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Sphingosine kinase (Sphk) enzymes are important in intracellular sphingolipid metabolism as well as in the
biosynthesis of sphingosine 1-phosphate (S1P), an extracellular lipid mediator. Here, we show that Sphkl is
expressed and is required for small intestinal tumor cell proliferation in Apc™™/* mice. Adenoma size but not
incidence was dramatically reduced in Apc™*'* Sphk™'~ mice. Concomitantly, epithelial cell proliferation in
the polyps was significantly attenuated, suggesting that Sphkl regulates adenoma progression. Although the
S1P receptors (SIP1R, S1IP2R, and S1P3R) are expressed, polyp incidence or size was unaltered in Apc™™/*
SIp2r~'=, Apc™™'* S1p3r~'~, and Apc™™'* SIpIr*'~ bigenic mice. These data suggest that extracellular S1P
signaling via its receptors is not involved in adenoma cell proliferation. Interestingly, tissue sphingosine
content was elevated in the adenomas of Apc™™'* Sphkl~'~ mice, whereas S1P levels were not significantly
altered. Concomitantly, epithelial cell proliferation and the expression of the G,/S cell cycle regulator CDK4
and c-myc were diminished in the polyps of Apc™™* Sphkl~'~ mice. In rat intestinal epithelial (RIE) cells in
vitro, Sphkl overexpression enhanced cell cycle traverse at the G,/S boundary. In addition, RIE cells treated
with sphingosine but not C6-ceramide exhibited reduced cell proliferation, reduced retinoblastoma protein
phosphorylation, and cyclin-dependent kinase 4 (Cdk4) expression. Our findings suggest that Sphkl plays a
critical role in intestinal tumor cell proliferation and that inhibitors of Sphkl may be useful in the control of

intestinal cancer.

The concept that sphingolipid metabolism is an important
source of signaling lipids has gained considerable acceptance.
For example, sphingomyelin, an abundant membrane phos-
pholipid, is metabolized into lipid mediators such as sphin-
gosine, ceramide, ceramide 1-phosphate, and sphingosine
1-phosphate (S1P) (9). S1P, synthesized by the action of sphin-
gosine kinase (Sphk), is secreted by cells and functions as an
extracellular mediator by activating a family of G-protein-cou-
pled receptors termed S1IPR1-5 (13, 19, 30). The generality of
S1P signaling in vertebrates is underscored by recent findings
that SIPRs are needed for a multitude of physiological pro-
cesses, including heart and vascular development, angiogene-
sis, and immune cell trafficking (12). However, the physiolog-
ical and pathological significance of intracellular sphingolipid
metabolism in vertebrates is virtually unknown. However, a
recent study showed that the inhibition of S1P lyase resulted in
alterations in tissue S1P levels, which influenced T-cell traf-
ficking and immune responses (35). The importance of sphin-
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golipid metabolism is underscored by its impact on cell death,
stress responses, metabolism, and animal development in uni-
cellular (Saccharomyces cerevisiae and Dictyostelium dis-
coidium) and multicellular (Caenorhabditis elegans and Dro-
sophila melanogaster) eukaryotes (4, 5, 10, 21, 26, 28).

Mammals express two functional Sphk isoenzymes, Sphkl
and Sphk2. Sphk isoenzymes are regulated by extracellular
signals such as cytokines, growth factors, tumor promoters, and
hormones and ultimately influence the activity of signaling
molecules, transcriptional responses, cell proliferation, apop-
tosis, and oncogenesis (37). However, the role of Sphk in
normal physiology and disease has not been addressed, even
though mice deficient in Sphkl appear normal with reduced
tissue and plasma S1P levels (1). Deletion of Sphkl and Sphk2
resulted in undetectable S1P levels and embryonic lethality
(24), suggesting that Sphk isoenzymes are indispensable for the
formation of S1P, an essential lipid mediator in embryonic
development.

The role of S1P and Sphk isoenzymes in cancer is not well
understood. Sphingosine and ceramide are generally growth
inhibitory and induce cell death, whereas S1P acts in an oppo-
site manner as an inducer of cell proliferation and survival.
Nutritional studies have shown that dietary sphingomyelin in-
hibits intestinal cancer in murine models (33, 34). However,
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FIG. 1. Expression of S1P receptors, Sphkl, and sphingolipid metabolic enzymes in intestinal tissues. (A) Northern blot analysis of S1P
receptors and sphingolipid metabolic enzymes. nm, normal mucosa. Data show a representative blot from two to four animals that was repeated
at least twice. (B) Immunoblot analysis of mouse and human Sphk1 in HEK-293T cells with anti-Sphk1 antiserum. Lanes: 1, mock; 2, mouse Sphk1;
3, mouse Sphk2; 4, human Sphk1; 5, human Sphk2. (C) Expression of Sphk1 in the polyp tissue of an Apc™™/* Sphk1*/* mouse (brown) is seen
in epithelial and stromal cells. EPI, epithelial cells; STR, stromal cells. (D) Control staining of Sphk1 in the polyp tissue of an Apc™™'* Sphkl =/~
mouse. Scale bar, 10 wm in panels C and D. The counterstain in panels C and D is methyl green. (E) Expression of Sphkl in normal colonic
mucosal tissue adjacent to the colon cancer (red). (F) Expression of Sphkl in human colonic mucosa and in colon cancer (red). BEP, basal
epithelial cells; LP, lamina propria; LEP, luminal epithelial cells; CA, cancer cells; BV, blood vessel; IC, stromal mononuclear inflammatory cells;
EP, epithelial cells. Original magnification is X200 for panel E and X400 for panel F. Sections in panels E and F are counterstained with
hematoxylin and eosin (H&E). (G) S1P levels in the adenoma and the normal mucosa of an Apc™™* Sphk1™'* mouse were quantified by HPLC
methodology as described in the text. Data (mean = standard deviation [SD]) were derived from three animals.

mechanisms by which this is achieved are not clear. Dietary
sphingomyelin is degraded in the intestinal tract to ceramide
and sphingosine by the action of sphingomyelinase and cer-
amidase, respectively (16, 25). Sphingosine is then taken up by
the intestinal absorptive cells and is further metabolized, pre-
sumably by the Sphk and S1P lyase enzymes. Interestingly,
neutral sphingomyelinase expression in the intestinal epithelial
cells is downregulated during colorectal cancer (11). Sphkl
activity is induced by tumor promoters and oncogenes, and the
overexpression of Sphkl promotes NIH 3T3 cell transforma-
tion in vitro (28, 37). These studies suggest that sphingolipid
metabolism influences tumorigenesis in general and intestinal
cancer in particular, even though the mechanisms involved are
poorly defined.

In this report, we addressed the role of Sphkl in intestinal

tumorigenesis. We show that Sphk as well as S1P receptors are
expressed in intestinal tumor tissues. Deletion of the Sphkl
gene in Apc™™* mice resulted in the profound suppression of
adenoma size but not incidence. Surprisingly, deletion of
SIp2R and SIp3R and the loss of an allele of SIpIR did not
phenocopy the Sphkl deletion. Moreover, intracellular levels
of S1P were not significantly altered, whereas the levels of the
substrate sphingosine were elevated in Sphkl null mice, sug-
gesting that intracellular metabolism of sphingolipids is critical
in adenoma progression.

MATERIALS AND METHODS

Mice. Sphk1~'~, SIpr2~'~, S1pr3~/~, and S1prl*/~ mice in the 129sv-C57BL/6
background (1, 17) were derived as described in previous reports. Apc™™* mice
(C57BL/6J background) were purchased from the Jackson Laboratory (Bar Har-
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bor, ME). The mice were maintained on LM-485 Mouse/Rat Sterilizable Diet
(Harlan Teklad, Indianapolis, IN) in the Center for Laboratory Animal Care
at the University of Connecticut Health Center. These mice were crossbred
to derive littermates. Analysis of intestinal polyps was performed on F,-
generation mice, and littermates with similar genetic backgrounds were used
for comparison.

Genotyping. Sipr2, SIpr3, and SIprl and Sphkl knockout mouse genotypes
were determined by PCR analyses of genomic DNA isolated from tail biopsies
(1, 17).

Analysis of intestinal polyps. At 140 to 147 days of age, animals were sacri-
ficed, and the intestinal tract was subdivided into five segments consisting of four
parts of small intestine (duodenum, proximal jejunum, distal jejunum, and ileum)
and the large intestine. Each segment was incised along its longitudinal axis and
fixed, polyps were counted, and tumor diameter was measured with a dissecting
microscope (StemiSV6; Carl Zeiss) at X10 magnification. After fixation with 4%
paraformaldehyde and/or 75% ethanol, the tissues were embedded in paraffin for
histological analysis. Some individual tumors were selected for further molecular
analysis. In these cases, after the intestinal segments were opened, polyps or
mucosa were excised from the small intestine and flash frozen in liquid nitrogen
for RNA extraction. Northern blot analysis of total RNA was conducted as
described previously (15).

Production and purification of Sphkl polyclonal antibody. Rabbit polyclonal
antibody against human Sphk1 was raised in rabbits with purified glutathione
S-transferase-Sphk1 protein, and antiserum was obtained. Subsequently, the
antibody against Sphk1 was affinity purified by protein A-Sepharose chromatog-
raphy.

Western blot for Sphkl. Cell extracts (10 pg) from mock and mouse Sphk1-,
mouse Sphk-2-, human Sphk1-, and human Sphk-2-expressing HEK-293T cells
were analyzed for expression of cognate proteins and reactivity to the purified
Sphk1 antibody (1:2,000 dilution; 1.25 wg/ml) by an immunoblot analysis proce-
dure described previously (31).

Immunohistochemistry (IHC) of human colon cancer tissues. Formalin-fixed
and paraffin-embedded human colon carcinoma (n = 27) specimens were im-
munostained with anti-Sphk1 antibody (1:200) as described previously (29).

For the analysis of polyps from Apc™™/* mice, immunohistochemical analysis
was conducted with anti-Sphk1 antibody (1:1,000), B-catenin (1:80) (Santa Cruz),
cyclooxygenase 2 (COX-2) (1:300) (Cayman chemical), phospho-p44/42 extra-
cellular signal-regulated kinase (ERK) (1:100) (Cell Signaling Technology, Bev-
erly, MA), phospho-p38 mitogen-activated protein (MAP) kinase (1:100) (Cell
Signaling Technology), Cdk4 (1:40) (Santa Cruz), c-myc (1:200) (Santa Cruz),
PCNA (1:200) (Ki67; Calbiochem), villin (1:200) (Chemicon), and alkaline phos-
phatase (1:500) (Biotrend) with a Vectastain ABC kit (Vector) according to the
manufacturer’s protocol. The peroxidase staining was visualized with 3,3’-diamino-
benzidine (Vector), and the sections were counterstained with methyl green.

BrdU incorporation assay. Animals were injected intraperitoneally with 1 ml
of 10 mM 5’-bromo-2'-deoxyuridine (BrdU) in phosphate-buffered saline 1 h
before sacrifice as described previously (2). After sacrifice, intestinal tissues were
fixed in 75% ethanol and embedded in paraffin. Slides were analyzed as de-
scribed previously (2). The polyps were visualized by light microscopy (Axios-
kop2; Carl Zeiss) at X100 magnification using Axiovision 4 software (Carl Zeiss),
and the images were printed out. On the printed images, the total and BrdU-
labeled nuclei of the epithelial cells were counted in the whole-polyp cross-
section except for the basal region. The BrdU labeling index is defined as the
percentage of epithelial cells that are BrdU positive.

Apoptosis assay. After fixation with 4% paraformaldehyde and embedding in
paraffin, sections of polyps from Apc™™/* Sphkl1™*'* or Apc™™'™ Sphkl~'~ mice
were evaluated for apoptosis with a commercial apoptosis detection kit (Chemi-
con International, Temecula, CA) according to the manufacturer’s instructions.
Positive signals from the luminal edge were not considered in the analysis.

Intratumoral MVD. Polyps from ApcM™* Sphk1*'* or Apc™'* Sphkl~/~
mice were stained with rat monoclonal anti-PECAM-1 antibody (Chemicon) by
the peroxidase method. Microvessel density (MVD) assessment was determined
as previously reported (42). Briefly, the microscopic field that contained the
highest number of capillaries was chosen for each sample by an initial scan at
X100 magnification. The vessels were counted at X400 magnification from mul-
tiple random fields.

Measurement of S1P and sphingosine. Lipids extracted from tissue homoge-
nates or plasma were measured by high-performance liquid chromatography
(HPLC) as described previously (23). Briefly, SIP was dephosphorylated by
alkaline phosphatase, and the released sphingosine was derivatized with o-phthal-
aldehyde. The o-phthalaldehyde derivatives were then fluorometrically analyzed
by HPLC at an excitation wavelength of 340 nm and an emission wavelength of
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TABLE 1. Sphkl immunoreactivity in nonneoplastic epithelium
adjacent to the tumor and in colorectal cancer cells”

Intensity of staining (arbitrary units)
Location of staining

0 1 2 3

Nonneoplastic mucosa

Basal epithelial cells 15 (56) 11 (41) 1(4) 0(0)

Luminal epithelial 5(19) 7 (26) 14 (52) 1(4)
cells
Cancer cells 2(7) 8(30) 11 (41) 6(22)
“n=27.

455 nm. For liquid chromatography/tandem mass spectrometry (LC/MS/MS)
studies, tissue extracts were processed as described previously (8).

Real-time reverse transcriptase PCR. Total RNA was isolated from the in-
testinal polyps using RNA-Stat 60 reagent (Tel Test, Friendswood, TX). Total
RNA (1 pg) was analyzed for the transcripts of Cdk4 and c-myc and normalized
to GAPDH (glyceraldehyde-3-phosphate dehydrogenase) as described previ-
ously (31).

Cell cycle analysis of RIE cells. RIE cells were a kind gift of Raymond DuBois,
Vanderbilt University Medical Center, Nashville, TN. They were grown as de-
scribed previously (7) and serum starved in 0.5% fetal bovine serum (FBS). Cell
cycle analysis was conducted using fluorescence-activated cell sorter (FACS)
analysis as described previously (41). Cell growth was determined using the
3(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay (15).
Cell extracts were analyzed for immunoblot analysis using the above-mentioned
antibodies.

Statistical analysis. Statistical analysis was performed using Fisher’s exact test
to compare the expression level of Sphk1 in human tissues and Student’s ¢ test for
all other experiments.

RESULTS

Expression of sphingolipid enzymes and receptors in intes-
tinal adenomas. We investigated the expression of sphingo-
lipid metabolic enzymes and S1P receptors in the intestinal
tissues of the Apc™™/* mouse, a widely used model system in
which intestinal adenomas develop spontaneously (6). S1P re-
ceptors (SIPR1, S1IPR2, and S1IPR3) were expressed in normal
intestinal mucosa; however, SIPR1 and S1PR2 transcripts
were induced in the adenomas. mRNAs for Sphk1 and Sphk2
were expressed in both the mucosa and the polyp tissue to an
equivalent level. In contrast, SIP lyase was markedly down-
regulated in the polyp, whereas S1P phosphatase was induced
(Fig. 1A). These data suggest that the S1P synthetic machinery
and the receptors are present in both normal and adenomatous
intestinal tissues.

[HC of normal intestinal tissues from Apc mice with
anti-Sphk1 antiserum (Fig. 1B to D) indicated Sphkl expres-
sion in the stromal as well as epithelial compartments. Immu-
noreactivity was substantially reduced in Apc™™'* Sphkl =/~
intestinal tissues, demonstrating that the antibody reacts spe-
cifically with Sphk1. Tumorigenic epithelial cells express mod-
erate levels of Sphkl in the adenoma. Stromal cells in the
lamina propria also express moderate to high levels of Sphkl1.
Equivalent immunostaining was observed between normal mu-
cosa and polyp tissues in Apc™”'* mice. When intestinal polyps
were extracted and the S1P content was analyzed, detectable
levels (~2.7 pmol/mg [wet weight]) were found (Fig. 1G).
Polyp tissue contains higher levels of S1P than the surrounding
small intestinal mucosa.

We also determined whether Sphk1 is expressed in the nor-

Min/+
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FIG. 2. Analysis of intestinal adenomas in Apc™™/* mice with a wild-type or SphkI deletion. (A) Numbers of polyps in the small intestine are
shown (mean * SD) (n = 19 [+/+], 18 [+/—], and 10 [—/—]). (B) Size distribution of the small intestinal polyps. Polyps were classified according
to their diameters in millimeters, and an average percentage of each size class in each mouse is plotted. There is a significant change of polyp
size distribution in <1 mm, 1 to 2 mm, and 2 to 3 mm (for <1 mm, 39.0 = 12.3 [SD] for Apc™™/* Sphk1™’* and 69.8 = 15.7 [SD] for Apc™™/*
Sphk1~'~ [P < 0.0001]; for 1 to 2 mm, 49.3 = 11.6 [SD] for Apc™™/* Sphk1*/* and 27.1 = 12.9 [SD] for Apc™™/* Sphk1~'~ [P < 0.0001]; for 2
to 3 mm, 9.8 * 7.1 [SD] for Apc™™'* Sphk1™'* and 2.6 = 3.9 [SD] for Apc™™'* Sphk1~'~ [P = 0.0065; Students’  test]). (C) An en face image
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mal and pathological human intestinal tissues. In the human
colon, differentiated luminal epithelial cells, stromal cells, and
vascular cells expressed Sphkl (Fig. 1E). Similar to mouse
small intestinal tissues, moderate expression of Sphkl was ob-
served in epithelial cells, whereas moderate to high levels were
seen in stromal cells in the lamina propria. Analysis of 27
colorectal cancer specimens indicates that 63% of the cases
expressed moderate to high levels of Sphk1 in cancer cells (Fig.
1F and Table 1). In addition, blood vessels and inflammatory
cells in the tumor stroma also expressed high levels of Sphkl1.
The presence of S1P synthetic machinery and receptors in
human colorectal cancer suggests a possible role in tumor
initiation and/or progression.

Role of Sphkl in intestinal polyposis. To address whether
Sphk1 expression is causally related to intestinal tumorigene-
sis, we analyzed intestinal tumors in mice that lack Sphkl (1) in
the Apc™™'* background. Incidence of small intestinal adeno-
mas was not significantly different between Apc™™/* Sphk1™'*
and Apc™™'* Sphkl1~'~ mice (Fig. 2A). In sharp contrast,
tumor size was markedly reduced in Apc™™/* Sphkl~'~ mice
(Fig. 2B to D). Histological features of the polyps from both
genotypes were similar; except for the size difference, both
stromal and epithelial cells were present (Fig. 2E and F).
These data suggest that Sphk1 function is dispensable for ini-
tiation but is needed for the progression phase of polyposis in
the Apc™™'* model.

Sphingolipid levels in polyps and mucosa were quantified by
LC/MS/MS methodology (8). Surprisingly, S1P levels were not
significantly different between Apc™™/* Sphkl~'~ and Apc-
Minl+ Sphk1™'* polyps. Mucosa levels of S1P were not altered
as well. As expected, mRNA for Sphk2 was detected to an
equivalent level in both Apc™™'* Sphk*'* and Apc™™'*
Sphk1~'~ adenoma tissues. In addition, mRNA for S1P phos-
phatase-1 and S1P phosphatase-2 were expressed similarly in
both genotypes (see Fig. S1 in the supplemental material).
Interestingly, 10-times-higher sphingosine levels were observed
in the polyp tissues than in mucosal tissues, and Apc™™/*
Sphk1~'~ mice contained higher levels of sphingosine than
their Apc™™'* Sphk1™'* counterparts (Fig. 2G and H). These
data suggest that Sphkl gene deletion results in alterations in
the levels of the substrate sphingosine. The levels of S1P were
not altered significantly, presumably due to the action of
Sphk2, which is expressed in the intestinal tissues.

Role of S1PRs in intestinal adenoma development. The re-
quirement for Sphkl in polyp progression could be due to the
action of its product, SIP, an extracellular ligand for the
S1PRs. Therefore, we tested whether S1PR1, S1PR2, and
S1PR3 are involved in intestinal polyposis. Since SIpr2~/~ and
S1pr3~'~ mice are viable (13, 17), we crossed these mice with
the Apc™”’* mice and analyzed intestinal tumor development
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in the bigenic mice. As shown in Fig. 3A to D, the lack of either
S1PR2 or S1PR3 failed to influence polyp number or size.

Since the SIprl~/~ mice are embryonically lethal due to a
vascular maturation defect (20), we could not test the role of
the null mutation of this receptor. Instead, we used the het-
erozygote SIprl™*’~ mice in the Apc™™* background. Com-
pared with their wild-type counterparts, SIprl™'~ Apc™"/*
mice had a 27% higher incidence of polyp numbers (P < 0.01)
without a difference in size distribution (Fig. 3E and F), sug-
gesting that SIPR1 signal transduction may inhibit tumor ini-
tiation events without affecting progression. Indeed, expression
studies show that SIPR1 is expressed in differentiated luminal
epithelial cells, and overexpression of this receptor inhibited
the growth of intestinal cancer cells, supporting the notion that
extracellular S1P signaling through this receptor is not capable
of promoting tumorigenesis (data not shown). These data in-
dicate that the three S1P receptors that are expressed in the
intestinal polyps are unlikely to mediate the positive effects of
Sphk1 on tumor progression.

Role of Sphkl in cell proliferation, apoptosis, differentia-
tion, and angiogenesis of the small intestinal polyps. Sphk1
could influence polyp size by regulating cell proliferation
and/or death. A BrdU incorporation assay was conducted to
quantify cell proliferation. As shown in Fig. 4A to C, BrdU-
positive nuclei were abundant in the crypts of normal intes-
tinal mucosa and throughout the polyps of the Apc™™/*
Sphk1™'* mice. In contrast, BrdU-positive nuclei were dra-
matically reduced in the polyps but not in the crypts of the
Apc™™'* Sphkl1™'~ mice. Quantitative analysis clearly
showed that epithelial cell proliferation was reduced ~45%
(P < 0.05) in the polyps of Apc™™'* Sphkl~'~ mice com-
pared with their Apc™™/* Sphk1*'* counterparts. Similarly,
immunostaining of polyp tissues with Ki67 antibody, which
detects the expression of the cell proliferation marker
PCNA, showed that cell proliferation is markedly reduced in
Apc™™'* Sphkl1~'~ adenoma tissues (see Fig. S2 in the sup-
plemental material). Together, these data suggest that intestinal
development and turnover were normal in the Apc™™/*
Sphk1~'~ mice, whereas polyp progression was dramatically
reduced.

We also determined whether the lack of Sphk1 influenced
cell death (apoptosis) in the intestine. Terminal deoxynucle-
otidyltransferase-mediated dUTP-biotin nick end labeling
(TUNEL) analysis showed that apoptotic cells were present
at a small frequency (~0.63%) throughout the polyp struc-
ture, excluding the luminal epithelial cells, which show high
extent of TUNEL positivity due to normal cell turnover
(Fig. 4D to F). Although the Apc™™* Sphkl '~ mice had a
somewhat higher incidence of apoptotic cells in the polyp
body, the difference between the knockout and the wild type

of a cluster of distal jejunal polyps in an Apc™™* Sphk1** mouse. (D) Similar image of a distal jejunal polyp in an Apc™™'* Sphkl~'~ mouse.
(E) Histological section of an ileal polyp in an Apc™™/* Sphk1*'" mouse (H&E). (F) Histological section of an ileal polyp in an Apc™™* Sphk1~'~
mouse (H&E). Scale bars in D are in millimeters. Arrowheads show polyps in C and D. Scale bar, 500 pm in E and F. (G) S1P levels in polyps
and mucosal scrapings from Apc™™* Sphk1™'* or Apc™™* Sphk1~'~ mice. Data represent means * standard errors of the means (SEM) (n =
6 to 14). S1P levels in the polyps were not significantly different between wild-type (wt) and Sphkl~/~ mice. (H) Sphingosine levels in polyps and
mucosal scrapings from Apc™™* Sphk1™'* or Apc™™* Sphk1~'~ mice. Data represent means = SEM (n = 6 to 14) (P < 0.07; Student’s ¢ test).
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FIG. 3. Intestinal polyposis in Apc™™'* mice with the wild type or SIprl-3 deletion. (A, C, and E) Numbers of polyps in small intestines of
S1PR2 (A), S1IPR3(C), and S1PR1 (E) mutant mice are shown (means = SD). There is no significant change between each genotype. In the small
intestine, 33.6 = 10.7 polyps were detected in Apc™™* Sipri*'* mice, whereas in Apc™™* SIprl™'~ littermates, 43.0 = 12.1 (SD) polyps were
detected (P = 0.0073; Students’ ¢ test). (B, D, and F) Size distribution of the small intestinal polyps in SIPR2 (B), SIPR3 (D), and S1PR1
(F) mutant mice. Polyps were classified according to their diameters in millimeters, and an average percentage of each size class in each mouse
is plotted (for S1P2, n = 12 [+/+], 15 [+/—], and 11 [—/—]; for S1P3,n = 5 [+/+], 6 [+/—], and 5 [—/—]; and for S1P2, n = 31 [+/+] and 19
[+/=]. There were no significant changes among the genotypes (Student’s ¢ test).

did not reach statistical significance, suggesting that the Extracellular S1P is well established to regulate angiogenesis
inhibition of apoptosis of the intestinal epithelial cells by the (also known as new blood vessel growth), which is needed for
Sphk1 is not the primary mechanism in the control of tumor optimal tumorigenesis (12). Microvessel counts in the intesti-
progression. nal polyps of Apc™™/* Sphk*'* and Apc™™'* Sphkl~'~ mice
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/- (n=5)

Sphk1

FIG. 4. Regulation of adenoma cell proliferation by Sphk1. (A to C) Cell proliferation in intestinal polyps. Polyps from an Apc™™/* Sphk1™/*
mouse (A) and an Apc™™'* Sphk1~'~ mouse (B) were sectioned and assessed for BrdU incorporation. Scale bar, 100 wm. (C) BrdU labeling index.
The graph shows the percentage of BrdU-positive cells in polyps of Apc™"* Sphk1™'* and Apc™™'* Sphkl ™'~ mice (24.3 = 4.67 for Apc™™*
SphkI*'* and 13.4 = 6.33 for Apc™™/™ Sphk1~'~). *P = 0.0051 (Students’ ¢ test). (D to F) Apoptosis in intestinal polyps. Polyps from an Apc™™/*
SphkI*'* mouse (D) and an Apc™™* Sphkl~'~ mouse (E) were sectioned and assessed for cell death by TUNEL staining as described in the text.
Arrowheads show the positive cells, and cells at the luminal edge were not considered (no arrowheads shown). Scale bar, 100 wm. (F) Apoptotic
index. The graph shows the percentage of TUNEL-positive cells in polyps of Apc™™* Sphk1™'* and Apc™™'* Sphk1~'~ mice (0.428% = 0.146%
for Apc™™'™ Sphk1™'" and 0.622% =+ 0.423% for Apc™™"/™ Sphk1~'~). *P = 0.385 (Students’ ¢ test). (G to I) IHC of PECAM-1 to detect
intratumoral MVD. (G and H) Intestinal polyps from Apc™™* Sphk1™'* (G) and Apc™™* Sphk1~/~ (H) mice were analyzed for the expression
of the PECAM-1 protein by immunohistochemistry as described in the text. Scale bar, 10 wm. (I) MVD is shown (51.0 = 13.5 [SD] for Apc™™/*

Sphk1*'" and 38.6 = 13.7 [SD] for Apc™™/* Sphki~'~ [P = 0.137; Student’s ¢ test]).

did not exhibit significant differences (Fig. 4G to I), suggesting
that alteration of polyp angiogenesis is not the primary mech-
anism regulated by Sphkl.

We also examined the expression patterns of villin and
alkaline phosphatase, which are markers of epithelial cell
differentiation in the intestine (32). Expression patterns of
villin and alkaline phosphatase are indistinguishable in the
differentiated epithelial cells of the intestinal mucosa in
both Apc™™/* Sphk™™ and Apc™™'* Sphkl~'~ mice (see
Fig. S3 and S4 in the supplemental material). In general,
these markers are not expressed significantly in the ade-

noma tissues of both genotypes. These data suggest that
Sphkl does not influence the crypt-to-villus transition and
differentiation of intestinal cells.

Molecular mechanisms involved in Sphk1 regulation of cell
proliferation. To gain insight into the molecular mechanisms
involved in Sphk1 regulation of tumorigenesis, intestinal ade-
nomas were analyzed for various signaling proteins implicated
previously in S1P-mediated biology. Regions of the polyp and
particularly the epithelial cells were positive for immunostain-
ing of phospho-ERK and phospho-p38 MAP kinase. However,
significant differences in the intensities or patterns of staining
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FIG. 5. Gene expression in intestinal polyps of SphkI™'" and Sphkl™'~ mice. Intestinal polyps from Apc™™'* Sphk1*'* (A, C, E, and G) and
Apc™n'™ Sphkl1~'~ (B, D, F, and H) mice were analyzed for the expression of phospho-ERK (A and B), phospho-p38 (C and D), COX-2 (E and
F), and B-catenin (G and H) by IHC as described in the text. Scale bar, 100 pm in panels E, F, G, and H and 10 wm in panels A, B, C, and D.

or subcellular localization were not observed between mice
that express Sphkl and those that lack Sphkl, even when
polyps of similar sizes were analyzed (Fig. 5). This is consistent
with the fact that extracellular S1P signaling via its G-protein-
coupled receptors regulates MAP kinase activation (12) and
further supports the notion that SIPRs do not regulate polyp
progression. Similarly, expression of the COX-2 gene was ob-
served in the stromal cells of the polyps without major differ-
ences in intensities and patterns between mice that express or
lack Sphk1 (Fig. 5). Thus, the COX-2/prostaglandin E, path-
way, which is a critical regulator of adenoma size and angio-
genesis in the Apc™™'* model (27), is unlikely to account for
the effect of Sphk1 on polyp progression. Similarly, the expres-
sion level, pattern, or subcellular localization of B-catenin was
unaltered by Sphkl gene dosage. These data suggest that in-
tracellular Sphk1 action is distinct from that the canonical Wnt
signaling pathway, which is known to regulate nuclear local-

ization of B-catenin and intestinal progenitor cell proliferation
during polyposis (32).

Markers of cell proliferation and cell cycle control were
analyzed by immunohistochemistry of intestinal adenomas
from Apc™™* Sphk™'* and Apc™™* Sphk~'~ mice. We
found that cell cycle kinase Cdk4 mRNA and protein were
dramatically downregulated in the epithelial cells of small
intestinal polyps in Apc™™/* Sphk~'~ mice (Fig. 6). In ad-
dition, the proto-oncogene c-myc, which is implicated in cell
proliferation, is also downregulated at both the mRNA and
protein levels in the mice that lack the Sphkl gene (Fig. 6).
Interestingly, c-myc expression was observed predominantly
in the stromal cells, whereas epithelial expression was equiv-
ocal. Other cell cycle regulators, such as cyclin D1, cyclin
Al, cyclin E, p27, and p21, were not altered in the Apc™™/*
Sphkl~'~ mice compared to their wild-type counterparts
(data not shown). These data suggest that the regulation of
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FIG. 6. Downregulation of cell cycle regulatory factors in Apc™™'* Sphk1~/~ adenoma tissues. (A) Tissue sections of adenomas from Apc
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SphkI1** and Apc™™'™* Sphk1~'~ mice were analyzed for the expression of c-myc and Cdk4 by immunohistochemistry as described in the text. Note
that c-myc expression is high in the stromal cells, whereas Cdk4 is expressed primarily in the epithelial compartment. Scale bar, 10 pm for c-myc
panels and 100 p.m for Cdk4. (B) Expression of c-Myc and Cdk4 mRNA in the intestinal polyp tissues of Apc™™'* Sphk1™'* (n = 5) and Apc™™'*
Sphkl~'~ (n = 5) mice. Relative expression of mRNAs (R0) was determined as described in the text. (P < 0.0001 for c-myc and P < 0.05 for Cdk4;
Student’s ¢ test). Data represent means = SD of an experiment that was repeated at least two times.

expression of Cdk4 and c-myc in epithelial cells and in the
tumor stromal microenvironment, respectively, by the Sphk1
pathway may be involved in the regulation of cell prolifer-
ation in the polyp.

To determine whether the Sphk1 enzyme is directly involved
in the regulation of the cell cycle, we explored the effects of
Sphk1 in RIE cells, which have been used as an in vitro model
system (7). When Sphk1 was overexpressed using an adenovi-
ral construct, a decrease in the G,/G; population and a con-
comitant increase in the S-phase population was observed. In
addition, when RIE cells were treated with N,N'-dimethyl-
sphingosine (DMS), an inhibitor of the Sphk enzyme, accumu-
lation of Gy/G, population and a reduction in the S-phase
population were observed (Fig. 7A and B). These data suggest
that Sphk1 can directly modulate cell cycle traverse at the G,/S
boundary in intestinal epithelial cells.

Inhibition of the Sphkl enzyme or deletion of the Sphkl
gene would result in the accumulation of the substrate
sphingosine and a reduction in the levels of S1P. Indeed,
sphingosine levels were elevated in the polyps of Sphkl /'~
Apc™™* mice (Fig. 2H), whereas S1P levels were not sig-
nificantly changed. Thus, we tested whether sphingosine
treatment of RIE cells would influence cell proliferation.
Treatment of RIE cells with sphingosine (10 uM) resulted
in a profound suppression of cell proliferation. The effect
was specific because treatment of RIE cells with C6-cer-
amide (10 pM) did not result in growth inhibition (Fig. 7C).
In addition, sphingosine suppressed retinoblastoma (Rb)
phosphorylation and Cdk4 protein expression levels (Fig.
7D). Expression of cyclin A, cyclin D1, and cyclin E was not
altered by sphingosine treatment in RIE cells (see Fig S5 in
the supplemental material). These data suggest that the
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FIG. 7. Regulation of G,/S cell cycle traverse in RIE cells by Sphk1. (A) RIE cells were treated with vehicle or DMS (10 pM) for 24 h, and
cell cycle analysis was conducted by FACS as described in the text. Results represent means = SEM (n = 2). (B) RIE cells were transduced with
adenoviral vectors expressing Sphk1 as described in the text. Cell cycle analysis at 16 h after serum stimulation was conducted by FACS. Results
represent means = SEM (n = 2) of a representative experiment. (C) RIE cells were starved in 0.5% FBS for 2 days and treated with sphingosine
(SGO) (10 uM), Co-ceramide (C6-Cer) (10 uM), or vehicle for various time points. Cell proliferation was quantified by an MTT assay as described
in the text. S1P treatment under similar conditions did not inhibit cell proliferation (data not shown). Results represent means += SD of a
representative experiment that was repeated twice (n = 3). (D) RIE cells were treated as in C for 24 h in 0.5% FBS containing sphingosine (SGO)
or C6-ceramide (C6-cer) for 24 h as described above. Some cells were treated with 10% FBS to stimulate optimal cell proliferation. Cell extracts
were analyzed for Rb phosphorylation (p-Rb) and Cdk4 expression by immunoblot analysis. A representative blot from two independent

experiments is shown.

intracellular action of sphingosine modulates the G,/S cell
cycle regulators, such as the phosphorylation of Rb and
expression of the Cdk4 protein, and thereby modulates in-
testinal epithelial cell proliferation.

DISCUSSION

The role of sphingolipids in cancer development and pro-
gression is poorly understood at the mechanistic level.
Intestinal tumors are particularly relevant in this respect be-
cause dietary sphingolipids have been implicated as inhibitors
of intestinal carcinogenesis (18, 22). In addition, S1P is a po-

tent angiogenic factor that regulates tumor angiogenesis by
signaling through the S1P1R (3). It is known that dietary sphin-
gomyelin is metabolized in the intestinal tract into ceramide
and sphingosine by the sequential actions of sphingomyelinase
and ceramidase, respectively. Sphingosine is thought to be
rapidly converted into S1P and then ultimately into palmitate
by intracellular metabolism (25). Thus, the metabolic fate of
S1P as well as receptor-dependent S1P signaling may be im-
portant in the intestinal cells. In this report, we show that
transcripts for S1P1, S1P2, and S1P phosphatase are upregu-
lated and that S1P lyase is downregulated in intestinal adeno-
mas compared to the normal mucosa in Apc™*/* mice. Tran-
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scripts for other S1P metabolic enzymes and receptors are
expressed at equivalent levels. These data suggest that S1P is
metabolized in the normal and pathological intestinal tissues
and is likely to be involved in signaling events via its receptors.

In contrast to uM levels of S1P found in blood, intestinal
tissues contain low levels (nM) of S1P. However, the polyp
tissues from the Apc™’* mice contain S1P levels that are
about twofold higher than those of the normal mucosa, sug-
gesting that either activation of sphingosine kinases or de-
creased activity of degradative enzymes (such as S1P lyase and
phosphatase) influences the steady-state levels of S1P. Alter-
natively, increased vascular permeability in the adenoma tissue
would lead to enhanced deposition of plasma-borne S1P.

In this study, we focused on the role of the Sphk1 isoenzyme.
Expression studies indicate that several cell types in the intes-
tinal adenomas of Apc™™* mice express this enzyme. Al-
though inflammatory cells in the stroma express the highest
levels of Sphkl, the epithelial cells also express significant
levels. These data suggest that Sphkl may be involved in the
generation of S1P in both tumor cells and the stromal micro-
environment. However, Sphkl protein levels are present in
both normal mucosa and adenoma tissues, suggesting that this
enzyme may be involved in multiple functions in both normal
and pathological intestinal tissues.

We also examined the expression of Sphkl in human colo-
rectal cancer tissues and normal mucosa in the colon. In nor-
mal colonic mucosa, stromal inflammatory cells express high
levels of Sphk1, which is similar to the pattern in mouse small
intestinal tissues. Differentiated colonic epithelial cells near
the lumen express high levels of Sphkl, suggesting that this
gene is expressed during the differentiation pathway of epithe-
lial cells. In colon carcinoma cells, a high level of expression
was seen in the cancer cells themselves. However, endothelial
cells in the blood vessels as well as inflammatory cells also
express significant levels. Analysis of multiple tumor samples
indicated that ~63% of tumors express high levels of Sphkl,
suggesting that Sphk1 may have a regulatory function in intes-
tinal tumorigenesis. Recently, Kawamori and colleagues re-
ported that Sphk1 is overexpressed in human colorectal cancer
and in azoxymethane-induced aberrant crypt foci and tumors
in the rodent colon (14).

To definitively address the role of Sphk1 in intestinal tumors,
we analyzed the small intestinal polyps in bigenic Apc™™/*
Sphkl~'~ mice. The incidence of adenomas was unchanged,
but the size distribution was markedly diminished in Apc™™/*
Sphk1~'~ mice, suggesting that Sphk1 expression is critical for
the progression phase of tumor development. It also suggests
that Sphk1 does not regulate the initiation of intestinal tumors.
In this respect, this phenotype resembles the cPLA, knockout
mice described previously by Takaku and colleagues (39).

It is known that an Apc™*/* mutation drives the initiation of
tumors by the Wnt/B-catenin signaling pathway (6). Our find-
ings suggest that the function of Sphkl1 is distinct from that of
the B-catenin signaling pathway. In agreement with this, ex-
pression analysis of B-catenin in the intestinal adenoma tissues
indicated that the level as well as the subcellular distribution of
this critical oncogenic protein are unaltered by an Sphk1 gene
deletion. The fact that Sphk1 function is independent of the
B-catenin pathway is further underscored by the finding that
expression of COX-2, which is required for the B-catenin-
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dependent development of polyp progression (40), is unaltered
by the Sphkl gene deletion. These results are somewhat dis-
crepant from those reported in the recent work by Kawamori
et al., who showed that COX-2 expression is correlated with
Sphkl in colorectal cancer tissues and in azoxymethane-in-
duced tumors in rodents (14). The reason for this incongruity
is unclear but may be related to the specifics of the model
under study. In the azoxymethane model, tumors are found
primary in the colon, whereas small intestinal adenomas de-
velop in the Apc™™'* model. In the Apc™™* model, COX-2 is
induced primarily in the stromal cells, which is distinctly dif-
ferent from the epithelial expression observed in the
azoxymethane model. Thus, Sphk1 induction of COX-2 may be
cell type specific.

Bigenic crosses between Apc mice and SIpIrt/~,
S1p2r~'~, and SIp3r~'~ mice indicated that the null mutation
in each of these receptors does not influence intestinal polyp-
osis. Indeed, Apc™™/* SIplr*/~ mice contained significantly
higher numbers of intestinal adenomas even though the size
distribution was not altered. The data suggest that the ability of
Sphk1 to influence adenoma progression is independent of
S1P1-3 receptors. In support of this, levels of phosphorylated
MAP kinases (phospho-ERK and phospho-p38), which are
downstream targets of S1PRs, were unaltered by the SphkI
gene deletion. These findings strongly suggest that the intra-
cellular function of Sphkl, as opposed to the extracellular
signaling of the product S1P, is involved in the regulation of
intestinal adenoma progression.

Sphingolipids in the polyp tissues of Apc™*'* Sphk™'* mice
and Apc™™'* Sphkl~'~ mice were quantified using a highly
sensitive LC/MS/MS assay. Although there was a trend to-
wards reduced S1P levels in the polyps of Apc™™/™ Sphkl '~
mice, the alterations did not reach statistical significance. The
residual S1P is likely synthesized by the Sphk2 isoenzyme. In
contrast, tissue sphingosine levels were higher in the polyps
(~10-fold above S1P levels), and Apc™™* Sphkl ™'~ mice
contained significantly higher levels than the Apc™"/*
SphkI*'* mice. These data suggest that a lack of the Sphkl
enzyme caused the accumulation of the substrate sphingosine.
Enhanced sphingosine levels may be one reason why adenoma
progression is attenuated in the Apc™/* Sphk1~'~ mice. This
is consistent with the proposal by Schmelz et al. that sphin-
gosine may be a tumor suppressor lipid (34).

S1P and sphingosine are potent regulators of cell prolifera-
tion, apoptosis, and angiogenesis (12). We therefore quantified
these parameters in the intestinal adenomas of Apc™™/*
Sphkl1~'~ mice and their Apc™™/* Sphkl1™* counterparts. A
significant reduction in tumor cell proliferation was observed
in the Apc™™™* Sphkl~'~ mice, suggesting that the ability of
Sphk1 to suppress adenoma progression is likely to be due to
the suppression of cell proliferation. Although a slight suppres-
sion of angiogenesis and induction of apoptosis were observed,
such alterations were not as dramatic, suggesting that these
processes are unlikely to be primarily responsible for the
growth-inhibited phenotype. Furthermore, expression patterns
of villin and alkaline phosphatase were not altered by the
Sphkl gene deletion, suggesting that progenitor cell differen-
tiation along the crypt-villus border and maturation along the
villus are not involved. Thus, the primary reason for the sup-
pression of tumor progression appears to be due to the re-

Min/+
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quirement for SphkI in tumor cell proliferation. Since Sphk1 is
expressed in both epithelial and stromal cell compartments, we
cannot at present ascertain if it functions in a cell-autonomous
manner or whether cell-cell interactions between epithelial
and stromal compartments are required. Indeed, c-myc expres-
sion in the stromal cells and Cdk4 expression in the epithelial
cells are markedly downregulated in Sphkl null intestinal tis-
sues, suggesting the function of Sphkl on both epithelial cell
and stromal compartments.

Sphingosine levels in intestinal adenomas are increased by
the Sphkl gene deletion, suggesting that the intracellular ac-
tion of sphingosine may mediate the growth-suppressive ac-
tion. It is known that sphingosine is a potent inhibitor of cell
growth and an inducer of apoptosis (36). How sphingosine
induces these effects is not entirely clear; however, the modu-
lation of intracellular phosphorylation mechanisms by sphin-
gosine-dependent kinase as well as the modulation of mito-
chondrial pathway of apoptosis may be involved (38).

Given that Sphk1 function is likely to be critical for intestinal
epithelial cell proliferation, we used RIE cells, an immortal-
ized nontransformed in vitro model (7). Inhibition of Sphk1 by
DMS inhibited cell cycle progression, and the overexpression
of Sphk1 resulted in an enhancement in the G,/S transition of
the cell cycle in RIE cells. To directly test whether sphingosine
is capable of regulating cell cycle traverse, we treated RIE cells
with sphingosine or C6-ceramide. Sphingosine treatment in-
hibited cell proliferation and downregulated Cdk4 expression
and phosphorylation of phospho-Rb. These data strongly sug-
gest that the intracellular action of sphingosine is involved in
the regulation of the G,/S traverse of the cell cycle in intestinal
epithelial cells. It is likely that the downregulation of Cdk4 is a
major mechanism involved. Since Cdk4 phosphorylates the Rb
protein during G,/S cell cycle traverse, downregulation of this
critical protein by sphingolipid metabolism may be an impor-
tant regulatory mechanism.

A major finding of this study is that the intracellular function
of Sphk1, independent of the extracellular signaling of its prod-
uct, S1P, is critical for the growth of intestinal adenomas. We
speculate that within the sphingolipid-rich environment of the
intestinal mucosa, sphingosine, a by-product of sphingomyelin
metabolism, may play a regulatory role as a suppressor of
intestinal tumorigenesis. Indeed, sphingolipid feeding studies
have suggested that sphingosine is capable of inhibiting aber-
rant crypt focus formation in a carcinogen (azoxymethane)-
induced model in rodents (18, 22, 34). In the context of a
tumor suppressor gene mutation (i.e., Apc™™/*), a reduction
of sphingosine levels by the action of Sphkl is needed for
optimal cell proliferation and polyp progression. The main
finding of this study, that Sphk1 regulates cell proliferation and
adenoma size, is potentially significant because these data sug-
gest Sphk1 as a novel target in the control of intestinal cancer.
We speculate that alternative ways of enhancing sphingosine
levels in the intestinal tract by either metabolic alterations or
dietary manipulation may be tumor suppressive.
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