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Cyclooxygenase 2 (COX2) is overexpressed in 80% of colon
adenocarcinomas. However, the mechanism leading to aberrant
COX2 expression in tumors is unclear. Intestinal epithelium-
specific disruption of the von Hippel-Lindau tumor suppres-
sor protein (VHL) in adenomatous polyposis coli (Apc)™™*+ mice
(VRI*™/Apc™™*) resulted in constitutive activation of hypoxia-
inducible factor (HIF), robustly enhanced colon carcinogenesis
and potentiated COX2 expression in normal colon epithelium and
tumors. In this study, we hypothesize that HIF regulates COX2
expression in colon tumors, and this regulation is critical for HIF-
mediated colon carcinogenesis. COX2 was demonstrated to be a
direct target gene of HIF-20, and genetic disruption of HIF-2a
abolished the induction of COX2 in tumors. Furthermore, inhibi-
tion of COX2 by nimesulide reduced HIF-2a-induced colon tumor
formation. Interestingly, the levels of prostaglandin E, (PGE,),
the downstream effector of COX2, remained elevated in normal
and tumor tissues of the nimesulide-treated VAI*'*/Apc™™+ mice.
Further examination revealed that the terminal PGE, synthesis
enzyme microsomal prostaglandin E synthase 1 (mPGES-1) was
overexpressed in the colon of VAIA'®/Apc™™*+ mice. mPGES-1 was
demonstrated to be a direct target gene of HIF-20., and genetic dis-
ruption of HIF-2a abolished the induction of mPGES-1 in colon
tumors. Together, our findings demonstrate that HIF-2a is a major
regulator of COX2/mPGES-1/PGE, pathway in colon tumors.

Introduction

Cyclooxgenase-2 (COX2), the inducible isoform of cyclooxygenase, is
overexpressed in human colorectal adenomas and adenocarcinomas (1).
COX2 is the rate-limiting enzyme in the conversion of arachidonic acid
into prostaglandin H, (PGH,), which is then converted into prostaglandin
E2 (PGE,) by prostaglandin E synthases (2). Microsomal prostaglandin
E synthase 1 (mPGES-1) is the major isoform involved in promoting
PGE, production in inflammatory sites (3). The COX2/mPGES-1/PGE,
pathway is critical in potentiating colon carcinogenesis, and selective
COX2 inhibitors have been approved as adjunctive therapy for patients
with familial polyposis (4). Currently, the mechanism by which COX2
is overexpressed in colon tumors is unclear. Hypoxia is a notable feature
of the tumor microenvironment and can activate COX2 expression in
colon cancer-derived cell lines (5-7). However, it is unclear if hypoxia is
essential for COX2 increase in colon tumors in vivo.

Hypoxia signaling is mediated by hypoxia-inducible factor (HIF).
HIF is aheterodimer of a constitutively expressed beta subunit (HIF-1f3),
also known as aryl hydrocarbon receptor nuclear translocator, and a
hypoxia-inducible alpha subunit (HIF-1o or HIF-20. (8-11)). Under
normoxic conditions, von Hippel-Lindau tumor suppressor protein
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HIF response elements; Idol, indoleamine 2,3-dioxygenase; IL, interleukin;
mPGES-1, prostaglandin E synthase 1; NF-xB, nuclear factor-kappaB; PGE,,
prostaglandin E2; qPCR, quantitative real-time reverse transcriptase—PCR; VHL,
von Hippel-Lindau tumor suppressor protein.

(VHL) coupled to the E3 ubiquitin ligase complex binds and rapidly
degrades HIF-a (12,13). In low oxygen environment, the binding of
VHL to HIF-a is decreased, leading to accumulation of HIF-o and
transcriptional activation of HIF-a-regulated genes (14). HIF-1o. and
HIF-2a regulate overlapping and distinct target genes in both physio-
logic and pathologic conditions (15-17). Previously, we have reported
that intestine-specific HIF-20. activation increases COX2 expression
and facilitated colon tumorigenesis in the adenomatous polyposis
coli (Apc)™™+ intestinal tumor model (18). Here, we hypothesize that
HIF-2a regulates COX2 expression in colon tumors, and this regula-
tion is critical for HIF-20-mediated colon carcinogenesis.

This study demonstrates that COX2, which is overexpressed in
HIF-20-activated Apc™™* intestinal tumor model, is a direct target
gene for HIF-2a.. Moreover, the increase in expression of COX2 was
completely ablated in tumors from mice with deletion of HIF-2a.
Selective COX2 inhibition by nimesulide reduced HIF-2a-induced
colon tumor formation. However, the tumors were still increased in
these animals compared with littermate controls treated with nime-
sulide. This suggests that other mechanisms in addition to COX2
elevation could contribute to the HIF-2a-mediated tumorigenesis.
Downstream pathways of COX2 were assessed that could mediate
the tumor growth under COX2 inhibition. Further analysis revealed
that the expression of mPGES-1 is also dependent on HIF-2a in
the Apc™™* intestinal tumor model. Luciferase reporter assays and
chromatin immunoprecipitation (ChIP) analysis further confirmed
that mPGES-1 is directly regulated by HIF-2a. Together, these data
uncovered a novel role for HIF-20. in regulating the COX2/mPGES-1/
PGE, signaling pathway to modulate the progression of colon cancer.

Materials and methods

Animals and diets

V/’llF/F, V/’llAlE, V/’llF/F/ApC'“i"/+, V/’llAIE/ApCmi"H, Vh[F/F/Hif_ZaF/F/ApCminH and
VhIME/Hif-20ME/Ape™™+ mice were described previously (18-21). All mice
were on a 129S6/SvEv background and maintained in standard cages in a light
and temperature-controlled room and were allowed standard chow and water
ad libitum. For the COX2 inhibition study, 6-week-old VAI*E/Apc™™ (n = 27)
and VAIPF/Apc™™* mice (n = 19) were given powdered laboratory rodent diet
5001 (PMI Nutrition International LLC, Brentwood, MO) with or without
400 mg/kg nimesulide (Sigma, St Louis, MO) for 8 weeks. For indoleamine
2,3-dioxygenase (Idol) inhibition study, 6-week-old VAIAF/Apc™™* (n = 9)
and VhIF¥/Apc™™* mice (n = 10) were given 1-methyl-L-tryptophan (Sigma,
St Louis, MO) in the drinking water (Smg/ml, pH 9.9). All animal studies
were carried out in accordance with the institute of laboratory animal resources
guidelines and approved by the university committee on the use and care of
animals at the University of Michigan (UCUCA approval number: 10299).

Histology and immunohistochemistry

Following treatment, all mice were euthanized with carbon dioxide. Colons
were excised and cut open longitudinally, and tumors were counted and sized.
Following tumor counting, the colons were swiss-rolled from the distal to the
proximal end, fixed overnight in 10% formalin and embedded in paraffin. About
5 pm tissue sections were prepared and stained with hematoxylin and eosin for
histologic analysis by a gastrointestinal pathologist. Tumor progression was
based on invasiveness and glandular and epithelial organization. For immuno-
histochemistry, sections were deparaffinized in xylene and rehydrated in ethanol
gradient. After antigen retrieval with citrate buffer and blocking with 5% normal
goat serum, sections were incubated with an antibody for COX2 (Cell Signaling
Technology, Danvers, MA), followed by detection with Alexa Fluor 488 goat anti-
rabbit immunoglobulin G (Life Technologies Corporation, Grand Island, NY).

Quantitative real-time reverse transcriptase—PCR

RNA was isolated from frozen tissue using Isol-RNA lysis reagent (3 Prime,
Gaithersburg, MD) and quantitated using the NanoDrop 2000 (NanoDrop prod-
ucts, Wilmington, DE). RNA with a purity (260/280 ratio) of approximately 2.0
was reverse transcribed using M-MLV reverse transcriptase (Fisher Scientific,
Waltham, MD). Messenger RNA expression was measured by real-time reverse
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transcriptase—PCR using SYBR green (Life Technologies, Carlsbad, CA) (prim-
ers are listed in Supplementary Table 1, available at Carcinogenesis Online). Ct
values were normalized to (3-actin and expressed as fold difference from controls.

Luciferase assay

HCT116 cells were maintained at 37°C in 5% carbon dioxide and 21% oxygen.
Cells were cultured in Dulbecco's modified Eagle's medium supplemented with
10% fetal bovine serum and 1% antibiotic/antimycotic (1 unit/ml of penicillin,
I mg/ml of streptomycin and 2.5ng/ml of amphotericin B; Life Technologies).
COX2 promoter luciferase-reporter constructs were kind gifts from Dr Hiroyasu
Inoue, Nara Women’s University (22). Super-repressor form of nuclear factor
of kappa light polypeptide gene enhancer in B-cells inhibitor alpha (SR-IkBa)
plasmid construct was kind gift from Dr Albert S.Baldwin Jr from The University
of North Carolina at Chapel Hill (23). mPGES-1 promoter luciferase constructs
were generated using primers listed in Supplementary Table 1, available at
Carcinogenesis Online. The luciferase reporters were co-transfected with HIF-2a.,
SR-IxkBa. or empty vector into HCT116 cells with Fugene 6 transfection rea-
gent (Roche, Indianapolis, IN). Standard dual luciferase assay was performed as
described previously (21).

ChIP assay

ChIP assays were performed as described previously (21). Briefly, colon epi-
thelium scrapings from VA/"F and VAI*E mice were crosslinked and nuclei
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were isolated. Sheared soluble chromatin was immunoprecipitated with pri-
mary antibody for HIF-2a. (Novus Biologicals), and 1 pl of sample was used
for quantitative real-time reverse transcriptase-PCR (qPCR) using primers
listed in Supplementary Table 1, available at Carcinogenesis Online. The
data are expressed as fold enrichment over control IgG and normalized to
nput.

PGE, detection by liquid chromatography-mass spectrometry

Colon epithelial cells were homogenized in 1x phosphate-buffered saline, and
two equivalent volumes of acetone were added and incubated with shaking
for 10min. The samples were centrifuged and supernatants were dried under
vacuum centrifugation. The samples and purified PGE, (Cayman Chemical,
Ann Arbor, MI) were resuspended in 60% acetonitrile. Mass spectrometric
analysis was performed on an Applied Biosystems (Foster City, CA) triple
quadrupole mass spectrometer. PGE, concentrations were determined by the
integration of peak area and quantitated using standard curve with linear range
from 20 to 1000nM of PGE,.

Statistics

Results are expressed as mean = SD. P values were calculated by independent
t-test, one-way analysis of variance, Dunnett’s -test, Mann—Whitney test and
two-way analysis of variance. P < 0.05 was considered significant.

/DAPI

Fig. 1. COX2 expression is dependent on HIF-20. in colon tumors. (A) qPCR analysis of COX2 in normal and tumor colon tissues from VAI"F/Apc™i/+,
VRIME/Apc™iv, VRIFFIHif-205F/Apc™™* and VRIMY/Hif-202%/Apc™™+ mice. Expression was normalized to B-actin. (B) COX2 staining in colon tissues from
VhIFF/Apc™™* and VRIME/Apc™™* mice. (C) Luciferase-reporter constructs under the control of the proximal 5’-flanking region of the human COX2 gene
(=327/+59 or —1432/+57). HCT116 cells transiently transfected with the luciferase construct and co-transfected with empty vector (control), HIF-2a or SR-IkBau
expression plasmids. Standard dual luciferase assays were performed on cell extracts as described in the Materials and methods. (D) In vivo ChIP assays were
performed on colon extracts from VAI™F and VAI*'* mice using primers amplifying the proximal 5'-flanking region of the mouse COX2 gene. Each bar represents
the mean value + SD. **P < 0.01 and ***P < 0.001, compared with empty transfection, VAI"F mice or VAI"*/Apc™™* mice; #P < 0.05, ##P < 0.01 versus normal
tissue; $P < 0.05, $$$P < 0.001 versus VAIME/Apc™™*, N, normal tissue; T, tumor tissue.
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Results

COX2 expression is dependent on HIF-20. in the Apc™™* intestinal
tumor model

Intestine-specific disruption of VAl (VhI*F) activates HIF signal-
ing, and when these mice are crossed to the Apc™™+ intestinal tumor
model (VAI*F/Apc™*), colon tumorigenesis is robustly increased
compared with littermate control mice (VAIFF/Apc™™* (18)). COX2
plays an important role in colon carcinogenesis (24), and hypoxia can
activate COX2 gene expression (6,7,25). Therefore, COX2 expres-
sion was assessed in VAIAE/Apc™™+ and VAIFF/Apc™™* mice by gPCR
analysis. Consistent with other reports (26), tumors isolated from lit-
termate control VAIFF/Apc™™*+ mice demonstrate an increase in COX2
gene expression compared with their adjacent normal tissue. COX2
gene expression was further potentiated in colon tumors and adjacent
normal tissue from VAIAE/Apc™i™* mice compared with VAIFF/Apc™n+
mice (Figure 1A). The increase in colon tumor multiplicity, incidence
and progression observed in the VAIA®/Apc™™* mice is completely
dependent on HIF-20. expression (18). To assess if COX2 gene expres-
sion is HIF-2a dependent, a double knockout mouse model of Vhl
and Hif-20. on an Apc™™*+ background (VAIM®/Hif-20°F/Apc™™+) was
compared with their littermate controls (VAIF¥/Hif-2a F/Apcmin®).,
The compound disruption of Vil and Hif-20. demonstrated that the
increase in COX2 observed in tumor tissue compared with normal tis-
sue in the VAIF/Apc™™* mice and the potentiation of this expression
observed in the VAI*®/Apc™™*+ mice was due to HIF-2a (Figure 1A).
The induction of COX2 in VhIA®/Apc™™* tumors was confirmed
by immunohistochemistry (Figure 1B). These data demonstrate
that HIF-2a. is essential in the increase of COX2 observed in colon
tumors. COX2 is a HIF-1a direct target gene in vitro (6,7). To inves-
tigate whether COX2 is a target gene of HIF-2a, luciferase-reporter
assay and in vivo ChIP assay were performed. The COX2 promoter
contains several HIF response elements (HRE) and the —327/+59
and —1432/+57 COX2 promoter luciferase constructs demonstrated
that HIF-2a. is capable of activating the COX2 promoter at proximal
and distal HREs (Figure 1C). The nuclear factor-kappaB (NF-xB)
p65 transcription factor is reported to mediate the hypoxic induction
of COX2 (5). Repressing the nuclear translocation of NF-xB with a
super-repressor form of IkBa (SR-IkBa (23)) did not reverse HIF-2a-
mediated activation of the COX2 promoter (Figure 1C), demonstrat-
ing a NF-kB independent pathway is involved. Furthermore, in vivo
ChIP assay from colons of VAI*'E and VAIFF mice demonstrates direct
HIF-20 binding to the mouse COX2 promoter (Figure 1D). These
results provide evidence that HIF-2a directly regulates COX2 expres-
sion independent of NF-kB signaling pathway. Together, these data
demonstrate the importance of HIF-2a signaling in COX2 expression
in colon tumors.

COX2 inhibition reduces HIF-20-induced colon tumor formation

To determine if the increased COX2 expression contributes to the
increase in colon carcinogenesis in VAI*F/Apc™™* mice, diet con-
taining nimesulide or matched control diet was fed to VAIAE/Apcmin/+
and VAIF/Apc™™* mice for 8 weeks. As expected, the VAIAE/Apc™iv+
mice on control diet demonstrated increased colon tumor num-
bers compared with littermate controls (P < 0.001) (Figure 2A).
The increase in colon tumors is attenuated in VAI*F/Apc™™+ mice
fed with the nimesulide diet for 2 months (P < 0.05) (Figure 2A).
Similar to our previous report (18), all tumors assessed in the colon
from 3-month-old VAIFF/Apc™™* mice on control or nimesulide diet
demonstrated well-organized glandular structures and was classified
as adenomas. However, histological analysis revealed that 2 out of
11 tumors from 3-month-old VAI*®/Apc™™* mice on control diet
demonstrated early signs of carcinoma formation, whereas no car-
cinomas were observed in VAIA/Apc™™* mice fed with nimesulide
diet (Figure 2B). These results demonstrate that COX2 induction by
HIF-20. signaling pathway contributes to colon tumorigenesis and
cancer progression.

HIF-20-mediated PGE, accumulation promotes colon carcinogenesis
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Fig. 2. COX2 inhibition decreases HIF-2a-mediated intestinal
tumorigenesis. (A) Tumor numbers were counted in the colons from
VRIFFIApc™™* (n = 19) and VAI*®/Apc™™* mice (n = 27) treated with control
or nimesulide diet for 2 months. *P < 0.05, ***P < 0.001. (B) Hematoxylin
and eosin staining of representative colon from 3-month-old VhIE/Apc™iv+
mice treated with control or nimesulide diet for 2 months. The arrow
indicates tumor invading into submucosa.

COX2 inhibition reduces inflammatory responses in the HIF-2a.-
induced colon tumor model

Nimesulide decreased tumors in VAIA®/Apc™™* mice compared with
control diet—treated VAI*®/Apc™™+ mice. However, COX2 inhibition
did not completely inhibit tumorigenesis in the VAIAE/Apcmin+
mice because colon tumors remained elevated as compared with
nimesulide-treated VAIF*/Apc™™*+ mice. This suggests that HIF-2a
might activate pathways in addition to those inhibited by non-steroidal
anti-inflammatory drugs. As inflammation is a major risk factor for
colon carcinogenesis and COX2 inhibitors are anti-inflammatory
agents, critical proinflammatory mediators were assessed by gPCR
analysis in VAIA®/Apc™™* mice treated with control or nimesulide
diet. Interleukin (IL)-1f and IL-6 expression were increased in tumor
tissue compared with normal colon tissue (Figure 3). Nimesulide
treatment suppressed the expression of proinflammatory mediators in
colon tumor tissues from VAI*™/Apc™™* mice (Figure 3). These results
show that inflammation is significantly suppressed by nimesulide, and
other pathways downstream or in addition to COX2 are involved in
the HIF-2a-mediated tumorigenesis. Idol is a downstream effector
of COX2 that facilitates immune tolerance in tumor cells (27-29).
Crosstalk between the COX2 and Ido1 pathways is suggested (6,30).
Idol gene expression was found to be highly elevated in normal and

165



X.Xue and Y.M.Shah

2 Control
m Nimesulide

>
L2 @ @

IL-6
Relative Expresion
N
£

N T
Vh IAIE /A pcminl+

= Control
m Nimesulide

vy
o
L

c
o *kk
2 40
= X 30
=
2> 20
< 10 ”
(14
O'_h_
N T
VhIAIE/ApcminI+

Fig. 3. COX2 inhibition reduces proinflammatory gene expression in
HIF-2a-induced colon tumors. gPCR analysis of IL-6 (A) and IL-1{ (B)

in control- or nimesulide diet—treated normal and tumor colon tissues from
VhI*E/Apc™i™* mice. Each bar represents the mean value + SD. (n = 4).
Expression was normalized to $-actin. N, normal tissue; T, tumor tissue;

#*P <0.05, ***P < (0.001 versus normal tissue; #P < 0.05, ##P < 0.01 versus
control diet—treated mice.

tumor tissue from VAIMF/Apc™™* mice compared with VAIFF/Apc™i'+
mice (Supplementary Figure 1A, available at Carcinogenesis Online).
However, the Idol inhibitor, 1-methyl-L-tryptophan, did not reduce
colon tumors in the VAIA/Apc™™+ mice (Supplementary Figure 1B,
available at Carcinogenesis Online (28,31,32)). These results indicate
that Ido1 is not involved in HIF-2a-induced colon tumorigenesis.

COX2 inhibition reduces PGE, levels in HIF-2o-induced colon
tumors

Because Idol inhibition could not reduce the growth of HIF-2a-
induced colon tumors, other pathways downstream of COX2 were
assessed. As COX2-derived PGE, promotes the progression of colon
cancer (33), we assessed the PGE, levels in VAIAE/Apc™™* and
VhIFF/Apc™™+ mice treated with control or nimesulide diet. Compared
with VAIFF/Apc™™* mice, PGE, levels in normal colon tissues were
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Fig. 4. COX2 inhibition reduces PGE, levels in HIF-20-induced colon
tumors. Liquid chromatography-mass spectrometry analysis of PGE, levels
in control- or nimesulide diet-treated normal and tumor colon tissues from
VAIFF/Apc™™* and VRI*/Apc™™* mice. Each bar represents the mean value
+ SD. (n = 3). N, normal tissue; T, tumor tissue; **P < 0.01, ***P < (0.001
versus VAIFF/Apc™™*+ mice; #P < 0.05, ##P < 0.01 versus normal tissue;
$$P < 0.01 versus control diet-treated mice.

significantly increased in VAIMF/Apc™™* mice, and the increase is
further potentiated in colon tumor tissues (Figure 4). Nimesulide
treatment suppressed PGE, levels in both the normal and tumor tis-
sues from both genotypes compared with control diet—treated mice.
However, after nimesulide treatment, PGE, levels remained elevated
in both normal and tumor colon tissues from VAIA®/Apc™™+ mice com-
pared with those from VAI"F/Apc™™* mice (Figure 4). These results
suggest that enzymes downstream of COX2 may also be important for
the HIF-2a-mediated PGE, increase.

min/+

mPGES-1 expressionisdependenton HIF-2o.inthe Apc™™* intestinal

tumor model

mPGES-1 is the enzyme that converts PGH, to PGE, (3). It is an
essential enzyme that functions downstream of COX2 and is
activated by proinflammatory stimuli and hypoxia (25). Similar
to COX2, mPGES-1 is highly induced in tumors compared with
normal tissue from the littermate control VAIF/Apc™* mice, and
the expression is further potentiated in colon tumors and adjacent
normal tissue from VAIA¥/Apc™™* mice. The compound disruption of
Vhl and Hif-20. demonstrated a very similar gene expression pattern
to COX2. The compound disruption of VAl and Hif-2a. demonstrated
that the increase in mPGES-1 observed in tumor tissue compared
with normal tissue in the VAIFF/Apc™™* mice and the potentiation
of this expression observed in the VAIAE/Apc™™* mice was due to
HIF-2a (Figure 5A). To assess whether mPGES-1 is a direct target
gene of HIF-2a, luciferase reporter assays were performed using the
luciferase constructs containing the mPGES-1 promoter (-668/+23
and -300/423). HCT116 cells co-transfected with the promoter
luciferase constructs, and HIF-2a demonstrated increased luciferase
activity for both constructs. Demonstrating that HIF-2a regulates
the promoter of mPGES-1, a single consensus HRE was identified
within the —300/+23 promoter region, and deletion of this HRE
(-300/+23AHRE) decreased HIF-20-induced promoter activity
(Figure 5B). Inhibiting the nuclear translocation of NF-kB with
SR-IxBa could not repress the activation of the mPGES-1 promoter
by HIF-2a (Figure 5C), thus demonstrating that NF-kB signaling
pathway was not involved. Furthermore, in vivo ChIP assay from
colons of VAIA™® and VAI®F mice demonstrates direct HIF-2a. binding
to the mouse mPGES-1 promoter (Figure 5D). These results provide
evidence that HIF-2a directly regulates mPGES-1 expression. Taken
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assays were performed on cell extracts as described in the Materials and methods. (D) In vivo ChIP assays on colon extracts from VA and VAI*E mice using
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(E) Schematic diagram of COX2 and mPGES-1 expression in colon tumors. COX2 is the rate-limiting enzyme in the conversion of arachidonic acid into PGH,,
which is converted into PGE, by mPGES-1. PGE, promotes the progression of colon cancer. Nimesulide is a selective COX2 inhibitor, whereas HIF-2a induces
the expression of both COX2 and mPGES-1 in colon tumors.

together, the results demonstrate that HIF-20. is a critical mediator carcinogenesis (34). COX2 is overexpressed in human colon cancers
of the COX2/mPGES-1/PGE, pathway in colon tumors (Figure SE). but not in adjacent normal mucosa (1,35-37). Transgenic overexpres-
sion of COX2 in colon epithelial cells promotes colon tumor progres-
sion following colon carcinogen initiation (38). Genetic disruption or
pharmacologic inhibition of COX2 dramatically suppresses the num-
The COX2/mPGES-1/PGE, signaling axis is aberrantly activated ber and size of intestinal polyps in different mouse models (39,40).
in the majority of colon cancers and has a critical role in promoting mPGES-1 is a downstream enzyme of COX2 in the PGE,-biosynthetic
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pathway and is also overexpressed in human colon cancers but not in
normal tissues (41,42). Genetic deletion of mPGES-1 significantly
reduces the number and size of intestinal tumor in the chemical car-
cinogen-induced colon carcinogenesis mouse model, whereas trans-
genic overexpression of mPGES-1 enhances colon tumorigenesis
(43,44). The mechanisms that drive COX2 and mPGES-1 expression
in colon cancer are unclear. This study demonstrates that COX2 and
mPGES-1 are regulated by HIF-2a and activated in tumors through a
HIF-2a-dependent pathway.

HIF-20. facilitates colon carcinogenesis by inducing COX2
expression

HIF-1a and HIF-20 are overexpressed in a variety of tumor tissues
and play overlapping and distinct functions (17). In renal carcinomas,
HIF-1a and HIF-20 have opposing roles in cell proliferation. HIF-1a
decreases cell proliferation, whereas HIF-2a. induces proliferation
via an increase in c-Myc activity (45). Both HIF-1a and HIF-2q. are
overexpressed in colon cancer (46,47). However, the role of HIF-a
in colon carcinogenesis remains unclear. HIF-1a was reported to
directly up-regulate COX2 and promote colon cancer cell line sur-
vival under hypoxic conditions (7). Here, we found that HIF-2a
activation in vivo could also directly up-regulate COX2 expression
and facilitate colon tumorigenesis. The present data demonstrate that
HIF-2a has a central role in the regulation of COX2 expression in
tumors because its genetic ablation markedly represses COX2 expres-
sion in colon tumors.

HIF-20-mediated mPGES-1 expression promotes PGE, production
under COX2 inhibition

Selective COX2 inhibition by nimesulide reduced colon tumor
formation compared with control treatment in the VAIME/Apcmin*
mice, demonstrating that COX2 is an important protein involved in
hypoxic tumor progression. However, the numbers of colon tumor in
nimesulide-treated VAI*F/Apc™™* mice were still elevated compared
with nimesulide-treated VAIFF/Apc™™* mice. These data suggest
that HIF-2a may also activate pathways downstream of COX2
that are important in maintaining colon cancer growth following
COX2 inhibition. PGE, is elevated in colon cancer (48). PGE,
promotes intestinal tumor growth (49) and ablates non-steroidal anti-
inflammatory drug-induced intestinal tumor regression in Apc™"*
mice (50). Furthermore, genetic deletion of mPGES-1 suppressed
intestinal tumor growth in Apc™™* mice (44). The levels of PGE, in
normal and tumor tissues from the VAI*FApc™™* mice were reduced
by nimesulide, but they were still significantly higher compared with
normal and tumor tissues from nimesulide-treated VAIFFApc™™+ mice.
This suggests that HIF-2a. activates pathways downstream of COX2
important for PGE, production. Indeed, an increase in mPGES-1 is
observed in VAI*EApc™™+ mice. The mPGES-1 gene is induced by
hypoxia and HIF-1a in cancer-derived cell lines (25,51). However,
the mechanism by which HIF regulates mPGES-1 is not clear. This
study identifies a functional HRE in the mPGES-1 promoter, which
is bound by HIF-2a in vivo. Moreover, the data in this study clearly
demonstrate that HIF-2a is critical for mPGES-1 expression in colon
tumors.

HIF-20.is a therapeutic target for colon cancer

The findings demonstrate that tumor hypoxia is a critical mediator
of aberrant COX2 and mPGES-1 expression in colon cancer. COX2
and mPGES-1 are considered attractive therapeutic targets for anti-
cancer drug discovery. However, targeting the COX2/mPGES-1/PGE,
pathways is challenging (52-56). Long-term COX2 inhibition leads
to deleterious side effects. COX2 inhibitors promote hypertension,
thrombosis and increase cardiovascular risk (52—-54). Whereas com-
pounds found to inhibit mPGES-1 in cancer-derived cell lines, rarely
exhibit potent inhibitor function in vivo (55,56). Thus, HIF-2a. inhibi-
tion may provide an alternative target for the prevention and treatment
of colon cancer. In conclusion, our findings demonstrate that HIF-2a.
activates COX2/mPGES-1/PGE, signaling pathway to facilitate colon
tumorigenesis.
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Supplementary Table 1 and Figure 1 can be found at http://carcin.
oxfordjournals.org/
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