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Abstract

Increased production of prostaglandin E, (PGE,) by the combined activities of cyclooxygenase-2 (COX-2) and microsomal glutathione
S-transferase 1-like 1 (MGST1-L1) enhances the progression of colorectal cancer. To assess how chemopreventive agents influence colon
tumorigenesis, the modulation of PGE, production by indolo[3,2-b]carbazole (ICZ), B-naphthoflavone (B-NF), and zert-butylhydro-
quinone (fBHQ), as well as the nonsteroidal anti-inflammatory drug Piroxicam, has been studied in the human HCA-7 colon carcinoma
cell line. We have found that these xenobiotics both down-regulate and up-regulate the expression of COX-2 and MGST1-L1. They can
also either inhibit or stimulate PGE, synthesis. COX-2 mRNA levels were increased significantly by those compounds that activate
transcription through the xenobiotic responsive element (XRE) and/or the antioxidant responsive element (ARE). A possible ARE
enhancer was identified in the COX-2 promoter, and reporter gene experiments demonstrated that /BHQ induction of a transgene driven by
the 5'-flanking region of COX-2 was increased by co-transfection with an expression vector for the Nrf2 transcription factor. By contrast,
only compounds such as ICZ and B-NF which activate the XRE increased the mRNA levels of MGST1-L1. While the ARE-specific
inducer fBHQ did not modulate the basal expression of MGST1-L1, it was found to act as an antagonist of interleukin-1f-stimulated
MGST]1-L1 overexpression. Changes in COX-2 and MGST1-L1 expression were not always coincident with a corresponding change in
PGE, production by human colon carcinoma cells. Importantly, dietary compounds can modulate PGE; biosynthesis, and this is likely to

influence colon tumorigenesis.
© 2003 Published by Elsevier Science Inc.
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1. Introduction

Colon cancer is a major cause of death from malignant
disease in the Western world [1]. Prevention of colon
cancer is a practical proposition because its incidence is
influenced significantly by diet and by medication [1-5].
However, the reason why environmental factors influence
susceptibility to colorectal cancer is poorly understood.
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Several lines of evidence, including studies of patients and
experimental animals administered NSAIDs, as well as
gene knockout mice lacking cox, suggest that inhibition of
PG biosynthesis represents one mechanism by which colon
cancer susceptibility might be altered by diet [6—10].
PGs are formed from AA found in membrane lipids.
PGE, is quantitatively a major prostanoid, and its concen-
tration is increased in colorectal tumors [11-14]. It is
believed to contribute to tumorigenesis by stimulating cell
proliferation, inhibiting apoptosis, and supporting angio-
genesis and the invasive potential of tumor cells [15-20].
Synthesis of PGE, occurs in three steps. First, in common
with other PGs, its production involves the liberation of
AA from membranes through activation of phospholipase
A,. This is followed by the oxidation of AA to PGH,,
catalyzed by one of three COX enzymes, the constitutive
COX-1, the inducible COX-2 [21], or the splice variant
COX-3 [22]. Last, in an isomerization step, PGH, serves as
a substrate for PGE, synthase (PGES). Two genetically
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distinct types of glutathione-dependent PGES have been
identified. A cytosolic protein called p23 exhibits PGES
activity and is coupled functionally to COX-1 [23]. Also,
MGST1-L1 has been identified as a PGES [24] that is
functionally linked to COX-2 [25].

A strong association exists between COX-2 overexpres-
sion and the progression of colorectal cancer. An increase
in COX-2 expression is observed in human colonic ade-
nocarcinomas, and evidence suggests that gene induction
occurs early during tumorigenesis [26-32]. The PGH,
formed by COX-2 in colorectal cancers is preferentially
metabolized to PGE, [33], a reaction that is likely to be
catalyzed by MGST1-L1 because this enzyme is also
overexpressed in colorectal adenomas and cancer [34].
The presumed co-regulation of COX-2 and MGST1-L1
is physiologically important because overproduction of
PGE, facilitates the development of cancer [15-20].
Further information about the regulation of the PGE,
biosynthetic pathway is required in order to understand
pathophysiological factors that influence the development
of colorectal cancer.

Both COX-2 and MGST1-L1 are induced by inflamma-
tory cytokines, and by the AhR ligand TCDD. The regula-
tion of the expression of the COX-2 gene is controlled in
part at the transcriptional level. A number of cis-acting
elements have been identified within the human COX-2
promoter that drive a transcriptional response to inflam-
matory signals such as IL-1p [31,35-38]. By contrast,
although the 5’-flanking region of the human MGSTI-LI
gene has been isolated [39], the molecular basis for its
induction by cytokines and TCDD is not known.

The fact that TCDD induces COX-2 and MGSTI-LI
suggests that the promoters of both genes contain an XRE
(5'-GCGTG-3'). This enhancer recruits the AhR, a helix-
loop-helix transcription factor with high affinity for TCDD
and polycyclic hydrocarbons [40]. In addition to binding
environmental carcinogens, the AhR is also activated by
chemicals derived from edible plants, including indoles,
quercetin, curcumin, and dibenzoylmethane [41-43].
Thus, dietary phytochemicals may influence expression
of COX-2 and MGSTI-LI in the GI tract. Besides the
XRE, another cis-acting element that dietary constituents
can stimulate is the ARE, defined by Rushmore et al. [44]
as 5'-A/GGTGACnnnGC-3’. The basic region leucine
zipper transcription factor Nrf2 mediates activation of
the ARE, and this enhancer is found in the promoter region
of a number of detoxification and antioxidant enzyme
genes [45-47].

Compounds like the phenolic antioxidant BHQ, a
monofunctional inducer that stimulates ARE-driven tran-
scription, confer cytoprotection on a cell by increasing its
capacity to detoxify carcinogens and oxidants.

In an attempt to determine how dietary phytochemicals
protect against colorectal cancer, we have examined the
effects of model chemopreventive agents on both the
regulation of COX-2 and MGSTI-LI gene expression

and the production of PGE,. Our results show that these
compounds inhibit and stimulate both the constitutive and
cytokine-induced expression of PGE,-producing enzymes,
as well as the biosynthesis of the prostanoid in human
colon cancer cells.

2. Materials and methods
2.1. Chemicals and reagents

Dulbecco’s Modified Eagle’s Medium (DMEM) contain-
ing 4500 mg/L of p-glucose, heat-inactivated fetal bovine
serum (FBS), L-glutamine, penicillin/streptomycin, non-
essential amino acids, trypsin, versene, and TRIzol were
purchased from Invitrogen Life Technologies. Human colon
carcinoma HCA-7 cells were obtained from ICRF Clare
Hall Laboratories (Potters Bar), and the human hepatoma
Hep-G2 cell line was obtained from the American Type
Culture Collection. All chemicals were purchased from the
Sigma-Aldrich Chemical Co., except for ICZ, which was
provided by Dr. Christine Bonnesen (Biomedical Research
Centre, University of Dundee).

2.2. Culture and treatment of HCA-7 cells

Monolayer cultures were maintained in a humidified
incubator at 37° with 5% CO,. Cells were grown in DMEM
containing 10% (v/v) heat-inactivated FBS, 2 mM L-glu-
tamine, 0.1% non-essential amino acids, and penicillin/
streptomycin (50 IU/mL and 50 mg/mL, respectively),
hereafter referred to as complete medium.

In experiments that entailed treating the HCA-7 cell line
with xenobiotics, the cells were seeded in 60 mm culture
dishes, and allowed to recover for 24 hr in complete
medium. Thereafter, the cells were serum-starved over-
night before being exposed to the dietary compound in
serum-free medium. Xenobiotics were added to the med-
ium at the following concentrations: 25 or 50 uM rBHQ,
1 uM ICZ, 25 or 50 uM B-NF, and 10 or 25 uM Piroxicam;
these concentrations gave >90% cell survival in a 3-(4,
5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) cytotoxicity assay following exposure for 24 hr,
performed as described previously [43]. The optimum
treatment period for measuring changes in the level of
mRNA was determined as 6 hr. Experiments were per-
formed in duplicate on at least two separate occasions.

2.3. Estimation of human COX-2 and MGSTI-LI
mRNA levels

The relative levels of mRNA encoding COX-2 and
MGSTI-L1 in HCA-7 cells were compared by TagMan®
real-time PCR. Total RNA was isolated using TRIzol
reagent and then treated with RQ1 DNase (Promega).
The cDNA was synthesized from 500 ng of total RNA
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using Superscript-RT (Invitrogen Life Technologies). The
relative amounts of synthesized cDNA were analyzed sub-
sequently by TagMan™ using an ABI Prism 7700 Sequence
Detection System (Applied Biosystems). Primers and
probes were designed for human COX-2 and MGST1-L1
using Primer Express Software (Applied Biosystems).
Oligonucleotides were ordered from MWG-Biotech AG,
and probes were obtained from Applied Biosystems.

For analysis of human COX-2, the forward 5'-GCTCA-
GCCATACAGCAAATCCT-3' and reverse 5'-aaaattccggt-
gttgagcagtt-3' primers were used along with the TaqMan™
probe  5'-[FAM]-CTGTTCCCACCCATGTCAAAACC-
GAG-[TAMARA]-3'. The forward and reverse primers
were designed over the first and second intron/exon bound-
aries, respectively, of the human COX-2 gene and gave rise
to a 140 bp amplicon. For human MGST1-L1, the forward
5'-ACGCTGCCTCAGGGCC-3' and reverse 5'-CCCA-
GAAAGGAGTAGACGAAGC-3' primers were used along
with the TagMan®™ probe 5'-[FAM]-AACGACATGGA-
GACCATCTACCCCTTCCT-[TAMARA]-3'. The forward
primer was designed over the second intron/exon bound-
ary, and the primer pair yielded an 81 bp amplicon. To
normalize relative mRINA levels between prepared cDNA,
a primer/probe set for 18S RNA was purchased from
Applied Biosystems.

TagMan® reactions included a 200 nM concentration of
each primer with 100 nM of each probe and a 1x final
concentration of TagMan® Universal Mastermix (Applied
Biosystems). All reactions were carried out with duplicate
pipetting. TagMan™ software was used to calculate a Ct
value. The fold increase or decrease in the levels of indi-
vidual transcripts was calculated as follows: Ctcox., or
CtyisTi-L1 — Ctiss = ACt; then 2*°72C for treated sam-
ples was divided by the same calculated value for control
samples.

2.4. COX-2-CAT reporter assays

A gene reporter construct was generated by ligating an
amplified portion of the human COX-2 gene promoter into
the pCAT3basic vector (Promega). Amplification was
achieved using the forward primer 5-GGAATTCCCT-
CGAGCGCTGCTGAGGAGTTCCT-3' and the reverse
primer 5-GGAATTCCGGTACCTATGTACACTGAAG-
GTAGCTATTTCA-3'. The 733 bp product was ligated
into the EcoRI site of pBS SK*, and its identity was
confirmed by automated DNA sequencing. The insert
was then subsequently cloned into the Kpnl and BglII sites
of the pCAT3basic vector, which was designated pCOX2-
673CAT.

Transfection of the CAT reporter construct into Hep-G2
cells was achieved by calcium phosphate precipitation. All
such transfections included the pcDNAlacZ plasmid (Invi-
trogen), which allowed the use of B-galactosidase activity
as an internal control for transfection efficiency. Measure-
ment of CAT and B-galactosidase activities was performed

by standard methods. In certain experiments, co-transfec-
tion with a pcDNA3 construct containing the coding
sequence for the mouse Nrf2 transcription factor was
undertaken; the cDNA for murine Nrf2 is described else-
where [48].

2.5. Determination of PGE, production
in HCA-7 cells

Human colon carcinoma cells were seeded in 24-well
plates at a density of 2 x 10°/mL and grown in complete
medium for 24 hr to 80% confluency. Cells were then
serum-starved overnight before being exposed to chemo-
preventive agents in serum-free medium for a further 24 hr.
For co-treatment experiments, HCA-7 cells were incubated
for 1 hr with the different chemicals before the addition of
IL-1B to a final concentration of 5 ng/mL. Thereafter, cells
were incubated for a further 23 hr before being washed
with PBS and stimulated with 10 uM AA in fresh serum-
free medium for 15 min at 37°. The levels of PGE, released
were measured in the culture medium by enzyme immu-
noassay using a kit purchased from the Cayman Chemical
Co. Results were expressed as nanograms/milliliter of
medium. Determinations were carried out on three simi-
larly treated wells of cells, and the medium from each
experiment was assayed at two dilutions.

2.6. Computer analysis of the human COX-2
promoter region

Potential cis-acting elements within a 7 kb region of
the human COX-2 promoter (Accession Number:
AF044206) were identified using MatInspector V2.2 based
at the TRANSFAC 4.0 internet site (http://transfac.gbf.de/
TRANSFAC/) [49].

2.7. Statistical analysis

Results from the TagMan®™ and PGE, determination
experiments were subjected to statistical analysis. Unpaired
two-tailed r-tests were carried out using Graphpad Prism™
Software (Graphpad Software, Inc.).

3. Results

3.1. Regulation of constitutive COX-2 transcription by
chemopreventive agents

Exposure of HCA-7 colon cancer cells to ICZ, tBHQ, or
B-NF increased the level of COX-2 mRNA (Fig. 1). The
indole ICZ was the most potent, increasing the amount of
COX-2 mRNA 2.8-fold at a concentration of 1 uM.
Another strong inducing agent was B-NF; this flavonoid
affected a 2.5-fold increase in COX-2 mRNA at a con-
centration of 25 UM and a 3.5-fold increase in COX-2
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Fig. 1. Regulation of constitutive COX-2 expression by chemopreventive agents. HCA-7 cells were exposed to chemopreventive agents for 6 hr. The cells
were harvested, and total RNA was isolated for TagMan® analysis. The concentrations of compounds employed were: ICZ, 1 uM; rBHQ, 25 or 50 uM
(designated rfBHQ 25 and rBHQ 50, respectively); B-NF, 25 or 50 uM (designated b-NF 25 and b-NF 50, respectively) and Pir, 25 pM. Each treatment is
shown with its appropriate control where cells were cultured in serum-free medium alone. The control values are normalized to equal 1. Values are
means + range (bars) from a typical set of results where N = 2. Key: (4+) P < 0.05 compared to control values, and (x) P < 0.01 compared to control

values.

mRNA at a concentration of 50 puM. Exposure of HCA-7
cells to medium containing 25 or 50 pM rBHQ resulted in
COX-2 mRNA increasing 2.0- or 3.0-fold, respectively. By
contrast, treatment of HCA-7 cells with Piroxicam reduced
the relative level of COX-2 mRNA to 66% of that deter-
mined in control cells.

3.2. Identification of possible cis-acting elements in the
human COX-2 promoter

The induction of COX-2 in HCA-7 cells by ICZ and -
NF is consistent with the presence of functional XRE
enhancers in the gene promoter. Furthermore, induction
of COX-2 by tBHQ suggests that the gene promoter
contains an ARE. Computer-aided DNA sequence analysis
identified three possible XRE enhancers in the 5'-flanking
region of the human COX-2 gene between nucleotides
—3444 and —3440, —958 and —955, and —507 and
—504 (Fig. 2). Further analysis showed that there is a
single consensus ARE sequence (5-AGTGACGACGC-3')
in reverse orientation between nucleotides —562 and —572
of the human COX-2 promoter. To investigate whether this
5'-flanking region of COX-2 contained a functional ARE
enhancer, a portion of the promoter was ligated into the
pCAT3basic vector. The construct, designated pCOX2-
679CAT, consisted of the region between nucleotides
—679 and +59 of the human COX-2 promoter and con-
tained the putative ARE sequence.

In Hep-G2 cells transfected with pCOX2-673CAT, a
concentration-dependent increase in CAT reporter gene
activity was observed following treatment with tBHQ

(Fig. 3). Co-transfection of Hep-G2 cells with pCOX2-
679CAT and a construct that expresses murine Nrf2
enhanced tBHQ-induced CAT activity. Hep-G2 cells were
used for functional analysis of the human COX-2 promoter
since reporter gene activity was undetectable in HCA-7
cells under the conditions used. These findings suggest that
the putative ARE located between —562 and —572 of
COX-2 may contribute to gene induction by rBHQ. No
other sequences of the proximal 5'-flanking region of
COX-2 were found to be identical to the ARE consensus
reported by Rushmore et al. [44].

3.3. Effects of chemopreventive agents on the induction
of COX-2 by IL-1f

NF-kB mediated induction of COX-2 by inflammatory
cytokines can be prevented by xenobiotics that either
modulate binding of the transcription factor to DNA or
inhibit the upstream NIK/IKK signaling complex [50-54].
To date, no studies have reported on whether COX-2
expression can be altered through interaction between
NF-kB-binding sites and other regulatory elements, such
as XRE and ARE enhancers, within the gene promoter.
Therefore, experiments were carried out with combina-
tions of ICZ or tBHQ and IL-1f that stimulate either XRE-,
ARE- or NF-xB-driven transcription. Exposure of HCA-7
cells to IL-1P alone typically resulted in an increase of
between 2.3- and 3-fold in the amount of COX-2 transcript
(Fig. 4). Co-treatment of the cells with the cytokine plus
either ICZ or fBHQ further increased COX-2 mRNA levels
above control cells and cells exposed to IL-1f alone. The
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Fig. 2. Identification of cis-acting elements in the human COX-2 promoter. The promoter region of the human COX-2 gene was analyzed for the existence of
potential cis-acting XRE and ARE enhancers. Three potential XRE sequences and one ARE consensus sequence were identified (shown in bold and
underlined). The XRE-like sequences are between nucleotides —3444 and —3440, —958 and —955, and —507 and —504. The ARE consensus sequence is
between nucleotides —562 and —572. Also highlighted are two NF-xB sites (underlined and italicized), the TATA box (bold underlined), the transcriptional
start site (41 bold underlined), and the primers used to construct the CAT reporter construct used in this study (underlined).
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Fig. 3. Regulation of human COX-2 reporter gene expression by tBHQ and
Nrf2. Hep-G2 cells were transfected with a CAT reporter gene as described in
Section 2. The CAT reporter gene was also co-transfected with 25 ng of
an expression plasmid encoding mouse Nrf2. Following transfection, cells
were allowed to recover overnight in serum-free medium, and then treated
with either medium alone (control) or medium with 25 or 50 uM BHQ
(designated rBHQ 25 and rBHQ 50, respectively). The control value is
normalized to equal 1. Values are means + SEM (bars) where N = 3.

inclusion of all three inducing agents within the culture
medium did not produce any further increase in COX-2
mRNA (data not shown).

In contrast with the other compounds studied, Piroxicam
antagonized cytokine induction of COX-2 gene expression.
However, induction of COX-2 mRNA by IL-1p was not
reduced completely by Piroxicam and still exceeded that
seen under serum-free control conditions.

3.4. Effect of chemopreventive agents on PGE,
production in HCA-7 cells

Since many of the physiological effects of COX-2
expression in colon cancer are attributed to PGE,, the
effect of xenobiotics on the production of this prostanoid
was investigated in HCA-7 cells. Table 1 shows that among
the compounds tested only ICZ significantly increased
PGE, production in HCA-7 cells. A 1.6-fold increase in
PGE, production was observed in ICZ-treated cells.
Although B-NF and tBHQ induced levels of COX-2 gene
expression, this was not translated into an increase in
prostanoid biosynthesis. Treatment with tBHQ reduced
prostanoid production in stimulated cells to 44% of that
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Fig. 4. Effects of chemopreventive agents on the cytokine-induced expression of COX-2. HCA-7 cells were treated with serum-free medium alone or
exposed to IL-1f at a final concentration of 5 ng/mL for 5 hr. In co-treatment experiments, the cells were incubated with dietary constituents for 1 hr prior to
treatment with IL-1§ at the following concentrations: ICZ, 1 pM; tBHQ, 25 puM; Pir, 10 pM. Cells were harvested, and total RNA was isolated for TaqMan‘f":
analysis of COX-2 transcript levels. The control values are normalized to equal 1. Values are means =+ range (bars) from a typical set of results where N = 2.
Key: (+) P < 0.05 compared to control values, () P < 0.01 compared to control values, and (}) P < 0.01 when comparing the IL-1p-treated values with the

IL-1B + Pir co-treated values.

in control cells. These results suggest that f-NF and tBHQ
may be affecting the PGE, pathway downstream of COX-
2. Piroxicam, which decreased levels of COX-2 mRNA in
HCA-7 cells, also reduced PGE, production in stimulated
cells to 80% of PGE, produced in control cells.

In co-treatment experiments, IL-1B-induced PGE, pro-
duction was elevated further by the inclusion of ICZ,

Table 1
PGE,; production in HCA-7 cells treated with chemopreventive agents for
24 hr without and with IL-1

Concentration
of xenobiotic

Treatment PGE, produced

(ng/mL medium)

With chemopreventive agent alone

Control 1.9 £0.16
tBHQ 25 uM 0.91 £ 0.03"
ICZ 1 M 3.1 +0.12"
B-NF 25 uM 1.94 £ 0.06
Piroxicam 25 uM 1.45 + 0.01
With chemopreventive agent + IL-1f
Control 335+03
IL-1B 5 ng/mL 545 +0.1""
+BHQ 25 uM 1.85 +£ 0.2
+ICZ 1M 10.1 £ 0.35™"
+Piroxicam 25 uM 4.45 £+ 0.04™

Values are means + SEM where N = 3.

“**Significantly different from control values: *P < 0.05, and
P <0.01.

et Significantly different from IL-1B-treated values: P < 0.01,
and """P < 0.05.

thereby underlining the possibility that it can still induce
COX-2 activity within cancer cells during cytokine induc-
tion. Also consistent with previous data, Piroxicam antag-
onized IL-1B-induced PGE, synthesis, but did not abolish
induction by the cytokine completely. Interestingly, treat-
ment with /BHQ, reduced the level of PGE, synthesis
below that of untreated cells.

3.5. Effects of chemopreventive agents on the
expression of MGSTI-LI

To explain the lack of correlation between COX-2
mRNA levels and PGE, synthesis following treatment
of AA-stimulated HCA-7 cells with ‘BHQ and B-NF,
the effect of these compounds on the expression of the
microsomal PGE, synthase MGST1-L1 was investigated
(Fig. 5). Treatment of HCA-7 cells showed a reproducible
increase in the amount of mRNA encoding MGST1-L1 in
response to ICZ and B-NF, with ICZ increasing the level of
synthase mRNA about 1.5-fold. However, none of the
inductions of MGST1-L1 mRNA reached statistical sig-
nificance. The monofunctional inducer rBHQ failed to
affect a reproducible increase or decrease in the constitu-
tive level of MGST1-L1 mRNA. As previously observed
with COX-2, the level of MGST1-L1 mRNA was reduced
in cells treated with Piroxicam. Thus, COX-2 and MGST1-
L1 enzymes are only co-regulated by cytokines and AhR
ligands, and are not jointly regulated by monofunctional
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Fig. 5. Regulation of constitutive MGST1-L1 expression by chemopre-
ventive agents. HCA-7 cells were exposed to chemopreventive agents for
6 hr. The cells were harvested, and total RNA was isolated for TaqMan/"’
analysis of MGST1-L1 transcript levels. The concentrations of compounds
employed were: ICZ, 1uM; BHQ, 25 uM; B-NF (designated b-NF),
25 uM; and Pir, 25 pM. Each treatment is shown with its appropriate
control where cells were cultured in serum-free medium alone. The control
values are normalized to equal 1. Values are means =+ range (bars) from a
typical set of results where N = 2.

inducers such as tBHQ. Most importantly, tBHQ was found
to antagonize IL-1p-stimulated expression of MGST1-L1
(Fig. 6). This is the first report of differences between the
regulation of these two enzymes. Consistent with our
previous findings mentioned above, Piroxicam antago-
nized MGST1-L1 induction by IL-1f.
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Fig. 6. Effects of chemopreventive agents on the cytokine-induced
expression of MGST1-L1. HCA-7 cells were either cultured in serum-
free medium alone or treated with medium containing either /BHQ to
25 uM or Pir to 25 puM for 1 hr. IL-1p was added, and the cells were
incubated for a further 5 hr. Cells were harvested, and total RNA was
isolated for TagMan™® analysis of MGST1-L1 transcript levels. The control
value is normalized to equal 1. Values are means =+ range (bars) from a
typical set of results where N = 2. Key: (+) P < 0.05 when compared to
control values, () P < 0.01 compared to control values, and (}) P < 0.01
compared to IL-1f values.

The ability of ‘BHQ to inhibit both constitutive and
IL-1B-induced PGE, production below that of untreated
control cells cannot be explained through the down-regula-
tion of either COX-2 or MGST1-L1. Experiments were
performed where fBHQ and Piroxicam were used as com-
petitive inhibitors of PG biosynthesis from AA in HCA-7
cells. The production of PGE, was efficiently blocked by the
addition of /BHQ or Piroxicam simultaneously with AA to
18 and 21%, respectively, of that of the control cells
stimulated with AA alone (data not shown). It appears,
therefore, that tBHQ, like Piroxicam, serves as an inhibitor
of either COX-2 or MGST1-L1, or both. Interestingly, the
NSAID was considerably more effective at inhibiting PGE,
production directly than at reducing the capacity of cells to
synthesize PGE, following 24-hr exposure to the drug. This
suggests that Piroxicam is short-lived as a competitive
inhibitor with AA, and the PGE, assays may well be a
reflection of its action in reducing levels of COX-2 and
MGSTI-LI gene expression.

4. Discussion

We have sought to test whether compounds with cancer
chemopreventive properties can target the PGE, biosyn-
thetic pathway. In this paper, the effects of xenobiotics on
the regulation of COX-2 and MGSTI1-L1 expression, as
well as the synthesis of PGE,, have been examined. To this
end, ICZ, B-NF, and tBHQ were employed as examples of
indoles, flavonoids, and phenolic antioxidants, respec-
tively. These compounds were chosen for study because
their abilities to stimulate XRE- and/or ARE-driven gene
induction have been well characterized [43,55]. Piroxicam
was also selected for study because it is an NSAID [7], and
this class of compound may possess cancer chemopreven-
tive properties.

4.1. Mechanisms of regulation of COX-2

The results in Fig. 1 show that chemicals known to
stimulate XRE- and/or ARE-driven transcription can
induce levels of COX-2 mRNA in HCA-7 cells. The indole
derivative ICZ is a potent activator of XRE-driven tran-
scription [43], and in the present study it was found to
increase COX-2 mRNA levels significantly. Similarly, the
hydroquinone BHQ, which stimulates ARE-driven gene
expression, was demonstrated to induce COX-2 expression
in human colon cancer cells. Increases in the amount of
COX-2 mRNA were also observed following treatment
with B-NF (which can stimulate both the XRE and the
ARE). Interestingly, these xenobiotics could also augment
the level of COX-2 transcript induced by the pro-inflam-
matory cytokine IL-1B (Fig. 4). Thus, COX-2 can be
induced by compounds that stimulate XRE- or ARE-driven
transcription, albeit modestly, even when levels are already
elevated during inflammation. This is of concern with



58 PJ. Sherratt et al./Biochemical Pharmacology 66 (2003) 51-61

respect to colon cancer where such compounds are referred
to as chemopreventive agents, but could actually increase
levels of COX-2. This may be expected to drive progres-
sion of the disease.

The induction of COX-2 by inflammatory cytokines and
AhR ligands has been reported previously [15,56]. How-
ever, the induction of COX-2 through an ARE enhancer has
not been investigated previously. Analysis of the COX-2
promoter region identified a potential ARE in reverse
orientation between nucleotides —572 and —564 that ful-
fills the 5’-A/GGTGACnnnGC-3’ consensus sequence
defined by Rushmore et al. [44]. The 3’-flanking sequence
of this ARE is A/T rich, indicating that it shares further
contextual similarity to the rat GSTA2 and NQOI enhan-
cers. The COX-2-CAT reporter gene construct used was
responsive to tBHQ, and co-transfection with the ARE-
specific transcription factor Nrf2 was found to elevate
reporter gene activity. It is worth noting that parallels
may be drawn between the regulation of human COX-2
and rat inducible nitric oxide synthase gene expression
[57]. Both genes contain AREs that are in a reverse
orientation and situated 5’ of two functional NF-kB sites.
Both enzymes can be induced above cytokine-stimulated
levels by compounds acting through the ARE. Further
detailed analysis is required to fully characterize this
potentially functional ARE within the human COX-2 gene.
The presence of both XRE and ARE enhancers in the
human COX-2 promoter could lead to marked variations
between populations, according to their diet, in the level of
its expression in both normal and cancerous tissue.

4.2. Differential and co-regulation of human COX-2
and MGSTI-LI

The observation that COX-2 and the microsomal PGE,
synthase are functionally coupled suggests that they may
also be co-regulated. This hypothesis appears to be correct
insofar as mRNAs encoding the two enzymes are both
increased in HCA-7 cells following treatment with the
AhR ligand ICZ. However, this generalization does not
hold true for the ARE-specific inducer fBHQ. In this case,
the hydroquinone increased the level of COX-2 mRNA in
HCA-7 cells, but did not cause the induction of MGST1-
L1. It appears unlikely that MGST1-L1 has a functional
ARE sequence within its promoter region. The effect of
tBHQ on HCA-7 cells is one of the first examples where
COX-2 and MGSTI1-L1 are not co-regulated.

Both COX-2 and MGSTI1-L1 are induced by the cyto-
kine IL-1p. Treatment of HCA-7 cells with both IL-1f and
tBHQ caused an increase in COX-2 over-and-above that
seen with IL-1P alone. By contrast, treatment of HCA-7
cells with the cytokine and the hydroquinone caused a
decrease in the level of MGST1-L1 when compared with
IL-1B. It seems from these results that fBHQ can also
antagonize cytokine-stimulated gene induction. It is pos-
sible that this negative regulatory effect of tBHQ is due

either to its direct antioxidant effects or to its ability to
induce antioxidant genes such as GCSh that inhibit pro-
oxidant signaling processes. We have, for example, found
that tBHQ treatment of HCA-7 cells significantly increased
the cellular level of reduced glutathione (data not shown).
It is therefore worth considering that this antagonism of
cytokine induction of MGSTI1-L1 by rBHQ could also
occur with COX-2. However, in the latter case, the increase
of expression through the ARE masks this effect.

4.3. Effects of tBHQ and ICZ on PGE, biosynthesis

As described above, ICZ stimulated expression of both
COX-2 and MGSTI1-L1 in HCA-7 cells. Treatment of the
colon cell line with this indole caused a significant eleva-
tion in the synthesis of PGE, (Table 1). Interestingly, ICZ
produced an increase of almost 2-fold in PGE, synthesis
when added to medium alone or in the presence of IL-1f.
These results suggest that indoles, which are potent AhR
ligands, may not be effective at preventing or inhibiting the
progression of colorectal cancer.

The measurement of PGE, production by HCA-7 cells
revealed that tBHQ treatment did not effect an increase in
the prostanoid, despite the fact that it can induce COX-2
mRNA. By contrast, the compound significantly decreased
the production of PGE, by HCA-7 cells. The basis for
tBHQ antagonism of PGE, synthesis appears to be due to a
lack of increase in MGST1-L1 expression and the fact that
it is also a competitive inhibitor of AA. It has been shown
previously that fBHQ can be generated from butylated
hydroxyanisole (BHA) by a COX-catalyzed reaction
[58,59], and it is therefore possible that the quinone
metabolite acts by product inhibition to block PGH,
production. The inhibitory effect of /BHQ appears to be
prolonged in that cells treated with the compound continue
to inhibit the production of PGE, from AA after 24 hr in
culture. It is also possible that treatment with rBHQ
stimulates antioxidant mechanisms within the cell, and
that it is an alteration in glutathione levels that inhibits
production of PGE, [60,61]. It would therefore be inter-
esting to determine whether other chemopreventive agents
that also stimulate ARE-driven transcription, such as the
isothiocyanate sulforaphane and dithiole-3-thione, can also
antagonize PGE, biosynthesis. The HCA-7 cell line can
synthesize substantial amounts of glutathione conjugates
of PGJ, [62]. This prostanoid is derived from PGD, and
represents a competing pathway to that responsible for the
formation of PGE,. Hence, it is also possible that the
ability of /BHQ to antagonize PGE, synthesis is a con-
sequence of increased production of the PGJ,—glutathione
conjugate.

The NSAID included in this study was less potent at
reducing PGE, biosynthesis after 24 hr in culture when
measured by a direct competition assay with AA. Pirox-
icam could be inactivated through metabolism during this
time. However, the levels of PGE, production did correlate
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with the data showing that Piroxicam antagonizes both the
basal expression of COX-2 and MGSTI-L1 and their
induction by cytokines. This was achieved at concentra-
tions in the micromolar range. It appears that Piroxicam in
its role as an NSAID has gene regulatory properties that are
potentially long lasting. This finding warrants further
investigation in terms of its potential therapeutic value.

4.4. Concluding comments

It has been found that chemopreventive agents can
regulate COX-2 and MGSTI1-L1 expression in human
colon carcinoma cells. The indole derivative ICZ, which
stimulates XRE-driven transcription, was shown to be a
potent inducer of COX-2 and stimulated an increase in
PGE, production. The hydroquinone tBHQ, which stimu-
lates ARE-driven transcription, was also shown to induce
COX-2 gene expression. This led to the discovery of an
ARE enhancer within the 5’-flanking region of the human
COX-2 gene which, along with the XRE, can modulate
gene expression to a broad range of dietary and pharma-
cological compounds. By contrast with ICZ, tBHQ proved
to be a particularly effective antagonist of PGE, production
in HCA-7 cells, a property associated with an ability to
directly inhibit PGE, production or possibly with an
increase in cellular glutathione levels. This, however, does
raise concerns that other compounds that stimulate ARE-
driven transcription but do not inhibit PGE, biosynthesis
could, along with ICZ, actually drive colon carcinogenesis
by increasing COX-2 expression. Interestingly, Piroxicam
is capable of reducing PGE, biosynthesis by antagonizing
both the constitutive and induced expression of COX-2 and
MGSTI1-L1. This represents an added property to the
therapeutic potential of this compound for the prevention
of colon cancer.
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