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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.
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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

10 J Mammary Gland Biol Neoplasia (2016) 21:9–17



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

Spin x106g 
10 min

Spin x1000g 
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

0

50

100
R² = 0.8385

0

5

10

15

20

0 200 400 600 800

IF
 (
μl

)

Tissue weight (mg)

A

0

5

10

15

20
B

X
10

6
ce

lls
/μ

l

LN IF

Ponseau S

C

LN IF

Actin

R
el

at
iv

e 
p

ro
te

in
 o

f 
ac

ti
n

LN IF

0.23

100

Fig. 2 Collection of interstitial fluid (IF) from tissues. a IF was collected
from different amounts of 4T1 breast tumor tissue. Correlation between
the tumor tissue weight and the volume of IF collected is shown. b
Removal of contaminating cells from IF. Cell numbers in IF were
determined after centrifugation as indicated. c 10 μg of protein from

lymph node tissue extracts (LN) or from IF were analyzed by western
blotting with anti-actin antibody (lower panel) and stained with Ponceau
S to visualize proteins (upper panel). Densitometry of the blot was
assessed using Image J software, and the relative level of actin was nor-
malized with equal protein amount of LN and IF

12 J Mammary Gland Biol Neoplasia (2016) 21:9–17



0

0.3

0.6

0.9

1.2

1.5

0

0.3

0.6

0.9

1.2

1.5

0

2

4

6

Sph DHSph
0

2

4

6

S1P DHS1P
0

2

4

6

Sph DHSph
0

2

4

6

S1P

0

0.3

0.6

0.9

1.2

1.5

0

0.3

0.6

0.9

1.2

1.5

Whole blood

Serum

n
m

o
l/m

l

n
m

o
l/m

l

A B

C D

*
*

*

*n
m

o
l/m

l

n
m

o
l/m

l

n
m

o
l/m

l

n
m

o
l/m

l

n
m

o
l/m

l

n
m

o
l/m

l

*
*

*

*

WT
SphK1 -/-

WT
SphK2 -/-

WT
SphK1 -/-

WT
SphK2 -/-

DHSph S1P DHS1P Sph DHSph S1P DHS1P

DHSph S1P DHS1P Sph DHSph S1P DHS1P

Sph

Sph

Fig. 3 Levels of sphingolipids in
blood and serum from SphK1−/−

and SphK2−/− mice and littermate
wild type mice. Levels of
sphingosine (Sph), dihydro-Sph
(DHSph), S1P, and dihydro-S1P
(DHS1P) in blood (a, b), and
serum (c, d) from 2 month old
SphK1−/− mice (blue bars),
SphK2−/− (red bars), and their
respective WT littermates (white
bars) were determined by
LC-ESI-MS/MS. Mean ± SEM
(n = 4). *, P < 0.05

0.0

1.0

2.0

3.0

4.0

0.0

0.1

0.2

0.3

S1P DHS1P
0.0

0.1

0.2

0.3

S1P

0.0

1.0

2.0

3.0

4.0

Whole mammary gland

IF from mammary gland

n
m

o
l/g

n
m

o
l/g

n
m

o
l/g

n
m

o
l/g

*

*
*

0.0

1.0

2.0

3.0

4.0

0.0

1.0

2.0

3.0

4.0

n
m

o
l/m

l

n
m

o
l/m

l

n
m

o
l/m

l

n
m

o
l/m

l

*

* *

A B

C D

WT
SphK1 -/-

WT
SphK2 -/-

WT
SphK1 -/-

WT
SphK2 -/-

0.0

0.1

0.2

0.3

Sph DHSph
0

0.1

0.2

0.3

Sph DHSphSph DHSph S1P DHS1P Sph DHSph S1P DHS1P

Sph DHSph S1P DHS1P Sph DHSph S1P DHS1P
*

Fig. 4 Levels of bioactive
sphingolipid metabolites in
normal mammary glands and
mammary gland IF from
SphK1−/− and SphK2−/−mice and
corresponding littermate wild
type (WT) mice. Sphingosine
(Sph), dihydro-Sph (DHSph),
S1P, and dihydro-S1P (DHS1P)
in mammary glands (a, b), and IF
from the mammary glands (c, d)
from SphK1−/− mice and WT
littermates (c), SphK2−/− mice
and their WT littermates (d) were
determined by LC-ESI-MS/MS.
Data are mean ± SEM (n = 4).
*, P < 0.05

J Mammary Gland Biol Neoplasia (2016) 21:9–17 13



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.

Acknowledgments We gratefully acknowledge the VCU Lipidomics
Core, which is supported in part by funding from the NIH-NCI Cancer
Center Support Grant P30CA016059.

Author Contribution MN and KT conceived the study. MN, AY, TA,
WCH, KPT, BA, carried out experiments. HM developed the IF collec-
tion tube. JCA performed mass spectrometry analysis. MN and TK wrote
the manuscript with assistance from OMR, TW, SS and SM.

Compliance with Ethical Standards

Conflict of Interest The authors declare no conflict of interest.

Funding MN was a Japan Society for the Promotion of Science
Postdoctoral Fellow. MN is supported by the Japan Society for the
Promotion of Science (JSPS) Grant-in-Aid for Scientific Research
Grant Number 15H05676 and 15 K15471, the Uehara Memorial
Foundation, Nakayama Cancer Research Institute, Takeda Science
Foundation, and Tsukada Medical Foundation. JT is supported by the
JSPS Grant-in-Aid for Scientific Research Grant Number 16 K19888.
KT is supported by NIH/NCI grant R01CA160688 and Susan G.
Komen Investigator Initiated Research Grant IIR12222224. SS is sup-
ported by NIH/NCI grant R01CA61774 and in part by the DoD BCRP
program under award number W81XWH-14-1-0086. KPT is supported
by T32CA085159.

References

1. Hanahan D, Weinberg RA. Hallmarks of cancer: the next genera-
tion. Cell. 2011;144(5):646–74. doi:10.1016/j.cell.2011.02.013.

2. Wiig H, Tenstad O, Iversen PO, Kalluri R, Bjerkvig R. Interstitial
fluid: the overlooked component of the tumor microenvironment?
Fibrogenesis Tissue Repair. 2010;3:12. doi:10.1186/1755-1536-3-12.

3. Haslene-Hox H, Oveland E, Berg KC, Kolmannskog O, Woie K,
Salvesen HB, et al. A new method for isolation of interstitial
fluid from human solid tumors applied to proteomic analysis
of ovarian carcinoma tissue. PLoS One. 2011;6(4):e19217.
doi:10.1371/journal.pone.0019217.

4. Wiig H, Swartz MA. Interstitial fluid and lymph formation and
transport: physiological regulation and roles in inflammation and
cancer. Physiol Rev. 2012;92(3):1005–60. doi:10.1152/physrev.
00037.2011.

5. Takabe K, Spiegel S. Export of sphingosine-1-phosphate and can-
cer progression. J Lipid Res. 2014. doi:10.1194/jlr.R046656.

6. Spiegel S, Milstien S. Sphingosine-1-phosphate: an enigmatic
signalling lipid. Nat Rev Mol Cell Biol. 2003;4(5):397–
407. doi:10.1038/nrm1103 nrm1103.

J Mammary Gland Biol Neoplasia (2016) 21:9–17 15

http://dx.doi.org/10.1016/j.cell.2011.02.013
http://dx.doi.org/10.1186/1755-1536-3-12
http://dx.doi.org/10.1371/journal.pone.0019217
http://dx.doi.org/10.1152/physrev.00037.2011
http://dx.doi.org/10.1152/physrev.00037.2011
http://dx.doi.org/10.1194/jlr.R046656
http://dx.doi.org/10.1038/nrm1103%20nrm1103


7. Daum G, Grabski A, Reidy MA. Sphingosine 1-phosphate: a reg-
ulator of arterial lesions. Arterioscler Thromb Vasc Biol.
2009;29(10):1439–43. doi:10.1161/atvbaha.108.175240.

8. Pyne NJ, Pyne S. Sphingosine 1-phosphate and cancer. Nat Rev
Cancer. 2010;10(7):489–503. doi:10.1038/nrc2875.

9. Takabe K, Paugh SW, Milstien S, Spiegel S. "Inside-out" signaling
of sphingosine-1-phosphate: therapeutic targets. Pharmacol Rev.
2008;60(2):181–95. doi:10.1124/pr.107.07113.

10. Kim RH, Takabe K, Milstien S, Spiegel S. Export and functions of
sphingosine-1-phosphate. Biochim Biophys Acta. 2009;1791(7):
692–6. doi:10.1016/j.bbalip.2009.02.011.

11. Spiegel S, Milstien S. The outs and the ins of sphingosine-1-
phosphate in immunity. Nat Rev Immunol. 2011;11(6):403–15.
doi:10.1038/nri2974.

12. Takabe K, Kim RH, Allegood JC, Mitra P, Ramachandran S,
Nagahashi M et al. Estradiol induces export of sphingosine
1-phosphate from breast cancer cells via ABCC1 and
ABCG2. J Biol Chem. 2010;285(14):10477–86. doi:10.
1074/jbc.M109.064162 .

13. Nagahashi M, Ramachandran S, Kim EY, Allegood JC, Rashid
OM, Yamada A, et al. Sphingosine-1-phosphate produced by
sphingosine kinase 1 promotes breast cancer progression by stimu-
lating angiogenesis and lymphangiogenesis. Cancer Res.
2012;72(3):726–35. doi:10.1158/0008-5472.can-11-2167.

14. Liang J, Nagahashi M, Kim EY, Harikumar KB, Yamada A, Huang
WC, et al. Sphingosine-1-phosphate links persistent STAT3
activation, chronic intestinal inflammation, and development
of colitis-associated cancer. Cancer Cell. 2013;23(1):107–20.
doi:10.1016/j.ccr.2012.11.013.

15. Allende ML, Sasaki T, Kawai H, Olivera A, Mi Y, van Echten-
Deckert G, et al. Mice deficient in sphingosine kinase 1 are ren-
dered lymphopenic by FTY720. J Biol Chem. 2004;279(50):
52487–92. doi:10.1074/jbc.M406512200.

16. Mizugishi K, Yamashita T, Olivera A, Miller GF, Spiegel S, Proia
RL. Essential role for sphingosine kinases in neural and
vascular development. Mol Cell Biol. 2005;25(24):11113–21.
doi:10.1128/MCB.25.24.11113-11121.2005.

17. Rashid OM, Nagahashi M, Ramachandran S, Dumur C, Schaum J,
Yamada A, et al. An improved syngeneic orthotopic murine model
of human breast cancer progression. Breast Cancer Res Treat.
2014;147(3):501–12. doi:10.1007/s10549-014-3118-0.

18. Wiig H, Aukland K, Tenstad O. Isolation of interstitial fluid
from rat mammary tumors by a centrifugation method. Am J
Phys Heart Circ Phys. 2003;284(1):H416–24. doi:10.1152/
ajpheart.00327.2002.

19. Aukland K. Distribution volumes and macromolecular mobility in
rat tail tendon interstitium. Am J Phys. 1991;260(2 Pt 2):H409–19.

20. Hait NC, Allegood J, Maceyka M, Strub GM, Harikumar KB,
Singh SK, et al. Regulation of histone acetylation in the nucleus
by sphingosine-1-phosphate. Science. 2009;325(5945):1254–7.
doi:10.1126/science.1176709.

21. Nagahashi M, Kim EY, Yamada A, Ramachandran S, Allegood JC,
Hait NC, et al. Spns2, a transporter of phosphorylated sphingoid
bases, regulates their blood and lymph levels, and the lymphatic
network. FASEB J. 2013;27(3):1001–11. doi:10.1096/fj.12-219618.

22. Cyster JG, Schwab SR. Sphingosine-1-phosphate and lymphocyte
egress from lymphoid organs. Annu Rev Immunol. 2012;30:69–94.
doi:10.1146/annurev-immunol-020711-075011.

23. Kawamori T, Kaneshiro T, Okumura M, Maalouf S, Uflacker A,
Bielawski J, et al. Role for sphingosine kinase 1 in colon carcino-
genesis. FASEB J. 2009;23(2):405–14. doi:10.1096/fj.08-117572.

24. Snider AJ, Kawamori T, Bradshaw SG, Orr KA, Gilkeson GS,
Hannun YA, et al. A role for sphingosine kinase 1 in dextran sulfate
sodium-induced colitis. FASEB J. 2009;23(1):143–52. doi:
10.1096/fj.08-118109.

25. Olivera A, Mizugishi K, Tikhonova A, Ciaccia L, Odom S, Proia
RL, et al. The sphingosine kinase-sphingosine-1-phosphate axis is a
determinant of mast cell function and anaphylaxis. Immunity.
2007;26(3):287–97. doi:10.1016/j.immuni.2007.02.008.

26. Sensken SC, Bode C, Nagarajan M, Peest U, Pabst O, Graler MH.
Redistribution of sphingosine 1-phosphate by sphingosine kinase 2
contributes to lymphopenia. J Immunol. 2010;184(8):4133–42. doi:
10.4049/jimmunol.0903358.

27. Hammad SM, Pierce JS, Soodavar F, Smith KJ, Al Gadban MM,
Rembiesa B, et al. Blood sphingolipidomics in healthy humans:
impact of sample collection methodology. J Lipid Res.
2010;51(10):3074–87. doi:10.1194/jlr.D008532.

28. Lan T, Bi H, Liu W, Xie X, Xu S, Huang H. Simultaneous deter-
mination of sphingosine and sphingosine 1-phosphate in biological
samples by liquid chromatography-tandem mass spectrometry. J
Chromatogr B Anal Technol Biomed Life Sci. 2011;879(7–8):
520–6. doi:10.1016/j.jchromb.2011.01.015.

29. Alberg AJ, Armeson K, Pierce JS, Bielawski J, Bielawska
A, Visvanathan K, et al. Plasma sphingolipids and lung can-
cer: a population-based, nested case-control study. Cancer
Epidemiol Biomark Prev. 2013;22(8):1374–82. doi:10.1158/
1055-9965.epi-12-1424.

30. Azuma H, Takahara S, Ichimaru N, Wang JD, Itoh Y, Otsuki Y, et
al. Marked prevention of tumor growth and metastasis by a novel
immunosuppressive agent, FTY720, in mouse breast cancer
models. Cancer Res. 2002;62(5):1410–9.

31. Azuma H, Horie S, Muto S, Otsuki Y, Matsumoto K, Morimoto J,
et al. Selective cancer cell apoptosis induced by FTY720; evidence
for a Bcl-dependent pathway and impairment in ERK activity.
Anticancer Res. 2003;23(4):3183–93.

32. Brinkmann V, Billich A, Baumruker T, Heining P, Schmouder R,
Francis G, et al. Fingolimod (FTY720): discovery and development
of an oral drug to treat multiple sclerosis. Nat Rev Drug Discov.
2010;9(11):883–97. doi:10.1038/nrd3248.

33. Lim KG, Tonelli F, Li Z, Lu X, Bittman R, Pyne S, et al. FTY720
analogues as sphingosine kinase 1 inhibitors: enzyme inhibition
kinetics, allosterism, proteasomal degradation, and actin rearrange-
ment in MCF-7 breast cancer cells. J Biol Chem. 2011;286(21):
18633–40. doi:10.1074/jbc.M111.220756.

34. Tonelli F, Lim KG, Loveridge C, Long J, Pitson SM, Tigyi G, et al.
FTY720 and (S)-FTY720 vinylphosphonate inhibit sphingosine ki-
nase 1 and promote its proteasomal degradation in human pulmo-
nary artery smooth muscle, breast cancer and androgen-
independent prostate cancer cells. Cell Signal. 2010;22(10):1536–
42. doi:10.1016/j.cellsig.2010.05.022.

35. Van Brocklyn JR, Jackson CA, Pearl DK, Kotur MS,
Snyder PJ, Prior TW. Sphingosine kinase-1 expression cor-
relates with poor survival of patients with glioblastoma
multiforme: roles of sphingosine kinase isoforms in growth
of glioblastoma cell lines. J Neuropathol Exp Neurol.
2005;64(8):695–705.

36. Ruckhaberle E, Rody A, Engels K, Gaetje R, von Minckwitz G,
Schiffmann S, et al. Microarray analysis of altered sphingolipid
metabolism reveals prognostic significance of sphingosine kinase
1 in breast cancer. Breast Cancer Res Treat. 2008;112(1):41–52.
doi:10.1007/s10549-007-9836-9.

37. Li W, Yu CP, Xia JT, Zhang L, Weng GX, Zheng HQ, et al.
Sphingosine kinase 1 is associated with gastric cancer progression
and poor survival of patients. Clin Cancer Res. 2009;15(4):1393–9.
doi:10.1158/1078-0432.ccr-08-1158.

38. Liu SQ, Su YJ, Qin MB, Mao YB, Huang JA, Tang GD.
Sphingosine kinase 1 promotes tumor progression and confers ma-
lignancy phenotypes of colon cancer by regulating the focal adhe-
sion kinase pathway and adhesion molecules. Int J Oncol.
2013;42(2):617–26. doi:10.3892/ijo.2012.1733.

16 J Mammary Gland Biol Neoplasia (2016) 21:9–17

http://dx.doi.org/10.1161/atvbaha.108.175240
http://dx.doi.org/10.1038/nrc2875
http://dx.doi.org/10.1124/pr.107.07113
http://dx.doi.org/10.1016/j.bbalip.2009.02.011
http://dx.doi.org/10.1038/nri2974
http://dx.doi.org/10.1074/jbc.M109.064162
http://dx.doi.org/10.1074/jbc.M109.064162
http://dx.doi.org/10.1158/0008-5472.can-11-2167
http://dx.doi.org/10.1016/j.ccr.2012.11.013
http://dx.doi.org/10.1074/jbc.M406512200
http://dx.doi.org/10.1128/MCB.25.24.11113-11121.2005
http://dx.doi.org/10.1007/s10549-014-3118-0
http://dx.doi.org/10.1152/ajpheart.00327.2002
http://dx.doi.org/10.1152/ajpheart.00327.2002
http://dx.doi.org/10.1126/science.1176709
http://dx.doi.org/10.1096/fj.12-219618
http://dx.doi.org/10.1146/annurev-immunol-020711-075011
http://dx.doi.org/10.1096/fj.08-117572
http://dx.doi.org/10.1096/fj.08-118109
http://dx.doi.org/10.1016/j.immuni.2007.02.008
http://dx.doi.org/10.4049/jimmunol.0903358
http://dx.doi.org/10.1194/jlr.D008532
http://dx.doi.org/10.1016/j.jchromb.2011.01.015
http://dx.doi.org/10.1158/1055-9965.epi-12-1424
http://dx.doi.org/10.1158/1055-9965.epi-12-1424
http://dx.doi.org/10.1038/nrd3248
http://dx.doi.org/10.1074/jbc.M111.220756
http://dx.doi.org/10.1016/j.cellsig.2010.05.022
http://dx.doi.org/10.1007/s10549-007-9836-9
http://dx.doi.org/10.1158/1078-0432.ccr-08-1158
http://dx.doi.org/10.3892/ijo.2012.1733


39. Pyne S, Edwards J, Ohotski J, Pyne NJ. Sphingosine 1-
phosphate receptors and sphingosine kinase 1: novel bio-
markers for clinical prognosis in breast, prostate, and hema-
tological cancers. Front Oncol. 2012;2:168. doi:10.3389/
fonc.2012.00168.

40. Ponnusamy S, Selvam SP, Mehrotra S, Kawamori T, Snider AJ,
Obeid LM, et al. Communication between host organism and cancer
cells is transduced by systemic sphingosine kinase 1/sphingosine 1-
phosphate signalling to regulate tumour metastasis. EMBOMolMed.
2012;4(8):761–75. doi:10.1002/emmm.201200244.

J Mammary Gland Biol Neoplasia (2016) 21:9–17 17

http://dx.doi.org/10.3389/fonc.2012.00168
http://dx.doi.org/10.3389/fonc.2012.00168
http://dx.doi.org/10.1002/emmm.201200244

	Interstitial...
	Abstract
	Introduction
	Materials and Methods
	Reagents
	Animals
	Tumor Growth
	Human Tissue Samples from Patients with Breast Cancer
	Construction of the IF Collection Tube
	Collection of IF from Tissues
	Cell Counting and Immunoblot
	Quantitation of Sphingolipids by LC-ESI-MS/MS
	Statistical Analysis

	Results
	An Improved Method to Collect IF from Tissues
	Effect of Deletion of SphK1 or SphK2 on Sphingolipid Levels in Blood
	S1P Levels Are Higher in Mammary Gland IF than in Mammary Gland Itself
	Levels of Bioactive Sphingolipids in Breast Tumor IF Correlate with Tumor Growth
	S1P Levels Are Higher in Breast Cancer IF than in Normal Breast Tissue IF from Human Patients

	Discussion
	References


