Immunofluorescence analysis. Tissues were processed as for
immunohistochemistry, with the exception that sections were
not exposed to hydrogen peroxide. Sections were incubated for
40 min at room temperature with 10 mM HCI containing pepsin,
and incubated for 60 min at room temperature with 2 N HCI
then 0.1 M sodium tetraborade (pH 8.5), washed three times
with PBS before exposure for 1 h at 30°C to primary antibodies
diluted in PBS. The sections were washed three times with PBS,
incubated with appropriate Alexa Fluor 488-conjugated or Texas
red-conjugated secondary antibody (Invitrogen, Tokyo, Japan),
diluted in PBS, washed three times with PBS, and mounted in
Vectashield mounting medium (Vector Laboratories). Sections
were viewed and photographed with a Biorevo BZ-9000 fluores-
cence microscope (Keyence, Tokyo, Japan).

Antibodies. The IM7 (diluted 1:100) and CD44v8-10 (1:100)
anftibodies were used to detect mouse CD44 and CD44 variant
(CD44v), respectively. Proliferating cells were detected with the
Ki67 antibody (clone Bu201, 1:50; DakoCytomation).

Preparation of rat monoclonal antibody recognizing mouse
CD44v. Female F344 rats were repeatedly immunized with
RH7777 cells expressing mouse CD44v8-10-GFP. Three days
after the final immunization, rat spleen cells were fused to X63
mouse myeloma cells with PEG (Roche Diagnostics, Tokyo,
Japan). Selected and established hybridoma clones were
inoculated to KSN athymic mice pretreated with tetramethyl-
pentadecane (pristane). Ascitic fluids were precipitated with
50%-saturated ammonium sulfate. Further purification was done
by affinity chromatography with protein G-conjugated Sepha-
rose (GE Healthcare, Uppsala, Sweden).

Cell preparation and FACS analysis. Mouse gastric tumors
from 30-week-old K19-Wntl/C2mE mice were digested for 3 h
at 37°C in Ham’s F12 medium with 5% FCS, 100 U/mL peni-
cillin, 100 pg/mL streptomycin, 5 pg/mL insulin, 300 U/mL
collagenase, and 100 U/mL hyaluronidase. This digested solu-
tion was vortexed, then the red blood cells were lysed in NH,Cl
at room temperature. A single cell suspension was obtained by
sequential dissociation of the fragments by gentle pipetting in
0.25% trypsin (1-2 min) and 5 mg/mL dispase with 0.1 mg/mL
DNase I (2 min). The solution was then filtered through a 40-
um nylon mesh. All reagents were purchased from Stemcell
Technologies (Vancouver, Canada).

Single suspended cells were incubated with antibodies at 4°C
for 30 min. Antibodies for FACS analysis, CD31-FITC, CD45-
FITC, TER119-FITC, CD44-APC, and CDI133-PE were pur-
chased from eBioscience (San Diego, CA, USA). Dissociated
Lin™ (CD457, TER119”, CD317), propidium iodide™ (non-apop-
totic) gastric tumor cells were sorted by FACSAria Cell Sorter
(BD Biosciences, Tokyo, Japan) using anti-CD44 antibody.

Quantitative and. semiquantitative RT-PCR. analysis. Total
RNA was extracted from the sorted tumor cells using Isogen
(Nippon Gene, Tokyo, Japan), and was subjected to RT-PCR
with specific primers, and those specific for GAPDH were used
as an internal control. Primers for detection of CD44v mRNAs
were targeted to exons 5 and 16, as described previously.®*V
Quantitative RT-PCR was carried out using the Thermal Cycler
Dice Real Time System (Takara Bio, Tokyo, Japan). The PCR
conditions were as follows: 95°C for 2 min, and 40 cycles at
95°C for 30's, 60°C for 30 s, followed by dissociation-curve
analysis to confirm specificity. Data are presented as
means = SD of ftriplicates. Primer sets for RT-PCR were:
CD44v forward, 5-GGAGATCAGGATGACTCCTTCT-3’ and
reverse, 5-AGTCCTTGGATGAGTCTCGATC-3’; MUCSAC
forward, 5-CTACCACTCCCTGCTTCTGC-3' and reverse,
5-TCCTGGCTACACATCGCATA-3"; CD133 forward, 5’-GA-
AAAGTTGCTCTGCGAACC-3’ and reverse, 5-CTCGACC-
TCTTTTGCAATCC-3"; and GAPDH forward, 5'-GTGAAGGT
CGGTGTGAACG-3' and reverse, 5'-GACCATGTAGTTGAG-
GTCAATG-%.
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Statistical analysis. Data are presented as means + SD and
were analyzed using the unpaired Student’s r-test in Excel 2007
(Microsoft, Redmond, WA, USA). A value of P < 0,05 was
considered statistically significant.

Results

CD44 differentially expressed in undifferentiated cells located
at center of gastric tumors in K719-Wnt1/C2mE mice. KI9-
Wntl/C2mE mouse, which overexpress Wntl, COX2 and
microsomal prostaglandin E synthase 1 (mPGES-1) in gastric
epithelial cells, is a genetic model for gastric carcinogenesis.
Simultaneous activation of both Wnt and PGE, pathways causes
large dysplastic gastric tumors, and all of these transgenic ani-
mals became moribund at approximately 30-50 weeks of age.
One hundred percent of the gastric tumors in KI19-Wntl/C2mE
mice arose from the region of the SCJ (Fig. 1A-C).® Although
keratin 19 promoter is active in pancreas and intestines as well
as stomach, we did not find any tumor formation in the tissues
other than stomach because the expression of transgenes, COX2
and mPGES-1, was silenced in those tissues by an unknown
mechanisms, as we previously described."!

We first examined the expression and distribution of the CSC
marker CD44 in gastric tumors of 30-week-old KI19-
Wntl/C2mE mice (Fig. 1D). Immunohistochemical analysis
revealed that CD44 expression is predominantly present in the
center of the gastric tumors (Fig. 1E) and weakly present toward
the periphery of the tumor (Fig. 1F). These results indicate that
the majority of CD44" tumor cells are preferentially located in
the central regions of gastric tumors. Given that the increased
expression of CD44 splicing variant isoforms (CD44v) is associ-
ated with tumor progression in various human adenocarcino-
mas, "> we next investigated CD44v expression in tumors of
KI19-Wntl/C2mE mice. Using RT-PCR analysis we detected the
expression of three variant isoforms in addition to the standard
form, and the DNA sequence analysis revealed that those variant
isoforms included exons v6-10, v7-10, and v8-10 (Fig. 1G). To
further investigate the expression of CD44v in KI19-Wnt1/C2mE
mice, we generated an antibody against the mouse CD44 v8-10
epitope and found that CD44v is expressed predominantly in
tumor. cells of K19-Wntl/C2mE mice (Fig. 1H).These results
are consistent with )previous observations in human gastric
adenocarcinoma, 413

To characterize CD44% tumor cells, we isolated CD44" or
CD44™ tumor cells from gastric tumors of KI19-Wntl/C2mE
mice by FACS and examined the mRNA expression of CD133,
a potential marker of undifferentiated cells in the gastrointestinal
tract,"® and the gastric epithelial differentiation marker
MUCSAC.? CD44¥ tumor cells show a high level of CD133
expression (Fig. 1I) and a low level of MUCSAC expression
compared to CD447 cells (Fig. 1J). Furthermore, FACS analysis
revealed that a large population of CD44™ cells (42.7%) express
high levels of CD133 compared to CD44 " cells (Fig. 1K). Based
on these findings, we assumed that CD44, which is expressed in
undifferentiated gastric tumor cells that are located in the center
of the tumor, plays a role in the maintenance and development
of gastric tumors.

CD44" gland at SCJ region of normal mouse stomach contains
some slow-cycling cells. The SCJ region corresponds to the
esophagus—columnar junction (EC junction) in humans and is a
frequent site of tumor development.®!? Therefore, we specu-
lated that the normal SCJ region would contain cells that are
susceptible to gastric carcinogenesis. In the corpus of the normal
mouse stomach, CD44" gastric epithelial cells were rarely
detected. However, we found one gland in the vicinity of the
SCJ that contains cells expressing high levels of CD44
(Fig. 2A). CD44" cells tended to be localized along the basal
side of the gland. We then immunohistochemically investigated
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Fig. 1. Pattern of CD44 expression in gastric tumors of K19:WntT/C2mE mice. (A-Q) Left panel shows a diagram of the wild-type mouse
stomach (A). The asterisk indicates the squamo-columnar junction region. Macroscopic image (B) and H&E staining (C) of the stomach from a 30-
week-old K19-Wnt1/C2mE mouse, (D-F) Immunohistochemical staining for CD44 (D) in the stomach of a 30-week-old K719-Wnt1/C2mE mouse.
The central (E) and distal (F) region of the gastric tumor is shown at higher magnification in the middle and right panels, respectively. Scale

lines = 5 mm (B), 1 mm (C,D), and 100 pm (E,F). (G) Total RNA isolated f

week-old K19-Wnt1/C2mE mice,

rom gastric mucosa of 30-week-old wild-type and gastric tumors of 30-

was subjected to RT-PCR analysis with specific primers targeted to exon 5 and 16 of CD44 mRNA. Direct

sequencing of the PCR’products revealed that CD44 variant (CD44v) (v6-10, v7-10, v8-10) was predominantly expressed in the. gastric tumors of
K13-Wnt1/C2mE mice. (H) Immunofluorescerice analysis of CD44v in gastric tumors of 30-week-old K19-Wnt1/C2mE mice. Scale line = 100 pm. (I)
Expression of CD133 in CD44" cells relative to that in CD44™ cells, Lin~ (CD45™, TER1197, CD317), propidium iodide™ (non-apoptotic) gastric tumor
cells were separated by FACS using anti-CD44 antibody and subjected to quantitative RT-PCR. analysis. *P < 0.01. (J) Expression of MUCSAC in
CD44™ cells relative to that in CD44* cells were determined by quantitative RT-PCR analysis. using. a similar method to that outiined in (G).
*P < 0.01. (K) Flow cytometric analysis of CD133 expression in CD44* or CD44~ cells. A control was included in the negative fraction (0-10%).

whether these CD44” cells express the standard form or variant
isoform of CD44. We found that CD44™ cells located at SCJ
gland express CD44 variant isoform like tumor cells (Fig. 2B).
This result suggests that gastric tumor in K19-Witl/C2mE mice
might be a result of neoplastic expansion of CD44v* cells at the
SCJ gland. To further characterize CD44" cells located in the
SCJ gland, we examined the proliferation status in these cells.
Such CD44™ cells in the SCJ gland were mostly negative for
Ki67, a marker of cell proliferation (Fig. 2B), suggesting that
they are quiescent or slow-cycling stem-like cells located near
proliferative progenitor cells.

We carried out BrdU labeling assays (Fig. 2C) to investigate
whether CD44* gastric cells in the SCJ gland showed a charac-
teristic peculiar to tissue stem cells, that is, slow cycling and
retention of the BrdU label in the nucleus over several weeks.??
Immunohistochemical analysis done by sequentially staining
with antibodies against BrdU and CD44 revealed that a few
label-retaining cells (LRCs) were located in the base of the SCJ
gland and that those LRCs expressed high levels of CD44
(Fig. 2D). These results suggested that these rare CD44* SCJ
cells have stem-like quiescent or slow-cycling characteristics.

Ishimoto et al.

PGE;-mediated signaling is essential for the expansion of
€D44" SCJ gland cells. Given that duplication of gastric glands
is thought to be mediated by stem cell division,?"” we hypothe-
sized that CD44™ SCJ cells would be cells-of-origin of the gas-
tric tumors - that - develop in KI9-Wntl/C2mE mice. Our
hypothesis was supported by immunohistochemical analysis of
the SCJregion in KI19-Wntl/C2mE mice at 12, 20, and
30 weeks of age, which showed that the CD44" gland cells
expanded ' concomitantly with gastric * tumor development
(Fig. 3A,B).

Wnt/B-catenin signaling is known to promote the prolifera-
tion ‘and self-reriewal of stem cells or progenitors during the
development of a variety of tissues.*? PGE, signaling has also
been found to enhance the number of stem cells and multipotent
progenitors in the hematopoietic system.*> Therefore, we next
investigated whether the expansion of CD44* SCJ cells in the
transgenic mice is mediated by PGE, or Wntl signaling. CD44*
SCJ cells were significantly expanded in 40-week-old K79-
C2mE mice, which overexpress COX2 and mPGES-1 and
develop preneoplastic hyperplastic legions. In contrast, CD44*
SCI cells were not expanded in KI79-Wnrl mice, which
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Fig. 2. CD44" gland cells at the squamo-columnar junction (SCJ) region in mouse stomach include label-retaining cells. (A) H&E staining and
immunohistochemical staining for CD44 in the SCJ region in wild-type mouse stomach. The boxed regions in the left panels are shown at higher
magnification in-the right panels. Col, columnar epithelium; $q, squamous epithelium. (B) Immunohistochemical staining for CD44 and Ki67 and
immunofluorescence  analysis of CD44 variant (CD44v) of the SCJ) region’ in wild-type mouse stomach. Black arrows (white arrows) and
arrowheads indicate mutually exclusive expression of CD44 (CD44v) and Ki67, respectively. (C) The protocol for the BrdU label—retgntion assay
using wild-type mice. (D) Immunohistochemical staining for BrdU in the SCJ region 10 days after BrdU injection. The boxed region in the left
panel is shown at a higher magnification in the middle panel and the right panel shows double staining for BrdU and CD44 in the same section.

Arrows indicate BrdU label-retaining cells in the SCJ region. Scale bars'= 100 um.

overexpress Wntl (Fig. 3C,D). These data indicate that PGE,-
mediated signaling plays a major role in- the expansion of
CD44" SCJ cells. Importantly, Wntl expression strongly
enhanced the expansion of CD44™ SCJ cells in the presence of
PGE, signaling (Fig. 3D), leading. to. gastric tumorigenesis.
PGE, signaling has been shown to induce cyclic AMP/protein
kinase A-mediated phosphorylation of B-catenin, leading to the
stabilization of B-catenin and activation of Wnt signaling in
hematopoietic stem/progenitor cells.?% Taken together, these
results suggest that the effects of PGE, signaling are promi-
nently enhanced by Wnt signaling in CD44" stem-like cells.
Majority of expanding slow-cycling tumor cells express high
levels of CD44. If the increased number of CD44" gland cells in
K19-Wnt1/C2mE mice tumors is due to expansion of the SCJ
gland, then slow-cycling LRCs might exist among the CD44*
gland cells. To test this hypothesis, we carried out assays to
measure long-term BrdU label retention using K19-Wntl/C2mE
mice (Fig. 4A). Immunohistochemical analysis revealed that
LRCs are mainly detected in CD44" gland cells located in the
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central region of tumors, whereas only a few LRCs were found
in the CD44" cells or cells expressing low levels of CD44 in the
periphery of the tumors (Fig. 4B,C). These findings suggest that
gastric tumors in the transgenic mouse model are initiated by
expansion of specific SCJ gland cells consisting of CD44" quies-
cent or slow-cycling stem-like cells.

Discussion

In this study, we found that the SCJ region of the normal mouse
stomach contains a gland consisting of CD44" cells, of which a
few are quiescent or slow-cycling stem cell-like gastric cells.
Furthermore, we showed that this characteristic gland containing
the stem-like CD44* SCJ cells expands in response to PGE,-
mediated signaling and constructs preneoplastic lesions. The cell
fate in the SCJ region is determined by conflicting extrinsic sig-
nals from the two adjacent epithelial tissues, namely squamous
and glandular tissues, and this region of the mouse stomach is
thus considered to be highly susceptible to oncogenesis.
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Fig. 3. CDA44" gland cells are expanded in K79-C2mE mice but not in K19-Wnt1 mice. (A) The gastric mucosal thickness, which reflects the size of
the tumor, in K19-Wnt1/C2mE mice at the indicated ages relative to that in age-matched wild-type mice. Data are means + SD from three mice.
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bars = 100 ym. (C) Immunohistochemical staining for CD44 at the SCJ region of K19-Wnt1 or K19-C2mE mice at 40 weeks of age. Arrows indicate
CD44* gastric glands at the SCJ region. Scale bars = 100 um. (D) Percentage of CD44* gland cell area per field of wild-type, K19-Wnt1, and K19-
C2mE mice at 40 weeks of age, and K19-Wnt7/C2mE mice at 30 weeks of age. Data are means + SD from three mice of each genotype. *P < 0.01.
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mice. (A) The protocol of long-term BrdU label- S ©
retaining assay using. K79-Wnt1/C2mE. mice. : (B) m 3
Immunofluorescence analysis of double staining for 3 X
BrdU label-retaining/CD44 in gastric tumors of 30- 2 B
week-old K19-Wnt1/C2mE mice. Scale bars = 50 ym. o 2
(C) Number of label-retaining cells in CD44* tumor £
cells at the central region or CD44™ tumor cells in = n
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*P < 0.01. e
Therefore, we assumed that the CD44" slow-cycling cells in the The normal gastric stem/progenitor cells are thought to be
normal stomach SCJ would be candidates for the cell-of-origin  located in the isthmus/neck region of gastric glands.*" It is not
of gastric CSCs in K19-Wnt1/C2mE mice. known whether the SCJ region of mice stomach, which
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corresponds to human EC junction, contains gastric stem/pro-
genitor cells. However, both the human EC junction and mouse
SCJ region are common sites of tumor development.!#?> Based

on this evidence and our present study, we presume that these
junctional regions in human and mouse might contain stem/

progenitor cells that expand in response to the activation of

PGE,-mediated signaling and - give ‘rise to  gastric tumor, .

although further investigations are needed to support this con-
cept. Furthermore, we found large numbers of CD44* gastric
glands in human adenocarcinomas and adjacent metaplasias, but
not in the normal gastric epithelium (data not shown). Thus, it is
possible that a few CD44™ stem-like cells; similar to the mouse
SCJ cells, reside in human normal gastri¢ epithelium and that
metaplastic changes, often triggered by chronic inflammation,
are induced by the expansion of CD44" stem-like cells through
the activation of PGE, signaling.

PGE,, an inflammatory mediator released at the site of tissue
inflammation, promotes colon adenoma growth in APC mutant
mice, and triggers the expansion of hematopoietic stem
cells.®® These observations suggest that PGE, and its down-
stream signaling effectors potentiate the self-renewal ability of
stem/progenitor cells in vivo. Importantly, we previously
reported that tumor necrosis factor-o, a mediator of PGE,-
induced inflammatory signaling, triggers sustained proliferation
of progenitor cells in gastric tumors of K19-C2mE mice.!?
Therefore, PGE, and its downstream targets might play key
roles in the regulation of CD44” slow-cycling cell expansion.

Aberrant activation of Wnt signaling, which regulates the
self-renewal of stem/grogenitor cells, has been shown to trigger
colon tumorigenesis.“*? In the present study, we found. that the
activation of Wnt signaling alone is not sufficient for CD44*
SCIJ cell expansion in the absence of PGE, signaling, as seen in
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K19-Wntl mice. In contrast, Wnt signaling cooperatively pro-
motes PGEj-induced CD44" gland cell expansion in KI9-
Wntl/C2mE mice. These results indicate that Wnt signaling
stimulates the proliferation of CD44" stem-like cells during
inflammation, leading to the enhancement of PGE,-induced
expansion of CD44" quiescent or slow-cycling cells in gastric
tumorigenesis.

It is important to note that CD44" cells in the normal SCJ
gland were LRCs and/or Ki67~ cells (Fig. 2B), suggesting that
CD44 expression is related to quiescent or slow-cycling charac-
teristics in normal stem cells. However;. in the’ glands expanded
by the cooperative activation of PGE; and Wnt, CD44 expres-
sion was found not only in LRCs and Ki67™ cells but also in
some Ki67" cycling cells (data not shown). These findings indi-
cate that CD44 expression does not strictly correlate with the
quiescent or slow-cycling status in the context of cancer cells.
Further investigations on the functional association of CD44
with various cell cycle regulators in both normal and cancer
cells are warranted.

Taken together, our present findings suggest that the eradica-
tion of the CD44" subpopulation consisting of quiescent or
slow-cycling cells and the suppression of Wnt/PGE,-mediated
CD44* cell expansion would be an interesting strategy for the
development of efficient therapies against gastric cancers.
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The development of gastric cancer is closely associated with
Helicobacter pylori (H. pylori) infection. The expression of
cylooxigenase-2 (COX-2), a rate-limiting enzyme for prostaglandin
biosynthesis, is induced in H. pylori-associated chronic gastritis,
which thus results in the induction of proinflammatory prostaglandin,
PGE,. The COX-2/PGE, pathway plays a key role in gastric
tumorigenesis. On the other hand, several oncoegenic pathways
have been shown to trigger gastric tumorigenesis. The activation of
Wnt/B-catenin signaling is found in 30-50% of gastric cancers, thus
suggesting that Wnt signaling plays a causal role in gastric cancer
development. Mutations in the bone morphogenetic protein (BMP)
signaling pathway are responsible for the subset of juvenile
polyposis syndrome (JPS) that develops hamartomas in the
gastrointestinal tract. BMP suppression appears to contribute to
gastric cancer development because gastric cancer risk is increased
in JPS. Wnt signaling is important for the maintenance of
gastrointestinal stem cells, while BMP promotes epithelial cell
differentiation. Accordingly, it is possible that both Wnt activation
and BMP suppression can cause gastric tumorigenesis through
enhancement of the undifferentiated status of epithelial cells.
Recent mouse model studies have indicated that induction of the
PGE, pathway is required for the development of both gastric
adenocarcinoma and hamartoma in the Wnt-activated and BMP-
suppressed gastric mucosa, respectively. This article reviews the
involvement of the PGE,, Wnt, and BMP pathways in the development
of gastric cancer, and gastric phenotypes that are found in transgenic
mouse models of PGE, induction, Wnt activation, BMP suppression, or
a combination of these pathways. (Cancer Sci 2009; 100: 1779-1785)

E pidemiological " studies - indicate that the regular use of
nonsteroidal anti-inflammatory drugs (NSAIDs) lowers the
mortality rate of gastrointestinal cancer.”’ The major target of
NSAIDs is cyclooxygenases (COXs), COX-1 and COX-2, which
are rate-limiting enzymes for prostaglandin biosynthesis (Fig. 1).
COX-1 is constitutively expressed in' most tissues and it is
considered- to be responsible for physiological levels of
prostaglandin.® In contrast, COX-2 is induced in inflammation
by various stimuli including cytokines and’ growth factors.®->
The induction of COX-2 expression is also found in a variety of
cancer tissues. Mouse genetic studies have demonstrated that
disruption of the Prgs2 gene encoding COX-2 results in the
suppression of tumor development in the intestine and skin,®7?
Moreover, various animal studies have confirmed that treatment
with NSAIDs or COX-2 selective inhibitors (COXIBs) suppressed
chemically induced tumor formation and xenografted tumor
growth.® These results, taken together, indicate that the COX-2
pathway plays an essential role in cancer development.
However, the mechanism of the COX-2 pathway underlying
gastric tumorigenesis has not yet been fully elucidated. To
investigate the possible crosstalk between the COX-2 pathway
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and oncogenic activation in gastric' carcinogenesis, a series of
mouse models have been constructed and examined as discussed
in this review.

Induction of the COX-2/PGE, pathway in gastric cancer

Regular use of NSAIDs is associated with a decreased incidence
of gastric cancer.®'? Induction of COX-2 is found in approximately
70% of gastric cancer, whereas the expression of COX-1 is not
elevated.!*! Gastric cancer can be divided into two histological
subtypes: intestinal and diffuse types, and the expression of
COX-2 is found predominantly in the intestinal-type gastric
cancer.!'” These results suggest that the COX-2 pathway plays a
role in the development of intestinal-type gastric cancer.

Infection with Helicobacter pylori (H. pylori) causes chronic
gastritis, which is associated with gastric carcinogenesis.!'® The
expression of COX-2 is significantly induced in the H. pylori-
infected gastric mucosa, and that COX-2 expression is suppressed
by the eradication of H. pylori."” Although the molecular mech-
anism for COX-2 induction in tumors has not been elucidated, it
is possible that the cytokine network is activated by infection
and induces the expression of COX-2. H. pylori can stimulate
Toll-like receptors (TLRS), leading to activation of the nuclear
factor-xB (NF-xB) pathway that induces the expression of COX-2
(Fig. 1).9%19 Moreover, TLR2/TLRY signaling by H. pylori
activates mitogen activated protein kinases (MAPK) including
p38, resulting in the activation of CRE and AP-1 elements on
the COX-2 gene promoter.!*?®

Microsomal PGE synthase-1 (mPGES-1), a PGE, converting
enzyme is functionally. coupled with COX-2.%" Simultaneous
induction of COX-2 and mPGES-1 is observed in gastric cancer
tissues suggesting induction of the PGE, pathway in gastric tumors
(Fig. 1).%*™ The level of mPGES-1 also decreases after the
eradication of H. pylori,®¥ thus indicating that H. pylori infection
induces the PGE, pathway through induction of both COX-2 and
mPGES-1. The PCE, level significantly increases in gastric cancer,™®
and the level is associated with the H. pylori infection status.®®

Gastric tumor development in mouse and rat models induced
by chemical carcinogens or Helicobacter infection is suppressed
by treatment with NSAIDs or COXIBs.*™2% H, pylori infection
in Mongolian gerbils induces gastric tumorigenesis, which is
quite similar to the course of human gastric carcinogenesis.
Importantly, treatment with H. pylori-infected and chemical
carcinogen-treated Mongolian gerbils with a COXIB suppressed
gastric carcinogenesis.®%3" These animal studies suggest that the
COX-2 pathway thus plays an essential role in H. pylori infection—
associated gastric tumorigenesis.
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K19-C2mE transgenic mice: A model for PGE, induction in
the stomach

KI19-C2mE transgenic mice express both COX-2 and mPGES-1
in gastric epithelial cells, which results in induction of the PGE,
pathway in the stomach (Fig. 2).%? KI19-C2mFE mice develop
hyperplastic lesions in the glandular stomach. Histologically, the
major cell type of hyperplasia is the mucous cell, which is similar
to that found in the spasmolytic polypeptide/ TFF2-expressing
metaplasia (SPEM; Fig. 2).%® The development of SPEM is
associated with an H. pylori infection and gastric adenocarcinoma,
thus suggesting that SPEM is an H. pylori-induced precancerous
lesion.®” It is thus possible that the PGE, pathway induced by
H. pylori infection is responsible for the development of SPEM.
Treatment with N-methyl-N-nitrosourea (MNU) to the H. pylori-
infected mice causes gastric tumor development. Notably, the
multiplicity of gastric tumors induced by H. pylori infection and
MNU treatment was significantly highér in' K19-C2mE mice
compared with wild-type mice.®> These results suggest that
PGE;-induced metaplastic hyperplasia is a precursor for chemical
carcinogen-induced gastric tumor.

Notably, macrophages infiltrate and are activated in the gastric

mucosa of KI19-C2mE mice.®? The activation of these macro- .

phages is suppressed by treatment with antibiotics, thus indicating
that- infectious stimuli activate the accumulated macrophages.
Importantly, the development of SPEM is also suppressed by
antibiotic treatment, thus suggesting that bacterial infection
activates macrophages, which is required for SPEM development.
Consistently, disruption of the tumor necrosis factor (TNF)-o.
gene in K19-C2mE mice results in the suppression of SPEM
development, thus suggesting that TNF-a derived from activated
macrophages plays an essential role in° SPEM formation.®¥
Moreover, it is conceivable that the induction of PGE, signaling
is the primary cause for the mucosal macrophage accumulation,
because the treatment of KI19-C2mE mice with a COXIB, but
not with antibiotics, inhibits macrophage infiltration. A possible
mechanism for the processes from H. pylori infection to SPEM

1780

P Wnt promotion

angiogenesis and activation of epidermal growth
factor receptor (EGFR) signaling are also possible
mechanisms of PGE, in tumorigenesis. COXIBs,
COX-2 selective inhibitors; NF-xB, nuclear factor-xB;
NSAIDS, nonsteroidal anti-inflammatory drugs;
SPEM, spasmolytic polypeptide/TFF2-expressing
metaplasia; TLRs, Toll-like receptors.

development through PGE, induction and macrophage activation
is depicted in Figure 1.

Activation of Wnt signaling in gastric cancer

Canonical Wnt signaling (Wnt/B-catenin signaling) is a critical
pathway in the regulation of development as well as in
tumorigenesis.®® In the absence of the Wnt ligand, cytoplasmic
B-catenin is phosphorylated by GSK-3[ within a complex containing
adenomatous polyposis coli (APC) and Axin, thus resulting
in “the degradation of B-catenin through the ubiquitin
proteasome pathway.®” When Wnt ligands bind Frizzled receptors,
phosphorylation of B-catenin is suppressed, leading to stabilization
and nuclear translocation of B-catenin (Fig. 3). Nuclear B-catenin
interacts with T-cell factor/lymphocyte enhancer factor (TCF/
LEF) to induce transcription of Wnt target genes. APC or B-
catenin mutation causes tumor development by activation of the
canonical Wnt signaling.

Patients with germ-line mutations in the APC gene have an
increased risk of gastric cancer.®® Moreover, B-catenin accumu-
lation, a hallmark of Wnt activation, is found in 30-50% of gastric
cancers.®*% These results suggest that Wnt activation is one of
the major causes of gastric cancer development. In gastric cancer,
mutations in B-catenin are reported, while APC mutations are
rarely detected.#!*» However, the incidence of B-catenin mutations
is less than 30% in the Whnt-activated gastric cancers,®® thus
suggesting mechanism(s) other than APC or B-catenin mutation
for activation of the Wnt pathway. It has been suggested that the
cytoplasmic B-catenin level is increased by E-cadherin downregu-
lation or B-TrCP mutation through decrease of E-cadherin-bound
membrane B-catenin or inhibition of B-catenin ubiquitination,
respectively (Fig. 3).%*5 These mechanisms may thus contribute
to the activation of Wnt signaling in gastric tumorigenesis. On
the other hand, the expression of the SFRPI, -2, and -5 genes
are silenced by promoter methylation in gastric cancer cells.®
SFRPs are secreted endogenous antagonist of the Wnt ligands.
Accordingly, it is possible that SFRP methylation is also an
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important mechanism for Wnt activation in gastric tumorigenesis
(Fig. 3).40 :

K19-Wnt1 transgenic mice: A model for Wnt activation in
the stomach

K19-Wntl transgenic mice express Wntl, one of the canonical
Wht ligands, in the gastric epithelial cells, which results in the
activation of Wnt signaling in the stomach (Fig. 2).“” The number
of undifferentiated epithelial cells increases in the KI19-Wntl
mouse stomach, thus suggesting that Wnt signaling keeps gastric
epithelial cells in an undifferentiated status. Small preneoplastic
lesions spontaneously develop in the gastric mucosa of K19-Wntl
mice, which consist of dysplastic epithelial cells (Fig. 2). However,
gastric tumors do not develop in K19-Wntl mice. It is thus possible
that the activation of Wnt signaling- can trigger tumorigenesis
and form small preneoplastic lesions; however, Wnt activation
alone is not sufficient for tumor development (Fig. 3).

To examine the effect of the PGE, pathway in the Wnt-activated
gastric mucosa, K19-Wntl mice were crossed with K19-C2mE
to construct compound transgenic mice (K19-Wntl/C2mE mice),
in which both the Wnt and PGE, pathways were activated in the
stomach simultaneously. Importantly, K19-Wntl/C2mE: mice
developed gastric adenocarcinoma (Fig. 2).%® The tumors con-
sisted of dysplastic epithelial cells, which sometimes invade the
smooth muscle layers. These results clearly indicate that the
simultaneous activation of the Wnt and PGE, pathways is
responsible for the development of gastric adenocarcinomas.
Importantly, the gene expression profile of KI19-Wntl/C2mE
mouse gastric tumors is similar to that of human intestinal-
type gastric cancer (Hiraku Itadani et al., submitted manuscript,
2009). Therefore, K19-Wntl/C2mE mice recapitulate human
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intestinal-type gastric cancer not only in the molecular etiology,
but also in the pathological and molecular characteristics of
tumors.

These results of mouse model studies suggest the following
possible scenario for gastric tumorigenesis (Fig. 3): H. pylori
infection causes the induction of the COX-2/PGE, pathway,
which thus leads to SPEM development. The activation of Wnt
signaling in the normal gastric mucosa causes small preneoplastic
lesions, but is not sufficient for tumor formation. When Wnt sig-
naling is activated in the PGE, induction—associated inflamed
mucosa, gastric. adenocarcinomas develop through cooperation
of the Wnt and PGE, pathways.

Suppression of BMP signaling in gastric tumors

Juvenile polyposis syndrome (JPS) is characterized by hereditary
gastrointestinal hamartomatous polyposis,*” a subset of which
is caused by germline mutations in the BMP receptor type IA
gene (BMPRIA).“® BMP ligands bind to a complex of the BMP
receptor type II and I, leading to phosphorylation of Smad1,5,8,
thereby allowing them to form a complex with Smad4.45%
These Smad complexes translocate to the nuclei and function as
transcription enhancers. BMP signaling inhibits epithelial
proliferation and promotes differentiation.®'» The suppression
of BMP signaling in the mouse intestine results in hamartomatous
polyp development,®**¥ elongated villi, and crypt fission.®® These
results suggest that the suppression of BMP signaling causes
tumorigenesis by the inhibition of epithelial cell differentiation.
Although the main affected site in JPS patients is the intestine, -
gastric polyps also develop in JPS, and the cancer risk in JPS
patients increases both in the colon and stomach.®*® Moreover,
the expression of BMP-2 is suppressed by promoter methylation
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Fig. 3. Schematic' presentation of the canonical Wnt signaling and cyclooxygenase (COX)-2/prostaglandin PGE, pathway in gastric tumor
- development. B-Catenin mutations, SFRPs methylation, and downregulation of E-cadherin or B-TrCP can activate Wnt signaling in gastric cancer.
Cooperation of the Helicobacter pylori (H. pylori)-induced COX-2/PGE, pathway with Wnt activation leads to the development of gastric
adenocarcinoma. Without the induction of the PGE, pathway, Wnt activation alone does not cause gastric cancer development. mPGES-1,

microsomal PGE synthase-1.

in gastric cancer cells,®” and stimulation of gastric cancer cells
with BMP-2 suppresses proliferation.®® These results suggest
that the inhibition of BMP signaling contributes to gastric
tumorigenesis through the suppression of differentiation.

K19-Nog transgenic mice: A model for BMP suppression in
the stomach

K19-Nog mice express noggin, an endogerious BMP antagonist,
inthe gastric epithelial cells, thus resulting in the inhibition of
BMP signaling in the stomach (Fig. 2).%® Noggin is a polypeptide
that inhibits BMP signaling by binding the BMP ligands.¢®
In the K19-Nog mice, the phosphorylation of Smadl,5,8 is
suppressed in the gastric gland by BMP inhibition. However,
K19-Nog mice do not develop gastric lesions, and the histology
of the gastric mucosa is normal (Fig. 2). To examine the effect
of cooperation of BMP suppression and PGE, induction, K19-Nog
mice were crossed with K19-C2mE to construct compound
transgenic mice (K19-Nog/C2mE mice), in which BMP signaling
is suppressed and the PGE, pathway is induced in the gastric
mucosa. Importantly, K19-Nog/C2mE mice develop large tumors
in the glandular stomach (Fig. 2). These results indicate that the
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suppression of BMP signaling is- insufficient. for gastric
tumorigenesis; however, the induction of the PGE, pathway does
promote tumor formation in the BMP-suppressed gastric mucosa.

Histologically, K19-Nog/C2mE mouse tumors are not dysplastic,
but consist of irregular branching of epithelial cell layers, combined
with dilated cysts (Fig. 2). Such histological characteristics are
distinct from adenocarcinomas: of K19-Wntl/C2mE mice, but
are typical of the hamartomas of JPS patients.®>35? These results
indicate that the suppression of BMP signaling associated with
PGE, induction causes gastric hamartoma development. Accord-
ingly, it is possible that types of genetic alterations determine
the histological types of tumors, e.g. adenocarcinoma by Wnt
activation or hamartoma by BMP suppression. Furthermore, the
induction of the PGE, pathway promotes tumor formation
regardless of the histological types (Fig. 2). Accordingly, it is
thus possible that H. pylori infection contributes to development
of both types of gastric tumors through PGE, induction.

It has been reported that BMP signaling negatively regulates
Wt signaling in the intestinal crypt.®® Namely, suppression of
BMP signaling enhances Wnt activity through the activation of
PI3K/Akt pathway. However, the B-catenin level in the KI19-
Nog/C2mE hamartomas is the same as that in the wild-type
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Fig. 4. Promotion of Wnt signaling by macrophage-derived tumor necrosis factor (TNF)-a in gastric cancer cells. (a) Representative FACS analyses
of Wnit-reporter gastric cancer cells, AGS-GFP, in which GFP expression is regulated by B-catenin/TCF. GFP intensity increased significantly when cells
were treated with conditioned medium (CM) from activated macrophages. (b) GFP intensity of reporter cells treated with indicated cytokines are
shown in the bar graph. Note that Wnt activity is elevated by treatment with TNF-a in a dose-dependent manner. (c) Hypothesis for gastric tumor
development. The level of Wnt signaling activated by genetic/epigenetic alteration is not sufficient for tumorigenesis. However, Helicobacter pylori
(H. pylori) infection-induced inflammation promotes the Wnt activation level through macrophage-derived TNF-o, which contributes to gastric

tumorigenesis. (a and b, reproduced from Oguma et al. EMBO J, 27: 1671-81, 2008, with permission from the Nature Publishing Group.)

mouse stomach, while it is markedly elevated in K/9-Wntl/C2mE
gastric tumors.®® These results indicate that gastric hamartomas
develop in K19-Nog/C2mE mice due to a Wnt-activation in-
dependent mechanism.

Possible mechanisms of the PGE, pathway in gastric
tumorigenesis

There are four G protein-coupled receptors for PGE,, EP1-EP4.
Among these receptors, the expression of EP4 increased
significantly in gastric tumors of both KI19-Wntl/C2mE mice
and K19-Nog/C2mE mice.®® Tt is thus possible that PGE, signaling
through EP4 plays a role in the development of adenocarcinoma
and hamartoma in the Whnt-activated and BMP-suppressed
gastric mucosa, respectively.

The promotion of the Wnt signaling activity beyond the basal
activation level may be important for malignant progression.®?
For example, increased accumulation of B-catenin is found in
the invasion front of colon cancer, suggesting that the increased
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Wit activation level contributes to tumor invasion.®® Hepatocyte
growth factor (HGF) and platelet-derived growth factor (PDGF)
increase the Wnt signaling activity in colon cancer cells,
suggesting that these factors function as Wnt promoters. 9
Notably, the level of Wnt signaling activity in gastric cancer
cells significantly increases when the cells are stimulated with a
conditioned medium from activated macrophages (Fig. 4a).®®
Moreover, TNF-0,, but not other proinflammatory cytokines,
caused an increase in the Wnt signaling activity in gastric cancer
cells (Fig. 4b).%% These results suggest the hypothesis that Wnt
activation, due to either genetic or epigenetic alterations in
normal epithelial cells, is not sufficient for gastric tumor develop-
ment. However, the Wnt activation level increases further in
the inflamed mucosa by macrophage-derived TNF-c, and such
Wnt promotion contributes to gastric cancer development (Fig. 4c).
The induction of the PGE, pathway leads to macrophage
accumulation in the gastric mucosa. It is therefore conceivable that
the induction of Wnt promotion is one of the important mechanisms
of the PGE, pathway in gastric tumorigenesis (Fig. 1).

Cancer Sci | October2009 | vol. 100 | no.10 | 1783
© 2009 japanese Cancer Association



Conclusions

Studies with mouse models have elucidated the roles of the
PGE, pathway in gastric tumorigenesis in the Wnt-activated and
BMP-suppressed gastric mucosa. Alterations in morphogen
signals, such as the Wnt and BMP pathways, can therefore
trigger gastric tumorigenesis by the suppression of epithelial
differentiation. However, alterations of these signals in the non-
inflamed stomach do not cause gastric tumor formation. In
contrast, alterations of these signals in the inflamed gastric
mucosa lead to the development of gastric tumors through
cooperation with the PGE, pathway. Moreover, mouse studies
show the possible mechanisms of PGE, in gastric tumorigenesis,

v
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i.e. macrophage accumulation and activation, subsequent SPEM
formation, and Wnt signaling promotion. Considering the

- multifunctional nature of PGE,, it is possible that other mechanisms

triggered by the PGE, pathway may also contribute to gastric
tumorigenesis, which should be further elucidated using mouse
models in the future. These studies will provide a rationale for
the inhibition of the PGE, pathway as a possible preventative
strategy against gastric tumorigenesis.
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Accumulating evidence suggests that platelet-type 12-lipoxygenase
(p12-LOX) plays an important role in tumor development. How-
ever, how p12-LOX contributes to tumorigenesis is still not un-
derstood. The role of p12-LOX was therefore examined in tumor
promotion using mouse epidermal JB6 P+ cells that are sensitive
to 12-O-tetradecanoylphorbol-13-acetate-induced transformation.
The expression of p12-LOX was significantly higher in JB6 P+ cells
than in JB6 P— cells that were resistant to transformation, and its
expression was further increased by tumor necrosis factor (TNF)-
o. Importantly, the inhibition of p12-LOX in JB6 P+ celis by bai-
calein, a specific inhibitor or small interfering RNA significantly
suppressed TPA-induced transformation. Moreover, treatment
with 12(S)-hydroxyeicosatetraenoic acid (HETE), a metabolite of
p12-LOX, enhanced TPA-induced neoplastic transformation either
in the presence or absence of baicalein. These results indicate that
p12-LOX is required for tumor promotion of epidermal cells and
that 12(S)-HETE functions as a rate-limiting factor. Notably, treat-
ment with baicalein significantly suppressed the proliferation of
JB6 P+ cells when cells were seeded at a low density in a culture
plate. Moreover, the cloning efficiency of JB6 P+ cells was dramat-
jcally decreased by inhibition of p12-LOX. In contrast, baicalein
treatment did not affect the cloning efficiency of most malignant
cancer cells. These results indicate that p12-LOX is induced by the
inflammatory cytokine TNF-« in the early stage of tumorigenesis,
and is required for tumor promotion through enhancing efficient
proliferation of a small number of initiated cells. The present re-
sults suggest that the p12-LOX pathway may be an effective target
of chemoprevention for skin carcinogenesis.

Introduction

The cyclooxygenase (COX) and lipoxygenase (LOX) are two impor-
tant enzyme classes that metabolize polyunsaturated fatty acids and
play important roles in tumorigenesis (1). COX-2, one of the COX
isoenzymes. plays a variety of pathological roles including cancer
development (2). Previous studies have demonstrated that the induc-
tion of COX-2 is responsible for intestinal tumorigenesis (3) and that
prostaglandin (PG)E,, one of downstream products of COX-2. is re-
quired for carcinogenesis in the stomach through cross-talk with ac-
tivated Wnt signaling (4,5).

Abbreviations: COX. cyclooxygenase: GAPDH.  glyceraldehydes-3-
phosphate dehydrogenase; HETE. hydroxyeicosatetragnoic acid; LOX. lipoxy-
genuse: MTT, 3-(4.5-dimethylthiazol-2-y))-2.5-dimethyltetrazolium bromide;
NDGA. nordihydroguaiaretic acid: p12-LOX, platelet-type 12- lipoxygenase;
PG, prostaglandin: RT-PCR. reverse transcription—polymerase chain reaction;
SIRNA. small interfering RNA: TNF-=, tumor necrosis factor-o: TPA, 12-0-
tetradecanoylphorbol-13-acetate.

Among the LOX family members. it has been suggested that
platelet-type 12-lipoxygenase (p12-LOX) plays an important role in
tumorigenesis (6,7). The expression of p12-LOX is absentor ata basal
level in the normal tissues (6.8). However, the induction of p12-LOX
is widely found in human cancer tissues that develop in the colon (9).
prostate (10.11), stomach (12) and skin (13). In animal models, the
p12-LOX expression is also found in xenografts of melanoma (9) and
in skin tumors developed by an initiation/promotion protocol (14).
Moreover. it has been shown that p12-LOX expression is associated
with the advanced stages of human prostate cancer and its levels
increase in metastasized tumors in a mouse model (10,11). These
analyses suggest that p12-LOX contributes to development and pro-
gression of various types of cancers.

The treatment of cancer cells with baicalein, a p12-LOX inhibitor,
has also been shown to result in the induction of apoplosis and in-
hibition of tumor xenograft growth in immunodeficient mice (13,
15-17). Consistently, the forced expression of the p12-LOX gene or
stimulation with 12(S)-hydroxyeicosatetraenoic acid ( HETE). a me-
tabolite of p12-LOX, has been shown to induce celf proliferation and
survival (16,18.19). Moreover, it has been reported that p12-LOX
induces cell spreading. integrin-dependent cell survival (19.20) and
angiogenesis through the induction of vascular endothelial growth
factor expression (21,22). Accordingly, it is conceivable that the
p12-LOX pathway also contributes to tumor progression through
the acceleration of cell survival, migration and angiogenesis.

Genetic experiments have indicated that p12-LOX plays an impor-
tant role in skin tumorigenesis. In the initiation/promotion skin car-
cinogenesis model, multiplicity and incidence of squamous cell
carcinoma are suppressed significantly by the disruption of the p12-
LOX gene (23). Accordingly. it is possible that pt2-LOX is important
for tumor promotion of the initiated cells during skin carcinogenesis.
To assess this possibility, we have investigated the role of p12-LOX
and 12(S)-HETE in promotion of epidermal cell transformation using
mouse JB6 P+ cell line. The cells of this line are transformed by
stimulation with tamor promoters such as TPA or tumor necrosis
factor (TNF)-« and, therefore, are useful to examine the mechanisms
involved in the promotion of epidermal cell transformation (24.25).
Clonal variant JBG P— cells are resistant to tumor promoter-induced
transformation. As a result, we therefore used JB6 P— cells. in addi-
tion to P+ cells, to examine the role of p12-LOX in the transformation
process.

We demonstrate here that expression of p12-LOX is increased sig-
nificantly in JB6 P+ cells but not in JB6 P— cells. Moreover, inhibi-
tion of p12-LOX of JB6 P+ cells suppresses colony formation in soft
agar, whereas treatment with 12(5)-HETE accelerates it. In addition.
we show that the p12-LOX pathway is responsible for proliferation
from a single cell or a small number of cells. These results suggest that
p12-LOX contributes to tumor promotion through the acceleration of
initiated cell proliferation and that lack of p12-LOX is thus considered
10 be one of the causes for the resistance of JB6 P— cells against tumor
promoter-induced transformation.

Materials and methods

Reverse mranscription-polymerase chain reaction analysis

RNA samples were prepared from cultured cells or mouse tissue samples using
the ISOGEN solution (Nippongene. Tokyo, Japan). Mouse gastric tumors and
intestinal polyps were obtained from K79-Wnl/C2mE wmice (6) and Apei?it
mice (26). respectively. Contro} tissues were obtained from normal tissues of
the same mice or wild-type mice. Extracted RNA was reverse transcribed and
amplified by PCR with the following primer set: p12-L.OX (F-5'-GC-
GGTCTTCGAATTGAACTT-3" and R-5'-CAGGAACAGTGTTGGAGCTG-
3'): epidermal-type 12-LOX (F-5'-CAGGAGCTGGAGAACAGAAGG-3" and
R-5'-GAACTGGTACCCAAAGAGAGCATC-3'): leukocyte-type 12-LOX
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(F-5"-GGCTCCAACAACGAGGTCTA-3' and R-5'-AGTTCCTCCTCCCT-
GTGGTT-3'):  5-LOX (F-5'-AATGGAGGTGGTGAGCATCTA-3' and
R-5'-TCCTTCACTGGCTTCTCAATG-3"); 8-LOX (F-5'-CGAAATGCAGG-
GTGAGAGTA-3’ and R-5'-TCCTGCAGTGTAGGGTGATG-3"). Animal ex-
periments were carried out according to the protocol approved by the
Committee on Animal Experimentation on Kanazawa University.

Cell culnure and soft agar colony formation assay

IB6 P+ (Cl 41-5a) and JB6 P— (Cl 30-7b) cells were obtained from the
American Type Culture Collection (Manassas, VA). The cells were cultured
in modified Eagle's medium supplemented with 5% fetal bovine serum and
incubated in a 5% CQ, at 37°C. For the soft agar colony formation assay, JB6 P+
and JB6 P— cells were exposed to TPA (Calbiochem, San Diego. CA) at
10 ng/ml in 1 ml of basal medium eagle (Invitrogen, Grand Island, NY) with
10% fetal bovine serum and 0.33% agar and then seeded in a six-well plate
(10% cells per well). Soft agar cultures were maintained in a 5% CQ, incubator
at 37°C for 14 days and stained with Giemsa stain solution (Wako, Osaka,
Japan) and the number of colonies was scored using a stereomicroscope and
Image J software program (National Institutes of Health). A non-selective LOX
inhibitor nordihydroguaiaretic acid (NDGA). a selective 12-LOX inhibitor
baicalein (Tocris Biosciences, Ellisville. MI) or a selective 5-LOX inhibitor
AA-861 (Sigma, St Louis, MO} was added to the agar containing medium at 5
UM (NDGA and baicalein) or 10 uM (AA-861) to test their inhibitory effect on
anchorage-independent transformation. To examine the effect of 12(S)-HETE.
cells were pre-treated with 12(S)-HETE (Cayman Chemical, Ann Arbor, MI) at
0.1 uM or 1 pM for 1 day prior to stimulation with TPA and were plated as
described above for the soft agar colony formation assay. All soft agar colony
formation assays were repeated three times. and the mean colony numbers and
standard deviation were calculated.

Subcutaneous transplantation of wmor cells to mice

1B6 P+ cells were stimulated with TPA at 10 ng/ml for 12 h and inoculated
subcutaneously at 1.0 x 10° cells per site to three sites per mouse for four
mice each for drug-treated and no-treated group (Balb/c-nu/nu: Charles River
Laboratories Japan. Tokyo. Japan). At 5 days after inoculation, 50 ul of TPA
(10 ng/ml in phosphate-buffered saline) was injected subcutaneously. into the
inoculation site, After palpable tumors developed, baicalein was administered at
20 mg/kg/day in 0.5% methylcellulose (Wako) per os. and treatment was con-
tinued for 14 days. In another dosing experiment, baicalein treatment started
from day 7 after cell inoculation and the treatment was continued until 1 week
after palpable tumors developed in the control mice. The dosing protocol has
been reported to inhibit p12-LOX activity in vivo (27). The tumor size was
measured every 2 days during drug treatment using six developed tumors for
each experiment and the mean tumor volume and standard error were calculated.

BrdU labeling analysis

Mice were injected intra-peritoneally with 100 pi of BrdU solution (BD Phar-
mingen. San Diego, CA) at 1 h before euthanasia. The tumor tissues were fixed
in 4% paraformaldehyde, embedded and sectioned at 4-pm thickness. These
sections were stained with anti-BrdU antibody (BD Pharmingen). The immu-
nostaining analysis was repeated three times,

Small interfering RNA transfection

The target sequence of three small interfering RNAs (siRNAs) against
P12-LOX were as follows: A, sense: GGGUGCAGGGAGAGGGAAUTT, an-
tisense: AUUCCCUCUCCCUGCACCCTT: B, sense: GGAUGGAAUUC-
CAGCUAAUTT. antisense: AUUAGCUGGAAUUCCAUCCTT and C,
sense: CAUCUCAGAUGGAGGAAUATT. antisense: UAUUCCUCCAUCU-
GAGAUGTT. We confirmed the siRNA sequences to be specific for mouse
p12-LOX by GenBank database search. There is no transcript in the database
that has >80% homology with siRNA sequences except for p12-LOX. These
three siRNAs (A, B and C) were mixed and transfected into JB6 P+ cells at
50 nM using siFECTOR (B-Bridge. Sunnyvale, CA) prior to TPA stimulation.
A decrease of pl12-LOX mRNA by siRNA mansfection was confirmed by
RT-PCR and immunoblotting analysis.

Immunoblotting analvysis

Cells were collected in buffer and sonicated. After centrifugation at 20 000g,
20 pg of the supernatant was separated in a 10% sodium dodecyl sulfate~
polyacrylamide gel. Antibody for 12-LOX (Santa Cruz Biotechnology, Carls-
bad, CA) was used as the primary antibody. The enhanced chemiluminescence
detection system (Amersham Biosciences, Buckinghamshire, UK) was used to
detect the specific signals.

NF-KB activation assay
IB6 P+ and JBS P— cells were stimulated with TNF-a (Calbiochem) at 10 ng/ml
in the presence or absence of baicalein (Tocris Biosciences) at 5 uM, and the

p12-LOX in tumor promotion

nuclear extract of these cells was prepared using NE-PER Nuclear and Cytoplasmic
Extraction Reagents (PIERCE. Rockford, IL). Activity of NF-xB was measured
using NF-xB p65 Transcription Factor Assay Kit (Active Motif, Carlsbad, CA).

Cell proliferation assay

The cell proliferation rate was determined using an 3-(4,5-dimethylthiazol-2-
yD-2,5-diphenyltetrazolium bromide (MTT) assay kit (Nacalai Tesque, Kyoto,
Japan) according to the manufacturer’s protacol. Briefly, 10% or 107 cells were
plated to each well of a 96-well microplate and cultured overnight, and the
cells of the drug-treated group were treated with NDGA (5 pM) or baicalein
(5 uM). Following the drug exposure period (4 or 6 days). 10 ut of MTT (3 mg/mi
in phosphate-buffered saline) was added to each well and then the cells were
cultured further for 4 h. The formazan crystals that were produced by these
cultures were solubilized using 100 pl of isopropy! alcohol containing hydro-
chloric acid at 40 mM. and the absorbance at 570 nm was measured. All
experiments were repeated three times and the mean relative MTT assay results
to the no-drug control groups were then calculated and presented.

Cloning efficiency assay

IB6 P+ cells. two gastric cancer cells: AGS (American Type Culture Collection)
and Kato-1IT (Cell Resource Center for Biomedical Research. Tohoku Univer-
sity, Japan) and three colon cancer cells: HCT-116 (American Type Culture
Collection), DLD-1 and SW480 (Cell Resource Center for Biomedical Re-
search) were used for the cloning efficiency experiments. The gastrointestinal
cancer cells were maintained in Roswell Park Memorial Institute (AGS. Kato-II1
and DLD-1) or Dulbecco’s modified Eagle's medium (SW480 and HCT-116)
supplemented with 10% fetal bovine serum and cultured in a 5% CQ, incubator
at 37°C. The cells were suspended in the medium at 10 cells/ml, and 100 i was
dispensed to each well of 96-well microplate to expect plating a single cell in
each well. To examine the effect of p12-LOX on cloning efficiency, siRNA for
p12-1L.OX was transfected prior to TPA stimulation or baicalein was added to the
medium at 5 uM. After culture for 14 days, all wells were stained with Giemsa
stain solution (Wako). All experiments were repeated three times and the cloning
efficiency was calculated by dividing the number of wells containing prolifer-
ating cells with the total number of cell-plated wells.

Statistical analysis

The statistical significance of differences was determined by Student’s rtest.
Differences with a value of P < 0.05 were considered to be significant.

Results

Increased expression of p12-LOX in promotion-sensitive JB6 P+ cells

The expression level of p12-LOX was first examined by RT-PCR in
the promotion-sensitive JB6 P+ cells as well as in promotion-resistant
JB6 P~ cells. The level of p12-LOX mRNA in the IB6 P+ cells was
significantly higher than that in the JB6 P— cells (Figure 1A). Stim-
ulation with TPA at 10 ng/ml increased the p12-LOX expression level
in JB6 P— cells, although its highest level at 12 h was lower than that
of the basal level of JB6 P+ cells. In contrast, p12-LOX in the TPA-
stimulated JB6 P+ cells was increased only slightly possibly caused
by constitutive elevation of the basal level. No significant differences
were observed in either the expression of other LOX family members,
such as epidermal-type 12-LOX, leukocyte-type 12-LOX. 5-LOX and
8-LOX between IB6 P+ cells and JB6 P cells (Figure 1A).

Suppression  of  anchorage-independent
JB6 P+ cells by inhibition of p12-LOX
TPA treatment induced soft agar colony formation of JB6 P+ cells but
not of JB6 P~ cells that are a resistant line to tumor promoter-induced
transformation (Figure 1B). When IB6 P+ cells were treated with
a non-specific LOX inhibitor NDGA at 5 uM, the number of soft agar
colonies decreased significantly by 88%. Moreover, treatment with
baicalein, a p12-LOX specific inhibitor, at 5 pM also suppressed
colony formation in soft agar of JB6 P+ cells by 81% (Figure 1B
and C). It has been suggested that 5-LOX is also procarcinogenic
lipoxygenase among the LOX family members (1,6). However, treat-
ment with AA-861, a 5-LLOX specific inhibitor, at 10 yM did not
reduce the number of soft agar colonies (Figure 1B and C). These
results indicate that p12-LOX but not 5-LOX plays an important role
in the neoplastic transformation of JB6 P+ cells.

Baicalein has been reported to be a potent inhibitor of both retic-
ulocyte 15-LOX and pl2-LOX (28). Therefore. the effects of
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Fig. 1. The inhibition of p12-LOX in transformation-sensitive JB6 P+ cells suppresses colony formation in soft agar. (A) Representative RT-PCR results for the
P12-LOX, epidermal type 12-LOX (¢12-LOX). leukocyte type 12-LOX (/12-LOX). 5-LOX and 8-LOX are shown. The expression of p12-LOX is elevated in
transformation-sensitive JB6 P+ cells. whereas it remains at the basal level in transformation-resistant JB6 P— cells, The expression of other LOX members is at
the same level between JB6 P+ and JB6 P— cells. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as internal control. JB6 P+ and P— cells were
stimulated with TPA (10 ng/ml) for 24 h, and the mRNA levels were examined by RT-PCR chronologically at the respective time points indicated. Relative band
intensity of p12-LOX to the level at 0 h is indicated. (B) Representative photographs of soft agar cultures of JB6 P+ (top) and JB6 P— (bottom) cells are shown
(Giemsa staining). TPA treatment (10 ng/mi) induced soft agar colony formation in JB6 P+ cells (top. second pane! from left) but not in JB6 P~ cells (bottom.
second panel from left). Cells were treated with NDGA (5 pM). baicalein (5 M) or AA-861 (10 uM) in the presence of TPA (right three panels). Note that
treatment with a non-selective LOX inhibitor. NDGA, and a selective p12-LOX inhibitor, baicalein, resulted in significant suppression of soft agar colony
formation. whereas the 5-LOX inhibitor, AA-861. treatment did not. (C) The mean number of colonies per fiekl) (mean £ SD) is shown. Treatments of the cells
(drug treatment or siRNA transfection) are indicated below the histogram. ~£ <2 0.05 versus no-drug control of TPA-stimutated JB6 P=- cells. (D) Representative
RT-PCR tor p12-LOX in the siRNA-transfected JB6 P+ cells is shown. GAPHD was used as an internal control. (E) Immunoblotting for p12-LOX in the

SiRNA-transtected JB6 P cells is shown. B-Actin was used as an internal control,

p12-LOX inhibition on soft agar colony formation were examined
using a specific sSiIRNA. Transient transfection of siRNA against the
p12-LOX gene reduced the mRNA level in comparison with that of
control cells (Figure 1D). We also confirmed the protein level of p12-
LOX to have decreased in the siRNA-transfected JB6 cells (Figure 1E).
Importantly. the inhibition of p12-LOX in JB6 P+ cells by siRNA
transfection caused a significant suppression of TPA-induced neoplas-
tic transformation by 61% compared with that in the control cells
(Figure 1C). Therefore, the siRNA experiments confirmed the role
of p12-LOX in promotion step of JB6 P+ cell transformation.

442

pl2-LOX-independent growth of TPA-induced JB6 P+ nanors in
nude mice

We examined the possibility that p12-LOX is required for the in vivo
growth of tumor tissues consisting of JB6 P+ cells. TPA-stimulated
JB6 P+ cells formed palpable tumors in nude mice at 22 days after
subcutaneous inoculation (Figure 2A). In contrast to the anchorage-
independent transformation assays, treatment of the mice with baica-
lein at 20 mg/kg/day from day 26 to 40 (14 days) did not suppress
tumor growth (Figure 2A and B). There was no significunt difference
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Fig. 2. The inhibition of p12-LOX does not affect the tumor growth of JB6 P+ cells in vivo. (A) Photographs of TPA-stimulated JB6 P+ tumors developed in nude
mice before (left) and after (right) baicalein treatment (20 mg/kg/day) at 26 and 40 days after the inoculation of tumor cells, respectively. (B) The tumor volume
changes from day 25 to day 40 (mean + SE) are shown. Solid lines indicate baicalein-treated mouse tumors, whereas dashed lines show no-drug control mouse
tumors. (C) Representative photograph of BrdU incorporation (1 h) in the baicalein-treated tumor (right) and no-drug control tumor (left). Bars indicate 100 um.
Note that BrdU incorporation has increased in both baicalein-treated and baicalein-untreated mouse tumors. (D) Tumor volume at 1 week after palpable tumor
developed in the baicalein-treated mice (from day 7) and no-treated mice (mean = SE) is shown.

in the BrdU incorporation in tumor cells between baicalein-treated
and non-treated mouse tumors (Figure 2C). Moreover, tumor devel-
opment was not suppressed when the baicalein treatment started from
day 7 after tumor cell inoculation (Figure 2D). These observations
suggest that p12-1L.OX is less important for the JB6 tumor growth
in vivo which develops from 10% inoculated cells. Rather, p12-LOX
appeared to play an important role in the proliferation from a single
JB6 cell (see below).

Acceleration TPA-induced transformation of JB6 P+ cells by
12(S)-HETE treatment

We next examined the role of 12(5)-HETE, a metabolite of p12-LOX,
in tumor promotion. JB6 P+ cells were pre-treated with 12(S)-HETE
and the TPA-induced soft agar colony formation in the presence or
absence of baicalein was examined. Notably, the treatment of JB6 P+
cells with 12(S)-HETE reversed the inhibitory effects of baicalein on
TPA-induced colony formation in a dose-dependent manner (Figure
3A and B), thus indicating that 12(5)-HETE is responsible for tumor
promotion of JB6 P+ cells.

Importantly, even in the absence of baicalein, the number of TPA-
induced soft agar colonies of JB6 P+ cells was significantly increased
by treatment with 12(S)-HETE in a dose-dependent manner (Figure
3A and B). In contrast, 12($)-HETE treatment alone did not induce
the soft agar colony formation of the TPA-untreated JB6 P+ cells.
These results, taken together, indicate that 12(S)-HETE is a rate-hm-
iting factor for the promotion of JB6 P+ cell transformation, although
stimulation by a tumor promoter. such as TPA, is still necessary for
such promotion.

Induction of p12-LOX by TNF-o stimulation

JB6 P+ cells are also transformed by TNF-u stimulation, and TNF-o-
activated NF-xB is important for neoplastic transformation of JB6 P+
cells (29,30). Stimulation with TPA, acting through the mitogen-
activated protein kinase pathway, activates AP-1 and subsequently
NE-xB in JB6 P+ cells (31). Therefore, we examined the possibility that

p12-LOX is involved in activation of NF-kB in the TNF-o-stimulated
JB6 P+ cells. Consistent with the findings of a previous report, the
treatment of JB6 P+ cells with TNF-u significantly increased the NF-
kB activity (Figure 4A). Notably, the treatment of the cells with
baicalein did not affect the NF-xB activity in the TNF-o-stimulated
cells, indicating that the p12-LOX pathway is not required for the
activation of NF-xB. Although NF-xB was activated by TNF-¢ in
JB6 P— cells, the level was significantly lower than that in JP6 P+
cells (Figure 4A). We also confirmed that the TNF-g-induced NF-xB
activation in JB6 P— cells was not suppressed by the baicalein treat-
ment. In contrast, stimulation with TNF-o induced the p12-LOX ex-
pression both in JB6 P+ and JB6 P— cells (Figwe 4B). thus
suggesting that p12-LOX is induced by inflammatory responses
through the TNF-o/NF-xB pathway.

Suppression of cell proliferation by inhibition of p12-LOX
It has been shown that treatment with baicalein at 20-50 uM induces
apoptosis and suppresses proliferation in several types of cancer cells
(13,15-17). Therefore, the MTT assay was used to determine whether
the proliferation of JB6 P+ cells is suppressed by baicalein at 5 uM,
the same concentration used in this study. When 102 cells were plated
in each well of a 96-well microplate, JB6 P+ cells showed approxi-
mately 20% decreased proliferation compared with that of the control
cells both at day 4 and day 6 (Figure 5). Treatment with NDGA at
5 uM also yielded a similar suppression of proliferation.
Importantly, however, the proliferation of JB6 P+ cells was sup-
pressed more significantly by baicalein or NDGA when 102 cells were
plated in each well of a 96-well microplate (Figure 5). The number of
drug-treated cells decreased by 90% of that of control cells at 6 days;
the cells appeared to stop proliferation and they did not reach conflu-
ence after continuous culture for several days (data not shown). These
results suggest that p12-LOX is therefore essential for the prolifera-
tion of JB6 P+ cells when cells were plated at a low density. This is
consistent with the results of the in vivo experiments (Figure 2C)
showing that baicalein treatment did not affect cell proliferation in
the established tumors, where the cell density was very high.
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Fig. 3. Treatment with 12(S)-HETE enhances TPA-induced neoplastic
transformation of JB6 P+ cells. (A) Representative photographs of soft agar
cultures are shown (Giemsa staining). TPA-negative control cells (left). TPA-
stimulated and baicalein-treated cells (center) and TPA-stimulated but
baicalein-untreated cells (right). The cells were pre-treated with 12(S)-HETE
at 0.1 pM (middle panels) and 1 pM (bottom panels). Note that treatment
with 12(S)-HETE restored soft agar colony formation of baicalein-treated
1B6 P+ cells (center panels). The number of colonies increased by 12(S)-
HETE even in the baicalein-untreated JB6 P+ cells (right panels). (B) The
mean number of colonies per field is shown {mean  SD). Treatments of the
cells are indicated below the histogram, * P < 0.05 versus 12(S)-HETE-
untreated control of cach group.

Decrease of cloning efficiency of JB6 P+ cells by inhibition of
pl2-LOX

These results prompted us to examine the possibility that p12-LOX is
required for the proliferation from a solitary single cell. Such ability
of proliferation from a single celt is one of the important factors that is
required for tumorigenesis. The cloning efficiency of TPA-untreated
or TPA-treated IB6 P4+ cells was 54% and 44%. respectively
(Figure 6B), indicating that the cloning efficiency was independent
from TPA treatment. Notably, the transfection of siRNA for p12-1L.OX
suppressed the cloning efficiency significantly to 41% and 31% in the
TPA-untreated and TPA-treated JB6 P+ cells. respectively (Figure 6A
and B). More importantly. baicalein treatment dramatically reduced
the cloning efficiency to 3% and 5% in the TPA-untreated and TPA-
treated cells, respectively. These results indicate that p12-LOX is
essential for the clonal proliferation from a solitary JB6 P+ cell.
which should be important for the tumor promotion process. Although
the suppression of cloning efficiency was more effective after baica-
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Fig. 4. p12-LOX pathway is not required for TNF-a-induced NF-xB
activation, but is induced by TNF-o stimulation. (A) Relative NF-xB activity
to the untreated JB6 P— level is shown (mean + SD). Treatments of the cells
are indicated below the histogram. * P < 0.05 versus TNF-g-untreated level
of JB6 P~ and JB6 P+ cells. respectively. 1# < 0.05. (B) Representative
RT-PCR results for p12-LOX in the TNF-u-stimulated JB6 cclls are shown.
The expression of p12-LOX is induced both in JB6 P+ and P- cells by
TNF-o stimulation. GAPHD was used as internal control.

lein treatment than that after siRNA transfection, this difference may
be attributable to the transfection efficiency of siRNA.

pl12-LOX-independent clonal proliferation of malignant cancer cells

To investigate whether p12-LOX is required for the rumor promotion
step in other tissues. the expression of p12-LOX in gastric tumors of
K19-Wnt1/C2mE mice (5) as well as intestinal polyps of Apc?7!¢ mice
was examined (26). Interestingly, the p12-LOX expression was
significantly induced in both gastric and intestinal tumor tissues
(Figure 6C), suggesting the role of p12-LOX in tumorigenesis also
in the gastrointestinal tract. Therefore, the cloning efficiency of
gastric cancer cells (AGS and Kato-111) and colon cancer cells
(DLD-1. SW480 and HCT-116) was examined. The neatment with
baicalein at 5 puM significantly decreased the cloning efficiency of
SW480 cells. although the colonies still formed in 44% of the plate
wells (Figure 6D). The cloning efficiencies in other cell lines did
not show significant decrease by the inhibition of p12-LOX. Accord-
ingly, it is possible that progressing cancer cells acquire the ability
for p12-LOX-independent proliferation from a solitary cell, unlike
JBG6 P+ cells.

Discussion

Accumulating evidence indicates that expression of p12-LOX is in-
duced in several types of cancer tissues. whereas its expression is
absent or weak in the normal tissues (6). Moreover. p12-LOX expres-
sion increases in the advanced stage of cancer tissues. and the p12-
LOX pathway is involved in the suppression of apoptosis. induction of
cell survival and angiogenesis (10.15.19.21). These results suggest
that the p12-LOX pathway plays a role in tumor development. pro-
gression and metastasis. In addition to these results, the present study
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Fig, 5. Inhibition of p12-LOX significantly suppresses JBG P+ cell proliferation when cells are plated at a low density. Relative cell densities to no-drug control at
day 4 (left) and day 6 (right) after plating are shown (MTT assay, mean = SD). Open bars indicate relative cell density in the wells plated with 107 cells, whereas
black bars indicate 107 cells. Note that treatment with NDGA (5 pM) and baicalein (5 uM) suppressed proliferation significantly in the wells plated with 107 cells
compared with that with 10° cells. P < 0.05 versus no-drug control of the same cell number group; 1P < 0.05 versus 10* cell-plated well of the same drug group.
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Fig. 6. Inhibition of p12-LOX suppresses the cloning efficiency of JB6 P+ cells. (A) Representative photographs of a microplate at 14 days after plating with no-
drug control, siRNA-transfected and baicalein-treated cells (left to right) in which a single cell was seeded in each well (Giemsa staining). The wells containing
proliferating cells are indicated with a circle. Note that treatment with baicalein (3 uM) dramatically suppressed the cloning efficiency. (B) The cloning efficiency
of JB6 P+ cells is indicated as histogram (inean + SD). Treatments of the cells are indicated below the histogram. * < 0.05 versus baicalein-untreated control of
each group. (C) Expression of p12-LOX is induced in gastric and intestinal tumors developed in K79-Wntl/C2mE mice and Apcd71% miice, respectively.
Representative RT-PCR results are shown. T indicates turnor, whereas N indicates adjacent normal tissue. GAPHD was used as internal control. (D) The cloning
cfficiencics of gastric and colon cancer colls are indicated as histogram (mean + SD). Treatments of the cells are indicated below the histogram. *P < 0.05 versus
baicalein-untreated control of each group.

demonstrated, by pharmacological and genetic experiments, that p12- concentration of baicalein. These results collectively indicate that
LOX pathway is required for tumor promotion in mouse epidermal 12(S)-HETE is required for the proliferation of small number of cells
cell transformation. This is consistent with a previous report that or a single cell. In the promotion step of tumorigenesis, the original
disruption of the p12-LOX gene in mice suppresses the development ‘initiated’ single cell or a small number of promoted cells need to
of squamous cell carcinoma caused by an initiation/promotion pro- proliferate to form cluster of tumor cells. Accordingly. it is possible
tocol (23). Moreover, the present study has shown that treatment with that the p12-LOX/12(S)-HETE pathway plays a key role in clonal
12(8)-HETE, a metabolite of p12-LOX, further increases the number proliferation of initiated celis during the promotion step. In contrast,
of soft agar colonies in TPA-treated JB6 P+ cells. Accordingly, it is the cloning efficiency of malignant gastric and colon cancer cells was
possible that formation of 12(S)-HETE functions as a rate-limiting not affected by inhibition of p12-LOX. It is possible that tumor cells
factor for tumor promotion in epidermal cell transformation. This derived from progressed cancer tissues have already acquired an abil-
suggests that the induction level of p12-LOX may be positively cor- ity of 12(8)-HETE-independent proliferation from a single cell.
related with the efficiency of tumor promotion. These experiments showed that the expression of p12-L.OX is in-
It has been shown that baicalein, a p12-LOX inhibitor, induces duced in epidermal cells by stimulation with TNF-o, suggesting that
apoptosis in several types of cancer cells (13,15-17). However, bai- an inflammatory host response induces p12-LOX expression through
calein treatment at the concentration used in this study (5 uM) showed TNF-o/NF-xB pathway. It has been shown that TPA stimulation also
only mild suppressive effect on cell proliferation when 10* JB6 P+ activates NF-«xB in JBG P-+ cells (31), which is required for trans-
cells were plated in the microplate well. When the number of plating formation (29,30). It has been established that inflammation plays an
cells was reduced to 102 cells, however, baicalein treatment at 5 pM important role in cancer development (32). Genetic studies have dem-
significantly suppressed proliferation. Moreover. the cloning effi- onstrated that the activation of the TNF-o/NF-kB pathway is required
ciency of JB6 P+ cells was suppressed dramatically by the same for tumor development in the mouse colon and liver through the
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suppression of apoptosis in tumor cells and the induction of growth
factors from stromal cells (33,34). Importantly, the expression of p12-
LOX is induced not only in epidermal tumor cells but also in gastro-
intestinal tumors where an inflammatory response is associated (4,5).
Accordingly. it is possible that pl12-LOX is one of the tumor-
promoting factors induced by inflammatory responses through the
TNE-9/NF-xB pathway in various types of tumors. It has been re-
ported that AP-1 and NF-kB play a critical role in transformation of
JB6 P+ cells. and activity of these factors is downregulated in JB6 P~
cells (30,31). Our results indicate that the deficiency of p12-LOX in
JB6 P— cells contributes to a resistant phenotype to tumor promoter-
induced transformation. Reactive oxygen species also stimulate the
neoplastic transformation of JB6 cells by activating AP-1 and NF-xB
(31). Moreover. p12-LOX has also been reported to play a role in the
reactive oxygen species generation in neuroblastoma cells (35). Ac-
cordingly. it is possible that the inhibition of p12-LOX suppresses
neoplastic transformation of JB6 P+ cells which is caused. at least
in part, by the decrease of TPA-induced reactive oxygen species
generation.

These effects of the p12-LOX pathway on tumor promotion are
similar to those of the COX-2/PGE, pathway in the gastrointestinal
tumorigenesis. The activation of Wnt/B-catenin signaling causes the
development of intestinal microadenoma (26). The subsequent induc-
tion of the COX-2/PGE, pathway in the microenvironment around the
microadenoma is required for proliferation of small number of ade-
noma cells (3,36). Specifically, the inhibition of COX-2 or PGE,
signaling suppresses proliferation of tumor cells in microadenoma
(36.37). Importantly, these gastrointestinal tumors in mouse models
also show the induction of the p12-LOX pathway as indicated in the
present study. Therefore. it is possible that p12-LOX and COX-2 are
two important pathways for tumor cell proliferation in the early
stages. This is consistent with the findings of recent reports in which
the polymorphism of either COX-2 or pi2-LOX was shown to be
associated with an increased risk of colon cancer development (38).
Moreover. both COX-2 expression and 12(S)-HETE synthesis are in-
duced in mouse prostate tumors (39). On the other hand, baicalein
treatment failed to induce a regression of the established tumors in the
immunodeficient mice. Accardingly, it is conceivable that the pl12-
LOX/12(S)-HETE pathway plays an important role particularly in the
early promotion step like COX-2/PGE; pathway. rather than in the
progression stage.

In conclusion, the present results demonstrated that p12-LOX is
required for tumor promotion during epidermal cell transformation
and 12(5)-HETE can accelerate tumorigenesis through enhancement
of cloning efficiency. The expression of p12-LOX is induced also in
the gastrointestinal tumors. suggesting that the p12-LOX pathway is
an effective target for chemoprevention against skin carcinogenesis as
well as gastrointestinal cancer.
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