBS, whereas all mice (8 of 8, 100%) developed

tumors after inoculation of tumor cells suspended in Matrigel

by 2 wk (Fig. 1B). Tumors generated from Matrigel-suspended

cells weighed significantly more than those generated from

cells suspended in PBS (P < 0.001; Fig. 1C). In agreement with

our previous observations,13 inoculation of PBS-suspended

cells resulted in cancer cells forming tumors not only in the

mammary fat pad but also in subcutaneous tissue outside of

the mammary fat pad (Fig. 1D left panel) In contrast,

Matrigel-suspended cells formed single tumors confined to

the mammary fat pad (Fig. 1D right panel). These results

demonstrate that cells suspended in Matrigel are more effi-

cient at generating a discrete primary breast tumor in our

orthotopic model.
Determination of the amount of Matrigel a mammary fat
pad can hold

We then investigated the amount of Matrigel that the #2 or #4

mammary fat pads can hold without spillage. The amount of

injectate (Trypan blueestained Matrigel) was incrementally

increased by 10 mL until spillage occurred. As shown in

Figure 2A and B, spillage was observed when more than 20 mL

or 30 mL ofMatrigel was injected into the #2 or #4mammary fat

pads, respectively. Therefore, 20 mL and 30 mL of Matrigel were

identified to be the most suitable amounts to inject into #2 or

#4 fat pads, respectively.

Dependence of tumor formation on number of cells
inoculated

To examine the relationship between inoculated cell number

and generation of tumors, increasing numbers of cells were

inoculated into the #2 or #4 mammary fat pads and tumori-

genesis monitored. We used the two most commonly used

syngeneic breast cancer models, 4T1-luc2 cells into BALB/c

http://dx.doi.org/10.1016/j.jss.2016.06.003
http://dx.doi.org/10.1016/j.jss.2016.06.003
http://dx.doi.org/10.1016/j.jss.2016.06.003
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mice and E0771 cells into C57BL/6 mice. We found that tumor-

igenesis increased as the inoculated cell number increased for

both cell lines, where all animals developed a tumor with 5 �
103 4T1-luc2 cells, and 1 � 106 E0771 cells (Fig. 3A and B).

Tumor growth in different background mice

To investigate whether our model is appropriate to assess

immune-mediated regression of breast tumors, we examined

the growth of 4T1-luc2 cells, inoculated in Matrigel, in an

environment where the cells will be rejected by an allogeneic

immune response. 4T1-luc2 cells were orthotopically inocu-

lated into either syngeneic (BALB/c) or allogeneic (C57BL/6)

mice. Thus, the tumors growing in C57BL/6 mice would be
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expected to be destroyed by the native immune system. The

number of viable cancer cells and tumor burden were moni-

tored in vivo by bioluminescence (Fig. 4A). Two-fold increases

in tumor growth measured by bioluminescence imaging were

nearly identical in both backgrounds 24 h after inoculation. By

7 d after inoculation, 4T1-luc2 cells in C57BL/6 mice grew

approximately 160 fold their inoculated amount, whereas the

tumors in BALB/cmice grew 1200 fold their inoculated amount

(Fig. 4B). The BALB/c tumors continued to grow rapidly to

reach an almost 10,000-fold increase in bioluminescence

signal, whereas the C57BL/6 mice tumors swiftly decreased

the signal from day 7, and the viable cancer cells were elimi-

nated by day 14. We further analyzed the time after injection

of luciferin required to reach a peak photocount, which is
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presumably reflective of perfusion of the tumor. Time to reach

a peak photocount declined by day 7 in both BALB/c and

C57BL/6 mice, after which it continued to decline in C57BL/6

tumor by day 13, whereas it increased after day 10 in BALB/c

mice, most likely reflecting the growth of the tumor.

There were no significant differences in tumor weights at

days 3 and 7 between tumors in BALB/c and C57BL/6, but a

significant difference was observed by day 9 (P ¼ 0.0132;

Fig. 5A). Histologic analysis showed that cancer cells were

surrounded by inflammatory cells on day 9 in the C57BL/6

mice and were destroyed by day 15 in the C57BL/6 mice,

whereas cancer cells without inflammatory infiltrate filled the

tumor in BALB/c mice (Fig. 5B).
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cancer models that mimic human cancer progression to be

used for preclinical trials.6 Our conclusion to date is that no

murine model perfectly mimics human cancer progression;

thus, multiplemodels should be used for preclinical studies to

supplement each other’s weaknesses.6,7 Given the essential

role of immune cells and inflammation in cancer progression,

the preclinical results obtained using immune-deficient mice

can be misleading andmay be contributing to the low success

rate of anticancer drug development.6 Our prior work has
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shown that inoculation of syngeneic mouse cancer cells

orthotopically into the mammary fat pads of immune intact

mice under direct vision provides us with the most stable re-

sults thatmimic human cancer progression.13,16 This was also

shown in a murine model of colon cancer, where cell sus-

pension in Matrigel was found to be efficacious.17 Together

with previous reports that cell suspension in Matrigel facili-

tates the establishment of tumors in xenograft models,18 our

preliminary work led us to the present study to improve our

breast cancer model using Matrigel. Compared with cells

suspended in PBS, cells suspended in Matrigel developed

tumors more efficiently and were more representative of pri-

mary breast tumors. We also identified the appropriate

amount of Matrigel to be injected without spillage into the #2

and #4 mammary fat pads and found that the take rate

correlatedwith the cell number inoculated. To our knowledge,

this is the first to report this type of improved model using

Matrigel for luciferase-tagged syngeneic breast cancer cell

inoculation in the mammary fat pad under direct vision.

To test whether our improved model is suitable for pre-

clinical evaluation of immunotherapy, we decided to investi-

gate 4T1-luc2 cell growth in a model invoking immune

rejection, namely implantation of murine cancer cells into

immune intact allogeneic mice. BALB/c-derived 4T1-luc2 cells

continued to proliferate in C57BL/6 mice for 1 wk before being

eliminated, most likely reflecting the time to develop a pri-

mary immune response. Of note, the peak photon counts

quantified by bioluminescence in immune-compatible BALB/c

mice were approximately 12-fold and 240-fold higher

compared with those in C57BL/6 mice on day 3 and day 7,

respectively. Strikingly, there were no significant differences

in tumor size between BALB/c and C57BL/6 mice on day 3 and

day 7. Histologic analyses revealed that there were numerous

infiltrating lymphocytes in the 4T1 tumors implanted in

C57BL/6 mice, whereas predominantly, cancer cells were seen

in BALB/c mice on day 9, suggesting that the tumor size in the

C57BL/6 mice was maintained in part by tumor-infiltrating

immune cells in the process of eliminating the cancer.

Indeed, on day 15, no viable cancer cells were detected in the

mammary pad of C57BL/6mice. We alsomeasured the time to

reach the peak photon counts quantified by bioluminescence

after intraperitoneal injection of D-luciferin, which is reflec-

tive of diffusion of the substrate into cancer cells. In agree-

ment with a previous report,19 the time to peak is prolonged

after day 7 in BALB/c tumors after the enlargement of the

tumor, whereas the time to peak continued to shorten in

C57BL/6 tumor due to the tumor shrinkage.

One of the challenges of immunotherapy research is the

method to evaluate the response to treatment. Commonly,

the effect of systemic chemotherapy is evaluated by Response

Evaluation Criteria in Solid Tumors (RECIST) criteria, which

relies on tumor size reduction.20 In contrast with chemo-

therapy’s immediate and direct cytotoxic and tumor

shrinkage effect, immunotherapy stimulates the patient’s

immune system to mount an antitumor response, which in-

cludes infiltration of immune-related cells into the tumor.

This often results in a paradoxical transient increase in tumor

size, which can mislead the physician to perceive this as

treatment failure and result in premature termination of an

effective immunotherapy. This is also the case in preclinical
animal studies where viable cancer cells and not the size of

the tumors need to be monitored. This paradox was observed

in the present study as well, when the cancer cell number

monitored by bioluminescence was significantly lower in the

C57BL/6 immune rejection model when compared with BALB/

c model, while the measured tumor sizes were not different.

This further highlights the benefits of our luciferase-tagged

syngeneic cell inoculation model, which could be used to

assess immunotherapy for breast cancer, such as adoptive

immunotherapy, cancer vaccines, or immune checkpoint

inhibitors.
Conclusions

In conclusion, we have established an improved murine

orthotopic model using Matrigel, in combination with biolu-

minescence technology, which may be useful for preclinical

studies of immunotherapy.
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Genome-wide in vivo screen identifies novel host 
regulators of metastatic colonization
Louise van der Weyden1, Mark j. arends2, andrew D. Campbell3, Tobias Bald4,5, Hannah Wardle-jones1, nicola Griggs1, 
Martin Del Castillo Velasco-Herrera1, Thomas Tüting4, Owen j. Sansom3, natasha a. Karp1, Simon Clare1, Diane Gleeson1, 
Edward ryder1, antonella Galli1, Elizabeth Tuck1, Emma L. Cambridge1, Thierry Voet1,6, Iain C. Macaulay1, Kim Wong1,  
Sanger Mouse Genetics Project†, Sarah Spiegel7, anneliese O. Speak1* & David j. adams1*

Metastasis is the leading cause of death for cancer patients. 
This multi-stage process requires tumour cells to survive in 
the circulation, extravasate at distant sites, then proliferate; it 
involves contributions from both the tumour cell and tumour 
microenvironment (‘host’, which includes stromal cells and the 
immune system1). Studies suggest the early steps of the metastatic 
process are relatively efficient, with the post-extravasation 
regulation of tumour growth (‘colonization’) being critical in 
determining metastatic outcome2. Here we show the results of 
screening 810 mutant mouse lines using an in vivo assay to identify 
microenvironmental regulators of metastatic colonization. We 
identify 23 genes that, when disrupted in mouse, modify the ability 
of tumour cells to establish metastatic foci, with 19 of these genes not 
previously demonstrated to play a role in host control of metastasis. 
The largest reduction in pulmonary metastasis was observed in 
sphingosine-1-phosphate (S1P) transporter spinster homologue 2 
(Spns2)-deficient mice. We demonstrate a novel outcome of S1P-
mediated regulation of lymphocyte trafficking, whereby deletion 
of Spns2, either globally or in a lymphatic endothelial-specific 
manner, creates a circulating lymphopenia and a higher percentage 
of effector T cells and natural killer (NK) cells present in the lung. 
This allows for potent tumour cell killing, and an overall decreased 
metastatic burden.

To identify microenvironmental genes that regulate metastatic 
 colonization, we performed an ‘experimental metastasis assay’  involving 
intravenous injection of B16-F10 mouse metastatic  melanoma cells, 
used previously in the development of checkpoint inhibitors such 
as CTLA4 and PD-1 (refs 3, 4), and the assessment of pulmonary 
 colonization (Fig. 1a). The 810 mutant mouse lines we assayed were 
randomly selected and cover a diverse range of molecular functions 
(Extended Data Fig. 1a and Supplementary Table 1). Using a stringent 
two-stage selection process, we identified 23 mutant lines showing  
significantly decreased or increased numbers of pulmonary  melanoma 
foci, defined as a ratio of ≤ 0.6 or ≥ 1.6 and P ≤  0.0175 (Mann–
Whitney test) for mutant mice versus wild types assayed concurrently  
(in the  initial cohort assayed (Fig. 1a)), and P <  0.01 in an integrative  
data  analysis performed on three or more additional cohorts 
(Supplementary Table 2 and Methods). Since these strains were 
extensively phenotyped5, we were able to determine that alterations 
of immune-related phenotypic traits featured prominently in these  
23 mutant lines (Fig. 1b), highlighting the key role of the immune 
 system in microenvironmental regulation of metastasis.

Of the eight genes identified as suppressors of pulmonary meta-
stases, two were members of the interferon regulatory family (IRF), 

important for immune function; loss of Irf1 or Irf7 increased  pulmonary 
 metastasis (as well as extra-pulmonary metastases in Irf1tm1a/tm1a mice), 
probably related to defects in their type-I interferon (IFN)-dependent 
response6,7. In contrast, Irf5-deficient mice, with their largely intact 
type-I IFN response8, showed no altered pulmonary metastasis  
phenotype (Extended Data Fig. 1b–f). Similarly, the increased  metastasis 
seen in the p110 catalytic subunit of phosphoinositide 3-kinase  
(Pik3cg)-deficient mice may be related to the critical function of this 
gene in multiple aspects of T cell, NK cell and neutrophil function9,10, 
and the increased metastasis seen in immunoglobulin heavy chain 6 
(Ighm)-deficient mice is probably due to their multiple immune system 
abnormalities11. In contrast, very little is known about the other four 
genes we identified as microenvironmental suppressors of metastasis, 
namely Abhd17a, Dph6, Slc9a3r2 and Rnf10, which represent novel 
 factors for further studies. Of the 15 mutant mouse lines we identified 
as having decreased pulmonary melanoma colonies, only four have 
been previously described as having roles in regulating metastasis: 
Entpd1 (Cd39), Nbeal2, Cybb and Hsp90aa1, contributing to regulatory 
T-cell control of NK cells12, platelet α -granule function13, generation 
of phagocyte-derived oxygen radicals14 and the chaperoning of client 
proteins involved in tumour progression15, respectively.

We focused on the S1P transporter Spns2, as Spns2tm1a/tm1a mice 
showed the greatest suppression in the number of pulmonary 
 metastatic melanoma foci, with Spns2tm1a/+ mice showing an inter-
mediate phenotype (Fig. 2a). Further, Spns2tm1a/tm1a mice showed 
reduced numbers of foci in the lungs after tail vein administration of 
lung CMT-167, colorectal MC-38 or breast EO771.LMB cancer cells 
(Fig. 2b), and decreased spontaneous pulmonary metastasis (both in 
number and size of  metastatic foci) after subcutaneous administration 
of HCmel12–mCherry melanoma cells (Fig. 2c and Extended Data 
Fig. 2a). In  contrast, there was no difference in the growth rate of the 
primary tumour between wild-type and Spns2tm1a/tm1a mice, either for 
HCmel12–mCherry or B16-BL6 melanoma cells, and no difference in 
the spontaneous incidence of cancer in aged wild-type and Spns2tm1a/tm1a  
mice (Extended Data Fig. 2b–d). Tail vein administration of trans-
formed melanocyte WT31 cells (Fig. 2d) and intra-splenic admini-
stration of B16-F10 cells (Fig. 2e) resulted in a reduced number of foci 
in the livers of Spns2tm1a/tm1a mice, suggesting that resistance to meta-
static colonization is not pulmonary-restricted.

S1P is a bioactive lipid mediator that plays important roles in diverse 
cellular functions such as cell proliferation, differentiation, migra-
tion and tumorigenesis16. Previous studies have shown that SPNS2 
 functions as a cell-surface S1P transporter that allows  intracellular 
S1P to be secreted into the blood and lymph17–19. In agreement with 
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previous studies17,19, S1P was decreased in serum and increased in 
lungs of Spns2tm1a/tm1a mice (Extended Data Fig. 3a, b). Although 
extracellular S1P is a key regulator of endothelial barrier homeostasis20, 
vascular permeability/extravasation of Evans Blue dye in Spns2tm1a/tm1a  
mice was the same as in controls (Extended Data Fig. 3c), as was the 
arrival of B16-F10 cells in the lung 90 min after tail vein  administration 
(Extended Data Fig. 3d). However, a significant increase in the  number 
of pulmonary B16-F10 cells showing evidence of apoptosis was 
observed after 12 h (Extended Data Fig. 3e), suggesting that the lungs 
of Spns2tm1a/tm1a mice represent a hostile environment for tumour cell 
engraftment. RNA sequencing (RNA-seq) analysis comparing viable 
B16-F10 cells isolated from lungs 24 h after their administration iden-
tified nine differentially expressed (upregulated) genes (Supplementary 
Table 3); six of these genes (Pla2g16, Epsti1, Traf1, Glipr2, Marcksl1 and 
Ccl5) are known to be involved in pro-metastatic phenotypes of tumour 
cells, and H2-Q7-positive B16 cells have been shown to be targeted by 
both NK and cytotoxic T cells21. Thus, the transcriptional profile of 
B16-F10 cells from Spns2tm1a/tm1a lungs suggests they are upregulating 
genes to facilitate their survival in a hostile environment, while at the 
same time provoking activation of the immune system.

One of the most notable effects of S1P is the regulation of lymphocyte 
trafficking22. SPNS2 has been reported to function as an S1P transporter 

in endothelial cells but not in erythrocytes or platelets17. In agreement 
with others17–19,23, Spns2tm1a/tm1a mice have a profound reduction in 
circulating T and B cells, with all other leukocyte  (including NK cells) 
and blood cell lineages unaffected (Extended Data Fig. 4a–c). In the 
lung, the percentage of T cells was significantly reduced with a small 
reduction in the B cell percentage and increased NK cells (Fig. 3a), 
with similar phenotypes observed in the liver (Extended Data Fig. 4d). 
Consistent with Spns2 expression in endothelial cells17, bone marrow 
chimaeras showed a lymphocyte and metastatic colonization pheno-
type identical to the genotype of the host (Fig. 3b and Extended Data 
Fig. 4e, f), confirming that non-haematopoietic stroma regulates these 
observations. Expression of Spns2 by endothelial cells is required for 
the maintenance of an S1P gradient in the lymph that is critical for 
 regulating lymphocyte circulation18. In agreement with this, we showed 
that mice with lymphatic endothelial cell (LEC)-specific deletion of 
Spns2 (Spns2tm1c/tm1c; Lyve1cre/+ mice) did not have altered serum or 
lung S1P levels (Extended Data Fig. 5a, b), yet displayed  lymphopenia 
in the blood (Fig. 3c), lungs (Fig. 3d) and other tissues examined 
(Extended Data Fig. 5c). Critically, this resulted in a decreased 
number of pulmonary metastasis in Spns2tm1c/tm1c; Lyve1cre/+ mice 
 administered either B16-F10 or MC-38 cells (Fig. 3e and Extended Data  
Fig. 5d).
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Figure 1 | Identification of microenvironmental regulators of 
metastatic colonization of the lung. a, Experimental model (schematic) 
and results from stage 1 of the screen: experimental metastasis assay 
performed on 810 mutant mouse lines (detailed in the Extended 
Methods). Those lines with a metastatic ratio of ≤ 0.6 (red box) or  
≥ 1.6 (green box) and Mann–Whitney test P ≤  0.0175 were taken forward 
to stage 2 as detailed in Methods. b, Top-level mammalian phenotype 

ontology terms for the 23 statistically significant genes following an 
integrative data analysis of experimental metastasis assay results from 
three or more additional cohorts (green is increased metastasis and red 
is decreased). In the heatmap, red boxes indicate a phenodeviant call, 
and blue no phenotype annotated (either no phenotype detected or not 
assayed) as detailed in Methods.
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Figure 2 | Ability of Spns2-deficient mice to regulate metastatic 
colonization. a, Experimental metastasis assay using B16-F10 cells in  
+/+ (blue), tm1a/+ (green) or tm1a/tm1a (red) male mice. b, Experimental 
metastasis assay using CMT-167 (+/+, n =  8; tm1a/tm1a, n =  6 female 
mice), MC-38 (+/+, n =  10; tm1a/tm1a, n =  5 male mice) and EO771.
LMB cells (+/+, n =  12; tm1a/tm1a, n =  5 female mice). c, Spontaneous 
metastasis assay using HCmel12–mCherry melanoma cells in male mice 
(n =  10 per genotype). d, Experimental metastasis assay using WT31 
transformed melanocytes in +/+(n =  18) and tm1a/tm1a (n =  6) male 

mice. e, Intra-splenic administration of B16-F10 cells in +/+ (n =  16) 
and tm1a/tm1a (n =  15) female mice. Shown are representative data from 
two (b, CMT-167) or three independent experiments (a, b (MC-38 and 
EO771.LMB), d) or cumulative results of two independent experiments 
(c, e) with mean ±  s.e.m. (b–e) or symbols representing individual mice 
with horizontal bar at the mean (a). P values are indicated from one-way 
analysis of variance (ANOVA) with Šídák’s multiple comparisons adjusting 
for multiple testing (a), Mann–Whitney test (b–d) or one-tailed unpaired 
t-test (e).
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We next set out to establish the contribution of SPNS2 to the pulmo-
nary immune microenvironment. S1P–S1PR1 signalling is essential for 
the recirculation of naive T cells; however, memory T cells  downregulate 
S1PR1 expression and rely on chemokine receptors for  trafficking24.  
In contrast, NK cell trafficking in response to S1P requires S1PR5 not 
S1PR1 (ref. 25). In agreement with this differential requirement of 
S1P for trafficking, Spns2tm1a/tm1a mice showed a significantly higher  
percentage of anti-tumoural effector memory T cells (CD44hiCD62Llo) 
relative to immune suppressive regulatory T cells (CD4+CD25+), thus 
providing an enhanced effector:regulatory T cell ratio (Fig. 3f and 
Extended Data Fig. 6a, b), with the same observed in Spns2tm1c/tm1c; 
Lyve1cre/+ mice (Fig. 3g and Extended Data Fig. 6c, d). An increased 
proportion of activated T cells (KLRG1+, CD69+ and CXCR3+) were 
also observed in the lungs of Spns2tm1a/tm1a and Spns2tm1c/tm1c; Lyve1cre/+ 
mice (Extended Data Fig. 6e, f), with a similar phenotype seen in the 
liver (Extended Data Fig. 7).

Based on this activated phenotype, we performed ex vivo re-stimulation  
assays, where T cells were isolated from the lungs of Spns2tm1a/tm1a 
and control mice 5 days after in vivo activation with B16-F10 cells. 
Using pharmacological stimulation, both CD4+ and CD8+ T cells from 
Spns2tm1a/tm1a mice showed an enhanced degranulation response (cell 
surface expression of CD107a/LAMP1), and increased intracellular 
interferon-γ  (IFN-γ ) relative to control mice (Extended Data Fig. 8a, 
b). Interestingly, only CD8+ T cells demonstrated enhanced degran-
ulation when co-cultured with B16-F10 cells ex vivo suggestive of 
the presence of an improved antigen-specific response towards B16-
F10 (Fig. 4a). This functionally resulted in enhanced B16-F10 target 
cell killing in an ex vivo cytotoxicity assay (Fig. 4b), and increased 
IFN-γ  in lung lysates from B16-F10-stimulated Spns2tm1a/tm1a and 
Spns2tm1c/tm1c; Lyve1cre/+ mice (Fig. 4c). Similarly, increased IFN-γ  was 
also observed in lung lysates from MC-38-stimulated Spns2tm1a/tm1a  

mice (Extended Data Fig. 8c) indicating that this is not a B16-F10 
restricted phenomenon. Although there was a significant increase in 
the relative proportion of NK cells in the lung, no difference in NK cell 
function could be observed ex vivo in Spns2tm1a/tm1a mice (Extended 
Data Fig. 8a, b), in agreement with normal NK cell KLRG1, CD69 and 
CXCR3 expression in both Spns2tm1a/tm1a and Spns2tm1c/tm1c; Lyve1Cre/+ 
mice (Extended Data Fig. 8d, e).

To determine whether the beneficial effects of Spns2 in  regulating 
metastatic colonization could be mediated by CD8+ T cells, we 
 performed in vivo depletion experiments using anti-CD8  antibodies. 
However, paradoxically, depletion of CD8+ T cells (or all T and  
B cells, such as in Rag1 knockout mice) has previously been shown 
to decrease B16-F10 pulmonary metastasis (but not primary tumour 
growth); this phenomenon has been explained by the ‘pro-tumoural’ 
phenotype of CD8+ T cells before tumour cell exposure versus the 
‘anti-tumoural’ effect of antigen-specific CD8+ T cells26. Indeed, 
we  replicated this finding observing decreased pulmonary B16-F10 
 metastases in CD8+ T-cell-depleted wild-type mice (Fig. 4d; and Rag2 
knockout mice, Extended Data Fig. 9); however, a genotype-specific 
effect was still observed in Spns2tm1a/tm1a mice, suggesting the involve-
ment of additional cell types in the regulation of metastatic coloniza-
tion. Given that we observed compensatory NK cell activation (CD69+) 
in the lungs of CD8+ T-cell-depleted Spns2tm1a/tm1a mice (Fig. 4e), we 
 hypothesized NK cells could be responsible for the significantly reduced 
 metastasis count compared with wild types. To explore this observation 
further, we performed NK cell depletion, resulting in increased B16-F10  
metastases as reported previously26; however, Spns2tm1a/tm1a mice still 
showed a significantly reduced number of metastatic foci compared with 
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Figure 4 | Lymphocyte regulation of metastatic colonization in Spns2-
deficient mice. a, Degranulation assay on pulmonary leukocytes from 
B16-F10-stimulated +/+ and tm1a/tm1a female mice in response to  
in vitro re-stimulation with B16-F10. b, Cytotoxicity assay on pulmonary 
leukocytes from B16-F10-stimulated +/+ and tm1a/tm1a female mice 
(n =  8 per genotype). c, Measurement of IFN-γ  in lungs of B16-F10-
stimulated + /+  and tm1a/tm1a female mice, and control and tm1c/tm1c; 
Lyve1cre/+ male mice. d, Experimental metastasis assay using B16-F10 
cells in +/+ and tm1a/tm1a female mice treated with either isotype or 
anti-CD8 antibody. e, The proportion of activated (CD69+) NK cells 
present in the lungs of +/+ and tm1a/tm1a female mice dosed with 
isotype or anti-CD8 antibody. f, Experimental metastasis assay using 
B16-F10 cells in +/+ and tm1a/tm1a male mice treated with isotype, 
anti-NK1.1 or anti-NK1.1 and CD8 antibody. Shown are representative 
data from three independent experiments, with symbols representing 
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correction (a, c, e), two-way repeated measures ANOVA with Šídák’s 
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wild types (Fig. 4f), in agreement with the enhanced CD8+  response to 
B16-F10 cells observed ex vivo (Fig. 4a). To demonstrate the dual cellu-
lar identity responsible for protection in Spns2tm1a/tm1a we co-depleted 
NK and CD8+  cells in vivo restoring the number of metastatic foci 
observed in Spns2tm1a/tm1a mice to those of wild-type (Fig. 4f). Thus, 
we demonstrate that both CD8+ T cells and NK cells can contribute to 
the reduced pulmonary metastatic burden observed in Spns2tm1a/tm1a  
mice. An alteration of lymphatic endothelial cell function or lung 
sphingolipid levels in Spns2-deficient mice may also contribute to the 
reduced pulmonary metastatic burden we observe.

Finally, we sought to manipulate the S1P axis pharmacologically by 
inhibiting S1P lyase, which degrades S1P, using 4′ -deoxypyridoxine 
(DOP), a compound previously shown to increase lymphoid tissue 
S1P levels and induce a circulating lymphopenia22. DOP treatment  
phenocopied the immune and pulmonary metastasis phenotype of 
Spns2tm1a/tm1a mice (Extended Data Fig. 10), further validating the 
importance of the S1P axis in control of pulmonary metastatic  burden. 
Importantly modulation of SPNS2 could be a more  favourable approach 
than the S1P-blocking antibody Sphingomab27,28 or the  prodrug 
FTY720 (ref. 24) (which is phosphorylated in vivo to a  functional 
 antagonist of S1PR1) as these interventions increase  regulatory T cell  
 activity, suppress proliferation of effector T cells29,30 and increase 
 vascular  permeability18. Furthermore, as lymphatic  endothelial 
cell-specific deletion of Spns2 is sufficient to regulate  lymphocyte 
 circulation to allow a higher percentage of effector T cells and NK 
cells in the lung (and liver) and more tumour cell killing, targeting 
SPNS2 is potentially a more promising option for regulating metastatic 
 colonization than existing S1P pathway modulators.

Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.
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MethOdS
Mice. The generation and genotyping of Spns2tm1a(KOMP)Wtsi (referred to as  
tm1a/tm1a)23, Lyve1tm1.1(EGFP/cre)Cys/J (referred to as Lyve1cre) mice31 and Rag2tm1Fwa 
mice32 have been described previously. Spns2tm1c(KOMP)Wtsi (referred to as  
tm1c/tm1c) mice were generated from crossing Spns2tm1a(KOMP)Wtsi mice with Flp-
deleter mice33 and crossed to Lyve1cre mice to generate experimental mice (tm1c/
tm1c; Lyve1cre/+) with littermates used as controls (tm1c/+; Lyve1+/+ and tm1c/tm1c; 
Lyve1+/+; referred to as ‘controls’). The care and use of all mice in this study were in 
accordance with the UK Animals in Science Regulation Unit’s Code of Practice for 
the Housing and Care of Animals Bred, Supplied or Used for Scientific Purposes, 
the Animals (Scientific Procedures) Act 1986 Amendment Regulations 2012, and 
all procedures were performed under a UK Home Office Project licence, which 
was reviewed and approved by the Sanger Institute’s Animal Welfare and Ethical 
Review Body (unless otherwise stated). Housing and husbandry conditions were 
as described previously34, with the exceptions that a cage density of one to six mice 
per cage was used and mice were maintained on Mouse Breeders Diet (Laboratory 
Diets, 5021-3) throughout the study. Unless specified otherwise, all mice were used 
at 6–12 weeks of age.
General experimental design. For most experiments, random allocation to 
 treatment group was achieved through the process of Mendelian inheritance, with 
age- and sex-matched mice being selected across different litters and matings (to 
minimize potential litter and/or cage effects). The two exceptions were the NK 
cell depletion study and bone marrow chimaera study: in these studies, Mendelian 
inheritance was used to randomize assignment of animals to a genotype group; 
then, within this block, alternate allocation was used to assign treatment. Unless 
specified otherwise, the researcher was not blinded to the identity of the genotype 
and/or treatment of a mouse during any procedures because these were written 
on the cage card. Pilot experiments were performed to determine sample size with 
adequate statistical power for all studies except the high throughput screen where 
this this was not possible owing to the scale of breeding that would be required. For 
each procedure, exclusion criteria used are listed where applicable in the materials 
and methods. If no exclusion criteria are detailed, all data were included. The 
manuscript was prepared to meet ARRIVE reporting guidelines35.
Cell lines. The mouse melanoma B16-F10 cell line was purchased from ATCC 
(CRL-6475) and the highly metastatic mouse melanoma B16-BL6 cell line was 
 purchased from the University of Texas, MD Anderson Cancer Center and 
authenticated by whole genome and transcriptome sequencing. The mouse lung 
carcinoma CMT-167 cell line was purchased from Sigma-Aldrich (10032302) 
and the other cell lines were obtained from the laboratories that generated them. 
Specifically, the metastatic mouse colorectal MC-38 cell line36 was a gift from  
L. Borsig (University of Zurich, Switzerland), the metastatic mouse mammary 
cancer EO771.LMB cell line37 was a gift from R. L. Anderson (Peter MacCallum 
Cancer Centre, Australia), the metastatic HCmel12–mCherry melanoma cell 
line38 was a gift from T. Tuting (University Hospital Magdeburg, Germany) and 
the transformed mouse melanocyte WT31 cell line (Tyr::NrasQ61K/°; INK4a−/−)39 
was a gift from O. Sansom (Beatson Institute for Cancer Research, Scotland). 
None of the cell lines used appears in the International Cell Line Authentication 
Committee  database. All cells (apart from WT31 cells) were maintained in 
DMEM with 10% (v/v) fetal calf serum and 2 mM glutamine, 100 U/mL penicillin/ 
streptomycin (with the  addition of 20 mM HEPES for EO771.LMB cells) at 37 °C, 
5% CO2. WT31 cells were  maintained in RPMI with 10% (v/v) fetal calf serum and 
2 mM glutamine, 100 U/mL penicillin/streptomycin at 37 °C, 5% CO2. All cell lines 
were screened for the presence of mycoplasma and mouse pathogens (at Charles 
River Laboratories, USA) before culturing and never cultured for more than five 
 passages. The B16-F10–mCherry cells, stably expressing mCherry, were generated 
by co- transfection of B16-F10 cells with 4.5 μ g of PB-CAGG-LUC-2A–mCherry–
PURO-PB  plasmid (a gift from D. Ryan, Wellcome Trust Sanger Institute) and 
0.5 μ g of PBase-expressing plasmid using Fugene HD (Promega) according to the 
manufacturer’s recommendations. After selection in 5 μ g/mL puromycin (Gibco 
BRL) for 10 days, cell sorting was performed (MoFlo XDP, Beckman Coulter) to 
select for those cells expressing high levels of mCherry and was maintained in  
5 μ g/mL puromycin.
Experimental metastasis assay. B16-F10 (4 ×  105), CMT-167 (1 ×  105), MC-38 
(4 ×  105), EO771.LMB (4 ×  105) or WT31 (2.5 ×  106) cells resuspended in 0.1 mL 
phosphate buffered saline (PBS) were injected into the tail vein of 6- to 12-week-old 
sex-matched syngeneic control and mutant mice. After 10 days (or 30 days if WT31 
cells were used) the mice were killed, their lungs removed (or livers removed if 
WT31 cells were used) and the number of metastatic foci counted macroscopically 
(for B16-F10 and WT31 cells) or microscopically from formalin-fixed haema-
toxylin and eosin-stained sections by a pathologist (for CMT-167, MC-38 and 
EO771.LMB cells; the pathologist was blinded to the genotypes of the samples). 
For intrasplenic injections of B16-F10 melanoma cells, the mice were anaesthetized 
under isofluorane gas and a laparotomy performed to expose the spleen. B16-F10 

cells (1 ×  104) resuspended in 0.03 mL PBS were injected into the tail of the spleen, 
after which surgical incisions were sutured and surgical clips applied. Animals 
were  monitored throughout recovery with dietary support and analgesia (Rimadyl  
100 μ g/mL ad libitum) provided, as approved by the Glasgow University Ethics 
Committee. After 14 days, the mice were killed, their livers removed and the  
number of metastatic foci counted macroscopically.
Metastatic colonization screen. The experimental metastasis assay (detailed 
above) was performed by administering 4 ×  105 B16-F10 cells to age- and sex-
matched wild-type and mutant mice. The mice were 6–12 weeks old (typically 6–8 
weeks) at time of dosing and dosing cohorts typically consisted of 12–24 control 
mice with 3–5 different mutant alleles being screened (3–8 mutant mice per allele). 
To ensure consistency, preparation of the cells, administration into the tail vein and 
counting of pulmonary metastatic foci were performed by the same individual. To 
ensure a high level of accuracy, a two-stage process was implemented, with final 
calls only being made after data had been collected from multiple independent 
cohorts (the data from all mice were included in the analysis except for when 
the full 0.1 mL of cell suspension were not successfully administered because of 
 difficulties at the time of injection). The first stage was a high-throughput process 
to identify lines of potential interest for the second stage; in this stage, mutant lines 
with a ‘metastatic ratio’ (mean number of metastatic foci in the mutant cohort 
divided by mean number of metastatic foci in the wild-type cohort) ≤ 0.6 or  
≥ 1.6 and P ≤  0.0175 in the Mann–Whitney test (a subsequent analysis estimated a 
false discovery rate of 15%) progressed to the second stage. In the second stage, at 
least three additional cohort(s) of mice (of both sexes) were independently studied 
and the data combined into an integrative data analysis (IDA) as detailed in the 
Statistics section.
Bone-marrow chimaeras. Wild-type (CD45.1 congenically marked syngeneic) 
and tm1a/tm1a mice were given 2 ×  4.2 Gy whole-body irradiation followed by tail 
vein administration of 3 ×  106 bone  marrow cells from either wild-type (CD45.1 
congenic) or tm1a/tm1a mice. Six weeks after  transplantation, a tail vein blood 
sample was taken from the mice to assess the relative proportion of CD45.1 versus 
CD45.2 cells and the number of T and B lymphocytes present in the peripheral 
blood; 2 days later, an experimental metastasis assay was performed.
In vivo depletion studies. Mice were given intraperitoneal doses of antibodies 
(anti-CD8 (clone YTS169.4), rat IgG2b isotype control (clone LTF-2), anti-NK1.1 
(clone PK136), mouse IgG2a (clone C1.18.4)), 200 μ g in 0.1 mL PBS on days  
− 3, 0 and + 5, with B16-F10 cells administered by tail vein on day 0 (CD8-
depletion mice were dosed with 4 ×  105 B16-F10 cells; NK and NK/CD8-depletion 
mice were dosed with 2 ×  105 B16-F10 cells). Tail vein blood samples were collected 
from all mice on day + 1 to confirm the depletion was effective. All antibodies were 
‘InVivoMAb’ from BioXCell.
S1P lyase inhibitor studies. For S1P lyase inhibitor studies, the mice were either 
given glucose (10 g/L) or glucose plus 4′  deoxypyridoxine (DOP, 30 mg/L; Sigma) 
in their drinking water 1 week before any experimentation (with mice remaining 
on treatment for the duration of the experiment)22.
Primary tumour growth studies. For examination of orthotopic tumour 
growth, wild-type and tm1a/tm1a male and female mice at 6–8 weeks of age were 
 subcutaneously administered 2.5 ×  103 B16-BL6 melanoma cells in the flank. The 
developing tumours were measured every second day and if they had reached  
(or were very close to) 2 cm2 on the day of measurement the mice were immediately 
culled (no tumour was ever more than 2.4 cm2), as approved by a Home Office 
Inspector under the authority of the Animals (Scientific Procedures) Act 1986.
Spontaneous metastasis assay. Wild-type and tm1a/tm1a mice were 
 subcutaneously dosed with 2 ×  105 HCmel12–mCherry melanoma cells and the 
resulting tumour growth was monitored by inspection and palpation. The size of 
the tumour was measured weekly using Vernier callipers and recorded as mean 
diameter. Mice were killed when progressively growing melanomas exceeded 
20 mm in size and tissues collected for further analyses (in accordance with 
 institutional and national guidelines for the care and use of laboratory animals 
with approval by the local government authorities (LANUV, NRW, Germany)). 
The number of macroscopically visible metastases present on the lung surface were 
counted by two independent investigators in a blinded fashion.
Preparation of tissue cell suspensions. Mice were perfused with 20 mL PBS 
by cardiac puncture and the tissues were disrupted in C tubes using program  
m_lung_01 with an gentleMACS (Miltenyi Biotec) in Hanks Balanced Salt solution 
(HBSS) containing calcium and magnesium. Liberase DL (Collagenase with low 
dispase content, Roche, Burgess Hill, UK) was added to a final concentration of 
0.1 U/mL and incubated for 30 min at 37 °C. The tubes were then processed using 
program m_lung_02 and DNase (0.1 mg/mL) was added for a further 30 min at 
37 °C. The resulting cell suspension was centrifuged at 400 g for 5 min, resuspended 
in 2 mL fluorescence-activated cell sorting (FACS) buffer (D-PBS without calcium 
and magnesium containing 2 mM EDTA, 0.5% fetal calf serum and 0.09% sodium 
azide), passed through a 30 μ m cell strainer and analysed on the flow cytometer.  
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To determine the number or viability of melanoma cells present in the lungs of 
mice, the mice were dosed with either 1 ×  106 B16-F10 cells labelled with 10 μ M  
CFSE (Molecular Probes, Invitrogen) at 90 min before perfusion or 1 ×  106  
B16-F10–mCherry cells at 12 h before perfusion. In each case, the lung cell 
 suspension was analysed on the flow cytometer. For lung/liver leukocyte  
analysis, the leukocytes were enriched from other cell types in the cell suspension  
on a Percoll  discontinuous gradient (67.5%/44%) and washed three times  
with FACS buffer. Single cell suspensions from spleen and lymph nodes (pooled 
inguinal) were  prepared using frosted end of microscope slides in FACS buffer. 
Red blood cells were lysed from spleen samples by the addition of 2 mL PharmLyse 
(BD Biosciences) for 90 s at room temperature then stopped by the addition of 
10 mL FACS buffer. Both spleen and lymph node samples were passed through 
a 30 μ m cell strainer before staining. ‘Naive’ mice were those that had not been 
administered B16-F10 cells and ‘stimulated’ mice were those that had been tail 
vein administered B16-F10 cells 3 or 5 days before analysis as indicated in the 
figure legend.
FACS immunostaining. Samples were blocked with 1 μ g of Mouse BD FC Block 
(anti CD16/32, clone 2.4G2, BD Biosciences) for 10 min before addition of 
 multicolour antibody cocktails using titrated amounts to give saturating binding 
(see Supplementary Table 4 for more details). After washing, cells were stained with 
a viability dye (Live/Dead Blue, Invitrogen, 1 in 1,000 dilution in PBS) for 10 min at 
room temperature, then washed before acquisition. For determination of apoptosis, 
lung preparations were prepared as above and were stained with Caspglow reagent 
(eBioscience UK) according to the manufacturer’s instructions for 1 h at 37 °C. Cells 
were washed with Annexin binding buffer and stained with Annexin V-APC (both 
BD Biosciences) according to the manufacturer’s instructions for 15 min at room 
temperature. Cells were washed with Annexin binding buffer and resuspended 
Annexin V binding buffer containing 1 μ g/mL DAPI (Life Technologies) before 
acquisition. To determine absolute cell counts of leukocyte populations, whole 
blood was counted with a haematology analyser (Scil Vetabc) and the white blood 
cell count was used to derive the number cells per microlitre of blood, with the 
immune cell populations as percentage of leukocytes.
Lung leukocyte cytotoxicity. Leukocytes were prepared from perfused lungs  
5 days after B16-F10 injection as described above. B16-F10 target cells were labelled 
with 1 μ M CFSE (Molecular Probes, Invitrogen). Target cells and lung leukocytes 
were added to 96-well round- bottomed plates at effector to target ratios indicated 
for 4 hours at 37 °C in complete DMEM medium (prepared as described in ‘Cell 
lines’). The cells were washed twice with ice-cold PBS then resuspended in 100 μ 
L Live/Dead far red (Invitrogen, 1 in 1,000 dilution in PBS) for 10 min at room 
temperature. Cells were washed twice and resuspended in BD Cell Fix for 10 min 
at room temperature and washed twice with FACS buffer, before acquisition where 
2,000 target cells were collected. Cytotoxicity was calculated according to the fol-
lowing equation: (percentage of dead target cells with effector cells) – (percentage 
of dead target cells with no effector cells added).
Leukocyte degranulation and IFN-γ production. Leukocytes were prepared 
from perfused lungs 5 days after B16-F10 injection as described  above. Cells were 
stimulated with target cells (B16-F10 at effector to target ratio of 2.5:1) or phorbol 
myristate acetate (PMA) and ionomycin (100 ng/mL and 150 ng/mL, respectively 
both Sigma-Aldrich). Cells and stimulus were added to 96-well round-bottomed 
plates in the presence of anti-CD107a antibody and BD GolgiStop (monensin, final 
concentration 2 μ M) in complete DMEM medium for 4 hours at 37 °C. The plates 
were washed twice with ice-cold FACS buffer before blocking then staining with 
anti-TCRβ , CD45, NK1.1 and CD8α  antibodies. Cells were then stained with a 
fixable viability indicator (Live/Dead Blue, Invitrogen) before intracellular staining 
for IFN-γ  according to standard methods and analysed by flow cytometry where 
a minimum of 50,000 CD45+ alive leukocyte events were collected. CD107a and 
IFN-γ  gates were set on unstimulated leukocyte samples and specific degranulation 
or intracellular IFN-γ  staining was calculated by subtracting the leukocyte alone 
unstimulated values from the treated values.
Flow cytometry. All samples were analysed on an LSR II or LSRFortessa (both 
BD Biosciences) that were standardized using BD Cytometer Setup and Tracking 
Beads and software. Compensation was determined using Ultracomp eBeads 
 (eBioscience) for all antibodies, and ArC amide binding beads (Invitrogen) for 
live/dead stains. Data acquisition was controlled with BD FACSDiva version 6.3 
or version 8.0.1 software. For the analysis of B16-F10 apoptosis, a threshold was 
applied to the mCherry channel (561 nm laser 610/20 BP) to exclude 90% of the 
lung cells. For the analysis of cytotoxicity, a threshold was applied to the CFSE 
channel (488 nm laser 530/30 BP) to exclude 90% of the lung leukocytes. In both 
cases these were established using B16-F10 mCherry- or CFSE-labelled B16-F10 
cells. In all other cases an FSC-A threshold was used to exclude debris. All sam-
ples were analysed using FlowJo 10.7 and were analysed genotype and/or treat-
ment blind. For all phenotyping data, doublets were excluded using FSC-A versus 
FSC-H gates, sample acquisition issues (such as clumps and unstable event rate) 

were excluded using a time gate against a fluorescent parameter that was off the 
laser with the longest time delay, dead cells were excluded from all tissue analysis 
using a viability indicator and debris excluded with FSC-A versus SSC-A gates.  
A  leukocyte gate was set with CD45 and SSC-A and all cell subsets are reported as 
the percentage of this parent gate. T cells were defined as TCRγ δ − CD3+ NK1.1− or 
TCRβ + NK1.1− with CD4+ and CD8+ gates defined on this parent population, NK 
cells defined as NK1.1+ CD3− or TCR−, and B cells defined as CD19+. T and NK 
cell phenotypes were determined using fluorescent minus one controls to establish 
gating. Data from a sample were excluded if there were insufficient events in the 
parent gate to allow analysis: for example, if there were fewer than 50,000 CD45+ 
alive leukocytes in lung phenotyping data, these were excluded from the data set.
Lung IFN-γ determination. Five days after B16-F10 injection lungs were saline 
perfused and  homogenized in Tris-buffered saline with 0.5% Triton X100 using 
M tubes and a  gentleMACS (Miltenyi Biotec) with program protein_01. Samples 
were cleared by centrifugation for 10 min at 20,000 g at 4 °C. IFN-γ  levels in the lung 
lysates were determined using a Ready Set Go ELISA kit (eBioscience, Hatfield, 
UK) according to the manufacturer’s instructions.
Transcriptome sequencing. Wild-type and tm1a/tm1a mice tail vein dosed 
with 1 ×  106 B16-F10–mCherry cells were killed after 24 h and lung cell  
suspensions prepared as described above. Using a cell sorter (MoFlo XDP), B16-
F10–mCherry cells were identified after displaying in a bivariate plot of SSC-log 
versus mCherry by gating on high forward scatter versus side scatter to exclude 
some debris and dead cells and positively sorted. RNA was extracted from the 
sorted cells using the RNeasy Mini kit (Qiagen), according to the manufacturer’s  
instructions, and used to generate cDNA with the Smart-seq2 protocol40,41. 
Multiplexed sequencing libraries were generated from amplified cDNA using 
Nextera XT (Illumina). The multiplexed mRNaseq libraries were pooled and 
sequenced across multiple lanes on the Illumina Hiseq 2000 (version 3). Paired-end 
100 bp reads were aligned with STAR version 2.3.0 (ref. 42), allowing a  minimum 
(50 bp) and maximum intron size (500,000 bp). STAR genome index files were 
generated using a GTF file corresponding to gene models from ENSEMBL  version 
74 and reference genome version GRCm38. Read counting was performed with 
htseq-count from the HTSeq package (version 0.5.4p5)43. The htseq-count software 
was run with the options ‘intersection-nonempty’ mode, non-stranded, minimum 
quality 10, and ‘exon’ was used as the feature type, with ‘gene_id’ as the GTF  feature 
ID. The Bioconductor (version 3.1)44 package DESeq2 (version 1.8.1)45 was used 
for differential expression analysis. We used the local fit parameter for dispersion 
fitting and obtained the significance with the DESeq2 negative binomial Wald test 
function. Genes with adjusted to P <  0.05 after Benjamini–Hochberg  correction 
and a log2(fold change) less than − 0.59 or greater than 0.59 was considered 
 significantly differentially expressed.
Analysis of sphingolipids by LC-ESI-MS/MS. Serum and saline perfused lung 
tissues were collected from the mice. After the addition of internal standards 
(0.5 nmol each; Avanti Polar Lipids, Alabaster, Alabama, USA) the lipids were 
extracted and sphingolipids were quantified by LC-ESI-MS/MS (4000 QTRAP, AB 
Sciex, Framingham, Massachusetts, USA) as described previously46.
Statistics. Statistical tests were selected to be appropriate for the data properties (for 
example, normality or homogeneity of variance) and experimental design such that 
the assumptions of the test would be met. Where multiple testing occurred within 
a study, it was managed by controlling the family-wise error rate as detailed in the 
associated figure legend. Integrative data analysis (also called mega-analysis)47 
was completed using R (package nlme version 3.1), treating each experiment as a 
fixed effect. An iterative top-down modelling strategy was implemented starting 
with the most comprehensive model (either equations (1) or (2)) appropriate for 
the collection strategy implemented and ensuring the model only included terms 
where they could be independently assessed:

β β β β β= + + + + ∗Y (1)0 1, Sex 2, Experiment 3, Genotype 4, Sex Genotype

β β β= + +Y (2)0 2, Experiment 3, Genotype

The optimization process first selected a covariance structure for the residual, then 
the model was reduced by removing non-significant fixed effects, and finally the 
genotype effect was tested and model diagnostics visualized. For the hypothesis 
test of primary interest, the impact of genotype, the per-comparison error rate 
threshold P values were adjusted to account for the multiple comparisons to control 
the family-wise error rate to 5% using the Hochberg method48.
Bioinformatic analysis of molecular functions and phenotype. Using the 
Mouse Genome Informatics (MGI) portal (http://www.informatics.jax.org), 
all 810 mutant lines screened were separated into unique symbols (to separate 
out microRNA  clusters) and annotated with molecular function using the Gene 
Ontology (GO) batch query selecting the GO_Slim annotations. Phenotypic 
information was pulled from MGI as a batch query (MGI 6.06, release date  
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5 October 2016) and supplemented with annotations from the International Mouse 
Phenotyping Consortium (IMPC – release 4.3, 26 April 2016) portal (http://www.
mousephenotype.org). The reported mammalian phenotype (mp) terms returned 
were  collapsed to the top-level term for the generation of the heatmap. We were 
not able to discriminate between no phenotype detected and no phenotypic data 
present; thus both outcomes are represented with a blue cell with the presence of 
phenotypes indicated by the red cell.
Data availability. The data that support the findings of this study are available from 
the corresponding author upon reasonable request. The data for Extended Data 
Fig. 2c are available in the online version of this paper. The data for the results of 
the experimental metastasis assay from stage 1 of the screen and the integrative 
data analysis are available in the online version of this paper. All RNA-seq data 
are available under European Nucleotide Archive accession number ERP005660 
and ArrayExpress accession number E-ERAD-287, with the results of the analysis 
shown in Supplementary Table 3.
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Extended Data Figure 1 | Molecular function of 810 mutant mouse lines 
screened and phenotypic characterization members of the interferon 
regulatory factor (Irf) family. a, Molecular function Gene Ontology 
annotation of the 810 mutant mouse lines screened as detailed in Methods. 
b, Experimental metastasis assay using B16-F10 cells in Irf1tm1a/tm1a, 
Irf5tm1e/tm1e, Irf7tm1a/tm1a and concurrent control female mice. Shown are 

representative data from two (Irf5), four (Irf1) or six (Irf7) independent 
experiments. Symbols represent individual mice with a horizontal bar at 
the mean. P values are from a Mann–Whitney test. c–f, Representative 
photographs showing B16-F10 metastatic colonies on the (c) lungs of 
+/+ and Irf1tm1a/tm1a mice and (d–f) the presence of extra-pulmonary 
metastases in Irf1tm1a/tm1a mice (tissues from three mice shown).
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Extended Data Figure 2 | Spontaneous pulmonary metastases and 
primary tumour growth in Spns2 mice. a, Size measurements of 
spontaneous pulmonary HCmel12–mCherry melanoma cell metastases 
of male mice with representative fluorescent images (lines indicate the 
edge of the lungs); n =  10 per genotype, horizontal bars represent mean 
(of 50 individual metastases counted per genotype) (one-way ANOVA 
with blocking factor of experiment, cumulative results of two independent 
experiments shown). b, Survival curve of +/+ and tm1a/tm1a male 
mice (n =  10 per genotype) in a spontaneous metastasis assay using 

HCmel12–mCherry cells (log-rank test (Mantel–Cox), cumulative results 
of two independent experiments shown). c, Growth of subcutaneously 
administered B16-BL6 cells in +/+ (four male, five female) and tm1a/
tm1a (five male, one female) mice. Symbols represent mean ±  s.e.m. with 
a two-tailed unpaired t-test with Welch’s correction used to compare the 
area under the curve. d, Incidence of cancer in aged (> 40 weeks) +/+ 
(n =  15; 4 males, 11 females) and tm1a/tm1a (n =  18; 5 males, 13 females) 
mice. Statistical analysis was performed using a Fisher’s exact test.
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Extended Data Figure 3 | Phenotyping of the serum and lungs  
of Spns2 mice. Sphingoid base levels in the (a) serum (+/+, n =  5;  
tm1a/tm1a, n =  4) and (b) lungs (+/+, n =  6; tm1a/tm1a, n =  5)  
of male mice; data are mean ±  s.e.m., multiple two-tailed unpaired t-tests 
with P value adjusted by the Holm–Šídák method with α set to 5%. Sph, 
sphingosine; DHSph, dihydrosphingosine; S1P, sphingosine-1-phosphate; 
DHS1P, dihydrosphingosine-1-phosphate. c, Micrograms of extravasated 

Evans blue dye in the lungs of +/+ and tm1a/tm1a male mice. d, Number 
of CFSE-labelled B16-F10 cells present in the lungs of female mice 90 min 
after administration. e, Levels of apoptosis in B16-F10–mCherry cells 12 h 
after administration to male mice. Shown are representative data from 
three independent experiments, with symbols representing individual 
mice. P values are indicated from two-tailed unpaired t-test with Welch’s 
correction (c–e).

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Extended Data Figure 4 | Phenotypic characterization of the 
haematopoietic system of Spns2 mice. a–c, The numbers of erythrocytes 
and platelets, monocytes, granulocytes and lymphocyte subsets present 
in the blood of naive +/+ and tm1a/tm1a female mice (multiple two-
tailed unpaired t-tests with P value adjusted by the Holm–Šídák method 
with α set to 5%; data shown are representative of three independent 
experiments). d, Analysis of lymphocyte subsets in the liver of naive 

+/+ and tm1a/tm1a female mice (multiple two-tailed unpaired t-tests 
with P value adjusted by the Holm–Šídák method with α set to 5%; data 
shown are representative of three independent experiments). e, f, T- and 
B-lymphocyte numbers in the blood of male naive (unstimulated) bone 
marrow chimaeras (unpaired two-tailed t-test with Welch’s correction; 
data shown are representative of two independent experiments). Symbols 
represent individual mice; horizontal bars represent mean.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Extended Data Figure 5 | Characterization of the phenotype of 
lymphatic endothelial cell Spns2 deficient mice. a, b, Sphingoid base 
levels in the (a) serum or (b) lung of control and Spns2tm1c/tm1c; Lyve1cre/+ 
male mice (data are mean ±  s.e.m., control n =  11, Spns2tm1c/tm1c;  
Lyve1cre/+ n =  10, multiple two-tailed unpaired t-tests with P value 
adjusted by the Holm–Šídák method with α set to 5%). Sph, sphingosine; 
DH-Sph, dihydrosphingosine; S1P, sphingosine-1-phosphate; DH-S1P, 
dihydrosphingosine-1-phosphate. c, Lymphocyte subsets in the spleen, 

lymph node, lung and liver of +/+ and tm1a/tm1a male mice (symbols 
represent individual mice, horizontal bars represent mean, multiple two-
tailed unpaired t-tests with P value adjusted by the Holm–Šídák method 
with α set to 5%; data shown are representative of three independent 
experiments). d, Experimental metastasis assay using MC-38 cells in 
control (n =  9) and Spns2tm1c/tm1c; Lyve1cre/+ (n =  5) in female mice. Data 
shown are mean ±  s.e.m., Mann–Whitney test, representative of three 
independent experiments.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Extended Data Figure 6 | T cell subsets in the lungs of Spns2 mice.  
The proportion of T cell subsets present in the lungs of naive + /+  and 
tm1a/tm1a female mice (a, b, e) and control and Spns2tm1c/tm1c; Lyve1cre/+ 
male mice (c, d, f). Data are shown as percentage of parent CD4+ and 
CD8+ T cells (a, c, e, f) or percentage of CD45+ alive lung cells present  

(b, d). Symbols represent individual mice with horizontal bar at the mean. 
P values are indicated from two-tailed unpaired t-test adjusted by the 
Holm–Šídák method with α set to 5%. Data shown are representative of 
three independent experiments.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Extended Data Figure 7 | T cell subsets in the liver of Spns2 mice.  
The proportion of T cell subsets present in the liver of naive + /+  versus 
tm1a/tm1a female mice and control versus Spns2tm1c/tm1c; Lyve1cre/+ male 
mice. Data are shown as percentage of parent CD4+ and CD8+ T cells 
(a, c, e, f) or percentage of CD45+ alive liver cells present (b, d). Symbols 

represent individual mice; statistical analysis used multiple two-tailed 
unpaired t-tests with P value adjusted by the Holm–Šídák method with 
α set to 5%, with *  indicating a P value not considered significant after 
correcting for multiple testing. Data shown are representative of three 
independent experiments.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Extended Data Figure 8 | Phenotyping of Spns2 lungs. a, b, Ex vivo re-
stimulation (PMA/ionomycin) of pulmonary leukocytes from B16-F10-
stimulated +/+ and tm1a/tm1a female mice (two-tailed unpaired t-test 
adjusted by the Holm–Šídák method with α set to 5%). c, Measurement 
of IFN-γ  in lungs of MC-38-stimulated +/+ and tm1a/tm1a male mice 
(two-tailed unpaired t-test with Welch’s correction). d, e, The proportion 

of NK cell subsets present in the lungs of naive +/+ versus tm1a/tm1a 
female mice (d) and control versus Spns2tm1c/tm1c; Lyve1cre/+ male mice (e) 
(multiple two-tailed unpaired t-tests with P value adjusted by the Holm–
Šídák method with α set to 5%). Symbols represent individual mice, 
horizontal bars represent mean; data shown are representative of three 
independent experiments.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Extended Data Figure 9 | Studies in T- and B-cell-deficient mice.  
a, Measurement of lymphocyte subsets in the blood of +/+ and Rag2−/− 
mice (multiple two-tailed unpaired t-tests with P value adjusted by the 
Holm–Šídák method with α set to 5%). b, Experimental metastasis assay 

using B16-F10 cells in +/+ and Rag2−/− female mice (Mann–Whitney 
test). Symbols represent individual mice, horizontal bars represent mean; 
data shown are representative of three independent experiments.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Extended Data Figure 10 | Characterization of the leukocyte 
composition and phenotype in DOP-treated mice. a–d, The number 
of leukocytes and T cell subsets present in the lungs of B16-F10-dosed 
glucose- or DOP-treated wild-type male mice presented as the percentages 
of viable CD45+ lung leukocytes (a, c) or parent CD4+ or CD8+ T cells 

(b, d) (multiple unpaired t-tests with P value adjusted by the Holm–Šídák 
method with α set to 5%). e, Experimental metastasis assay in B16-F10 
dosed glucose- or DOP-treated wild-type female mice (Mann–Whitney 
test). Symbols represent individual mice, horizontal bars represent mean; 
data shown are representative of two independent experiments.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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breast cancer over their lifetime. The estrogen receptor- 
(ER) and its ligand 17-estradiol (E2) play important 
roles in cancer pathogenesis, progression, and metastasis. 
Patients with tumors that express the full-length ER66 are 
termed ER-positive and those lacking it as ER-negative. 
Endocrine therapy, such as tamoxifen, is a first-line treat-
ment of ER-positive breast cancer (1, 2). Unfortunately, 
more than 50% of these patients will ultimately fail therapy 
due to acquired resistance. Moreover, triple-negative breast 
cancers (TNBCs) lacking ER66, progesterone receptor 
(PR), and human epidermal growth factor receptor (EGFR) 
are aggressive cancers with high recurrence, metastatic, 
and mortality rates and limited treatment options, and they 
do not respond to hormonal therapy (3, 4). Understand-
ing the mechanisms responsible for de novo and acquired 
hormonal therapy resistance may provide clues to better 
treatments.

E2 elicits most of its cellular effects by binding to ER66 
in the cytosol, followed by receptor dimerization and trans-
location to the nucleus, where it regulates expression of 
genes that are important for tumor growth and survival  
by binding to estrogen response elements on target genes 
(5, 6). These genomic responses are slow and take hours to 
days to induce effects. However, it has become apparent 
that E2 also exerts rapid, within minutes, nongenomic ef-
fects through membrane-associated receptors (7, 8). Most 
of the nongenomic responses of E2 have been linked to 
ER36, a 36-kDa splice variant of ER66 (9–15) that is 
mainly expressed on the plasma membranes of breast can-
cer cells, particularly in TNBC (15, 16). ER36 has a novel 
noncoding exon as its first exon, which is spliced into ex-
ons 2–6 of the ER66 gene, and also has a unique 27 amino 
acid domain (exon 9) that replaces the last 138 amino acids 
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roles mainly by binding to its canonical receptor, estrogen 
receptor (ER) 66, and eliciting genomic effects. E2 also 
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encoded by exons 7 and 8 of the ER66 gene. Although 
tamoxifen is an antagonist of ER66, it activates ER36, 
which lacks both transcriptional activation domains of 
ER66 (AF-1 and AF-2) and a large portion of the ligand-
binding domain (16–18). It has been suggested that tamox-
ifen resistance is due to upregulation of ER36 (18, 19). 
Moreover, recent studies correlated increased expression 
of ER36 with advanced severity of breast cancer and endo-
crine therapy resistance, as well as increased distant metas-
tasis and poor prognosis (17, 19, 20).

Abundant evidence indicates that sphingosine-1-phos-
phate (S1P), a pleiotropic bioactive sphingolipid metabo-
lite formed by sphingosine kinase 1 (SphK1), is involved in 
breast cancer growth, progression, transformation, and 
metastasis (21–23). Overexpression of SphK1 in ER-
positive breast cancer cells promotes tumorigenesis and 
angiogenesis of xenografts (24). SphK1 is commonly up-
regulated in breast tumors and has been linked to worse 
prognosis and progression, possibly leading to resistance to 
certain anticancer therapies (25–29). There is an emerging 
idea that S1P may play an important role in the nonge-
nomic responses mediated by E2 (30, 31). Several studies 
have shown that E2 treatment of MCF-7 breast cancer cells 
that express all ER splice variants (ER66, ER46, and 
ER36) rapidly activates SphK1, leading to formation and 
secretion of S1P (32–34). S1P in turn binds to S1P recep-
tors (S1PRs) present on breast cancer cells, leading to 
downstream signaling pathways, including ERK1/2, Akt, 
protein kinase C, and even transactivation of EGFR, events 
important for breast cancer progression and metastasis 
(30, 31, 35–37). Therefore, it has been suggested that some 
of the nongenomic effects of E2 are mediated via the 
SphK1/S1P/S1PR axis. However, the E2 receptor respon-
sible for SphK1 activation has not yet been identified. In 
this work, we have demonstrated that the novel ER splice 
variant ER36 is the major membrane surface receptor for 
E2 that rapidly activates SphK1 and subsequent S1P signal-
ing and that hormone therapy resistance occurs through 
upregulation of ER36 and SphK1.

MATERIALS AND METHODS

Materials
E2 (catalog no. 50282), E2-BSA (catalog no. E5630), tamoxifen 

(catalog no. T5648), and FA-free BSA (catalog no. A8806) were 
from MilliporeSigma (St. Louis, MO). ER36-neutralizing Ab was 
from Alpha Diagnostic (San Diego, CA). HALT protease and 
phosphatase inhibitor (catalog no. 78440) was from Thermo-
Fisher (Waltham, MA). The SphK1-specific inhibitor SK1-I (cata-
log no. BML-EI411) was from Enzo Life Sciences (Farmingdale, 
NY). RPMI 1640 phenol red-free medium and DMEM phenol red-
free medium were from Gibco, and FBS (catalog no. ES-009-B) 
was from MilliporeSigma.

Cell culture
HCC38 and MDA-MB-231 human breast cancer cells were from 

American Type Culture Collection (Manassas, VA). HCC38 cells 
were cultured in phenol red-free RPMI 1640 containing 10% FBS 

and penicillin/streptomycin. MDA-MB-231 cells were cultured in 
phenol red-free DMEM supplemented with 10% FBS, 1% l-gluta-
mine, and antibiotics. MCF-7/S0.5 (catalog no. SCC100) and 
MCF-7/TAMR-7 (catalog no. SCC101) cells were from Millipore-
Sigma. MCF-7/S0.5 and MCF-7/TAMR were grown in DMEM/
F12 medium without phenol red, containing 10% FBS, 2.5 mM 
l-glutamine, and 6 ng/ml insulin. MCF-7/TAMR cell medium 
also contained 1 nM tamoxifen.

In some experiments, cells were transfected with ON-TARGET 
plus siRNAs specific for the unique 27 amino acid sequence at the 
N terminus of ER36 (#1 UCUCACAUGUAGAAGCAAAUU; #3 
GCAAAGAAGAGAAUCCUGAUU) or control siRNA (Dharma-
con, Lafayette, CO), according to the manufacturer’s protocol.

Patient-derived xenografts
Patient-derived xenograft (PDX) lines were obtained from 

Washington University in St. Louis (WHIM2 and WHIM30) (38), 
the University of Utah (HCI lines) (39), and the University of 
Colorado (UCD18 and UCD52) (40). They were implanted in the 
fourth mammary fat pads of nonobese diabetic severe combined 
immunodeficient  (NSG) mice until tumors reached a size of 
10 × 10 mm. Tumor pieces were flash frozen, and protein ex-
tracts were prepared in RIPA buffer.

SphK1 translocation and activity assays
To determine translocation of SphK1 to membranes, cells were 

lysed, and membrane fractions were prepared by 100,000 g cen-
trifugation as described (41). SphK1 activity was determined 
with sphingosine (50 M) and ATP (1 mM) containing MgCl2 
(10 mM) in the presence of 0.25% Triton X-100, which inhibits 
SphK2, as described previously (42). SphK2 activity was deter-
mined similarly when sphingosine was added as a complex with 
4 mg/ml BSA in the presence of 1 M KCl, which inhibits SphK1 
activity (42). S1P formation was measured by LC-ESI-MS/MS. Ac-
tivity is expressed as pmol of S1P formed per min/mg protein.

Treatment with E2 and measurement of phosphorylated 
sphingoid bases by LC/ESI/MS/MS

Cells cultured in 6-well tissue culture plates (105/well) were 
washed twice with 1 ml of PBS and starved in 0.5 ml of serum-free 
medium containing 1% FA-free BSA for 2 h. Cells were then 
treated with vehicle or E2 (100 nM) in 0.5 ml of the same serum-
free medium containing 1% FA-free BSA for the indicated times. 
After treatments, plates were placed on ice, and the medium was 
removed and added to prechilled 13 × 100 mm borosilicate tubes 
containing 1 ml of ice-cold LC/MS grade methanol. Cells were 
washed two times with prechilled PBS and 300 µl of ice cold-PBS 
containing 1:100 HALT protease, and phosphatase inhibitor was 
added. Cells were scraped, and suspensions (200 µl) were added 
to 13 × 100 mm borosilicate tube containing 0.5 ml of ice-cold 
LC/MS grade methanol. An aliquot of the remaining 100 µl cell 
suspension was used for protein quantification with the Bio-Rad 
Protein Assay. Sphingolipids were measured by LC/ESI/MS/MS 
(Sciex 5500 QTRAP; ABSciex, Farmingham, MA). Cellular sphin-
golipid levels were expressed as pmol per milligram of protein 
and secreted as pmol per milliliter of medium.

Confocal microscopy
Immunofluorescent localization was performed essentially as 

described previously (43). Briefly, MDA-MB-231 cells were seeded 
onto glass coverslips in 6-well dishes and transfected with V5-
SphK1 using Lipofectamine Plus. After treatment with E2, cells 
were washed twice with room temperature PBS and then fixed 
with 3.7% paraformaldehyde with 0.1% Triton X-100 for 10 min. 
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Fixative was quenched by extensive washing with 10 mM glycine-
PBS, and cells permeabilized for 3 min with 0.5% Triton X-100. 
After washing, coverslips were incubated for 20 min with mouse 
anti-V5 Ab (1:100; ThermoFisher) in 1% IgG-free BSA in glycine-
PBS, washed three times, and then incubated with Alexa 488- 
labeled anti-mouse Ab (1:400; ThermoFisher). Coverslips were 
washed and mounted with 10 mM n-propylgallate in 100% glyc-
erol and visualized with a Zeiss LSM 700 confocal microscope 
(Carl Zeiss, Oberkochen, Germany).

Western blotting
Cells were washed with ice-cold PBS and scraped into lysis buf-

fer containing 20 mM Tris-HCl (pH 7.4), 1 mM EDTA, 150 mM 
NaCl, 1% Triton X-100, 1 mM -mercaptoethanol, 1 mM Na3VO4, 
and 1:100 HALT protease and phosphatase inhibitor. Lysates 
were sonicated three times for 10 s each and centrifuged at 10,000 
g for 10 min. Protein was measured by the Bio-Rad protein assay, 
and equal amounts were separated by SDS-PAGE and blotted 
onto nitrocellulose. Membranes were incubated overnight at 
4°C with the following specific primary Abs: p-SphK1 (Ser225) 
(1:1,000; ECM Bioscience, catalog no. SP1641), SphK1 (1:1,000; 
Sigma, catalog no. HPA0229829), ER36 (1:1,000; Cell Applica-
tion, catalog no. CY1109), GAPDH (1:3,000; Cell Signaling, cata-
log no. 2218L), tubulin (1:3,000, Cell Signaling, catalog no. 
2146S), p-Akt (S473) (1:1,000; Cell Signaling, catalog no. 9271S), 
Akt (1:1,000; Cell Signaling, catalog no. 9272S), ER (H222) 
(1:500; Santa Cruz, catalog no. sc-53492), transferrin receptor 
(1:1,000; Cell Signaling, catalog no. 3113S), ABCC1 (1:2,000; Cell 
Signaling, catalog no. 72202S), ABCG2 (1:3,000; Cell Signaling, 
catalog no. 42078), and Spns2 (1:3,000; Sigma-Aldrich, catalog 
no. SAB2104271). Immunopositive bands were visualized by ECL 
after 2 h incubations at room temperature with secondary Abs 
conjugated with HRP (1:10,000) and Super-Signal West Pico che-
miluminescent substrate (ThermoFisher). Blots were stripped 
and reprobed with anti-tubulin or anti-GAPDH as loading con-
trols. Optical densities of bands associated with proteins of inter-
est were quantified with NIH ImageJ and normalized to the 
optical densities of their respective loading control bands.

Cell proliferation
Cell proliferation was determined with WST-8 [2-(2-methoxy-

4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium 
and monosodium salt] or with Alamar blue as previously described 
(44).

Statistical analysis
Statistical analyses were performed using an unpaired two-

tailed Student’s t-test for comparison of two groups or ANOVA 
with Bonferroni post hoc analyses for multiple groups (GraphPad 
Prism; GraphPad, San Diego, CA). All experiments were repeated 
independently at least three times, and representative data are 
shown. A value of P < 0.05 was considered significant.

RESULTS

SphK1 is activated by E2 to produce S1P in cells only 
expressing ER splice variant ER36

Previous studies have shown that E2 stimulates forma-
tion and secretion of S1P in a SphK1-dependent manner in 
MCF-7 breast cancer cells (32–34). However, the E2 recep-
tor involved in the activation of SphK1 has not been identi-

fied. Because MCF-7 cells express ER66, ER46, ER36, a 
classical G protein-coupled E2 receptor GPER1, and a low 
level of ER, we sought to examine the effects of E2 on 
SphK1 activation and formation of S1P in TNBC cells that 
lack both ER66 and ER46 and only express ER36 and 
GPER1, such as MDA-MB-231 cells (45). Similar to previ-
ous studies with MCF-7 cells (32–34), SphK1 was rapidly 
activated by E2 in MDA-MB-231 cells, although little to no 
increased SphK2 activity was detected (Fig. 1A). Multiple 
studies have demonstrated that SphK1 is translocated to 
the plasma membrane upon its activation (46–48). Consis-
tent with these studies, Western blotting with anti-SphK1 
confirmed that SphK1 is translocated to MDA-MB-231 cell 
membranes within 3 min after E2 treatment (Fig. 1B). 
Moreover, confocal immunofluorescence microscopy re-
vealed that E2 also induced rapid translocation of epitope-
tagged SphK1 from the cytosol to the plasma membrane in 
MDA-MB-231 cells within 3–5 min (Fig. 1C). There was also 
a significant increase in cellular and secreted S1P within 
3 min that remained elevated for at least 9 min and de-
clined thereafter (Fig. 1D).

Similar results were observed in ER-negative HCC38 
breast cancer cells that express only ER36 and GPER1 
(Fig. 2). Moreover, E2 also increased phosphorylation of 
SphK1 on serine 225 (Fig. 2A), which is known to enhance 
its enzymatic activity (47). This rapid increase in phosphor-
ylated SphK1 was evident within 1 min and remained 
elevated for at least 30 min (Fig. 2A). In agreement, E2 
induced rapid increases of cellular S1P and secreted S1P, 
reaching a maximum at 6 min and declining thereafter 
(Fig. 2B). This decline is partly due to rapid degradation of 
S1P to sphingosine (Fig. 2C) by lipid phosphate phospha-
tases known to be present on the outer leaflet of the plasma 
membrane (49). Moreover, there were no changes in ex-
pression of known S1P transporters (31, 50), including 
ABCC1, ABCG2, and Spns2 (Fig. 2D).

To further substantiate that these effects were medi-
ated through a plasma membrane receptor, cells were 
treated with E2 conjugated to BSA (E2-BSA) that does 
not cross the plasma membrane and reach intracellular 
receptors, yet elicits many of the same effects as E2 (16). 
E2-BSA not only stimulated nongenomic pathways, such 
as Akt activation, in agreement with previous reports (13, 
16, 51), but it also stimulated SphK1, as shown by immu-
noblotting with a phospho-specific Ab that recognizes 
activated SphK1, albeit to a lesser extent than E2 (Fig. 
3A, B). Moreover, like E2, E2-BSA also induced secretion 
of S1P (Fig. 3C). Taken together, these results indicate 
that E2 activates SphK1 by a plasma membrane receptor 
in TNBC cells.

Role of ER36 in E2-mediated formation and secretion 
of S1P

Because previous studies have implicated ER36, which 
is present on the plasma membrane, in nongenomic ef-
fects of E2, we focused our attention on its involvement 
(10–14). As a first approach, cells were treated with a rabbit 
Ab for human ER36 raised against the unique peptide 
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sequence of ER36 that blocks ER36 downstream sig-
naling (16). Neutralizing ER36 with this Ab that does 
not cross-react with other ER family members markedly 
blocked activation of SphK1 by E2 (Fig. 4A). This Ab also 
greatly reduced activation of Akt induced by E2 (Fig. 4A), 
consistent with previous reports (13, 16, 51–53). Treatment 
with anti-ER36 also almost completely suppressed E2- 
induced formation and secretion of S1P (Fig. 4B) and di-
hydro-S1P (Fig. 4C).

To confirm the role of ER36 in activation of the SphK1 
by E2, ER36 was downregulated with two siRNAs specific 
for the unique 27 amino acid sequence at the N terminus 
of ER36. siER36 #3 that markedly reduced ER36 levels 
in MCF-7 cells without reducing levels of ER66 and ER46 
present in this breast cancer cell line that expresses all 
three ER splice variants was selected for further studies 
(Fig. 5A). This siRNA significantly reduced ER36 expres-
sion in MDA-MB-231 cells detected with either an anti-ER 
Ab that recognizes all three splice variants or with anti-
ER36-specific Ab (Fig. 5B). Downregulation of ER36 in 
MDA-MB-231 cells abrogated E2-mediated SphK1 activa-
tion and stimulation of Akt, a downstream signaling pathway 
(Fig. 5B). In both MDA-MB-231 and MCF-7 cells, knock-
down of ER36 significantly reduced secretion of S1P and 
dihydro-S1P (Fig. 6A, B). These results suggest that ER36, 
a plasma membrane E2 receptor, plays a role in the rapid, 

nongenomic E2 activation of SphK1 and subsequent S1P 
signaling.

Role of ER36 and SphK1 in acquired  
tamoxifen resistance

Tamoxifen, an antagonist of ER66 and one of the first-
line endocrine therapies for treatment of ER-positive 
breast cancer (1, 2), was shown to be an agonist of ER36 
(9, 17). Therefore, we next examined the ability of tamoxi-
fen to stimulate SphK1 and S1P secretion from ER-
negative MDA-MB-231 cells. Like E2, tamoxifen activated 
SphK1 and markedly increased secretion of S1P in a dose-
dependent manner (Fig. 7A). A concentration of tamoxi-
fen as low as 0.1 nM significantly increased secretion of S1P 
from MCF-7 cells expressing all three splice variants and 
from MDA-MB-231 cells. Maximum secretion of S1P and 
dihydro-S1P from both cell lines was observed at tamoxifen 
concentrations of 10–100 nM (Fig. 7A).

A major problem with tamoxifen therapy in breast can-
cer is development of acquired resistance. It has been sug-
gested that tamoxifen resistance correlates not only with 
decreased expression of ER66 but also with upregulation 
or activation of ER36, leading to increased nongenomic 
signaling induced by tamoxifen (17, 54). To further substan-
tiate that tamoxifen resistance may be due to increased ex-
pression of ER36 and SphK1, we utilized tamoxifen-resistant 

Fig. 1. E2 activates SphK1 and increases production 
and secretion of S1P in triple-negative MDA-MB-231 
breast cancer cells. A, B, D: Serum-starved MDA-MB-231 
cells were treated without (vehicle) or with E2 (100 nM) 
for the indicated time. A: SphK1 and SphK2 enzymatic 
activities in lysates were determined with isoenzyme-
specific assays. * P  0.05; # P < 0.001 (compared with 
0 time). B: Equal amounts of membrane proteins were 
separated by SDS-PAGE and immunoblotted with 
anti-SphK1 Ab. Blots were stripped and reprobed with 
antitransferrin receptor (TfR) Ab as loading control. 
Proteins were quantified by densitometry, and num-
bers indicate relative optical density of SphK1 nor-
malized to TfR. Similar results were obtained in two 
additional experiments. C: MDA-MB-231 cells were 
transfected with V5-SphK1, serum-starved, and stimu-
lated with vehicle or with E2 for 3 or 5 min. Cells were 
stained with anti-V5 Ab (green) and visualized by con-
focal microscopy. Scale bar, 25 µm. D: Cellular S1P 
and S1P released into the medium during 30 min se-
cretion assay were measured by LC/ESI/MS/MS. Data 
are mean ± SD. * P  0.05; # P < 0.001 (compared with 
vehicle).
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MCF-7 cells (MCF-7/TAMR-1), derived from the parental 
MCF-7/S0.5 cell line, which acquired resistance after long-
term culturing in the presence of 1 µM tamoxifen. In both 
de novo tamoxifen-resistant MDA-MB-231 TNBC cells and 
acquired tamoxifen-resistant MCF-7/TAMR-1 cells, ER36 

was significantly upregulated compared with MCF-7 paren-
tal cells (Fig. 7B). Levels of SphK1 and particularly acti-
vated SphK1, determined with a phospho-specific Ab, were 
greatly elevated in tamoxifen-resistant cells (Fig. 7B). 
Growth of MCF-7 cells was significantly reduced by treatment 

Fig. 2. E2 induces phosphorylation of SphK1 for 
production and secretion of S1P in HCC38 breast can-
cer cells that express only ER36. A, B: Serum-starved 
HCC38 cells were treated with E2 (100 nM) for the 
indicated time. A: Proteins in cell lysates were sepa-
rated by SDS-PAGE and immunoblotted with anti-
phospho-SphK1 Ab. Blots were stripped and reprobed 
with antitubulin to show equal transfer and loading. 
Phospho-SphK1 was quantified by densitometry and 
data expressed as relative density of p-SphK1 normal-
ized to tubulin. B, C: Cellular S1P and S1P released 
into the medium during 30 min secretion assays as well 
as sphingosine (Sph) were measured by LC/ESI/MS/
MS. Data are mean ± SD. * P  0.05; # P < 0.001 (com-
pared with 0 time). D: Serum-starved MDA-MB-231 
and HCC38 cells were treated with E2 (100 nM) for 
the indicated time, and cell lysate proteins were  
immunoblotted with the indicated Abs. Blots were 
stripped and reprobed with anti-GAPDH to show 
equal transfer and loading.

Fig. 3. Membrane-impermeable E2-BSA activates SphK1 and enhances secretion of S1P. A, B: MDA-MB-231 cells treated with E2 (100 nM) 
or with E2-BSA (100 nM) for the indicated times. A: Proteins in cell lysates were separated by SDS-PAGE and immunoblotted with the indi-
cated Abs. B: Phospho-SphK1 was quantified by densitometry, and data are expressed as relative density of p-SphK1 normalized to SphK1.  
C: Cells from duplicate MDA-MB-231 cultures were treated without or with E2-BSA (100 nM) for the indicated times. S1P released into the 
medium during 30 min secretion assays was measured by LC/ESI/MS/MS. Data are mean ± SD. * P  0.05; # P < 0.001 (compared with 
control).
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with tamoxifen or SK1-I, a specific SphK1 inhibitor that 
does not inhibit SphK2 (55), and was further decreased by 
their combination (Fig. 7C). As expected, tamoxifen was 
not toxic to MCF-7/TAMR-1 cells. Although treatment 
with SK1-I had a marginal effect on MCF-7/TAMR-1 cells, 
it markedly sensitized them to tamoxifen, and combination 
treatment significantly decreased viability by almost 80% 
(Fig. 7C). Similar to previous reports (19, 56), knockdown 
of ER36 restored the sensitivity of MCF-7/TAMR-1 cells to 
the growth-inhibitory effects of tamoxifen (Fig. 7D). How-
ever, addition of exogenous S1P (100 nM) did not reverse 
it (Fig. 7D).

Expression of SphK1 and ER36 is increased in 
endocrine-resistant breast cancer patients

It has recently been noted that increased expression of 
ER36 correlates with severity of breast cancer, metasta-
sis and recurrence, and tamoxifen therapy resistance 
(17, 20). In addition, SphK1 is upregulated in drug- and 
endocrine-therapy-resistant breast cancers and correlates 
with poor prognosis (25, 26, 37). Consistent with these 
reports, immunoblotting of PDXs showed that ER-

positive tumors have low expression of ER36 compared 
with ER-negative tumors that have significantly higher 
ER36 expression (Fig. 8A). Similarly, ER-negative xe-
nografts have significantly higher levels of SphK1 (Fig. 
8A). Moreover, mining of The Cancer Genome Atlas 
(TCGA) breast tumor expression database indicated that 
TNBC patients have greater SphK1 expression compared 
with all other breast cancer patients (Fig. 8B). Further-
more, tumors from hormone therapy-resistant patients 
also have significantly higher SphK1 levels than patients 
that respond to hormone therapies, such as tamoxifen 
(Fig. 8C).

DISCUSSION

E2 is traditionally considered to regulate complex func-
tions by binding to its canonical receptor ER66 and di-
recting it to the nucleus, where it modulates gene expression 
(57). Although it has long been known that E2 also can 
elicit rapid, nongenomic signaling (58, 59), the identity  
of the receptor and the mechanisms involved has been a 

Fig. 4. ER36 neutralizing Ab attenuates E2-induced 
SphK1 activation and S1P formation and secretion. 
MDA-MB-231 cells were pretreated without or with 
anti-ER36 neutralizing Ab and then stimulated with 
vehicle or with E2 (100 nM) for the indicated times. A: 
Proteins in cell lysates were separated by SDS-PAGE 
and immunoblotted with the indicated Abs. p-SphK1 
and p-Akt were quantified by densitometry, and data are 
expressed as relative densities normalized to GAPDH. 
Cellular S1P and S1P released into the medium (B) 
and cellular S1P and dihydro-S1P (DHS1P) (C) released 
into the medium during 30 min secretion assays were 
measured by LC/ESI/MS/MS. Data are mean ± SD. 
* P  0.05; # P < 0.001 (compared with vehicle).
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matter of great debate. Several receptor candidates have 
been proposed to mediate these rapid effects of E2, includ-
ing the canonical ER receptors, ER66 and ER46, and 
the noncanonical ER36, as well as GPER1 (7, 8). How-
ever, it is still controversial whether E2 is a physiological 
agonist of GPER1 and whether this receptor is even plasma 
membrane-associated, as some groups have shown that it  
is endoplasmic reticulum-associated (60, 61). Moreover, 
several studies have implicated the involvement of ER36, 
but not GPER1, in nongenomic signaling of E2 (10–14,  
16, 62).

Ample studies in TNBC cells have shown that this novel 
splice variant ER36 enhances cell growth and survival in 
response to E2 (9, 11–15). Binding of E2 to ER36 initiates 

diverse downstream signaling, including activation of 
phospholipase C, leading to production of diacylglycerol 
and inositol trisphosphate, calcium signaling, and protein 
kinase C activation, as well as activation of ERK1/2 and 
PI3K/Akt, all important survival pathways for breast can-
cer cells (10–15). However, the mechanism by which acti-
vation of ER36 by E2 leads to these downstream signaling 
pathways is still unclear. In this work, we have uncovered 
this missing link. We have shown that nongenomic effects 
of E2 occur through binding of E2 to ER36 and subse-
quent stimulation of SphK1, resulting in the formation 
and secretion of S1P and dihydro-S1P. Binding of these 
ligands to S1PRs leads to activation of downstream signal-
ing pathways important for breast cancer progression, 

Fig. 5. Downregulation of ER36 decreases E2-mediated SphK1 activation. A: MCF-7 cells were transfected with control siRNA or with the 
indicated siRNA targeted to ER36. Proteins in cell lysates were separated by SDS-PAGE and immunoblotted with the indicated Abs. Protein 
bands of ER66, ER46, and ER36 were quantified by densitometry and data are expressed as relative densities normalized to GAPDH. 
* P  0.05; # P < 0.001 (compared with siControl). B: MDA-MB-231 cells transfected with control siRNA or with siRNA targeted to ER36 (#3) 
were stimulated with vehicle or with E2 (100 nM) for the indicated times. Proteins in cell lysates were separated by SDS-PAGE and 
immunoblotted with the indicated Abs. ER36, p-SphK1, and p-Akt were quantified by densitometry, and data are expressed as relative 
densities normalized to GAPDH, SphK1, and Akt, respectively. * P  0.05; # P < 0.001 (compared with time 0).
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metastasis, and hormone therapy resistance. In this re-
gard, ligation of S1PR3 by S1P has been shown to lead to 
activation of Src and matrix metalloproteases, resulting in 
heparin-binding-EGF shedding and release that is neces-
sary for transactivation of EGFR (22, 33, 35, 63). These 
signaling events explain how rapid increases in extracel-
lular S1P and binding to S1PR3 after treatment with E2 
can lead to long-lasting effects in cancer resistance to 
tamoxifen treatment.

We have now provided several lines of evidence that 
ER36 is the E2 receptor responsible for activation of 
SphK1 by E2. First, in triple-negative MDA-MB-231 and 
ER-negative HCC38 breast cancer cells that express only 
ER36 and lack expression of ER66 and ER46, E2 acti-
vates SphK1, enhances its phosphorylation and transloca-
tion to the plasma membrane, and increases production 
and secretion of S1P. Second, in these cells, membrane-
impermeable E2-BSA also activates SphK1 and enhances 
secretion of S1P. Third, ER36-neutralizing Ab attenuates 
SphK1 activation and S1P formation and secretion fol-
lowing E2 stimulation. Finally, downregulation of ER36 
suppresses E2-mediated SphK1 activation and S1P and 
dihydro-S1P secretion. Interestingly, in MCF-7 breast can-
cer cells that are ER-positive and express all three ER 
splice variants, specific downregulation of ER36 also sig-
nificantly reduced the rapid secretion of S1P and dihydro-
S1P induced by E2. This result suggests that, even in these 
cells, which have high expression levels of ER66 and 
ER46, low expression of ER36 mediates the rapid, non-
genomic activation of SphK1 and production of S1P and 
dihydro-S1P.

Despite extensive studies, endocrine resistance is still a 
major problem for adequate treatment of breast cancer, 

and 50% of patients that initially respond to tamoxifen 
treatment eventually acquire hormone-therapy resistance. 
Activation of ER36 has also been associated with EGFR 
activation, and downregulation of ER66 switches growth 
from E2-dependent to growth factor-dependent, suggest-
ing that ER36 is involved in hormone-therapy resistance 
(17, 54). Consistent with previous studies, we have shown 
that hormone-therapy resistance correlates with increased 
expression of ER36 and SphK1 in tamoxifen-resistant 
breast cancer cell lines, as well as in PDXs from ER-
negative breast cancer patients. Similarly, data from TCGA 
show that tumors from ER-negative as well as those from 
hormonal-resistant breast cancer patients have signifi-
cantly higher expression of SphK1 compared with all 
other breast cancer patients. Our results support the no-
tion that hormone-therapy resistance occurs through acti-
vation of ER36, which in turn activates the SphK1/S1P 
axis important for growth, survival, switching breast can-
cer from E2-dependent to E2-independent progression, 
and resistance to hormonal therapies, such as tamoxifen. 
It should be noted that, although as was reported previ-
ously (19, 56), knockdown of ER36 restored the sensitiv-
ity of tamoxifen-resistant cells to tamoxifen, addition of 
exogenous S1P did not rescue them. This could be due to 
degradation of exogenous S1P. Alternatively, intracellu-
larly generated S1P rather than inside-out signaling via 
S1PR3 could contribute to cell growth and tamoxifen re-
sistance, as both intracellular and secreted S1P are in-
creased in response to activation of ER36 by E2. These 
results are consistent with a previous study (64) and the 
notion that intracellular S1P might also contribute to cell 
growth and drug resistance (65–68). Moreover, in agreement 
with previous studies demonstrating that downregulation 

Fig. 6. Downregulation of ER36 reduces S1P and 
dihydro-S1P secretion stimulated by E2. MDA-MB-231 
cells and MCF-7 cells transfected with control siRNA 
or with siRNA targeted to ER36 (#3) were stimulated 
with vehicle or with E2 (100 nM) for the indicated 
times. S1P (A) and dihydro-S1P (DHS1P) (B) released 
into the medium during 30 min secretion assays were 
measured by LC/ESI/MS/MS. Data are mean ± SD. 
* P  0.05; # P < 0.001 (compared with vehicle).
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of SphK1 sensitized tamoxifen-resistant breast cancer 
cell lines to tamoxifen (64), we demonstrated that a spe-
cific SphK1 inhibitor also greatly restored sensitivity to 
tamoxifen in resistant cells. Taken together, our findings 
indicate that ER36 and the SphK1 axis may play an im-
portant role in nongenomic effects of E2 and develop-
ment of de novo and acquired resistance to hormone 
therapy of breast cancer. Therefore, targeting this axis 
should be explored as a therapeutic option to circumvent 

endocrine resistance with potential improvement of clini-
cal outcome.

The authors thank Dr. Jeremy Allegood for skillful sphingolipid 
analyses. The authors acknowledge the Virginia Commonwealth 
University Lipidomics and Microscopy Cores, which are 
supported in part by funding from the National Institutes of 
Health-National Cancer Institute Cancer Center Support Grant 
P30 CA016059.

Fig. 7. Tamoxifen stimulates S1P production, and tamoxifen resistance is associated with increased ER36 and SphK1 activation. A: MDA-MB-231 
and MCF-7 cells were treated without or with the indicated concentrations of tamoxifen for 30 min. S1P and DHS1P released into the medium were 
measured by LC/ESI/MS/MS. Data are mean ± SD. * P  0.05. B: Expression levels of SphK1, p-SphK1, and ER36 were determined by immu-
noblot analysis in MDA-MB-231, MCF-7/TAMR-1, and parental MCF-7/S0.5 cells. Blots were stripped and reprobed with anti-GAPDH Ab to show 
equal loading and transfer. Indicated proteins were quantified by densitometry, and data are expressed as relative densities normalized to GAPDH. 
A, B: * P  0.05, #P < 0.001 (compared to vehicle). C: MCF-7/TAMR-1 and MCF-7/S0.5 cells were treated with vehicle, tamoxifen (10 µM), SK1-I 
(15 µM), or both for 2 days, and cell growth was determined. D: MCF-7/TAMR-1 cells transfected with control siRNA or with siRNA targeted to 
ER36 (#3) were treated with vehicle or tamoxifen (1 µM) in the absence or presence of S1P (100 nM) for 2 days, and cell growth was determined. 
C, D: Data are expressed as percent of vehicle-treated control and are mean ± SEM. * P  0.05; # P < 0.001 (compared with vehicle).

Fig. 8. Tamoxifen resistance correlates with increased SphK1 and ER36 expression in breast cancer patients. A: Expression levels of 
SphK1 and ER36 in the indicated PDXs derived from ER-positive (1–3) and -negative (4–11) breast cancer patients were determined by 
immunoblot analysis and quantified by densitometry. Data are expressed as relative densities normalized to GAPDH. * P  0.05. 1, HCI-03; 
2, HCI-13; 3, HCI-11; 4, W2; 5, W30; 6, HCI-16; 7, HCI-10; 8, HCI-9; 9, HCI-1; 10, HCI-2; 11, UCD18. B, C: Breast cancer patient subtypes were 
from clinical expression information contained within TCGA datasets. B: SphK1 expression in TNBC versus other ER-positive breast tu-
mors. # P = 0.0001. C: Comparison of SphK1 expression in hormone therapy-sensitive and hormone therapy-resistant tumors. * P = 0.04.
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A B S T R A C T

Triple-negative breast cancer (TNBC) is very aggressive with high metastatic and mortality rates
and unfortunately, except for chemotherapy, there are few therapeutic options. The bioactive
sphingolipid metabolite sphingosine-1-phosphate (S1P) regulates numerous processes important
for cancer progression, metastasis, and neuropathic pain. The pro-drug FTY720 (fingolimod,
Gilenya) used to treat multiple sclerosis is phosphorylated in the body to a S1P mimic that binds
to S1PRs, except S1PR2, and also acts as a functional antagonist of S1PR1. This review highlights
current findings showing that FTY720 has multiple anti-cancer activities and simultaneously pre-
vents formation and actions of S1P. Moreover, in mouse breast cancer models, treatment with
FTY720 reduces tumor growth, metastasis, and enhances sensitivity of advanced and hormonal re-
fractory breast cancer and TNBC to conventional therapies. We discuss recent studies demonstrat-
ing that neuropathic pain induced by the chemotherapeutic bortezomib is also greatly reduced
by administration of clinically relevant doses of FTY720, likely by targeting S1PR1 on astrocytes.
FTY720 also shows promising anticancer potential in pre-clinical studies and is FDA approved,
thus we suggest in this review that further studies are needed to pave the way for fast-tracking ap-
proval of FTY720/fingolimod for enhancing chemotherapy effectiveness and reduction of painful
neuropathies.

1. Therapeutic options for treatment of triple negative breast cancer

Breast cancer is the most commonly diagnosed cancer in women and is increasing in incidence and resistance to treatment. Since
breast cancer is heterogeneous, identification of molecular markers, gene expression profiles, and patterns of genomic alteration are
used to determine appropriate therapies and predict clinical outcomes. Approximately 70% of breast cancers are estrogen receptor
(ER) and progesterone receptor (PR) positive and 10–15% overexpress human epidermal receptor 2 (HER2). However, 15–20% of
breast cancers are ER, PR, and HER2 negative, known as triple negative breast cancer (TNBC). TNBC are the most aggressive type

Abbreviations: ER, estrogen receptor; E2, estradiol; HER2, human epidermal growth factor receptor 2; SphK, sphingosine kinase; S1P, sphingosine-1-phosphate;
S1PR, S1P receptor; TNBC, triple-negative breast cancer; CCI, chronic constriction injury; CIPN, chemotherapy induced neuropathic pain; DHSC, dorsal horn of the
spinal cord; DRG, dorsal root ganglia; GFAP, glial fibrillary acidic protein; STAT3, signal transducer and activator of transcription-3.
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and metastasize to other organs leading to overall worse prognosis. Several decades of research have increased understanding of
the mechanisms of breast cancer growth and have led to many effective therapies, including hormonal and chemotherapy. ER pos-
itive breast cancer responds best to tamoxifen hormonal therapy without many side effects. HER2 positive breast cancer can be
effectively treated with Trastuzumab (Herceptin), a monoclonal antibody against HER2. However, TNBC do not respond to tradi-
tional hormonal and antibody therapies, leaving chemotherapy as a primary treatment option (Bayraktar and Gluck, 2013; Geffken
and Spiegel, 2018). Typical treatment of TNBC involves a combination of surgery, radiation therapy, and chemotherapy. Although
chemotherapy has substantially improved survival rate of TNBC patients, these cause side effects, including hair loss, nausea, and
more significantly, peripheral neuropathy, referred to as chemotherapy-induced peripheral neuropathy (CIPN). CIPN is characterized
by pain sensations, including tingling or hot or cold sensations in hands and feet due to the loss of sensory nerves. CIPN reduces
the quality of life of cancer survivors and can interfere with effective anticancer treatment (Farquhar-Smith, 2011; Pachman et al.,
2011). There are no preventive or curative interventions for CIPN. Dose reduction or treatment termination is often the only recourse
for CIPN, as traditional analgesics are ineffective or have their own serious unwanted side effects (Farquhar-Smith, 2011; Pachman
et al., 2011). Moreover, the current symptomatic therapies, antidepressants and morphine, have not shown consistent effectiveness
in most patients and also have potential for drug abuse (Farquhar-Smith, 2011). Moreover, TNBC patients can develop resistance to
many chemotherapies. Therefore, deeper understanding of the molecular mechanisms of TNBC progression and CIPN is needed to
aid in development of novel therapeutics to not only treat TNBC but also reduce CIPN. (see Fig. 1)

In the past two decades, many avenues of research have implicated the pleiotropic bioactive sphingolipid, sphingosine-1-phos-
phate (S1P) and its receptor S1PR1, in the growth and metastasis of breast cancer due to their impacts on both cancer cells and tumor
microenvironment (Hait et al., 2015; Maczis et al., 2016, 2018; Nagahashi et al., 2012, 2014, 2018; Nava et al., 2002; Pyne et al.,
2014, 2016, 2018; Yamada et al., 2018). More recently, it is becoming clear that increased S1P signaling through S1PR1 is involved
in neuropathic pain (Chen et al., 2019; Grenald et al., 2017; Stockstill et al., 2018). In this review, we summarize recent research ad-
vances in the role of the S1P/S1PR1 signaling axis in breast cancer progression, metastasis, and in neuropathic pain. We also discuss
pre-clinical studies demonstrating the utility of targeting the S1P/S1PR1 axis with FTY720 to mitigate TNBC progression, metastasis,
and CIPN.

Fig. 1. Scheme illustrating the proposed role of the SphK/S1P/S1PR1 signaling axis in astrocytes in CIPN. An emerging concept proposed in this review is that
neuroinflammation is one of the major mechanisms underlying CIPN (Robinson et al., 2014). Chemotherapies such as bortezomib increase the proinflammatory cy-
tokines, TNFα, IL1β, and IL6 in plasma that gain access to the CNS (Scholz and Woolf, 2007; Wang et al., 2012). These cytokines can act directly to enhance neuronal
excitability and also activate glial cells to enhance formation of S1P (Maceyka and Spiegel, 2014). S1P binds to S1PR1 on astrocytes to further increase these pro-in-
flammatory cytokines. It is suggested that interfering with S1P formation and S1PR1 functions and this feed-forward amplification loop with FTY720 may be a new
approach to suppress CIPN and also synergize with the anti-cancer effects of chemotherapies. Modified from (Stockstill et al., 2018).
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2. Biology and metabolism of sphingosine-1-phosphate

Sphingolipids are crucial component of cellular membranes in eukaryotic cells. Their metabolism generates metabolites such as
ceramide, sphingosine, and S1P, with important biological functions (Coant and Hannun, 2019; Ebenezer et al., 2017; Hannun and
Obeid, 2008; Wang and Bieberich, 2018). S1P is generated from sphingosine, the backbone of all sphingolipids, catalyzed by two
sphingosine kinases (SphK1 and SphK2). SphK1 is activated by numerous stimuli, including growth factors, hormones, and cytokines,
leading to its translocation to the plasma membrane where its substrate sphingosine resides (Gao et al., 2015; Maceyka et al., 2012;
Maceyka and Spiegel, 2014; Maczis et al., 2016). S1P is exported out from the cells by several transporters, including spinster 2
(Spns2), and more promiscuous ATP-binding cassette transporters, ABCA1, ABCC1, and ABCG2. S1P then acts in an autocrine or
paracrine manner by binding to five G-protein coupled cell surface receptors called S1PR1-5. Activation of S1PRs regulates many
physiological functions involved in breast cancer progression and metastasis, such as cell growth, migration, angiogenesis, and im-
mune cell trafficking (Maceyka and Spiegel, 2014; Ogretmen, 2018). Upregulation and activation of SphK1 has been linked to breast
cancer progression and poor prognosis (Maczis et al., 2016; Ruckhaberle et al., 2008). Much less is known about the roles and activa-
tion of SphK2 that also resides in intracellular compartments including mitochondria (Strub et al., 2011) and the nucleus (Hait et al.,
2009). Nevertheless, it has been suggested that S1P also has important intracellular actions in these two organelles, for instance, to
regulate mitochondrial respiration and in epigenetic regulation of gene expression, respectively. Like other potent mediators, levels of
S1P are tightly regulated and it is rapidly degraded, either by dephosphorylation back to sphingosine by phosphatases, or irreversibly
cleaved by S1P lyase (Aguilar and Saba, 2012; Hannun and Obeid, 2008; Maceyka and Spiegel, 2014).

3. S1P signaling as a therapeutic target in breast cancer

S1P levels and expression of SphK1 are increased in TNBC and positively correlate with metastasis, poor prognosis, and worse
disease-free survival (Maczis et al., 2016; Ruckhaberle et al., 2008). SphK1 signaling promotes metastasis in TNBC and targeting
SPHK1 or its downstream target NF-κB with inhibitors suppressed aggressive mammary tumor growth and spontaneous lung metas-
tasis in orthotopic syngeneic TNBC mouse models (Acharya et al., 2019). Expression levels of S1PR1 and S1PR3 are also increased
in TNBC (Watson et al., 2010). Enhanced S1PR1 signaling has been shown to persistently activate the master transcription factors
NF-κB and STAT3 in many types of cancer, including breast (Deng et al., 2012; Lee et al., 2010; Liang et al., 2013; Nagahashi et
al., 2014). STAT3 hyperactivation has been linked to tumor growth and metastasis owing to its multi-pronged, pro-tumorigenic roles
in cancer cell survival, invasion and metastasis, and in immune system modulation. Interestingly, activated STAT3 transcriptionally
upregulates S1PR1 leading to an amplification loop where S1P/S1PR1 signaling activates the IL6/STAT3 axis that in turn upregulates
S1PR1 (Deng et al., 2012; Lee et al., 2010; Liang et al., 2013; Nagahashi et al., 2014). Moreover, IL6 upregulates SphK1, the enzyme
that produces S1P. Taken together, S1P/S1PR1/IL6/STAT3 signaling acts as a feed-forward loop, enabling tumor growth, metastasis,
and resistance to chemotherapy (Nagahashi et al., 2014).

Obesity, which is now endemic and a known risk factor for breast cancer increases aggressiveness and metastasis of TNBC, and
has been associated with worse prognosis (Neuhouser et al., 2015; Niraula et al., 2012; Pierobon and Frankenfeld, 2013). Moreover,
S1P levels in serum from obese breast cancer patients are higher compared to those of non-obese patients. Similarly, placing mice on
a high fat diet (HFD) accelerated the progression of breast tumors and increased triple-negative breast tumors in a spontaneous breast
cancer mouse model (Neuhouser et al., 2015; Niraula et al., 2012; Pierobon and Frankenfeld, 2013). In these mice, S1P levels were
increased in the serum, mammary fad pad, tumors, and in tumor interstitial fluid (Nagahashi et al., 2016). In addition, these tumors
have increased expression of both SphK1 and S1PR1 (Nagahashi et al., 2018). Moreover, it was also reported that S1P produced in
lung pre-metastatic niches by tumor-induced SphK1 increased macrophage recruitment and induced IL6 and signaling pathways im-
portant for metastatic colonization. Importantly, in tumor-bearing mice, FTY720 treatment reduced expression of SphK1, the enzyme
that produces S1P, as well as S1PR1 expression. pro-inflammatory cytokines, macrophage infiltration, S1P-mediated signaling, and
pulmonary metastasis, thereby prolonging survival (Nagahashi et al., 2018). While these observations establish a critical role for cir-
culating S1P produced by tumors and the SphK1/S1P/S1PR1 axis in TNBC progression, inflammation, formation of lung metastatic
niches, and metastasis, they also provide important insight into additional mechanisms of action of FTY720 on cancer progression
due to reduction of S1P via suppression of SphK1 expression.

ERα-negative breast cancer is resistant to hormonal therapies, such as tamoxifen. Recently, FTY720 treatment of ER negative
breast cancer cells was shown to reactivate expression of silenced ERα and sensitize the cells to tamoxifen. Interestingly, FTY720-P
accumulated in the nucleus of these TNBC and acted as class I histone deacetylase (HDAC) inhibitor that enhanced histone acetyla-
tion and activated a set of genes including ERα (Hait et al., 2015). This explains why FTY720 sensitized TNBC towards tamoxifen
treatment. Notably, HFD accelerated the onset of tumors and increased triple-negative spontaneous breast tumors and HDAC activity
in MMTV-PyMT transgenic mice and FTY720 administration reversed the defect in expression of ERα, histone acetylation and HDAC
activity in these tumors (Hait et al., 2015).

Recently, we demonstrated that TNBC cells do not express the canonical estrogen receptor, ERα66, but express the novel splice
variant ERα36, and that estradiol (E2)/ERα36 signaling induced activation of SphK1 and formation and secretion of S1P (Maczis et
al., 2018). Tamoxifen, the first-line endocrine therapy for breast cancer, is an antagonist of ERα66, but an agonist of ERα36, and,
like E2, activates SphK1 and increases secretion of S1P. A major problem with tamoxifen therapy is development of acquired resis-
tance. Our study also showed that tamoxifen resistance correlated with increased SphK1 and ERα36 expression in tamoxifen-resis

3



UN
CO

RR
EC

TE
D

PR
OO

F

S.K. Singh and S. Spiegel Advances in Biological Regulation xxx (xxxx) xxx

tant breast cancer cells, in patient-derived xenografts, and in endocrine-resistant breast cancer patients. These results also support the
idea that targeting the SphK1 axis with FTT720 may be a therapeutic option to circumvent endocrine resistance and improve survival
and quality of life of TNBC patients.

Doxorubicin is commonly used chemotherapy for breast cancer; however, its effects can be limiting due to cardiotoxicity and drug
resistance. In a recent study, it was found that combination therapy of FTY720 with low dose doxorubicin synergistically reduced
TNBC growth in vivo (Katsuta et al., 2017). Interestingly, while doxorubicin treatment induced expression of SphK1, S1PR1, STAT3
and IL6 in TNBC tumors in mice, and a combination of FTY720 with doxorubicin blocked this increase (Katsuta et al., 2017). Sim-
ilarly, FTY720 enhanced suppression of basal-like breast cancer growth by the EGFR kinase inhibitor gefitinib (Martin et al., 2017)
and prevented resistance to afatinib, an ERBB1/2/4 inhibitor (Booth et al., 2018). These reports suggest that FTY720 enhances the
efficacy of chemotherapeutics by suppressing S1P signaling. A recent study described development of a nanoparticle drug that com-
bines docetaxel and FTY720 for enhanced anticancer effects in TNBC, targeted tumor delivery, and reduced systemic toxicity, without
affecting lymphocyte trafficking (Alshaker et al., 2017).

Taken together, these reports suggest that FTY720 treatment has multiple anti-cancer activities: 1) the unphosphorylated FTY720
is a potent activator of PP2A, a heterotrimeric serine/threonine phosphatase that counteracts the activity of many kinase-driven sig-
naling pathways, such as AKT (Perrotti and Neviani, 2013; Saddoughi et al., 2013). Because reduced PP2A activity is a common
event in breast cancer, it might explain the increased sensitivity of TNBC to FTY720 (Baldacchino et al., 2014; McDermott et al.,
2014; Rincon et al., 2015); 2) FTY720 itself also inhibits and induces proteasomal degradation of SphK1 (Lim et al., 2011), which
is upregulated in breast cancer (Pyne and Pyne, 2010; Ruckhaberle et al., 2008); 3) the most well accepted action of FTY720-P is
functional antagonism of S1PR1. Therefore, it can suppress tumor growth by targeting the S1P/S1PR1 signaling axis. This interferes
with a feed-forward amplification loop for persistent NF-κB and STAT3 activation in the breast tumor microenvironment critical for
malignant progression (Lee et al., 2010; Liang et al., 2013; Nagahashi et al., 2018; Priceman et al., 2014); 4) FTY720-P is also a po-
tent inhibitor of class I HDACs (Hait et al., 2015) and acts similarly to other HDAC inhibitors to reactivate ERα expression sensitizing
TNBC to tamoxifen therapy and other chemotherapies.

4. S1P/S1PR1 axis in chemotherapy-induced peripheral neuropathic pain

Commonly used chemotherapies for TNBC that prolong survival, including paclitaxel, carboplatin, and bortezomib, induce neu-
rotoxic side effects that include painful peripheral neuropathy (CIPN). The exact cellular and molecular mechanisms of CIPN are
currently not clear but depend on the type of chemotherapy. It is believed that the majority of chemotherapy drugs primarily affect
peripheral sensory nerves, whose primary functions include sensation to touch, cold, hot, and allodynia. The bipolar sensory neurons
receive sensory signals from skin by their dendrites and relay these signals to the dorsal horn of spinal cord (DHSC) via their ax-
ons. DHSC neurons relay sensory signals to the brain for further processing and appropriate action. The cell bodies of these sensory
neurons are located as a bundle called dorsal root ganglia (DRG). Chemotherapy has direct effects on sensory neurons causing their
hypersensitization, which then leads to activation of immune cells and glial cells in the DRG (Robinson et al., 2014). Within days,
this hyperactivation induces neuroinflammation in both DRG and DHSC. Neuroinflammation underlying CIPN is characterized by
activation of astrocytes and microglia leading to increased pro-inflammatory cytokines including, IL1β, IL6, and TNFα. Hypersensitiv-
ity and neuroinflammatory cytokines enhance neuronal synaptic connectivity and post-synaptic currents in DHSC and DRG neurons
leading to neuropathic pain (Aiyer et al., 2018; Zhou et al., 2011).

Increased activity of sphingolipid enzymes involved in S1P metabolism, such as SPT, sphingomyelinase, and SphK1, was observed
in the DHSC at the peak of mechanical hypersensitivity caused by paclitaxel in rats (Janes et al., 2014). S1PR1 receptor activa-
tion was found to be important for development of CIPN since administration of the specific antagonists of S1PR1, including W146,
CYM5442, or the functional antagonist FTY720, completely rescued chemotherapy-induced mechano-allodynia. Inhibition of SphK1
with the specific inhibitor SK-I also reversed increased levels of S1P in DHSC and mitigated paclitaxel-induced neuropathic pain. In
contrast, administration of the S1PR1-specific agonist SEW2871 led to the spontaneous development of neuropathic pain behavior in
rats and was reversed by pre-application of S1PR1 antagonists. This provides the rationale that S1PR1 antagonism, but not agonism,
attenuates and reverses CIPN, although further studies are needed to fully support this mechanism. Mechanistically, paclitaxel-in-
duced neuropathic pain was associated with increased S1P and engagement of S1PR1 leading to increased NF-κB and activation of
MAPKs (ERK1/2 and p38) with subsequent proinflammatory cytokine production and neuroinflammation in the spinal cord (Janes
et al., 2014). This was the first study that identified the S1P/S1PR1 axis as a potential therapeutic target in CIPN and suggested that
further studies are needed to understand the role of S1PR1 in CIPN.

Another chemotherapy drug bortezomib, with the known side effect of neuropathic pain-syndrome, caused mechano-hypersen-
sitivity and increased levels of ceramide, dihydroceramide, S1P, dihydro-S1P and sphingosine in the DHSC in mice (Stockstill et
al., 2018). Moreover, bortezomib-induced neuropathic pain was dependent on de novo synthesis of sphingolipids as it was blocked
by myriocin, an inhibitor of serine palmitoyltransferase. Antagonism of S1PR1 by FTY720 or NIBR-14, or its downregulation by
siRNA, rescued neuropathic pain behavior induced by bortezomib (Stockstill et al., 2018). As with the paclitaxel studies (Janes et
al., 2014), S1PR1 antagonists blocked increased neuroinflammation and synaptic currents induced by bortezomib, further support
for an important role of S1PR1 in CIPN. Because S1PR1 is highly expressed in astrocytes relative to neurons, oligodendrocytes, and
microglia (Zhang et al., 2014), and astrocyte S1PR1 has been linked to neuroinflammatory diseases, such as multiple sclerosis (Choi
et al., 2011), the contribution of astrocyte-specific S1PR1 to the development of CIPN was investigated (Stockstill et al., 2018). Mice
with a specific deletion of S1PR1 in astrocytes (S1PR1ΔAST) did not develop bortezomib-induced neuropathic pain (Stockstill et al.,
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2018). These data, which resemble those obtained with S1PR1 antagonists and siRNA, further suggest that activation S1PR1 signaling
in astrocytes is necessary for both bortezomib-induced neuropathic pain and the analgesic effects of FTY720.

Bortezomib-induced dysregulation of sphingolipid metabolism was accompanied by neuroinflammation, astrocyte activation, and
concomitant increases in the pro-inflammatory cytokines TNFα and IL-1β, together with decreased anti-inflammatory cytokines IL-10
and IL-4 (Stockstill et al., 2018). Intriguingly, FTY720 treatment suppressed these responses. Based on these results, it was suggested
that bortezomib increases the proinflammatory cytokines TNFα and IL-1β in plasma that gain access to the CNS (Scholz and Woolf,
2007; Wang et al., 2012). These cytokines can act directly to enhance neuronal excitability and also activate glial cells to enhance
formation of S1P (Maceyka and Spiegel, 2014). S1P binds to S1PR1 on astrocytes to further increase these pro-inflammatory cy-
tokines and the latter event can be suppressed by FTY720 administration. Consistent with this idea, activation of S1PR1 with an
intrathecal injection of the selective S1PR1 agonist SEW2871 led to the development of mechano-allodynia in wild-type mice but not
in mice with astrocyte-specific deletion of S1pr1. Mechanohypersensitivity was likely due to activation of the inflammasome leading
to caspase 1 cleavage and increased IL-1β in the dorsal horn of the spinal cord (Doyle et al., 2019). The functional S1PR1 antagonist
FTY720 blocked inflammasome activation and IL-1β production further supporting a role for astrocytic S1PR1 in pain development.

5. S1P/S1PR1 axis in cancer-induced bone pain

Many types of cancer, including breast cancer, prostate cancer, and lung cancer, which frequently metastasize to bone, result in
cancer-induced bone pain (CIBP) (Portenoy and Lesage, 1999). CIBP occurs in about 30–50% of all cancer patients for which there
is also no therapy. CIBP results from a combination of tumor-associated peripheral skeletal, inflammatory, and neuropathic mech-
anisms (Lozano-Ondoua et al., 2013). In femoral arthrotomy and syngeneic tumor implantation in mice that induced CIBP, there
was increased de novo sphingolipid biosynthesis and formation of S1P (Grenald et al., 2017). Moreover, Intrathecal or systemic ad-
ministration of the competitive and functional S1PR1 antagonists, TASP0277308 and FTY720, in mice with CIBP attenuated pain
behaviors and enhanced the level of the anti-inflammatory cytokine IL-10 in the lumbar spinal cord (Grenald et al., 2017). FTY720
did not alter bone metabolism. This study suggests that blocking the actions of the bioactive metabolite S1P in the lumbar spinal cord
might also have beneficial effects for treatment of CIBP.

Many studies have shown that chemotherapy in cancer patients also causes cognitive impairment and memory dysfunction,
known as chemo-brain (Hermelink, 2015). In this regard, it is interesting to note that active, phosphorylated FTY720, that inhibits
HDACs, like other HDAC inhibitors enhances memory and learning in mice (Hait et al., 2014). This raises the thought that treatment
with FTY720 could also suppress development of chemo-brain.

6. Concluding remarks: FTY720 as therapeutic agent for TNBC and CIPN

In this review, we have put forward the provocative idea that targeting the S1P/S1PR1 signaling axis by administration of FTY720
should be a multi-pronged approach to enhance chemotherapy efficacy for treatment of TNBC and suppress CIPN. FTY720 has several
advantages as a potential new approach: i) it is orally bio-available; ii) it is already FDA approved; iii) it has good pharmacokinetics
and a long half-life; iv) it has low toxicity and accumulates in the CNS; v) there is no evidence of tolerance or abuse; vi) it has the
added benefit of synergizing with chemotherapeutics to reduce tumor growth and metastasis in pre-clinical studies; vii) and next
generation S1PR1 targeting agents are already in clinical trials. Therefore, we suggest that there is scientific rationale for additional
studies to examine S1PR1 targeted therapeutic agents for TNBC and CIPN. Such studies might pave the way for “fast track” support
for rapid clinical translation to attain more effective, less toxic treatment regimens that will increase survival of cancer patients and
improve their quality of life.
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