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Abstract

Background: Increased expression of the cyclooxygenase-2 enzyme (COX2) is one of the main characteristics of gastric
cancer (GC), which is a leading cause of death in the world, particularly in Asia and South America. Although the Wnt/f3-
catenin signaling pathway has been involved in the transcriptional activation of the COX2 gene, the precise mechanism
modulating this response is still unknown.

Methodology/Principal Findings: Here we studied the transcriptional regulation of the COX2 gene in GC cell lines and
assessed whether this phenomenon is modulated by Wnt/f-catenin signaling. We first examined the expression of COX2
mMRNA in GC cells and found that there is a differential expression pattern consistent with high levels of nuclear-localized f3-
catenin. Pharmacological treatment with either lithium or valproic acid and molecular induction with purified canonical
Whnt3a significantly enhanced COX2 mRNA expression in a dose- and time-dependent manner. Serial deletion of a 1.6 Kbp
COX2 promoter fragment and gain- or loss-of-function experiments allowed us to identify a minimal Wnt/B-catenin
responsive region consisting of 0.8 Kbp of the COX2 promoter (pCOX2-0.8), which showed maximal response in gene-
reporter assays. The activity of this pCOX2-0.8 promoter region was further confirmed by site-directed mutagenesis and
DNA-protein binding assays.

Conclusions/Significance: We conclude that the pCOX2-0.8 minimal promoter contains a novel functional T-cell factor/
lymphoid enhancer factor (TCF/LEF)-response element (TBE Site Il; -689/-684) that responds directly to enhanced Wnt/f3-
catenin signaling and which may be important for the onset/progression of GC.
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development and bad prognosis [4,12,13]. In this regard, large
amounts of data describe chemo-preventive and anticancer
activity of non steroidal anti-inflammatory drugs (NSAID)
including selective COXZ2 inhibitors as potential treatments for
GC [10,11,14].

Transcriptional control of the COX2 gene depends on the
molecular machinery interacting with the COX2 promoter, which
seems to be controlled through the activity of various signaling
pathways [15,16,17]. Indeed, it was initially established that CRE
(—59/—-53), NF-IL6 (—132/—124) and NF-kB (—233/—214)
consensus sequences in the COX2 promoter were necessary for
the expression of the gene [16]. Subsequent functional studies in

Introduction

Gastric cancer (GC) is a multifactorial disease, characterized by
highly malignant neoplasms in the gastric mucosa, and represents
the second leading cause of cancer death worldwide with the
highest prevalence in Asia and South America [1,2,3]. Environ-
mental associated risk factors include diet, snuff consumption,
obesity and Helicobacter pylori infection [4]. Several mutations in
tumor-suppressor genes, including P53, adenomatous polyposis
coli (APC), E-cadherin and RUNXS3 [3,5], as well as in oncogenes
like k-ras, HER2 and B-catenin [3,6,7], have been documented in
GC. In addition, over expression of various genes has been

documented, including WNT2B [8], TC1 (C8orf4) [9], and the
cyclooxygenase 2 (COX2) enzyme, which catalyzes the crucial
step in the production of prostaglandin E2, a key mediator of joint
inflammation [10,11].

It has been observed that the expression of the COX2 gene is
significantly increased in human gastric adenocarcinoma tissues,

when compared with paired gastric mucosal specimens devoid of

cancer cells [10]. Such increased expression has been proposed to
affect the intensity of invasion, size, lymph node metastases, tumor
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the COX2 promoter identified a series of regulatory elements
participating in the transcription of the gene, including AP-1, AP-
2, Sp-1, G/EBPP [18,19,20] and proteins belonging to the T-Cell
factor/Lymphoid enhancer factor (TCF/LEF) family of transcrip-
tion factors, which are crucial for Wnt/B-catenin signal transduc-
tion [21].

The Wnt/B-catenin signaling pathway is widely acknowledged
as playing a major role in human disease, particularly in the onset
and development of cancer [22,23,24]. Interestingly, recent
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experiments in GC derived cells have shown a relationship
between COX2 expression and the inhibition of the Glycogen
Synthase Kinase-3p (GSK3B) enzyme [25], which is a key Wnt
component that phosphorylates B-catenin and promotes its
subsequent degradation via proteasome [26]. The relationship
between Wnt/ B-catenin and COX2 expression in different cancer
cell models is further supported from the following studies. First, it
has been observed in the mammary epithelium that Wnt/ -
catenin play an indirect effect on COX2 transcription, which
could be mediated by up-regulation of an intermediary factor
PEA3 [27]. Second, and in contrast to an indirect mode of action,
Araki and cols. [21] reported that in colon cancer cells there is an
induction in COX2 expression through a [-catenin/TCF
dependent mechanism, and partially characterized a consensus
TCF/LEF binding site (TBE: core CTTTG) positioned 1,079 bp
upstream from the transcriptional start site in the COX2
promoter. Third, it was observed that in colon cancer patients
and derived cell lines there is an association between overexpres-
sion of the Wnt pathway-associated proteins LEF-1 and Pontin52/
TIP49a and up-regulation of COX2 expression [28]. Finally,
using chondrocytes, it has been demonstrated that LEF-1, together
with B-catenin, regulated COX2 expression by direct binding of
the LEF-1/f-catenin complex to the 3'UTR region of the COX2
genomic locus [29]. Therefore, at present there is not a clear
picture as to whether Wnt signaling is involved in COX2 gene
expression, or as its role in GC onset/progression. Here we sought
to understand whether there is a direct regulation of the COX2
gene expression via Wnt/ B-catenin signaling and to identify Wnt/
B-catenin regulatory elements in the promoter region of the
COX2 gene which can upregulate COX2 transcription in GC
cells.

Materials and Methods

Cells and culture conditions

Human cell-lines MKN45 (Japanese Collection of Research
Bioresources, Japan), N87, SNUI1, SNUI16, KATOIII, AGS,
WI38 and HEK293 (American Type Culture Collection; Rock-
ville, MD) were used in this study. MKN45, N87, SNU1 and
KATOIII cells were grown in RMPI media (Gibco); AGS in F12K
medium (Hyclone); WI38 in EMEM (Gibco); and HEK293 in
DMEM (Gibco). Culture media was supplemented with 10% FBS
(Gibco) (AGS with 20%) and 1% penicillin/streptomycin. Cell-
lines were maintained at 37°C in 5% COj and saturated humidity.

Plasmids and site-directed mutagenesis

The SuperTOPFlash-luciferase and the pRL-TK renilla-
luciferase plasmids [30], the constitutive active B-catenin (S33Y)
[31] and the dominant-negative ATCF4 expression plasmids [32]
have been described previously. Chimeric COX2 promoter-
luciferase fragments were generated by PCR from human genomic
DNA using specific primers containing restriction sites and
subsequently inserted into the pGL3-Basic vector (Promega).
The mutations in the TBE-II site (—689/—684) of the COX2
promoter were generated using primers pCOX-0,8-TBEMUT
with the QuickChange site-directed mutagesis kit (Stratagene).
Constructs were verified through direct sequencing (ABI-3130
Genetic Analyzer, Applied Biosystems). Primers sequences are

described in Table S1.

Semiquantitative and Real Time RT-PCR

Total RNA was extracted in RNAse free conditions using
TRIZOL (Invitrogen) and 2 pg of RNA was reverse transcribed
with 200 U of SuperScript II Reverse Transcriptase (RT)
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(Invitrogen) using 500 ng of Oligo(dT) primers. Experimental
determination of COX2, c-myc and CCNDI1 mRNA levels was
performed according to [33]. Briefly, cDNAs were subjected to
Real-Time PCR in an iCycler iQ System (Bio-Rad Laboratories).
Each 25 pl reaction volume contained 1 unit of Platinum Taq
DNA polymerase (Invitrogen), 1X reaction buffer (20 mM Tris-
HCI pH 8.4, and 50 mM KCI), 1.5 mM MgCly, 2.5 ug BSA,
0.01% Glycerol, 200 pM of dNTPs, 0.3X SYBR Green solution
and 0.4 uM of specific primers (see Table S1). PCR conditions
were set as follows: 90 seconds at 94°C and then 30 cycles of 30
seconds at 94°C, 30 seconds at 62°C and 30 seconds at 72°C. All
reactions were performed in triplicate and results obtained for
each gene were normalized to those obtained in parallel with B-
actin. The quality of RNA and PCR products was monitored
throughout the experiments via electrophoresis on 1% agarose
gels, stained with ethidium bromide.

Induction of the Wnt/f-catenin signaling pathway

Wnt signaling was pharmacologically induced in MKN45 cells
seeded in 6 well culture plates at 80-90% of confluence (i.e. 1, 2, 4
and 8 h of incubation) either with 10-20 mM of LiCl (Sigma) or
5-10 mM of valproic acid (VA; Sigma) as previously described
[34,35]. Then, cells were collected for mRNA extraction and real
time-PCR determination as described above. Similarly, MKIN45
cells were stimulated for 2 hours with 200 and 400 ng/ml of
purified Wnt3a protein. Purification of Wnt3a was carried out as
described [36].

Transcriptional activity of the COX2 promoter

Activity of the COX2 promoter was measured in 80-90%
confluent MKN45, AGS, WI38 and HEK293 cells seeded in 6
well culture plates. Briefly, cells were co-transfected using
FUGENE (Roche) for 24 with the pCOX2-luciferase or the
pSuperTOPFlash reporters and either constitutive active -
catenin (S33Y) [31] or the dominant-negative ATCF4 [32]
constructs. The pRL-TK renilla luciferase plasmid was used as
an internal control. Firefly and renilla luciferase activities were
determined using the Dual-Luciferase Reporter Assay (Promega)
in a Victor-3 multiplate reader instrument (Perkin Elmer), as
described previously [30]. Relative luciferase activities were
expressed by dividing firefly luciferase activity with renilla
luciferase activity for each sample (N = 3, each in triplicate).

Chromatin immunoprecipitation (ChIP) assays

ChIP studies were performed in MKN45 cells as described
carlier [37]. The fraction of nuclear B-catenin bound either to
TBE Sites I, II, III or IV in the human COX2 promoter was
immunoprecipitated with anti B-catenin antibodies (Santa Cruz)
and assessed by real time-PCR using specific primers (Table S1).
Additionally, the fraction of the RNA polymerase II (Pol-II) and
acetylated histones H3 and H4 (H3ac and H4ac) bound either to
the TBE-II region (—793/—594) or the proximal region (—118/
+62) of the COX2 promoter was similarly assessed (anti-Pol-II,
Santa Cruz; H3ac and H4ac, Upstate). As a positive control we
used the c-myc TBE site [38]. Antibody specificity was assayed
with normal rabbit-IgG (Santa Cruz).

Electrophoretic mobility shift assay (EMSA)

EMSA was performed using oligonucleotides containing either
the wild-type COX2 TBE-II consensus sequence (see Table S1) or
previously reported mutant TBE sequences [39]. In brief, wild-
type and mutated **P-labeled oligonucleotides were incubated in
binding buffer with nuclear extracts of MKN-45 cells for 30 min at

April 2011 | Volume 6 | Issue 4 | e18562



30°C. Subsequently, DNA-protein complexes were separated from
free oligonucleotides on a 5% non denaturating polyacrylamide
gel. After electrophoresis, the gel was dried, and exposed to film
for 1 day. The visualization of radioactive bands was analyzed by
autoradiography. Binding specificity was checked by incubating
the DNA-protein complexes in the presence of an excess of non-
labeled wild-type or mutated oligonucleotides [21,39].

Statistical analysis
Each experiment was repeated at least three times with three
replicates. Data are shown as the mean * SD. Multiple group

comparisons were performed by one-way ANOVA using the
STATISTICA 9.0 software. P<<0.05 was considered significant.

Results

COX2 expression correlates with nuclear B-catenin levels
in GC cells

We initially determined the expression levels of COX2 mRNA
in human GOC cell-lines MKN45, N87, SNUI1, SNUIG6,
KATOIII and AGS [40,41,42], as well as WI38 fibroblasts used
here as a control cell line [43], examining whether they were
correlated with Wnt/ B-catenin signaling. As depicted in Figure 1,
strong levels of COX2 expression were observed as early as 26
cycles of PCR amplification in metastatic cell lines MKN45,
SNU16 and KATOIII, and also in the AGS cell line that is
derived from a primary tumor. This result is in agreement with
COX2 expression levels detected previously in MKN45,
KATOIII and AGS cells [44,45,46]. In contrast, COX2 mRNA
levels were either very low in WI38 fibroblasts or undetectable in
N87 and SNUI cells (Figure 1A), suggesting that this differential
pattern of expression is not related to metastatic stages or the
level of cell transformation. Remarkably, nuclear B-catenin levels
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were closely related with COX2 expression, since high levels of
the protein were observed in MKN45, AGS, SNUI16 and
KATOIII cells, compared with N87, SNUl and WI38 cells
(Figure 1B), implying a role for Wnt signaling in COX2 mRNA
expression in GC cells.

Enhancement of COX2 expression via Wnt/B-catenin
signaling

In order to examine if the Wnt cascade is involved in COX2
expression, MKN45 cells were pharmacologically stimulated for
different periods of time (i.e. 1, 2, 4 and 8 h) with either lithium
(LiCl) or valproic acid (VA), since both drugs have been
previously shown to modulate Wnt signaling via inhibition of
GSK3P activity and thus increasing nuclear levels of B-catenin
[34,35]. Interestingly, we observed a marked enhancement of
COX2 expression induced by 10-20 mM LiCl or 5-10 mM VA,
that started soon after incubation with the compounds and which
peaked after two hours of treatment (Figure 2A). Real time
determination of COX2 mRNA levels in MKN45 cells similarly
treated with LiCl or VA (2 h) indicated that COX2 was
significantly up-regulated (Figure 2B) and that this effect was
paralleled with the one observed on Wnt/B-catenin target genes
c-myc [47] and cyclin DI [48]. Next, in order to rule out the
possibility that the observed phenomenon reflected non-specific
effects of the drugs acting on proteins affecting different signaling
cascades, we applied directly a fully functional purified Wnt3a
protein to MKN45 cells (see Methods). These experiments clearly
showed that 200-400 ng/ml of purified Wnt3a significantly
enhanced COX2 mRNA expression after short periods of
incubation (Figure 2), partially explaining the rapid effect of
LiCl and VA and supporting a direct correlation between
canonical Wnt/-catenin activation and stimulation of COX-2
transcription in GC cells.

SNU16 KATOIII
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Figure 1. COX2 gene expression and nuclear localization of f-catenin in GC cells. (A) COX2 mRNA expression in control (WI38) and GC cell-
lines (MKN45, AGS, SNU1, SNU16, KATOIIl and N87). Total RNA was extracted from cultured cells and semiquantitative RT-PCR was used to determine
COX2 and B-actin RNA levels as an internal control. Twenty-six cycles were chosen as an adequate PCR cycle. (B) Nuclear levels of B-catenin protein in
the same cell-lines, as shown in (A), were examined through Western Blot analysis using nuclear extracts. The TFIIB general transcription factor was

used as an internal control.
doi:10.1371/journal.pone.0018562.g001
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Figure 2. Pharmacological and molecular enhancement of COX2 expression via Wnt/f-catenin signaling. (A) COX2 mRNA expression
levels in MKN45 cells treated for 1 to 8 h with either 10-20 mM of lithium (LiCl) or 5-10 mM of Valproic acid (VA) were evaluated through RT-PCR. As
an internal control, B-actin levels were determined. (B) Q-PCR for COX2, c-myc and CCND1 mRNA expression stimulated pharmacologically with
lithium (LiCl) and valproate (VA) during 2 h (top panel). Bottom panel, Q-PCR for COX2 in MKN45 cells stimulated with purified Wnt3a for 2 h. Q-PCR
results were expressed as Relative Quantity (dRn) and B-actin mRNA levels were used as the internal control. Each figure corresponds to at least 3
independent experiments. Statistical significance was determined through ANOVA test (* p<<0.05, ** p<<0.01).

doi:10.1371/journal.pone.0018562.g002

Identification of novel TBE sites in the promoter of the
COX2 gene

Previous studies indicated that a Wnt/B-catenin responsive
TBE site (consensus core: CTTTG) is located at —1,079/
—1,074 bp upstream from the transcriptional start site (I'SS) of
the human COX2 gene [21] (Site IV; Figure 3A, see also Figure
S1). Further scanning of the 1,600 bp upstream sequence from
the TSS [49] allowed us to identify 3 novel putative TBE sites:
—877/—872 bp (Site III; sense orientation), —689/—684 bp and
—318/—313 bp (Sites II and I, respectively; both in antisense
orientation) (Figure 3A), which are not conserved between the
human and murine COX2 genes (Figure S1). We therefore
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cloned the 1,600 bp segment from the human COX2 promoter
(pCOX?2), including all four TBE sites, into the pGL3-basic
vector fused to the luciferase gene to be used subsequently in
reporter assays (Figure 3A). Remarkably, paralleled transfection
of 10 ng of this construct in MKN-45 and HEK293 cells revealed
that pCOX2 displayed a significant higher (9-fold) basal
promoter activity in MKN45 cells (Figure 3B and C). We
hypothesized that this higher pCOX2 basal promoter activity
could be related to the elevated content of nuclear B-catenin in
this GC cell line (Figure 1B). Hence, MKIN45 and HEK?293 cells
were co-transfected with pCOX2 in the presence of lower doses
of a constitutive active B-catenin protein (S33Y) [31]. As observed
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Figure 3. Human pCOX2-1.6 promoter activity in response to Wnt/p-catenin signaling. (A) Schematic drawing depicting the genomic
context of ca. 1.6 Kbp from the transcriptional start site (TSS) of the human COX2 promoter, including the location of known transcriptional

regulators (white boxes) and the position of the three novel TCF/LEF-bindin

g elements (TBE: core CTTTG; black boxes) determined in silico. (B & C)

Gene reporter assays in MKN45 (B) and HEK293 (C) cells co-transfected with 10 ng of pCOX2 and increasing concentrations of a constitutively active

B-catenin (S33Y) protein (left panel). Cells were co-transfected with 1 ng of P

RL-SV40 Renilla as an internal control. Promoter activity was normalized

as the ratio between firefly luciferase and Renilla luciferase units. RLU: Relative Luciferase Units. Each figure corresponds to at least three independent
experiments. Statistical significance was determined through ANOVA test (* p<<0.05, ** p<<0.01). Nuclear levels of B-catenin protein were examined in
same cell lines through Western Blot analysis (right panel). The TFIIB general transcription factor was used as an internal control.

doi:10.1371/journal.pone.0018562.g003

in Figure 3, pCOX2 activity was indeed enhanced in both cell
types, suggesting that P-catenin may bind and then activate
TCF/LEF transcription factors at the functional TBE sites within
the pCOX2 promoter.

Contribution of TBE sites to COX2 promoter activity in GC
cells

To dissect the contribution of Wnt/B-catenin responsive TBE
sites on the transcriptional activity of the COX2 promoter four
pCOX2 deletions constructs were generated: pCOX-1.2
(—1,123/+35 bp); pCOX-0.8 (—741/+35 bp); pCOX-0.65
(—582/+35 bp); and pCOX-0.4 (—371/+435 bp) (Figure 4A).
These constructs were subsequently assayed for their activity
through transient transfections in MKN45 and AGS cells, using
the WI38 fibroblasts as a control cell line. Consistent with the
endogenous COX2 expression levels in these GC cell lines
(Figure 1A), pCOX2 deletions retained different levels of activity
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in MKN45 and AGS cells (Figure 4B and C). In contrast, no
promoter activity was detected in WI38 fibroblasts (Figure 4D),
even when the transfection doses in these cells were increased 8
fold (i.e. from 50 to 400 ng) (Figure S2). Importantly, and in
agreement with previous reports [50], WI38 cells efficiently
expressed a luciferase-reporter construct containing the promoter
of the p21 gene (Figure S2), indicating that in these control cells
the molecular machinery responsible for inducing COX2
transcription is not active. Further experiments revealed that
transfection in MKN45 and AGS cells with the pCOX2-0.8
construct, which has 859 bp deleted from the 1.6 Kb pCOX2
reporter (Figure 4A), resulted in a significant increase in the
promoter activity when compared with the pCOX2-1.2 reporter
(Figure 4A-C). As no significant differences were observed
between the 1.6 Kb pCOX2 and pCOX2-1.2 constructs (Figure
S3), we did not perform further analyses with the larger construct.
Importantly, pCOX2-0.8 represented the minimum size promoter
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Figure 4. pCOX2-0.8 as a minimal COX2 promoter with
maximum basal response in GC cells. (A) Schematic representation
of pCOX2 deletions. (B-D) Gene reporter assay in MKN45 (B), AGS (C)
and WI38 (D) cell lines transiently transfected with 50 ng pCOX
deletions (pCOX2-1.2; pCOX2-0.8; pCOX2-0.65 and pCOX2-0.4) and
50 ng of empty vector. In all experiments cells were transfected with
1 ng of PRL-SV40 Renilla as an internal control. Promoter activity was
normalized as the ratio between firefly luciferase and Renilla luciferase
units. RLU: Relative Luciferase Units. Each figure corresponds to at least
three independent experiments. Statistical significance was determined
through ANOVA test (* p<<0.05, ** p<<0.01).
doi:10.1371/journal.pone.0018562.g004

fragment exhibiting the maximum basal activity, since further
deletion of either 159 or 370 bp from the 5'-end, as it is the case
with the pCOX2-0.65 or pCOX2-0.4 constructs, respectively,
decreased more than 2-fold the levels of pCOX2 basal activity.
These results indicate that the region comprised between 0.8 and
0.65 Kbp upstream of the TSS of the COX2 gene, and which
includes a novel TBE response element (TBE Site II; —689/ —684),
may be a key component during the regulation of the basal level of
COX2 gene expression in GC cells.

@ PLoS ONE | www.plosone.org
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Upregulation of pCOX2-0.8 via Wnt/B-catenin signaling

We next examined the effect of Wnt/B-catenin signaling at the
novel TBE Site II. We transfected MKN45 cells with the pCOX2-
0.8 reporter construct and co-expressed the constitutive active -
catenin S33Y protein observing that there was a significant (2-fold)
enhancement of the transcriptional activity of pCOX2-0.8. This -
catenin-mediated increase was specific since the pCOX2-0.4
construct was not stimulated in this B-catenin over-expression
condition (Figure 5A and B). To control for Wnt/B-catenin
signaling in MKN45 cells we used the Wnt/B-catenin responsive
SuperTOPFLASH (STF) reporter carrying 12 copies of a TBE in
tandem [32], which was transfected alone or in the presence of the
plasmid coding for the mutant B-catenin S33Y protein. Interest-
ingly, while co-expression with the mutant B-catenin S33Y protein
in MKN45 cells was able to enhance (1.9-fold) the activity of the
STF reporter, high levels of basal STF activity were detected in the
absence of the mutant B-catenin (Figure 5C). This result is in
agreement with our previous findings of high levels of endogenous
nuclear B-catenin in this cell-type (see Figure 1B), and confirms
that this nuclear factor is functional. To further confirm this
finding, we performed identical experiments in HEK293 cells and
obtained essentially similar results although in this case a clear
dose-response curve was obtained when pCOX2-0.8 was trans-
fected in the presence of increasing concentrations of the
constitutively active P-catenin S33Y protein (Figure S4). Addi-
tionally, we found that STF activity in HEK293 cells was highly
responsive to the levels of the exogenous mutant B-catenin (Figure
S4C).

To further explore the effects of the Wnt/-catenin pathway on
the activity of the pCOX2-0.8 we carried out loss-of-function
experiments with a dominant negative TCF4 (ATCF) construct,
which codes for a transcription factor lacking 30 residues from its
amino-terminus and that is unable to bind B-catenin [32]. We
found that in MKN45 cells ATCF expression reduced the high
levels of pCOX2-0.8 basal transcription in a dose-dependent
manner (Figure 5D). This result confirms the key role of TCF/
LEF transcription factors among the regulators of the activity of
the pCOX2-0.8 promoter sequence, and further supports the idea
that the TBE Site II (—689/—684) is involved in the response to
Wnt/B-catenin signaling.

Finally, to directly address the role of the TBE Site II in Wnt/ -
catenin-mediated regulation of the COX2 promoter, we intro-
duced by site-directed mutagenesis a change in 2 key nucleotides
of the consensus sequence of the TBE Site II core (i.e. pCOX2-
0.8: CTTTG; MpCOX2-0.8: CCTCG). These changes have been
shown previously to abolish Wnt/B-catenin-mediated transcrip-
tion [39]. Transient transfection studies revealed that mutation of
the TBE Site II significantly decreased (2-3 fold) the basal activity
of pCOX2-0.8 construct in MKN45 cells (Figure 5E) when
compared with the wild-type pCOX2-0.8 promoter construct.
Moreover, and in agreement to our previous results, mutation of
this TBE site II almost completely blocked B-catenin-mediated
enhancement of the pCOX2-0.8 construct (Figure S4). Taken
together, these results indicate that the TBE Site II (—689/—684)
is a functional component in the COX2 gene transcriptional
regulation.

B-catenin binds to the COX2 gene promoter region
containing the TBE Site Il

Because a transcriptionally active conformation of chromatin
structure is reflected by an elevated level of histone acetylation
[51], we precipitated cross-linked chromatin fragments (average
size 300-500 bp) isolated from MKN45 cells using polyclonal
antibodies specific for acetylated histones H3 and H4. Similarly,
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Figure 5. Wnt/f-catenin signaling modulates pCOX2-0.8 activity in MKN45 cells. Gene reporter assays in MKN45 cells transiently
transfected with either 10 ng pCOX2-0.8 (A) or pCOX2-0.4 (B), plus 5-10 ng of B-catenin S33Y and 10 ng of empty vector as control. (C)
SuperTOPFlash (STF; 10 ng) was co-transfected with 10 ng of -catenin S33Y as a positive control for Wnt/B-catenin signaling activity. (D) Effect of a
dominant negative TCF-4 (ATCF) construct on the activity of pCOX2-0.8. MKN45 cells were transiently co-transfected with 50 ng pCOX2-0.8 and 20—
50 ng of ATCF. (E) Comparison between the activity of the wild-type pCOX2-0.8 and a mutant MpCOX2-0.8 construct, containing mutated residues in
the TBE Site Il in the pCOX2-0.8 promoter as background. Cells were transfected with increasing concentrations of pCOX2-0.8, MpCOX-08, or equal
amounts of empty vector as a control. In all experiments 1 ng of PRL-SV40 Renilla was transfected as an internal control. Promoter activity was
normalized as the ratio between firefly luciferase and Renilla luciferase units. RLU: Relative Luciferase Units. Each figure corresponds to at least three
independent experiments. Statistical significance was determined through ANOVA test (* p<<0.05, ** p<<0.01).

doi:10.1371/journal.pone.0018562.g005

we detected binding of RNA polymerase II (Pol II) as a parameter
normally associated with transcriptional activity. We examined the
enrichment in our precipitates of two promoter sequences: the
proximal promoter (PP) region (—118/+62 from TSS) and the
distal region (—793/—594) of the COX2 promoter containing the
consensus TBE Site II (—689/—684). In particular, the TBE Site
II was targeted since previous experiments indicated preferential
binding of B-catenin to this promoter region (Figure S5). As a
positive control, we evaluated binding at the TBE site in the
promoter of the c-myc gene (—1,447/—1,144 from TSS), which
was previously described in colon cancer cells [38].

Acetylated histones H3 and H4 and the Polimerase II enzyme
were found to bind within the proximal promoter region
(Figure 6A), indicating that the chromatin structure around the
COX2 promoter in MKN#45 cells is in an open conformation, thus
in agreement with our previous results demonstrating that the
COX2 gene is actively transcribing. Notably, the B-catenin protein
was Immunoprecipitated from MKN45 samples mostly in
association with the promoter region spanning the —684/—689
TBE sequence in the COX2 gene (Figure 6B). This factor was
almost undetectable at the proximal promoter region, indicating
that endogenous nuclear B-catenin is primarily recruited to the
TBE Site II in these GC cells. As expected, endogenous B-catenin
was similarly bound to the c-myc promoter TBE site, at levels that
are comparable to those observed in the COX2 gene promoter
(Figure 6C).

Collectively, these experiments indicate that the TBE Site II is
directly involved in B-catenin-mediated transcriptional activation
of the COX2 promoter. To further confirm these results we
performed electrophoretic mobility shift assays (EMSA) in nuclear
extracts of MKN45 cells. For this purpose we prepared 34 based-
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paired oligonucleotides; one containing the wild-type —689/ —684
TBE Site II sequence (i.e. CTACAAAGA; residues underlined
representing the core), and two oligonucleotides containing
missense mutations in either the core of the TBE Site II (i.e.
CTACGAGGA: TBE-MUT1) or in the flanking sequence (i.c.
CGCCAAAGA: TBE-MU'T?2), as reported previously [21,39]. As
shown in Figure 6D, the radiolabeled wild-type TBE probe was
capable to form retarded DNA-protein complexes when incubated
with nuclear extracts from MKN45 cells. These protein-DNA
complexes were specific since the addition of an excess of cold
wild-type oligonucleotides (50-fold) dramatically inhibited the
formation of the DNA-protein complex (Figure 6D, lane 3 and
4, respectively). The mutant radiolabeled TBE-MUT1 probe was
neither able to form DNA-protein complexes on its own, nor to
compete with the wild-type oligonucleotide when added in excess
as a cold probe (Figure 6D, lane 5 and 6, respectively). Similar
results were obtained when the second cold TBE-MUT2 probe
was used as a competitor (Figure 6D, lane 7). Altogether, these
results demonstrate that the novel TBE Site II in the COX2
promoter is involved in the transcriptional activation of the COX2
gene by recruiting the machinery responsible for transducing
Wnt/ B-catenin signaling (Figure 6E).

Discussion

Previous studies have suggested a role for Wnt/p-catenin
signaling during the onset and/or development of various types of
cancer via modulating the expression of the COX2 gene [25]. In
this work we have presented strong evidence supporting a direct
role for Wnt/B-catenin signaling in the control of COX2
expression in GC cells. First, we have shown that there is a tight
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Figure 6. Binding of p-catenin to the TBE Site Il (—689/—684) in the COX2 promoter. (A-C) ChIP assays in MKN45 cells using specific
antibodies for B-catenin (B-cat), polymerase Il (Pol), H3 and H4 acetylated histones (H3ac; H4ac) and immunoglobulin G (IgG). Quantification was
done by real time PCR using specific primers for the proximal promoter (PP) region (A), the TBE Site Il (—689/—684) in the human COX2 promoter (B)
and a TBE site within the c-myc promoter, as a positive control (C). (D) EMSA assay in nuclear extracts from MKN45 cells. DNA-protein complexes
formed by incubating nuclear extracts (N.E.) from MKN45 cells with radiolabelled probes containing the intact and a mutated TBE Site Il (lanes 3 and
5) were resolved in native polyacrylamide gels at 5% and revealed through autoradiography. To determine the specificity of the binding a 50 times
excess of non-radiolabelled wild-type (line 4) and mutant (6 and 7) oligonucleotides were added. Lanes 1 and 2 correspond to the wild-type and
mutant radiolabelled oligonucleotides without incubation with N.E. These tests are representative of three independent experiments. E. Model
depicting the molecular mechanism by which Wnt/B-catenin signaling may contribute to the expression of the human COX2 gene.

doi:10.1371/journal.pone.0018562.g006

correlation between COX2 expression and the nuclear content of
B-catenin, which seems to be independent of either malignancy or
transformation state of CG cells. Second, time- and dose-
dependent enhancement of COX2 expression was observed soon
after induction (2 h) with either pharmacological compounds
mimicking Wnt/B-catenin signaling. Third, gene reporter assays
evaluating the COX2 promoter activity in response to gain- and
loss-of-function experiments, including a constitutively active -
catenin protein and dominant negative TCF4 transcription factor,
demonstrate that Wnt/B-catenin components are involved in the
transcriptional regulation of the COX2 gene.

@ PLoS ONE | www.plosone.org

We have also shown here that within 2 Kbp upstream of the
human COX2 promoter there are four putative TBE sites (core:
CTTTG), one of which has been previously studied by Araki and
cols [21,28]. Through gene reporter assays with different pCOX2
deletion constructs we showed that pCOX2-0.8 displayed the
highest basal transcriptional activity in the GC cells MKN45 and
AGS. Interestingly, pCOX2-0.8 maintained the TBE Site-II
(—689/—684) integrity indicating its key contribution to the
regulation of the transcriptional activity of the COX2 gene.
Notably, the complete pCOX2 TBE Site II signature (i.e. 5'-
WWCAAAGS-3"; S=C/G; W=A/T), resembles the optimal
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TCF site described by van de Wetering and cols. [52], which was
subsequently used to identity genuine Wnt-transcriptional targets
in the Drosophila genes nkd and CG6234 [53].

Functionality of this TBE Site II was also confirmed by our
mutagenesis studies. Thus, when we mutated the TBE-signature
sequence into the pCOX2-0.8 construct (MpCOX2-0.8), it was
found that basal COX2 promoter activity was significantly
affected in MKN45 cells. In addition our ChIP and EMSA
analyses confirmed that f-catenin is preferentially recruited to the
—689/—-684 COX2 promoter region in GC cells, at a level that
resembles that found at the c-myc promoter [38]. Such interaction
preferentially occurs on this region of the COX2 gene promoter as
no B-catenin is found to bind to the proximal promoter region of
the COX2 gene. Altogether these results indicate that the TBE
Site IT is a functional Wnt/ B-catenin responsive element within the
human COX2 promoter. Our data, nevertheless, does not rule out
the contribution of other genomic regions in the human COX2
gene [21]. Instead, we propose that in GC cells a complex web of
interactions is present where the TBE Site II cooperates with other
response elements to up-regulate COX2 expression.

As our results in GC cells are in agreement with those reported
for colon cancer cells, it is tempting to speculate that Wnt/ B-catenin
signaling could be similarly involved in COX2 regulation in other
tumors [21,28]. Indeed, moderate to strong protein levels of B-
catenin can be observed in ca. 72% of all cancers analyzed in the
Human Atlas Protein tissue database [54]. Similarly, strong to
moderate cytoplasmic COX2 staining and occasional membranous
reactivity is observed in 50% of all cancers, including colorectal,
prostate, cervical, endometrial, urothelial, pancreatic, liver and in
glandular cells from gastric tumor tissue. Interestingly, simultaneous
detection of COX2 and B-catenin immunoreactivity in these GC
tumors is observed in 8 out of 12 identical individuals (Figure S6 and
Table S2), arguing in favor of a positive relationship between
COX2 expression and the intracellular levels of the B-catenin
protein, and thus the activity of the canonical Wnt signaling
pathway in the transcriptional regulation of the COX2 gene.

Supporting Information

Figure S1 ClustalW multiple sequence alignment of
human and murine COX2 promoters. TBE response
elements, as well as recognition sequences for SP1 and CRE
transcription factors, and the TATA box are enclosed.

(PDF)

Figure S2 Comparison of basal promoter activity of
pCOX2-1.6 and pCOX2-1.2 constructs in MKN45 and
HEK293 cells. Gene reporter assays in MKN45 (A) and
HEK293 (B) cells transiently transfected with increasing concen-
trations of pCOX2-1.6 or pCOX2-1.2. In all experiments 1 ng of
PRL-SV40 Renilla was transfected as an internal control.
Promoter activity was normalized as the ratio between firefly
luciferase and Renilla luciferase units. RLU: Relative Luciferase
Units. Each figure corresponds to at least three independent
experiments. Statistical significance was determined through
ANOVA test (* p<0.05, ** p<<0.01).

(PDF)

Figure S3 Basal promoter activity of pCOX2-deletion
constructs examined in WI38 cells. Wi38 cells were
transiently transfected with 400 ng pCOX2-deletion constructs
(A) or a construct containing the p21 promoter as a control (B) and
basal promoter activity was determined. In all experiments 1 ng of
PRL-SV40 Renilla was transfected as an internal control.
Promoter activity was normalized as the ratio between firefly
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luciferase and Renilla luciferase units. RLU: Relative Luciferase
Units. Each figure corresponds to at least three independent
experiments. Statistical significance was determined through
ANOVA test (* p<0.05, ** p<<0.01).

(PDF)

Figure S4 pCOX2-0.8 activity in response to Wnt/[-
catenin signaling in HEK293 cells. (A) Reporter gene assay
HEK293 cells, co-transfected transiently with 10 ng pCOX-0, 8
with 5 and 10 ng of B-catenin S33Y and 10 ng of empty vector as
control. (B) MKN45 cells was transiently transfected with 10 ng
pCOX2-0,4 with 5 and 10 ng of S33Y B-catenin and 10 ng of
empty vector as control. (C) As a positive control 10 ng of Super
Top Flash (STF) was co-transfected with 10 ng of S33Y B-catenin.
(D) Effect of site-directed mutation in TBE site in pCOX2-0,8
reporter gene assays in HEK293 cells transfected with 10 ng of
pCOX2-0,8 and mutated pCOX2-0,8 (MpCOX-08) in the
presence and absence of 5 and 10 ng of S33Y B-catenin, using
equal amounts of empty vector as a control. In all trials 1 ng of
PRL-SV40 Renilla was transfected as an internal control.
Promoter activity was normalized as the ratio between firefly
luciferase and Renilla units (RLU). Each figure corresponds to a
representative result of three independent experiments. Statistical
significance was determined through ANOVA test (* p<<0.05,
** p<0.01).

(PDI)

Figure S5 Binding of B-catenin to TBE sites in the COX-
2 promoter. ChIP assays in MKN45 cells using specific
antibodies for B-catenin. Quantification was performed by real
time PCR using specific primers to TBE IV site (—1079/—1074),
TBE III site (—877/872), TBE II (—689/—684) and TBE I
(—318/—313) and normalizated by IgG.

(PDF)

Figure S6 COX2 and p-catenin immunoreactivity in
gastric cancer tissue. Immunohistochemical images of gastric
cancer samples showing moderate to strong levels of COX2 and B-
catenin expression in different individuals (ID; see Table S2 for
details) analyzed as part of the Human Protein Atlas initiative
(http://www.proteinatlas.org). COX2 and B-catenin proteins were
visualized using the HPA001335 and the CAB0O00108 antibodies,
respectively.

(PDF)

Table S1 Primers used in this study.
(PDE)
Table S2 Gastric cancer samples analysed for COX2

and -catenin levels in the Human Atlas Protein
Collection.

(PDF)

Acknowledgments

We thank Dr. Randall T. Moon (Institute for Stem Cell and Regenerative
Medicine, University of Washington School of Medicine, Seattle, WA) for
SuperTOPFlash-luciferase and pRL-TK renilla-luciferase plasmids; Dr.
Hans Clevers (The Hubrecht Institute for Developmental Biology and
Stem Cell Research, Netherlands) for the constitutive active B-catenin and
the dominant-negative TCF4 expression plasmids and Dr. Andrew Quest
(University of Chile, Santiago-Chile) for MKN45 cells.

Author Contributions

Conceived and designed the experiments: FN MM GVD. Performed the
experiments: FN SB FC. Analyzed the data: FN SB FC MM GVD.
Contributed reagents/materials/analysis tools: MM GVD. Wrote the
paper: FN MM GVD.

April 2011 | Volume 6 | Issue 4 | 18562



References

1.

2.
3.

Crew KD, Neugut AI (2006) Epidemiology of gastric cancer.
World J Gastroenterol 12: 354-362.

Parkin DM (2004) International variation. Oncogene 23: 6329-6340.
Ushijima T, Sasako M (2004) Focus on gastric cancer. Cancer Cell 5: 121-125.

4. Konturek PC, Konturek SJ, Brzozowski T (2006) Gastric cancer and

20.

21.

22.

23.

28.

Helicobacter pylori infection. J Physiol Pharmacol 57(Suppl 3): 51-65.

. Lee JH, Abraham SC, Kim HS, Nam JH, Choi C, et al. (2002) Inverse

relationship between APC gene mutation in gastric adenomas and development
of adenocarcinoma. Am J Pathol 161: 611-618.

. Clements WM, Wang J, Sarnaik A, Kim OJ, MacDonald ], et al. (2002) beta-

Catenin mutation is a frequent cause of Wnt pathway activation in gastric
cancer. Cancer Res 62: 3503-3506.

Satiroglu-Tufan NL, Bir F, Calli-Demirkan N (2006) Investigation of HER-2
codon 655 single nucleotide polymorphism frequency and c-ErbB-2 protein
expression alterations in gastric cancer patients. World J Gastroenterol 12:
3283-3287.

. Katoh M (2001) Frequent up-regulation of WN'T?2 in primary gastric cancer and

colorectal cancer. Int J Oncol 19: 1003-1007.

. Kim B, Koo H, Yang S, Bang S, Jung Y, et al. (2006) TC1(C8orf4) correlates

with Wnt/beta-catenin target genes and aggressive biological behavior in gastric
cancer. Clin Cancer Res 12: 3541-3548.

. Ristimaki A, Honkanen N, Jankala H, Sipponen P, Harkonen M (1997)

Expression of cyclooxygenase-2 in human gastric carcinoma. Cancer Res 57:
1276-1280.
Saukkonen K, Rintahaka J, Sivula A, Buskens CJ, Van Rees BP, et al. (2003)

Cyclooxygenase-2 and gastric carcinogenesis. Apmis 111: 915-925.

. Han S, Inoue H, Flowers LC, Sidell N (2003) Control of COX-2 gene expression

through peroxisome proliferator-activated receptor gamma in human cervical
cancer cells. Clin Cancer Res 9: 4627-4635.

. Oshima H, Oshima M, Inaba K, Taketo MM (2004) Hyperplastic gastric

tumors induced by activated macrophages in COX-2/mPGES-1 transgenic
mice. Embo J 23: 1669-1678.

. Langman M]J, Cheng KK, Gilman EA, Lancashire RJ (2000) Effect of anti-

inflammatory drugs on overall risk of common cancer: case-control study in
general practice research database. Bmj 320: 1642-1646.

. Dannenberg AJ, Subbaramaiah K (2003) Targeting cyclooxygenase-2 in human

neoplasia: rationale and promise. Cancer Cell 4: 431-436.

. Inoue H, Nanayama T, Hara S, Yokoyama C, Tanabe T (1994) The cyclic

AMP response element plays an essential role in the expression of the human
prostaglandin-endoperoxide synthase 2 gene in differentiated U937 monocytic
cells. FEBS Lett 350: 51-54.

Smith WL, DeWitt DL, Garavito RM (2000) Cyclooxygenases: structural,
cellular, and molecular biology. Annu Rev Biochem 69: 145-182.

. Ackerman WEt, Rovin BH, Kniss DA (2004) Epidermal growth factor and

interleukin-1beta utilize divergent signaling pathways to synergistically upregu-
late cyclooxygenase-2 gene expression in human amnion-derived WISH cells.

Biol Reprod 71: 2079-2086.

. Chun KS, Surh Y]J (2004) Signal transduction pathways regulating cyclooxy-

genase-2 expression: potential molecular targets for chemoprevention. Biochem
Pharmacol 68: 1089-1100.

Nie M, Pang L, Inoue H, Knox AJ (2003) Transcriptional regulation of
cyclooxygenase 2 by bradykinin and interleukin-1beta in human airway smooth
muscle cells: involvement of different promoter elements, transcription factors,
and histone h4 acetylation. Mol Cell Biol 23: 9233-9244.

Araki Y, Okamura S, Hussain SP, Nagashima M, He P, et al. (2003) Regulation
of cyclooxygenase-2 expression by the Wnt and ras pathways. Cancer Res 63:
728-734.

Kolligs FT, Bommer G, Goke B (2002) Wnt/beta-catenin/tcf signaling: a critical
pathway in gastrointestinal tumorigenesis. Digestion 66: 131-144.

Moon RT, Kohn AD, De Ferrari GV, Kaykas A (2004) WNT and beta-catenin
signalling: diseases and therapies. Nat Rev Genet 5: 691-701.

. Polakis P (2007) The many ways of Wnt in cancer. Curr Opin Genet Dev 17:

45-51.

. Thiel A, Heinonen M, Rintahaka J, Hallikainen T, Hemmes A, et al. (2006)

Expression of cyclooxygenase-2 is regulated by glycogen synthase kinase-3beta in
gastric cancer cells. J Biol Chem 281: 4564-4569.

. Aberle H, Bauer A, Stappert J, Kispert A, Kemler R (1997) beta-catenin is a

target for the ubiquitin-proteasome pathway. Embo J 16: 3797-3804.

. Howe LR, Crawford HC, Subbaramaiah K, Hassell JA, Dannenberg AJ, et al.

(2001) PEA3 is up-regulated in response to Wntl and activates the expression of
cyclooxygenase-2. J Biol Chem 276: 20108-20115.

Carlson ML, Wilson ET, Prescott SM (2003) Regulation of COX-2 transcription
in a colon cancer cell line by Pontin52/TIP49a. Mol Cancer 2: 42.

@ PLoS ONE | www.plosone.org

10

29.

30.

31.

32.

33.

34.

36.

38.

39.

40.

41.

43.

44.

46.

47.

48.

49.

51.

52.

53.

54.

Wnt/B-Catenin Signaling Enhances COX2 Expression

Yun K, Im SH (2007) Lefl regulates COX-2 transcription in chondrocytes.
Biochem Biophys Res Commun 364: 270-275.

De Ferrari GV, Papassotiropoulos A, Biechele T, Wavrant De-Vrieze F,
Avila ME, et al. (2007) Common genetic variation within the low-density
lipoprotein receptor-related protein 6 and late-onset Alzheimer’s disease. Proc
Natl Acad Sci U S A 104: 9434-9439.

Morin PJ, Sparks AB, Korinek V, Barker N, Clevers H, et al. (1997) Activation
of beta-catenin-Tcf signaling in colon cancer by mutations in beta-catenin or
APC. Science 275: 1787-1790.

Korinek V, Barker N, Morin PJ, van Wichen D, de Weger R, et al. (1997)
Constitutive transcriptional activation by a beta-catenin-Tcf complex in APC-/-
colon carcinoma. Science 275: 1784-1787.

Pfaffl MW, Tichopad A, Prgomet C, Neuvians TP (2004) Determination of
stable housekeeping genes, differentially regulated target genes and sample
integrity: BestKeeper—Excel-based tool using pair-wise correlations. Biotechnol
Lett 26: 509-515.

Klein PS, Melton DA (1996) A molecular mechanism for the effect of lithium on
development. Proc Natl Acad Sci U S A 93: 8455-8459.

. Chen G, Huang LD, Jiang YM, Manji HK (1999) The mood-stabilizing agent

valproate inhibits the activity of glycogen synthase kinase-3. J Neurochem 72:
1327-1330.

Avila ME, Sepulveda FJ, Burgos CF, Moraga-Cid G, Parodi J, et al. (2010)
Canonical Wnt3a modulates intracellular calcium and enhances excitatory
neurotransmission in hippocampal neurons. J Biol Chem 285: 18939-18947.
Soutoglou E, Talianidis I (2002) Coordination of PIC assembly and chromatin
remodeling during differentiation-induced gene activation. Science 295:
1901-1904.

Sierra J, Yoshida T, Joazeiro CA, Jones KA (2006) The APC tumor suppressor
counteracts beta-catenin activation and H3K4 methylation at Wnt target genes.
Genes Dev 20: 586-600.

Gaur T, Lengner CJ, Hovhannisyan H, Bhat RA, Bodine PV, et al. (2005)
Canonical WNT signaling promotes osteogenesis by directly stimulating Runx2
gene expression. ] Biol Chem 280: 33132-33140.

Barranco SC, Townsend CM Jr., Casartelli C, Macik BG, Burger NL, et al.
(1983) Establishment and characterization of an in vitro model system for
human adenocarcinoma of the stomach. Cancer Res 43: 1703-1709.

Park JG, Frucht H, LaRocca RV, Bliss DP Jr., Kurita Y, et al. (1990)
Characteristics of cell lines established from human gastric carcinoma. Cancer
Res 50: 2773-2780.

. Yokozaki H (2000) Molecular characteristics of eight gastric cancer cell lines

established in Japan. Pathol Int 50: 767-777.

Sugarman BJ, Aggarwal BB, Hass PE, Figari IS, Palladino MA Jr., et al. (1985)
Recombinant human tumor necrosis factor-alpha: effects on proliferation of
normal and transformed cells in vitro. Science 230: 943-945.

Tsuji S, Kawano S, Sawaoka H, Takei Y, Kobayashi I, et al. (1996) Evidences
for involvement of cyclooxygenase-2 in proliferation of two gastrointestinal
cancer cell lines. Prostaglandins Leukot Essent Fatty Acids 55: 179-183.

. Kim H, Lim JW, Kim KH (2001) Helicobacter pylori-induced expression of

interleukin-8 and cyclooxygenase-2 in AGS gastric epithelial cells: mediation by
nuclear factor-kappaB. Scand J Gastroenterol 36: 706-716.

Cho SJ, Kim N, Kim JS, Jung HC, Song IS (2007) The anti-cancer effect of
COX-2 inhibitors on gastric cancer cells. Dig Dis Sci 52: 1713-1721.

He TC, Sparks AB, Rago C, Hermeking H, Zawel L, et al. (1998) Identification
of c-MYC as a target of the APC pathway. Science 281: 1509-1512.

Tetsu O, McCormick F (1999) Beta-catenin regulates expression of cyclin D1 in
colon carcinoma cells. Nature 398: 422-426.

Kosaka T, Miyata A, Thara H, Hara S, Sugimoto T, et al. (1994)
Characterization of the human gene (PTGS2) encoding prostaglandin-
endoperoxide synthase 2. Eur J Biochem 221: 889-897.

. Zheng QH, Ma LW, Zhu WG, Zhang ZY, Tong T] (2006) p21Wafl/Cipl

plays a critical role in modulating senescence through changes of DNA
methylation. J Cell Biochem 98: 1230-1248.

Choi JK, Howe IJ (2009) Histone acetylation: truth of consequences? Biochem
Cell Biol 87: 139-150.

van de Wetering M, Cavallo R, Dooijes D, van Beest M, van Es J, et al. (1997)
Armadillo coactivates transcription driven by the product of the Drosophila
segment polarity gene dTCF. Cell 88: 789-799.

Fang M, Li J, Blauwkamp T, Bhambhani C, Campbell N, et al. (2006) C-
terminal-binding protein directly activates and represses Wnt transcriptional
targets in Drosophila. EMBO J 25: 2735-2745.

Berglund L, Bjorling E, Oksvold P, Fagerberg L, Asplund A, et al. (2008) A
genecentric Human Protein Atlas for expression profiles based on antibodies.
Mol Cell Proteomics 7: 2019-2027.

April 2011 | Volume 6 | Issue 4 | e18562



