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Abstract
Inflammatory stresses associated with inflammatory bowel diseases up-regulate P2Y2 mRNA
receptor expression in the human colon adenocarcinoma cell line Caco-2, the noncancerous IEC-6
cells and in colonic tissues of patient suffering from Crohn’s disease and ulcerative colitis.
However, the transcriptional events regulating P2Y2 receptor (P2Y2R) expression are not known.
We have identified a putative transcription start site in the P2Y2R gene and demonstrated
acetylation of Lys14 on histone H3 and Lys8 on histone H4, thus suggesting that the chromatin
associated with the P2Y2 promoter is accessible to transcription factors. We also showed that the
transcription factor NF-κB p65 regulates P2Y2R transcription under both proinflammatory and
basal conditions. A NF-κB-responsive element was identified at −181 to −172 bp in the promoter
region of P2Y2. Hence, activation of P2Y2R by ATP and UTP stimulated cyclooxygenase-2
expression and PGE2 secretion by intestinal epithelial cells. These findings demonstrate that
P2Y2R expression is regulated during intestinal inflammation through an NF-κB p65-dependent
mechanism and could contribute not only to inflammatory bowel disease but also to other
inflammatory diseases by regulating PG release.

Intestinal inflammation is often seen as a pernicious manifestation of lost of homeostasis
that can cause significant damage to the host tissue. In fact, inflammation is a key element of
mucosal defense. It is aimed at limiting entry of foreign material and microbes in the blood
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stream and to facilitate the repair of damaged tissues (1). The intestinal epithelium
constitutes the first defensive frontline of the mucosal immune system (2, 3). Despite the
fact that intestinal epithelial cells (IEC)3 are continually exposed to intraluminal bacteria
and their products, the intestinal mucosa maintains a controlled state of inflammation (2, 4).
IECs play an active role in cellular responses to inflammatory stimuli by secreting cytokines
as well as sending cellular messages to immune cells of the intestinal mucosa and
submucosa (5, 6). For many years, cytokines and chemokines and their receptors have been
accepted as regulators of cross-talk between the intestinal epithelium, immune cells and the
vascular endothelium. Extracellular nucleotides, including ATP, ADP, UTP, and UDP, also
have cytokine-like properties (7-10).

Recently, these molecules have been described as endogenous danger signal molecules that
display potent innate immune-enhancing activities (7, 10, 11). Hence, inflammation likely
promotes the release of nucleotides, such as ATP and UTP or UDP, not only from IECs, as
we recently showed (10), but also from other cell types, such as leukocytes, platelets, and
smooth muscle cells, as well as from intestinal bacteria (12). Another important source of
nucleotides is damaged or dead cells that release nucleotides present at high concentrations
in the cytoplasm (7, 10, 11). This increase in the extracellular nucleotide concentration in the
environment of inflamed tissues has also been associated with an increased expression of
P2Y2 and P2Y6 receptor mRNA in colonic epithelium of patients with Crohn’s disease and
ulcerative colitis and in mice with chemical-induced colitis (10). Up-regulation of P2Y2R
expression was also observed in a variety of pathophysiological conditions associated with
inflammation and/or tissue damage (13-15). This increase in P2Y2R expression and
functions has been associated with the aggravation of inflammatory disease symptoms such
as in vascular intimal hyperplasia and Sjögren’s syndrome (15-18). However, P2Y2R
expression and activity could also be beneficial in tissue repair or wound healing (19, 20).
Besides its role in the regulation of Cl− and K+ secretion by IECs (21-23) and its reported
overexpression in human colon cancer (24), there is no information on the
pathophysiological function of P2Y2R in inflammatory bowel diseases (IBD). More
surprisingly, there are no data demonstrating how P2Y2R gene expression is regulated. The
characterization of the promoter region of the P2Y2R gene could help to understand the
transcriptional regulation of P2Y2R expression in IBD and in other inflammation processes.
Among the various transcription factors previously described, the p65 subunit of NF-κB
(NF-κB p65) has been shown to regulate the transcription of a broad range of genes related
to inflammation in Crohn’s disease and ulcerative colitis (25). The current study describes
the cloning and sequence analysis of the proximal promoter region of the P2Y2R gene in
which we have detected the presence of three consensus NF-κB-binding sites. Our results
also demonstrate that NF-κB p65 stimulates P2Y2R transcription in colonic epithelial cells
under proinflammatory conditions. Finally, we demonstrated that up-regulation and
activation of the P2Y2R lead to an increase in both cyclooxygenase-2 (COX-2) expression
and PGE2 released by IECs.

Materials and Methods
Reagents

DMEM, Eagle’s MEM, F-12 medium, penicillin-streptomycin, HEPES, and FBS were
purchased from Wisent. FBS was inactivated by heating at 50°C for 60 min. Optim-MEM
and glutamine (GlutaMax) were from Invitrogen. Dextran sulfate sodium (DSS; Mr 36,000–
50,000) was obtained from MP Biochemicals. LPS (Escherichia coli O55:B5) and IL-6 were

3Abbreviations used in this paper: IEC, intestinal epithelial cell; COX-2, cyclooxygenase-2; DSS, dextran sulfate sodium; HCAEC,
human coronary artery endothelial cells; IBD, inflammatory bowel diseases; NBM, NF-κB-binding motif; TSS, transcription starting
site; ChIP, chromatin immunoprecipitation; RLM, RNA ligase mediated.
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purchased, respectively, from Calbiochem and BioShop Canada. Mouse monoclonal anti-
NF-κB p65 Ab was purchased from Santa Cruz Biotechnology. Rabbit anti-acetyl-histone
H3 (Lys14) polyclonal Ab, and rabbit anti-acetyl-histone H4 (Lys8) polyclonal Ab were
from Millipore. Mouse anti-COX-2 mAb was purchased from Caymen Chemical. PGE2
assay kits were obtained from R&D Systems. The pGL4.10 and pcDNA3.1 vectors were
purchased, respectively, from Promega and Invitrogen. The pcDNA3.1/NF-κB p65
construct was kindly provided by Dr. Marc Servant (Université de Montreal, Faculté de
Pharmacie, Quebec, Canada).

Cell culture
Human coronary artery endothelial cells (HCAEC; American Type Culture Collection
(ATCC) No. CRL-2266) were cultured, as previously described (26). The human colon
carcinoma cell line Caco-2 (ATCC No. HTB-37) and the noncancerous rat IEC cell line
IEC-6 (ATCC No. CRL-1592) were grown as previously described (10, 27). Cells were
incubated in serum free medium for 24 h at 37°C before experiments. When indicated, 0.5%
(w/v) DSS, 10 ng/ml IL-6, or 12.5 μg/ml LPS was added to Caco-2 or IEC-6 cells for the
specified time period to induce a proinflammatory response, as previously described (10, 28,
29).

Real-time PCR quantification
Total RNA was isolated from Caco-2 and IEC-6 cells with the Totally RNA Kit (Ambion)
according to the manufacturer’s instructions. cDNA was then synthesized from 2 μg of
purified RNA by reverse transcription using the SuperScript II system (Invitrogen). Five
percent of the synthesized cDNA was used as a template for real-time PCR using the
QuantiTect SYBR green PCR Kit (Qiagen) and the Stratagene Mx3000P QPCR System.
The sequence-specific primers for P2Y2R, COX-2, and TATA-binding protein are listed in
supplemental Table I.4

Primer extension reaction
Single-stranded 43-mer anti-sense oligonucleotide (10 pmol) 5′-
CTCTCGCCACTGCGCTGCGCTTCTCCTCTCAGGGTGCCGTCGC-3′ (Tm = 75.3°C)
corresponding to exon 1 in the P2Y2R gene sequence was designed and chemically
synthesized, and end-labeled using polynucleotide kinase from Promega, and
[γ-32P]EasyTides ATP was from PerkinElmer. Labeled primers (1 pmol) were hybridized
for 20 min with 5 μg of polyadenylate+ RNA isolated from HCAECs, and avian
myeloblastosis virus reverse transcriptase was added for 30 min at 41°C to yield the
corresponding cDNA. Avian myeloblastosis virus reverse transcriptase was inactivated by
incubating all samples at 90°C for 10 min. The resulting products were analyzed on an 8%
(w/v) polyacrylamide denaturing gel. Kanamycin-positive mRNA (1.2 kb) from the the
Promega kit was used with a corresponding primer as a positive control. The negative
control included diethylpyrocarbonate-treated water instead of mRNA in the reaction.

RNA ligase-mediated 5′-RACE (5′-RLM-RACE)
The transcription start site (TSS) of the human P2Y2R gene was determined using the RNA
ligase-mediated 5′-RLM-RACE with the FirstChoice RLM-RACE kit following the
manufacturer’s instructions (Ambion). Briefly, total RNA was isolated from Caco-2 cells
using the RNeasy kit (Qiagen) according to the manufacturer’s instructions, and 10 μg of
RNA were treated with alkaline phosphatase to remove phosphate groups on degraded
mRNA, rRNA, tRNA, and DNA. RNA was then treated with tobacco acid pyrophosphatase

4The online version of this article contains supplemental material.
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to remove the cap from full-length nascent transcripts. Then, a RACE primer was ligated to
phosphorylated uncapped transcripts. Reaction products were reverse transcribed using
SuperScript III reverse transcriptase (Invitrogen) and the deoxythymidylate oligonucleotide
dT20. Modified cDNA was subjected to PCR analysis using the PCR primer hY2R4
(supplemental Table II) and outer primer detecting the 5′-RACE adapter (Ambion). The
generated PCR products were reamplified in a second, nested PCR using the inner primer
detecting the 5′-RACE adapter and one of the hY2R1 and hY2R3 primers (supplemental
Table II). All PCR amplifications were performed using the Expand High Fidelity PCR
system (Roche). PCR products were cloned into pCRII-TOPO using the TOPO cloning kit
(Invitrogen). The cloned DNA fragments were identified by automatic DNA sequencing
(ABI 3730xl; Applied Biosystems) using the M13 oligonucleotide provided by the TOPO
cloning kit.

Human P2Y2R promoter cloning and constructs
Human genomic DNA, isolated from human IECs using the DNeasy Tissue kit (Qiagen),
was kindly provided by Dr. Nathalie Rivard (Universiteé de Sherbrooke, Département
d’Anatomie et Biologie Cellulaire, Quebec, Canada). The human P2Y2R promoter, −1572
bp to +93 bp relative to the putative TSS, was PCR-amplified from the human genomic
DNA using the prP2Y2/NheI forward and prP2Y2/BglII reverse primers (supplemental
Table III). The PCR fragment was cloned into the pGL4.10 expression vector (Promega)
upstream of the luciferase gene (prP2Y2-luc). Deletion mutants of the P2Y2R promoter were
generated by PCR amplification with the following oligonucleotides (supplemental Tables
III and IV): prP2Y2Δ-350bp and prP2Y2/BglII primers for deletion of −1572 bp to −351 bp;
prP2Y2Δ-784bp and prP2Y2/BglII primers for deletion of −1572 bp to −785 bp; and
prP2Y2Δ-1165bp and prP2Y2/BglII primers for deletion of −1572 bp to −1166 bp. The PCR
fragments were cloned into the pGL4.10 expression vector (Promega) upstream of the
luciferase gene. Deletions within the prP2Y2Δ-350bp mutant were generated by restriction
enzyme digests with StuI (−273 bp) (prP2Y2Δ-350bp/StuI), PmlI (−33 bp; prP2Y2Δ-350bp/
PmlI) and NheI (−350 bp). Deletion of the putative NF-κB p65-binding motif (NBM) in the
prP2Y2Δ-350bp construct was done by overlap extension PCR by replacing those 10 bp by
a scrambled nucleotide sequence, as previously described (27). The upstream amplification
was performed with the prP2Y2/NheI oligonucleotide primer (supplemental Table III) and
the prP2Y2ΔNBM1, prP2Y2ΔNBM2, or prP2Y2ΔNBM3 primer (supplemental Table V).
The downstream amplification was performed with the prP2Y2ΔNBM1R,
prP2Y2ΔNBM2R, or prP2Y2ΔNBM3R (supplemental Table V) and the prP2Y2/BglII
(supplemental Table III) primers. Products resulting from these two PCRs were used as
DNA templates for the final PCR using the prP2Y2/NheI and prP2Y2/BglII
oligonucleotides. The PCR fragments were then cloned into the pGL4.10 luciferase vector.
The presence of the mutations was verified by sequence analysis (McGill University and
Genome Quebec Innovation Center).

Transient transfections and luciferase assays
Caco-2 cells, at 80% confluence, were seeded in 24-well plates for 24 h. The next day, 1 h
before transfection, complete DMEM was replaced by 300 μl of Opti-MEM (Invitrogen),
free of antibiotic and antimycotic. Cells were cotransfected using LipofectAMINE 2000
(Invitrogen) with 0.1 μg of pcDNA3.1/NF-κB p65 and 0.1 μg of the different P2Y2R
promoter constructs or 0.1 μg of pGL4.10 (control). After 6 h of transfection, the Opti-
MEM was replaced with complete DMEM. Two days after transfection, luciferase activity
was measured, as previously described (10). In some experiments, cells were stimulated
with DSS at a final concentration of 0.5% (w/v) for 6 h before measuring luciferase activity.
Results are expressed as fold induction compared with control (pcDNA3.1/NF-κB p65 plus
pGL4.10) values, normalized to Renilla luciferase expression.
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Chromatin immunoprecipitation (ChIP) assays
ChIP assays were performed using the EZ ChIP assay kit protocol (Upstate). Briefly, 80%
confluent Caco-2 cells were cross-linked with 1% (v/v) formaldehyde for 10 min at 37°C.
Following cross-linking, chromatin was sheared and immunoprecipitated with 5 μg of
mouse anti-NF-κB p65 polyclonal Ab (Santa Cruz Biotechnology) or 5 μg of rabbit anti-
acetyl-histone H3 (Lys14) polyclonal Ab or 5 μg of rabbit anti-acetyl-histone H4 (Lys8)
polyclonal Ab (Millipore). Five micrograms of normal mouse or normal rabbit IgG
(Upstate) were used as a negative control. For re-ChIP assays, a second
immunoprecipitation was conducted with 5 μg of rabbit anti-p300 polyclonal Ab, after
eluting the immunoprecipitated NF-κB p65-DNA complex from the G protein agarose
beads. Input (10% of the lysate before immunoprecipitation) was used to verify the amount
of DNA in each immunoprecipitation. Immunoprecipitated DNA was purified and amplified
by real-time PCR using the QuantiTect SYBR green PCR Kit (Qiagen) and the Stratagene
Mx3000P QPCR System with P2Y2C upstream and downstream oligonucleotide primers
amplifying the −221 bp to −105 bp (supplemental Table VI). Data are expressed as fold
increase over background (negative control) normalized to input as proposed by SuperArray
Biosciences and adapted as described (www.workingthebench.com).

EMSA
Nuclear proteins were obtained as previously described (27). EMSA assays were conducted
using 7.5 μg of nuclear protein extracts and 3.5 × 104 cpm of 5′-end-labeled [γ-32P]ATP
double-stranded oligonucleotides (supplemental Table VII) in the presence of 50 ng of
polydeoxyinosinatepolydeoxycytidylate (Roche) in buffer D (5 mM HEPES, 10% (v/v)
glycerol, 0.05 mM EDTA, 0.125 mM PMSF). DNA-protein complexes were separated on a
nondenaturing 5% (w/v) polyacrylamide gel run against Tris-glycine buffer, as described
(30). In supershift experiments, 3 μg of mouse monoclonal anti-NF-κB p65 Ab were used
per sample and added 20 min before the addition of the radiolabeled probes. In competition
experiments, 10× or 100× concentrations of the unlabeled probe NBM2 was added to the
sample at the same time of labeled probe. Gels were dried and autoradiographed on an
Imaging Screen-K (Kodak) for 18 h and imaged using a Bio-Rad Molecular Imager FX
apparatus and data were acquired using Quantity One software from Bio-Rad.

Western immunoblotting
After nucleotide stimulation, Caco-2 cells were lysed and processed as previously described
(10). Samples were subjected to 7.5% SDS-PAGE, and transferred to polyvinylidene
difluoride membranes for protein immunoblotting, as previously described (10).
Immunoblotting for human COX-2 was performed using a 1/750 dilution of mouse
monoclonal anti- COX-2. Specific protein band on membranes were detected using a
1/10,000 dilution of HRP-conjugated anti-mouse Ab as the secondary Ab and visualized on
autoradiographic film using the Millipore chemiluminescence system. Normalization of the
signal was realized as previously described (10).

Quantification of PGE2 released by IECs
PGE2 released was quantified using the PGE2 assay kit from R&D Systems. Caco-2 cells
were stimulated with 100 μM ATP or UTP for 24 h. Cell media were collected, cleared of
debris, and used for PGE2 assays as recommended by the manufacturer.

Statistical analysis
Results are expressed as the mean ± SEM. Statistical significance was determined by
performing unpaired t or ANOVA tests as described in the figure legends. The number of
replicates for each experiment is presented in the figure legends.
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Results
P2Y2R expression is increased in Caco-2 and IEC-6 cells under inflammatory-like
conditions

Recently, we showed that P2Y2R mRNA expression was increased in colonic tissues of
patients with Crohn’s disease and ulcerative colitis (10). Similar observations were made in
the colonic epithelium of mice in which intestinal inflammation was induced by adding DSS
to the drinking water (10). Using real-time PCR, we found that addition of DSS for 3–6 h to
Caco-2 IECs causes >2-fold increase in level of P2Y2R mRNA (Fig. 1A). In addition,
treatment of Caco-2 cells with LPS (12.5 μg/ml) resulted in an 8-fold increase in level of
P2Y2R mRNA after 24 h (Fig. 1B), which was also confirmed in a normal IEC cell line,
IEC-6, which resulted in a >7-fold increase in the level of P2Y2R mRNA after 12 h (Fig.
1D). Moreover, treatment of IEC-6 cells with IL-6 (10 ng/ml) causes an increase of >2.5-
fold in level of P2Y2 mRNA after 18 h (Fig. 1C).

Localization of the transcription start site (+1) of the human P2Y2R
We used primer extension analysis to identify the potential TSS in the P2Y2R gene using
mRNA extracted from HCAECs. The single-stranded 43-mer oligonucleotide used was
highly specific for P2Y2R mRNA exon 1. The expected cDNA product size was 134 bp
when the P2Y2R TSS conformed to transcripts arrived at for P2Y2R mRNA by in silico
analysis (31). The positive control was a 1.2-kb kanamycin-positive in vitro product that was
expected to give a product size of 84 bp. The chief cDNA products obtained by primer
extension were smaller (57 and 84 bp) and larger (200 bp) than predicted (supplemental Fig.
1A). More than one TSS has been known to be associated with TATA-less promoters (32,
33). However, formation of products due to secondary structures in mRNA in the primer
extension reaction cannot be ruled out. To confirm and delineate the TSS, we used RLM-
RACE and nested PCR assays with Caco-2 cells (supplemental Fig. 1B). RLMRACE is a
more sensitive method than primer extension analysis because it removes uncapped mRNA,
DNA, and other non-mRNA molecules by treatment of the RNA sample with calf intestine
phosphatase (34, 35). Electrophoretic analysis of the nested PCR amplification products
revealed that Caco-2 cells express only variant 2 of the human P2Y2R mRNA and a single
TSS, as shown by the presence of a single band for both clones analyzed from the nested
PCR assays with hY2R1 and hY2R3 oligonucleotide primers (supplemental Fig. 1B).
Sequence alignment of representative clones obtained from the nested PCR with the 5′-
untranslatd region sequence of human P2Y2R (variant 2; NM_002564) allowed us to
localize the TSS (+1) 72 nucleotides downstream from the first nucleotide of the published
P2Y2R gene sequence, as indicated in supplemental Fig. 1C. We also found a mutation at
+32 where a thymine (T) was replaced by a cytosine (C) residue, as indicated by the
arrowhead in supplemental Fig. 1C. Finally, the translation start point (ATG) was located at
position +262, as indicated by the bold letters in supplemental Fig. 1C. We aligned the
sequence of the promoter from the two different cell types and identified by computational
analysis potential binding sites for Sp1 and NF-κB (supplemental Fig. 2). The P2Y2R
promoter of these cell types is 99.2% identical.

Chromatin is decondensed at the P2Y2R promoter region
Modifications of histone tails are known to facilitate or hinder accessibility of transcription
factors to their binding sites in promoter regions of genes by promoting condensation or
decondensation of the chromatin (36, 37). One of the modifications of significant
importance to enhanced transcription of genes is the acetylation of histone H3 and H4 (37).
We performed ChIP assays to immunoprecipitate histones H3 and H4 with, respectively,
antiacetyl-histone H3 (Lys14) and anti-acetyl-histone H4 (Lys8) Abs followed by real-time
PCR amplification to identify those specific acetylations of histones H3 and H4
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(supplemental Fig. 3). Acetylation of these two lysine residues is associated with active gene
transcription and more particularly with genes that are trans-activated by NF-κB p65 (38).
Results indicated a 4.6- and 2.3-fold increase in acetylated histone H3 (on Lys14) and
acetylated histone H4 (on Lys8), respectively, over background from the negative control
(mouse IgG) normalized to input.

NF-κB p65 regulates the expression of the P2Y2R
To determine whether NF-κB p65 regulated P2Y2R expression, we first verified the
presence of potential NF-κB p65 DNA-binding sites in the proximal P2Y2R human
promoter using computer analysis (Fig. 2A). We identified multiple putative NF-κB DNA-
binding sites by the characteristic GGG(A/G)NN(T/C)(T/C)CC consensus sequence (39).
We then cloned −1572 to +93 bp of the proximal human P2Y2R promoter in the luciferase-
containing pGL4.10 vector to assess the transcriptional activity in response to NF-κB p65
expression under basal and stress-like conditions (Fig. 2B). P2Y2R promoter transcriptional
activity was increased 2-fold under basal conditions, as compared with the absence of
promoter (Fig. 2B, p < 0.01) but increased to >7-fold in response to DSS (Fig. 2B, p < 0.05).
To delineate the P2Y2R promoter region required for NF-κB p65-dependent induction, we
compared the P2Y2R promoter transcriptional activity to the 5′ deletion mutants
prP2Y2Δ-1165, prP2Y2Δ-784, and prP2Y2Δ-350. None of the prP2Y2R deletion mutant
constructs showed decreased luciferase activity in response to NF-κB p65 expression (Fig.
2C), suggesting that the promoter region and potential NF-κB DNA-binding sites located
upstream of nt −350 are not involved in the regulation of the P2Y2R gene expression. In
contrast, further deletion downstream of −350-bp site abolished P2Y2R transcriptional
activation, as compared with the full-length P2Y2R and P2Y2Δ-350 promoter constructs
(Fig. 2D). These data indicate that the promoter region between −273 and −33 nt is essential
for NF-κB p65-dependent P2Y2R transcriptional regulation. To prove that NF-κB is
involved in the transcriptional regulation of the P2Y2R gene, we specifically mutated three
potential NF-κB DNA-binding motifs in the P2Y2R promoter region using the
oligonucleotide primers NBM1 (−278 to −269), NBM2 (−181 to −172), and NBM3 (−135 to
−126), as shown in Fig. 2A. Mutation of NBM2 significantly reduced the luciferase activity
of the minimal P2Y2Δ-350-Luc promoter construct by more than 60%, whereas mutation of
NBM1 and NBM3 had no effect on luciferase activity (Fig. 2E), suggesting a role for NBM2
in the transcriptional regulation of P2Y2R expression by NF-κB. We also have identified
other potential binding sites for transcription factors in the P2Y2R promoter region, such as
SP1 (supplemental Fig. 2), that remain to be characterized.

We verified by electrophoretic mobility and supershift assays the ability of labeled NBM1,
NBM2, and NMB3 double-stranded oligonucleotides to bind NF-κB p65 in Caco-2 nuclear
extracts (Fig. 3A). Of the three NBM sites, the NBM2-protein complex was the major
complex supershifted by a NF-κB p65 Ab (Fig. 3A). We also did a competition assay using
unlabeled NBM2 probe with NBM2 labeled probe and observed almost complete diminution
of the intensity of the labeled protein-DNA complex in the presence of 100× unlabeled
probe (Fig. 3B). Thus, NF-κB p65 interacts in vitro with the
NBM2−181GCGGCGTCCC−172 sequence. To assess whether NF-κB p65 bound the NBM2
DNA-binding site of the minimal P2Y2R promoter in vivo, we performed a chromatin
immunoprecipitation assay with Caco-2 genomic DNA (Fig. 3C) and showed that NF-κB
p65 binds the −221 to −105 P2Y2R promoter region encompassing the NBM2 DNA-binding
site. Following real-time PCR, we quantified a 2-fold increase in the binding of NF-κB p65
to this region, as compared with the negative control (mouse IgG). We also did a re-ChIP
assay (Fig. 3C) in which the second immunoprecipitation was achieved with an Ab against
p300. The p300 protein is a coactivator with an histone acetyltransferase (HAT) activity that
can bind to and acetylate NF-κB p65 or histones directly or indirectly by the recruitment of
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other HATs, thereby decondensing chromatin to enhance the transactivation of genes
regulated by NF-κB (40, 41). Using real-time PCR amplification we determined that
approximately one-half of the immunoprecipitated p65 is bound to p300 (Fig. 3C).

Activation of P2Y2R stimulates COX-2 expression and PGE2 released by IECs
In normal intestine, COX-1 is expressed constitutively in epithelial cells where it is
associated with intestinal mucosa homeostasis (42). On the opposite, COX-2 is expressed at
low basal levels under normal conditions, but its expression is rapidly up-regulated by
proinflammatory molecules (43). COX-2-dependent arachidonic acid metabolites, such as
PGE2, can modulate the inflammatory response of the intestinal mucosa (43-45).
Stimulation of COX-2 expression and PGE2 released through P2Y2R activation have
previously been reported in other systems (46-48), but it has never been associated to the
increase of P2Y2R expression as observed during intestinal inflammation. In this context,
we showed that P2Y2R activation by ATP (Fig. 4A) or UTP (Fig. 4B) significantly
increased the expression of COX-2 mRNA after only 30 min and sustained it for up to 60
min. It also increased the expression of COX-2 at the protein level as soon as 3 h following
stimulation of P2Y2R (Fig. 4C) in Caco-2 IECs. The P2Y2R-dependent increase of COX-2
expression correlated with PGE2 released by Caco-2 cells in response to ATP and UTP
stimulation (Fig. 4D). PGE2 release was stimulated by >2-fold in response to ATP and UTP
when compared with nonstimulated Caco-2 cells (Fig. 4D).

Discussion
We recently reported the up-regulation of P2Y2R mRNA in the colonic tissues isolated from
patients suffering from IBDs (10). Similar observations were also made in colon isolated
from mice suffering from chemically induced colitis (10). It is well described that immune
cells, such as neutrophils and monocytes/macrophages, expressed numerous P2 nucleotide
receptors among which the P2Y2R (49). As for many diseases, IBDs are characterized by an
increasing number of infiltrating neutrophils and monocytes/macrophages that could have
contributed to the observed increased in P2Y2R transcript expression previously described
(10). In this study, we demonstrated using the adenocarcinoma-derived Caco-2 cells and the
noncancerous IEC-6 cells that the increased expression of the P2Y2R transcript could be
attributable in part to the up-regulation of receptor expression by IECs (Fig. 1). This
increase in P2Y2R mRNA expression and function has been associated with enhanced tissue
damages as reported in a Sjögren’s syndrome-like phenotype in mice (14, 50), chronic
pancreatitis (13), and the induction of intimal hyperplasia in an animal model of human
atherosclerosis (15, 51). More recently, P2Y2R increased expression and function in rat
primary cortical neurons have been associated with the α-secretase-dependent processing of
amyloid precursor protein, a well-described molecule involved in neurode-generative
disorders (52). In addition, P2Y2R activation in A549 alveolar type II epithelial cells
stimulated the expression of COX-2 and PGE2 production that were associated with airway
inflammation (46). Despite these numerous reports describing the up-regulation of P2Y2R
expression and function in inflammatory diseases and the apparent contribution of a NF-κB-
dependent mechanism (52), there are no data describing how P2Y2R gene expression is
regulated.

In this report, we identified, cloned and characterized the promoter region of the human
P2Y2R gene, from −1572 bp to +93 bp. In addition, we have associated the increase in
P2Y2R expression to the stimulation of COX-2 expression and PGE2 released by IECs. NF-
κB p65 is one of the prototypic transcription factors associated with inflammation under a
number of pathophysiological conditions (25). NF-κB p65 activation is related to the
transcriptional regulation of a number of proteins involved in the inflammatory response,
such as cytokines and cell adhesion molecules. Thus, it is appropriate that this transcription

Degagné et al. Page 8

J Immunol. Author manuscript; available in PMC 2013 April 02.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



factor was found to regulate the transcription of the P2Y2R gene under both basal and
proinflammatory conditions. We localized a potential NF-κB p65-binding site on the human
P2Y2R promoter region and showed that this region is transcriptionally active by measuring
histones H3 and H4 acetylation of lysine 14 and 8, respectively (37, 41, 53). Moreover, the
specific acetylation of histones H3 and H4 are associated with NF-κB-regulated genes that
are transcriptionally active (38). Since we are interested in NF-κB p65 transactivation
potential, we also looked at p300, a coactivator with histone acetyltransferase activity that
increases transcription factor acetylation and accessibility to the DNA (53). Using re-ChIP
assay, we determined that p65 and p300 are associated with the P2Y2R promoter.
Accordingly, it was reported that p300 can be associated with the p65 subunit of NF-κB and
promote transcription of genes targeted by NF-κB by acetylating histones, recruiting other
HATs, or acetylating NF-κB p65 (54) to enhance the transcriptional activity and the DNA-
binding of NF-κB p65 (40).

The determination of the transcription start site (TSS) of the P2Y2R promoter by primer
extension assays using poly(A)+ RNA isolated from HCAECs and confirmed by 5′RLM-
RACE using Caco-2 cells RNA allowed us to focus on a putative promoter region of 1572
bp upstream of the + 1 bp site in the P2Y2R gene. In both assays, regardless of the different
nature of the cells, we were able to pinpoint the TSS to the same area of the promoter. The
difference of approximately 11 bp in nucleotide localization is due to the nature of the
methods used, RLM-RACE being a more sensitive method than primer extension. Many
TATA-less promoters contain multiple GC-rich sequences that are recognized by the
transcription factor Sp1 (55). Sp1 can recruit the TFIID complex to initiate the assembly of
the transcriptional machinery. By computational analysis (supplemental Fig. 2), we
identified three potential Sp1-binding sites 50 bp upstream of the P2Y2R TSS. Further
studies will be necessary to define the role of these potential binding sites, since multiple
Sp1 elements can act independently or synergistically to promote gene transcription (55).

Truncation of the 5′-region of the P2Y2R promoter has allowed us to identify the region
between −273 and −33 nt as important for trans activation of P2Y2R gene expression by the
transcription factor NF-κB p65. We then conducted computational analysis of this promoter
region and indeed found three potential NF-κ-binding sites (NBM1–3). Site-specific
mutations of these NBMs in the P2Y2Δ-350bp promoter followed by co-transfection with
NF-κB p65 in Caco-2 cells further supported the postulate that NBM2 is a binding site for
NF-κB. Actually, mutation of the NBM2 site resulted in a decreased luciferase activity of
>50%. This result was confirmed by EMSA experiments which demonstrated that p65
interacts strongly in vitro with NBM2, as compared with NBM1 and NBM3. ChIP assays
revealed that p65 binds to the region (−221 bp to −105 bp) that contains the NBM2 motif.
trans activation of the P2Y2R promoter by NF-κB p65 occurs under both basal and
proinflammatory conditions. Our results suggest that the induction of inflammation in IECs
allows nuclear translocation of NF-κB p65 and leads to an increased trans activation of the
P2Y2R promoter and subsequently the up-regulation of P2Y2R mRNA. These results are in
agreement with recently published data demonstrating that a 24-h stimulation of rat primary
cortical neurons with IL-1β-induced P2Y2R mRNA expression possibly through a NF-κB-
dependent mechanism (52). To circumvent the cancerous nature of Caco-2 cells, we used the
noncancerous IEC-6 cell line and measured an increased in P2Y2R mRNA expression
following IL-6 or LPS stimulation. These results thus confirm that P2Y2R transcript
expression is up-regulated in IECs under an inflammatory insult.

We have linked the increase in P2Y2R expression and function to the stimulation of COX-2
expression and PGE2 released by IECs (Fig. 4). In the intestine, the role of COX-2-
dependent generation of arachidonic acid metabolites, such as the intestine-predominant
PGE2, is controversial. On one hand, PGE2 have proinflammatory effects in the acute phase
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of IBD (44, 56). On the other hand, this molecule could be beneficial because PGE2
production in the intestine appears to have a protective effect on the integrity of the
epithelial intestinal wall, presumably through the enhancement of IEC survival and
regeneration (44, 56), while having a dampening effect on granulocyte infiltration (57).

In this study, we propose for the first time a promoter sequence for P2Y2R that is
euchromatin accessible to transcription factors. We also show that NF-κB p65 regulates
P2Y2R gene expression under both basal and proinflammatory conditions. In addition, we
are proposing that P2Y2R on IECs may serve two purposes. First, in the acute phase of
inflammation, P2Y2R-dependent activation of COX-2 and PGE2 production could stimulate
the inflammatory response of the intestinal mucosa, thus resulting in increasing tissue
damages but also at limiting entry of foreign molecules to the systemic circulation, as well
as facilitating the repair of damage tissues. Second, in the resolution phase following
inflammation, these same molecules could enhance epithelium repair by stimulating IEC
proliferation and increasing the barrier integrity of the IECs (44, 56).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.
P2Y2R mRNA expression in IECs is enhanced by proinflammatory stimuli. P2Y2R mRNA
expression was determined by quantitative RT-PCR in confluent IEC-6 and 3-day-
postconfluent Caco-2 cells. A and B, Increases in mRNA expression were significant after a
3- and 6-h incubation with 0.5% (w/v) DSS and 24 h of incubation with 12.5 μg/ml LPS in
Caco-2 cells. C and D, Increases in mRNA expression were significant after 12 h of
incubation with 12.5 μg/ml LPS and 18 h of treatment with 10 ng/ml IL-6 in IEC-6 cells.
Data are expressed as P2Y2R mRNA expression induced by stimuli relative to the untreated
control. Results were normalized to the expression of TATA-binding protein mRNA. Values
are the means ± SEM of results from three separate experiments done in duplicate.
Statistical significance was determined by unpaired t test; *, p < 0.05 and **, p < 0.01, as
compared with control.
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FIGURE 2.
NF-κB p65 trans activates the P2Y2R promoter region under basal conditions and this trans
activation is enhanced following DSS-induced stress in Caco-2 cells. A, P2Y2R promoter
constructs. B, Subconfluent Caco-2 cells were transiently cotransfected with the P2Y2R
promoter-luciferase construct (prP2Y2-luc) and the NF-κB p65-expressing vector or the
empty pGL4.10 vector (control). Cells were incubated with or without 0.5% (w/v) DSS for 6
h, and luciferase activity was assayed after 48 h. C, Subconfluent Caco-2 cells were
cotransfected with the P2Y2R promoter-deletion luciferase constructs prP2Y2 Δ-350bp,
prP2Y2Δ-784bp, or prP2Y2Δ-1165bp and the NF-κB p65-expressing or control vector. D,
Subconfluent Caco-2 cells were cotransfected with the P2Y2R promoter-deletion luciferase
constructs prP2Y2Δ-350/PmlI or prP2Y2Δ-350/StuI and the NF-κB p65-expressing or
control vector. E, prP2Y2ΔNBM1, prP2Y2ΔNBM2, prP2Y2ΔNBM3, P2Y2R full-length
promoter constructs or prP2Y2Δ-350bp promoter construct were transiently cotransfected
with the NF-κB p65-expressing or control vector. Luciferase activity is expressed as the fold
increase relative to the activity of the empty vector cotransfected with the NF-κB p65-
expressing vector. Data are the means ± SEM of results from at least four separate
experiments done in triplicate. Statistical analysis was performed by an ANOVA test; *, p <
0.05 and **, p< 0.01, as compared with respective controls and indicated on the figures. E,
§§, p < 0.01, as compared with empty vector control (EV).
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FIGURE 3.
NF-κB p65 binds to the P2Y2R promoter sequence. A, Nuclear extracts from Caco-2 cells
were incubated with the putative [γ-32P]ATP-labeled NF-κB p65 DNA-binding site probes
NBM1, NBM2, or NBM3 and anti-NF-κB p65 Abs for electrophoretic mobility and
supershift assays. DNA-protein complexes were separated from the free probe on a native
polyacrylamide gel. Arrow, NF-κB p65 DNAbinding and supershifted complexes. B,
Nuclear extracts from Caco-2 cells were incubated with the putative [γ-32P]ATP-labeled
NF-κB p65 DNA-binding site probe NBM2 and 10× or 100× unlabeled NBM2 for
electrophoretic mobility and competition assays. DNA-protein complexes were separated
from the free probe on a native polyacrylamide gel. Results are representative of three
independent experiments. NF-κB p65 DNA-binding complex is indicated by the arrow. C,
Chromatin was immunoprecipitated with or without rabbit IgG Ab or anti- NF-κB p65 Ab.
The re-ChIP assay was performed with anti-p300 Ab following the first
immunoprecipitation with anti-p65 Ab. Samples were verified by quantitative RT-PCR
analysis with oligonucleotides amplifying the −221 bp to −155 bp region of the P2Y2R
promoter and expressed as fold increase over normal rabbit IgG normalized to input. Results
are representative of three independent experiments.
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FIGURE 4.
ATP and UTP stimulate COX-2 expression and PGE2 released by Caco-2. Addition of 100
μM ATP (A) or UTP (B) rapidly stimulated the mRNA expression of COX-2 in Caco-2
cells. C, Caco-2 cells were stimulated with 100 μM ATP or UTP for 0 (control; ctrl), 3, 6,
18, and 24 h. COX-2 protein expression was detected by Western analysis. D, PGE2
released in the cell culture medium was determined after a 24-h stimulation of Caco-2 cells
with 100 μM ATP or UTP. For A, B, and D, data are the means ± SEM of results from three
separate experiments done in duplicate. Statistical analysis was performed by an unpaired t
test; *, p < 0.05; **, p < 0.01; and ***, p < 0.001, in comparison with unstimulated cells
(ctrl). C, Blot is typical of three separate sets of experiments.
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