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Epigenetic regulation of COX-2 expression by
DNA hypomethylation via NF-kB activation
in ketamine-induced ulcerative cystitis
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Abstract. The present study investigated the methylation
of CpG sites in the cyclooxygenase (COX)-2 promoter via
nuclear factor (NF)-xB transcriptional regulation and eluci-
dated its effect on the COX-2 transcriptional expression in
a ketamine-induced ulcerative cystitis (KIC) animal model.
The results of the present study revealed that ketamine treat-
ment induced NF-«kB p65 translocation to nuclei and activated
COX-2 expression and prostaglandin (PGE)2 production
in bladder tissue, whereas COX-2 inhibitor suppressed the
inflammatory effect. Moreover, DNA hypomethylation of the
COX-2 promoter region located from -1,522 to -829 bp might
contribute to transcriptional regulation of COX-2 expression
and induce a pro-inflammatory response in KIC. Ketamine
treatment increased the binding of NF-kB and permissive
histone H3 lysine-4 (H3K4)m3, but caused a decrease in the
repressive histone H3K27m3 and H3K36m3 on the COX-2
promoter ranging from -1,522 to -1,331 bp as determined
by a chromatin immunoprecipitation assay. Moreover, in
the ketamine group, the level of Ten-Eleven-Translocation
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methylcytosine dioxygenase for demethylation as determined
by reverse transcription-quantitative PCR assay was increased
in comparison with the control group, but that was not the case
for the level of DNA methyltransferases for methylation. The
present findings revealed that there was a hypomethylation
pattern of the COX-2 promoter in association with the level of
COX-2 transcription in KIC.

Introduction

The symptoms and signs of ketamine-induced ulcerative
cystitis (KIC) include increased voiding frequency, non-voiding
contraction, hematuria and dysuria. Previous experimental
observations revealed that KIC occurred in bladder mucosa and
decreased bladder capacity, enhanced detrusor hyperactivity
and thereafter induced interstitial fibrosis (1). The symptoms
of KIC are similar to interstitial cystitis (2,3). Histological
features of ketamine-associated damage in a rat bladder were
characterized by an ulcerated urothelium, erythrocyte accu-
mulation (hemorrhages), mononuclear cell infiltration and an
increased interstitial fibrosis between detrusor smooth muscle
bundles (1,4-6). Clinical characteristics of ketamine abusers
exhibit urinary frequency, urgency and at times urinary
incontinence. Clinical studies in bladder tissue of KIC patients
have shown increases in the infiltration of eosinophil and mast
cells as well as serum immunoglobulin (Ig)E level, which
displayed an association with hypersensitivity and/or allergic
reactions (7,8). In spite of the above progress, the pathophysi-
ological mechanism of the bladder voiding dysfunction in KIC
patients is still unclear.

The mechanism of epigenetic regulation involves the CpG site
methylation of promoter regions and the modification of DNA
and histones by altering chromatin structure (9-11). DNA meth-
ylation represses transcription by interfering with transcription
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factor binding and indirectly by recruiting methyl-CpG-binding
proteins and reducing chromatin remodeling activities (12).
Moreover, the CpG site methylation is mediated by DNA meth-
yltransferases (DNMTs), which catalyze the addition of a methyl
group to cytosine (13,14). The DNMT family enzymes include
DNMTI1, DNMT3a and DNMT3b. DNMT1 preserves the
methyltransferase by binding to hemi-methylated CpG sites and
methylates the cytosine on the newly synthesized strand after
DNA replication, whereas DNMT3a/DNMT3b are required for
the de novo genomic methylation of DNA (15). In contrast, the
Ten-Eleven-Translocation (TET) dioxygenase family, including
TET1, TET2 and TET3, mediates active DNA demethylation
and hydroxylate-methylated DNA by converting 5-methylcyto-
sine to 5-hydroxymethylcytosine to regulate DNA methylation
status. The role of DNMT and TET proteins in regulating the
epigenetic mechanisms includes DNA methylation at CpG
sites and histone methylation, particularly histone H3 lysine-4
(H3K4) and H3K27 (16). Histone-lysine methylation is associ-
ated with either gene activation or repression depending on
the histone residue modification. For example, methylation of
H3K4 is associated with transcriptional activation, whereas
H3K9, H3K?27 and H3K36 are related to transcriptional repres-
sion (17-19).

DNA methylation plays a critical role in normal development,
while aberrant hypermethylation of 5' CpG sites are implicated
in the transcriptional silencing of the cyclooxygenase (COX)-2
gene in the pathogenesis of the inflammatory diseases (20-22)
and neoplastic disorders (23-25). Two types of DNA methyla-
tion changes are observed in cancer: Hypomethylation, linked
to chromosomal instability and activity (26), and hyper-
methylation that can lead to transcriptional silencing (27). In
pathological diseases, overexpression of COX-2 and abnormal
production of COX-induced prostaglandin E2 (PGE2) have
been reported (28). Certain periodontal bacteria can induce
epigenetic alterations in the DNA methylation of the COX-2
gene promoter and affect the transcriptional regulation of
COX-2 in chronic periodontitis (20). Helicobacter pylori
infection causes aberrant DNA methylation of the COX-2 gene
promoter in the gastric mucosa of patients. Treatment with the
DNA-demethylating drug 5-aza-deoxycytidine (a DNA methyl-
transferase inhibitor) was found to increase COX-2 expression
and prostaglandin synthesis (29,30).

The COX-2 gene promoter has several potential response
elements for transcription factors, such as nuclear factor
(NF)-xB, nuclear factor of activated T cells/NF-interleukin
(IL)-6 (NFAT/NF-IL6) and activator protein-1 (AP-1) (6,31).
Inflammatory stimuli cause NF-kB dimers (p65 and p50
subunits) to dissociate from cytoplasmic inhibitors, followed by
NF-«kB p65 translocation and binding to specific gene promoter
sequences (32,33). An animal study with chemically-induced
hemorrhagic cystitis revealed that COX-2 upregulation played
an important role in bladder inflammation (34). Moreover,
the authors' previous results demonstrated that ketamine
and norketamine accelerated NF-xB p65 translocation and
induced the upregulation of COX-2 expression in bladder
urothelium (6). Promoter-deletion analysis of the rat COX-2
promoter region ranging from -918 to -250 bp suggested that
NF-kB was a crucial transcription factor for COX-2 gene acti-
vation (6). However, promoter deletion analysis did not provide
any conclusion with respect to which specific binding sites for
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NF-«kB were involved in the COX-2 modification response to
ketamine and metabolites norketamine.

In the present study, specific binding sequences (sites) of
the COX-2 promoter responding to NF-kB were identified by
focusing on the promoter ranging from -1,522 to -71 bp. The
authors hypothesized that ketamine-induced chronic inflam-
mation is associated with an altered DNA methylation level
within the COX-2 promoter and with change in transcriptional
modification. To test this hypothesis, the potential altera-
tion in DNA methylation status of the COX-2 promoter via
NF-kB activation and its effect on the transcriptional COX-2
expression in KIC were investigated. Moreover, to improve an
understanding of the epigenetic regulation of the COX-2 gene
via NF-«xB activation, it was important to determine specific
NF-«B binding sequences within the COX-2 promoter and to
investigate methylation associated enzymes responsible for the
promoter COX-2 activity.

Materials and methods

Animals and ketamine administration. A total of 45 adult
female Sprague-Dawley (S-D) rats weighing 250 g were
purchased from the Animal Center of BioLASCO. All S-D
rats were housed in a standard room with constant temperature
(23+£2°C), a relative humidity of 70%, and a 12 h light-dark
cycle (light on at 07:00 a.m., light off at 07:00 p.m.; 100 lux at
cage level) conditions with ad libitum access to food and water.
S-D rats were divided into three experimental groups: i) The
control (saline) group, ii) the ketamine-treated group and iii) the
ketamine combined with COX-2 inhibitor (ketamine+COX-2
inhibitor) group, which received 0.9% saline, ketamine
(30 mg/kg/day, Pfizer, Inc.) intraperitoneal (IP) injection, and
ketamine combined with COX-2 inhibitor (Parecoxib sodium,
Dynastat®, Pfizer, Inc.; 10 mg/kg/day) IP injection for 3 months
respectively (4-6). At the end of the experimental period, bladder
tissues and whole blood were collected from all animals. After
induction of anesthesia with 4% isoflurane, rats were subjected to
cardiac puncture or euthanasia and total blood collection. Blood
samples were left to clot for 2 h on the ice, then centrifuged at
1,500 x g at 4°C for 15 min to separate out the serum samples
which were preserved at -80°C in the refrigerator for further
detection. S-D rats were perfused with 09% saline solution
through the left ventricle and the bladders were removed and
washed in ice-cold PBS and carefully dissected in a horizontal
plane into two portions: One was fixed in 4% paraformaldehyde
solution at 4°C for 24 h for histological analysis; another was
placed in liquid nitrogen for mRNA, protein and chromatin
immunoprecipitation (ChIP) analysis. This study was approved
by the Animal Care and Treatment Committee of Kaohsiung
Medical University. All experiments were conducted according
to the guidelines for laboratory animal care.

Western blot analysis. Nuclear and cytoplasmic extracts of
rat bladder tissues were prepared according to the protocols
modified from the method described by NE-PER nuclear and
cytoplasmic extraction reagents (Thermo Fisher Scientific,
Inc.) (6). The protein concentration was determined using
Bicinchoninic Acid Protein Assay kits (Pierce Biotechnology;
Thermo Fisher Scientific, Inc.). A total of 50 ug of protein
from the bladders were loaded on a 10% SDS polyacrylamide
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electrophoresis gel and transferred to PVDF membranes
(Immobilon-P; EMD Millipore). Afterward, the PVDF
membrane was blocked with 5% non-fat-milk in PBS with
Tween-20 (PBST) for 2 h at room temperature. Primary
antibodies COX-2 (cat. no. 160126; Cayman Chemical
Company; rabbit IgG, 1:1,000; MW, 72 kDa) and NF-xB p65
(cat. no. NBP1-48427; Novus Biologicals LLC; rabbit IgG;
1:1,000; MW, 65 kDa) were used for determining protein expres-
sion at 4°C overnight, and were incubated with the horseradish
peroxidase-conjugated goat anti-mouse (cat. no. 115-035-003;
Jackson ImmunoResearch Laboratories; 1:7,000-1:100,000)
and goat anti-rabbit (cat. no. 111-035-003; Jackson
ImmunoResearch Laboratories; 1:7,000) secondary antibody
for 1 h at room temperature. Lamin A/C (cat. no. 2032S; Cell
Signaling Technology, Inc.; mouse IgG; 1:5,000; MW, 70 kDa)
served as the internal control for nuclei extract and [3-actin
(cat. no. MAB1501; Upstate Biotechnology, Inc.; mouse IgG;
1:5,000; MW, 41-43 kDa) served as the internal control for
total protein and cytoplasmic extract. The band intensity was
quantified by densitometry using image analysis software
(Imagel, version 1.49; National Institutes of Health). In each
experiment, negative control without the primary antibody
was analyzed.

ELISA. The level of PGE2 production was used to serve as
determining COX activity. Determination of PGE2 levels in
serum was performed by Prostaglandin E2 ELISA kit following
the manufacturer's protocol (Abcam; cat. no. ab133021).
A mouse IgG antibody was precoated onto 96-well plates.
Serum samples were added to the wells, along with an alkaline
phosphatase (AP) conjugated-PGE2 antibody. After reagent
incubation, substrate was added and catalyzed by AP to
produce a yellow color. The intensity of the yellow coloration
was inversely proportional to the amount of PGE2.

Immunofluorescence. For in vivo bladder section, immunos-
taining was performed according to published methods (6). The
sections were then double-stained with the primary antibody to
NF-«xB p65 (cat. no. 6956S; Cell Signaling Technology, Inc.;
mouse [gG2b; 1:50-100) and COX-2 (cat. no. 4212-1; Epitomics;
rabbit IgG; 1:50) at 4°C overnight, then incubated with goat
anti-mouse IgG Alexa Fluor 568 (cat. no. A-11004; Invitrogen;
Thermo Fisher Scientific, Inc.; 1:800) and goat anti-rabbit
IgG Alexa Fluor 488 secondary antibody (cat. no. A-27034;
Invitrogen; Thermo Fisher Scientific, Inc.; 1:800) conjugated to
fluorescein isothiocyanate (FITC) for NF-«B and rhodamine for
COX-2 for 1 h at room temperature. The nuclei of the cells were
counterstained with 4',6'-diamidino-2-phenylindole (DAPI;
1:5,000) for 10 min at room temperature. Immunofluorescence
images were observed using a Leica DMI6000 inverted micro-
scope (Leica Microsystems, Inc.).

Analysis and design of rat COX-2 promoter. The DNA
sequence of COX-2 promoter was analyzed with MethPrimer
software (version 2.0) (35). The promoter regions of the rat
COX-2 gene (accession number NM_017232) ranging from
-1,522 to -71 contains 1,452 bp (nt) and 44 CpG sites were iden-
tified by nucleotide sequence analysis for potential methylation
(www. genome.ucsc.edu). In this region, a COX-2 promoter
construct was designed for five subregions, including Region I
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(-71/-299), 1II (-286/-551), III (-548/-830), IV (-829/-1,195)
and V (-1,181/-1,522), for bisulfite methylation-specific
PCR (MSP), cloning, and genomic sequencing. Additionally,
five potential motifs similar to the consensus binding sites
for NF-«B in the region were identified by TFBIND software
(version 8.3; http://tfbind.hgc.jp/; Table I).

MSP, cloning and genomic sequencing. The DNA methylation
pattern in the COX-2 promoter was analyzed by MSP. Genomic
DNA s from rat bladder tissues were isolated using the PureLink
Genomic DNA Mini kit (Invitrogen; Thermo Fisher Scientific,
Inc.). Total extracted DNA was used for bisulfite-mediated
conversion of unmethylated cytosines to uracils using an
EpiTect Bisulfite kit (Qiagen, Inc.). Bisulfite-treated genomic
DNA was amplified with primers (Table I) specific to the CpG
sites within COX-2 promoter sequence. After bisulfite treat-
ment, unmethylated cytosine residues were changed into uracil
residues, whereas methylated cytosine remained unmodified.
The differentiation between methylated and unmethylated
sequences could be amplified using specific primers that
targeted the uracil or the cytosine nucleotide. COX-2 promoter
temperature profiles for amplification were 5 min at 95°C,
30 cycles of 45 sec at 94°C, 45 sec at 63°C and 45 sec at 72°C.
All reactions were repeated three times to ensure reproduc-
ibility of results. Colonies showing positive PCR fragment
insertion were selected and the purified fragments were cloned
into a PCR 2.1 vector (Invitrogen; Thermo Fisher Scientific,
Inc.) according to the manufacturer's protocol. PCR products
from 4 clones for each individual sample were sequenced. The
completeness of the conversion of unmethylated cytosines to
uracils was confirmed by evaluation of non-CpG cytosine
conversion. The DNA methylation patterns were analyzed by
sequencing.

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR) analysis. Total RNA was isolated from bladder
tissues with the use of the RNeasy Mini kit (Qiagen, Inc.). The
cDNA was then synthesized from 1 ug of total RNA using
the Omniscript kit (Qiagen, Inc.) by random decamer primers
(Applied Biosystems/Ambion; Thermo Fisher Scientific,
Inc.). The reaction was incubated at 37°C for 60 min, inacti-
vated by heating at 95°C for 5 min, and stored at -20°C. An
SYBR-Green I kit (Takara Biotechnology, Co., Ltd.) was used
and all the primers of rat DNA methyltransferase (DNMT],
3a, and 3b) and TET enzymes (TET1, TET2, and TET3) were
listed in Table I. RT-qPCR was performed in a 7500 Sequence
Detection System apparatus (Applied Biosystems; Thermo
Fisher Scientific, Inc.) using the following thermocycling
conditions: Initial denaturation at 95°C for 10 min, followed
by 40 cycles of 95°C for 15 sec and 60°C for 1 min. The rela-
tive expression levels of each targeted gene were normalized
by subtracting the corresponding (3-actin threshold cycle (Cq)
values using the AACq comparative method (36). Six samples
for each group were used and run in triplicate.

ChIP. A total of 70 mg bladder tissues were homogenized into
small pieces and treated with 1% formaldehyde for 10 min
at 37°C, followed by sonication of DNAs. ChIP was performed
with primary antibodies for anti-Histone H3K4 (tri methyl
K4; cat. no. AB8580; Abcam; rabbit polyclonal IgG; 1:100),
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Table I. Primer sequences used in methylation-specific polymerase chain reaction, bisulfitt DNA sequencing, ChIP assay and
RT-qPCR.

A, Primers for methylation-specific transcription PCR

Methylated NF-xB

Name Primer sequences Sequence range Product binding sequence
Rat-COX2 region I F: 5-TTGTTTTTATGGGTATTATGTAATTGG-3' -299 to -71 229 bp 5'-ggggaaagtcga-3'
Bisulfite-sequence R: 5-ACAAAACACAAAACTAAATTCCTTC-3' (-235 to -224)
Rat-COX2 region II F: 5-AAGGGGATTTTTTTAGTTAGGATTT-3' -551 to -286 266bp  5'-ggggattttt-3'
Bisulfite-sequence R: 5-ACCCATAAAAACAAACTTTACTCAC-3' (-549 to -540)
Rat-COX2 region III F: 5'-TAGGGAGGAAAATATTTTAAAGTAATG-3' -830 to -548 283bp  5'-ggaaaatattt-3'
Bisulfite-sequence R: 5'-CCTTACCTCTCCCCACTAAAAC-3' (-824 to -814)
Rat-COX2 region IV F: 5-AGTTTTTTATTTTTTTGTTTTATT-3' -1,195 to -829 367 bp -
Bisulfite-sequence R: 5-TACTATTACATAACTTTTATCATTTTAATC-3'
Rat-COX2 region V F: 5'-AGTATGTATATGAAGTAAATAGTTAAAAA-3' -1,522to-1,181 342bp  5'-gtcgattttt-3'
Bisulfite-sequence R: 5-AAAAATAAAAAAACTAAAACATTCAATTAA-3 (-1,413 to -1,404)
5'-cggtagttttc-3'
(-1,442 t0 -1,432)
COX2-Methylation F: 5-AAGGGGATTTTTTTAGTTAGGATTTC-3' -551 to -393 159 bp
R: 5-TCCAAACGCCCTATAATTCG-3'
COX2-Unmethylation  F: 5-AGGGGATTTTTTTAGTTAGGATTTT-3' -550 to -392 159 bp
R: 5-TTCCAAACACCCTATAATTCACT-3'
B, ChIP primers for NF-kB binding sites of Cox-2 promoter sequence
Predicted NF-xB
Name Primer sequences Sequence range Product binding sequence
Rat-COX2 -Primer I F: 5'-TGCCCCTATGGGTATTATGC-3' -298 to -117 182 bp 5'-ggggaaagccga-3'
R: 5-CTGAAGCTCTCCGCTCAGTT-3' (-235 to -224)
Rat-COX2 -Primer II F: 5-GACAGCAGCCCTCTCATTTC-3' -660 to -484 177bp  5'-ggggattcec-3'
R: 5-CGGAGGAGCAAGAGAATGTC-3' (-549 to -540)
Rat-COX2 -Primer I F: 5“TGTAAACGTAAACGTGGACAAAA-3' -948 to -751 198 bp 5'-ggaaaatacct-3'
R: 5'-CCTTTCCCAGAGACAGATGC-3' (-824 to -814)
Rat-COX2 -Primer IV F: 5-“AGCATGCACATGAAGCAAAC-3' -1,522 to -1,331 192bp  5'-gtcgattcec-3'
R: 5'-GCCCTGCTCAAAAGAAAACA-3 (-1,413 to -1,404)
5'-cggtagtttec-3'
(-1,442 t0 -1,432)
C, RT-qPCR primers for DNMT and TET methylcytosine dioxygenase
Gene Primer sequences Accession no.* Tm (°C)  Product size (bp)
Rat-DNMT1 F: 5-GGAGGTGTCCTAACTTGGC-3' NM_053354.3 60 80
R: 5'-GGGTGACGGCAACTCTGGTA-3'
Rat-DNMT?3a F: 5'-GTGCTTACCAATACGATGACGA-3' NM_001003958.1 60 122
R: 5-ATCCACACACTCCACACAAAAG-3'
Rat-DNMT3b F: 5'-GATGATGGAGATGGCTCTGATA-3' NM_001003959.1 60 121
R: 5'-GGCTGGAGATACTGTTGCTGTT-3'
Rat-TET1 F: 5-GAAACCCTGAATTGGCAAAA-3' XM_017601794.1 60 157
R: 5-GGGTGAGCTTTCTGATCGAC-3'
Rat-TET2 F: 5-“TCGGAGGAGAAGAGTCAGGA-3' XM_006224264.3 60 167
R: 5-TAGGGCTTGCATTTTCCATC-3'
Rat-TET3 F: 5'-ATGGCATGAAACCACCCAAC-3' XM_008763094.2 60 81

R: 5-ACTTGATCTTCCCCTCCAGC-3'

*Available at https://www.ncbi.nlm.nih.gov/nuccore. F, forward; R, reverse; Tm, temperature; DNMT, DNA methyltransferase; TET, Ten-Eleven-Translocation;

COX, cyclooxygenase; ChIP, chromatin immunoprecipitation; RT-q, reverse transcription-quantitative; NF, nuclear factor.
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H3KO9 (cat. no. AB8898; Abcam; rabbit polyclonal IgG; 1:100),
H3K27 (cat. no. AB6002; Abcam; mouse monoclonal IgG;
1:100), H3K36 (cat. no. AB9050; Abcam; rabbit polyclonal
IgG; 1:100) and H3K79 (cat. no. AB2621; Abcam; rabbit poly-
clonal IgG; 1:100), NF-xB p65 (cat. no. 6956S; Cell Signaling
Technology, Inc.; mouse monoclonal IgG2b; 1:100), and IgG
(cat. no. 6180-01; negative control; SouthernBiotech; rabbit
IgG; 1:500) overnight. Immune complexes were collected using
a protein G agarose, Fast flow (50% slurry; EMD Millipore)
and the DNA was reverse cross-linked, extracted, and quanti-
fied on a Tagman SDS 7900HT. All the primers were listed in
Table I. PCR conditions were as follows: Initial denaturation
at 95°C for 5 min followed by 30 cycles of denaturation at
94°C for 45 sec, annealing at 63°C for 45 sec and extension
at 72°C for 45 sec; final extension at 72°C; and holding at 4°C.
PCRs run on the ABI 7700 Tagman thermocycler. All Tagman
reagents were purchased from Applied Biosystems; Thermo
Fisher Scientific, Inc. The relative intensities of the amplified
products were normalized according to the input DNAs.

Statistical analysis. Each experiment was carried out at
least three times independently. Data were expressed as the
mean =+ standard deviation and subjected to one-way analysis
of variance to find the significant difference in various param-
eters between the control and the treated groups. The post hoc
Tukey honest significant difference tests were used to make
comparisons between the control and each of the treated
groups and to calculate P-values for comparison, P<0.05 was
considered to indicate a statistically significant difference. The
statistical analyses were implemented using the IBM SPSS
Statistics package (version 21.0; IBM, Corps.).

Results

Increases in COX-2 expression and NF-kB p65 translocation
after ketamine treatment. In Fig. 1A and B, western blot
analysis showed that the expression of COX-2, cytoplasmic
NF-«B p65 and nuclear NF-kB p65 was significantly
increased by 5.8-, 3.7- and 8.0-fold in the bladder tissue of the
ketamine groups respectively, as compared with the control
group (P<0.01). In the ketamine+CQOX-2 inhibitor group, the
expression of COX-2 and nuclear NF-kB p65 was significantly
increased by 2.0- and 2.9-fold respectively, compared with
the control group (P<0.05). These data indicated that the
ketamine+COX-2 inhibitor group resulted in more significant
decline in NF-kB p65 expression in nucleus and cytoplasm
compared with the ketamine treatment group.

In Fig. 1C, PGE2 production in the control group was
150 pg/mg, which was significantly increased by 3.9- and
2.1-fold in the ketamine and the ketamine+COX-2 inhibitor
groups respectively (P<0.01). These findings demonstrated that
ketamine treatment induced NF-kB p65 translocation and acti-
vated COX-2 expression and PGE2 production in bladder tissue.
Whereas the COX-2 inhibitor suppressed the level of NF-kB p65
translocation and COX-2 expression as well as PGE2 production.

Double-staining for the distribution of COX-2 (red) and
NF-«xB p65 (green) proteins was performed. In the control
group, weak staining for the co-labeling of NF-kB p65 and
COX-2 was found (Fig. 1D). However, in the ketamine group,
most NF-kB p65/DAPI cells co-stained with COX-2 expression
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were enhanced and restricted to the thinner and disrupted
urothelium (Fig. 1E; arrows). In the ketamine+COX-2
inhibitor group, double-staining of NF-kB p65 and COX-2
was decreased, as compared to the ketamine group (Fig. 1F;
arrows). These observations revealed that COX-2 expres-
sion coincided with NF-xB p65 after ketamine treatment,
implying that COX-2 and NF-kB p65 were synthesized during
the inflammatory process of KIC, whereas COX-2 inhibitor
reduced NF-«xB p65 translocation and COX-2 expression.

Methylation sequencing analysis for the upstream sequences
of COX-2 promoter region. The present study also explored
whether NF-«xB translocation after ketamine treatment was
associated with COX-2 hypomethylation and transcriptional
modification in KIC. To determine which NF-«B binding sites
within COX-2 promoter were involved in COX-2 activation and
DNA methylation in KIC, the methylation level of CpG sites
within the COX-2 promoter region ranging from -1,522 to -71 bp
in relation to the transcriptional starting site was analyzed by
bisulfite MSP and genomic sequencing analysis. A schematic
diagram for COX-2 promoter spanning the region with respect
to the ATG start site (+1) is shown in Fig. 2A. Locations of
NF-«B binding sequences within the region for methylation
analysis were denoted in Fig. 2A and Table I. According to rat
COX-2 gene (accession number NM_017232) sequence analysis,
bisulfite-COX-2 sequence in the promoter had a size of 1,452 bp
and contained 44 CpG sites, as identified by nucleotide sequence
analysis for potential methylation (Fig. 2B and Table I). The
bisulfite genomic sequence located from -1,522 to -71 bp was
denoted as regions I-V and designed to amplify with the primers
that were specific to the CpG site within COX-2 promoter. The
bisulfite sequencing chromatogram of the methylated cytosine
of these CpG sites for bladder tissue is presented in Fig. 2C.

The present study's data showed DNA unmethylation
(white circles) in regions I-III of COX-2 promoter fragments
in three experimental groups. However, in regions IV and V,
the CpG site methylation in the control group, and hypometh-
ylation in the ketamine and the ketamine+COX-2 group was
found. Although the cloned sequences exhibited considerable
heterogeneity in methylation, it was also demonstrated that
bisulfite MSP and genomic sequencing data displayed the
hypomethylation at the CpG sites in the ketamine and the
ketamine+COX-2 inhibitor groups.

Methylation analysis of rat COX-2 promoter ranging
from -830 to -71 bp by methylation-specific PCR and bisulfite
genomic sequencing. Schematic diagrams of the promoter frag-
ment region I ranging from -299 to -71 bp and region II ranging
from -551 to -286 bp in the COX-2 promoter are presented
in Figs. S1A and S2A. Both regions I and II contained 10 meth-
ylatable CpG sites marked with red numbers. A total of two
potential NF-kB binding sequences spanning from -235 to -224
and -549 to -540 bp were marked with a square box (Figs. S1B
and S2B). Sequence traces were obtained from the PCR prod-
ucts from bisulfite-treated DNA using primers (blue color in
bisulfate sequence) and detailed normal and bisulfite genomic
sequences of regions I and II were presented (Figs. S1C
and D, S2C and D). Consistent with the data, it was found that
the CpG sites displayed unmethylation at the CpG sites in the
control, the ketamine and the ketamine+COX-2 groups.
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Figure 1. Ketamine treatment induced the translocation of NF-kB p65 to activate COX-2 expression and PGE2 production. The COX-2 and NF-xB p65
expression of bladder tissue was measured by (A) western blot analysis and (B) quantified against $-actin or Lamin A/C. Results were normalized as the
control group=100%. (C) An ELISA was applied to assess the level of PGE2 production for COX-2 enzyme activity in the bladder. Values are presented as the
mean = standard deviation for n=6. "P<0.05 and “P<0.01 vs. the control group. ""P<0.01 vs. the ketamine group. Double immunostaining of COX-2 (red, left
panels) and NF-«xB p65 (green, middle panels) for bladder is shown in the (D) control group, the (E) ketamine group and the (F) ketamine+COX-2 inhibitor
group. Nuclear DNA was labeled with DAPI (blue). The merged image from left and middle panels (yellow, right panels) is shown. Most COX-2 staining
co-labeled with NF-xB p65 (arrows) in the UL and SL was identified in the ketamine group. Scale bar=100 ym. SL, suburothelial layer; UL, urothelial layer;

COX-2

NFkB p65

B-actin

Lamin A/C

PGE; level (pa/mg protein)

CHUANG et al: EPIGENETIC REGULATION OF COX-2 EXPRESSION BY DNA METHYLATION IN KIC

Cytoplasmic extract Nuclear extract

g K K+ C K K+C (kDa)

¢ A Fa

O—Oﬂi“ﬂa 65
) S St et ) P

e weew S Yy e W 70

C: Control K: Ketamine K+C: Ketamine+COX-2 inhibitor

800
700
600

500 +
400 |
300 +

200
100

*k

Tt

*%

Control Ketamine Ketamine+
COX-2 inhibitor

COX, cyclooxygenase; NF, nuclear factor; PGE, prostaglandin.

w

100%)

Optical density of proteins with
B-actin or lamin A/C (control

1400%
1200%
1000%
800%
600%
400%
200%

0%

B Control
O Ketamine

O Ketamine+COX-2 inhibitor

e

i tt
*k
1
COX-2 Cytoplasmic Nuclear
NF«B p65 NF«B p65




INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 44: 797-812, 2019 803

NFkB4 (-1413/~1404): 5'- gtcgattccc-3'  NFkB2 (-549/-540): 5'- ggggattcce -3' NFkB1: 5'-ggggaaagecga -3
NFkB5 (—1442/-1432): 5'- cggtagtttcc -3' NFkB3 (-824/-814): 5'- ggaaaatacct -3’

NFAT/
NF-IL6 Ap-1

NFAT/ NFAT/ +1

@F<B) AP-1 NF-IL6

5 o3 (et e -] ¥
—1413/-1404 —-824/-814 —549/-540 —235/-224
—1442/-1432
| |
/ COX-2 promoter \
B ] Methylation-specific PCR region ]
5 t } : 3
—-1522 =71 +1
— Region V — —> Region lll «— —> Region| ¢—
(-1522/-1181) (—830/-548) (—299/-71)
7CpG 11 CpG 10 CpG
—> Region IV ¢ — Regionll <—
(-1195/-829) (—-551/-286)
6 CpG 10 CpG
C
\\ COoxX-2 Region | Region 1l Region 1l Regicn IV Region V
—__promoter  |(Range: —71~ —299) (Range:—286~ —-551) (Range:-548~ —830) (Range:—829 - —1195) (Range:=1181~ -1522)
Gmups\ 10 CpG sites 10 CpG sites 11 CpG sites 6 CpG sites 7 CpG sites
1234567 8910/12345 0678910123456 7 8¢81011/123456 12 3 4586 7
Controlgroup [ €1 [OQOQO0OO00O00Q 0000000000 00000000 0O 0eCCeCO 00 ®O0O00
C2 |0000000000CO0OO0O0OOOO0OOOOOOOOOOILteCOLO 0000000
C3 0000000000000 0000O00O0OOO000O0O0O0 000000009000
C4 |O00000000QO0O00O00O00O0O000OOOOOOOOOO0| 0000000000000
C5 0000000000000 00000O0OOOO0000O00O0IIEe0CO 00 0O0OOO
C6 |000000000Q000000000O000OO0O00O00 00 O0OO000O 0000008
g&’ag‘“’s K1 10000000000 0000000000000 00000 00 000000000000
K2 |O0O0000000Q00000000000OIO0O0O00O00O0 0O 0000000 eeee OGO
K3 |1O0O0000000QO0O000000000IOOO0O0O0O0O0 OO0 OJOOO0OOO[OOOO00O0
K4 |1O0O0Q00000000000000000|00000000 000|000 CL0O0|T 00600
K5 |O00000000Q0 0000000000000 O0OO0O0 00 00C0E VOO0 L O000
K6 |O0OQ0O00000000000000000O0000000 00000 LG OCOOO0O0O0O
E&m’_';fi‘mbth+Cl-1 Q00000000 QYOOO0O0OOOOOOI0OOOOOOOO OO0V OLO20 00000
group KeCI2I OO0 0000000 0000000000000 0O0O0O0O0 00 0T 0000/ 0000880
KT OO0 Q0000000000000 0O00O0I0OO000CO0O0 0 OO0 OO0 OO0O|eO .00
K:CHOO00000Q000C0000O000O0O0O0OO0OO00O0 0O 000 E0O|00C 0e0C O
KCI5| O 0000000000000 0000000O0000OOO 0O 000000000000
s felejelololoXoloXo)e [olofolo)ooYoloelo [e]ololefeloloNoNoleNell B LA AN I I X X X XeX |
O : Unmethylation GpG (TG); ® : Methylation CpG (CG)

Figure 2. Methylation status of the CpG site in the COX-2 promoter region in ketamine-induced ulcerative cystitis. (A) Schematic diagram of COX-2 promoter
spanning the region from -1,522 to -71 bp with respect to the ATG start site (+1) (translation initiation site) and targeted sites for methylation-specific PCR region
and bisulfite genomic sequencing analysis are shown. Additionally, five putative NF-kB DNA binding sites in the region were identified by TFBIND software
(http://tfbind.hgc.jp/). The broad arrow indicated the direction of transcription. A total of five putative NF-xB binding sequences for methylation analysis are
denoted. (B) The bisulfite-COX-2 sequence in the promoter had a size of 1,452 bp and contained 44 CpG sites as identified by nucleotide sequence analysis
for potential methylation (http:/www.genome.ucsc.edu). There were 10 CpG sites in the region I fragment of COX-2 promoter ranging from -299 to -71 bp,
10 CpG sites in the region II ranging from -551 to -286 bp, 11 CpG sites in the region III ranging from -830 to -548 bp, 6 CpG sites in the region IV ranging
from -1,195 to -829 bp and 7 CpG sites in the region V ranging from -1,522 to -1,181 bp for methylation sequencing analysis. A total of five sets of primers were
designed to amplify the bisulfite genomic sequence. (C) Bisulfite sequencing chromatogram of CpG sites in bladder tissue. Each circle denoted as one CpG site
and represented the methylation status of the CpGs. The clone was sequenced from PCR products generated from amplification of bisulfite-treated DNA. The
percentage of methylation at a single CpG site was calculated from the sequencing results of four independent clones. o, unmethylated cytosines; ¢, methylated
cytosines. NF, nuclear factor; IL, interleukin; NFAT/NF-IL6, nuclear factor of activated T cells/NF-IL-6; AP-1, activator protein 1; CRE, cAMP-response
element; SP-1, specificity protein 1; TATA, TATA box motif; COX, cyclooxygenase.

A schematic diagram of the fragment region III spanning  and B), and the CpG sites were highlighted as black arrows
from -830 to -548 bp containing 11 methylated CpG sites and  (Fig. 3C). Detailed normal and bisulfite genomic sequences
the potential NF-xB binding sequence spanning from -824  of region III in COX-2 promoter were presented (Fig. S3).
to -814 bp was marked with square box. Bisulfite methylated Based on the above findings, the control, the ketamine
NF«B3 (mNF«B3) sequence was located at -824 to -814 bp, and the ketamine+COX-2 inhibitor groups all displayed
5'-GGAAAATATTT-3'". Sequence traces were obtained unmethylation at the CpG sites in regions I-III ranging
from the PCR products from bisulfite-treated DNA (Fig. 3A  from -830 to -71 bp.
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Figure 3. Methylation status of the CpG site in the COX-2 promoter region III in ketamine-induced ulcerative cystitis. (A) A schematic depiction of COX-2
promoter region III and targeted sites for methylation-specific PCR region is presented. Region III sequence spanned from -830 to -548 relative to the
transcription start site (+1) and contained 11 CpG dinucleotides. (B) Bisulfite sequencing data for region III of rat COX-2 promoter were analyzed. This
promoter fragment contained 11 CpG sites that were marked with a red color and number. The potential site for NF-kB binding was marked with black square
box and bisulfite methylated NFxB3 sequence was located at -824 to -814 bp. Bisulfite genomic sequencing traces were obtained from the PCR products
from bisulfite-treated DNA using primers indicated in blue font, including forward and reverse. (C) The trace represented an approximation of the ‘average’
methylation status at each CpG residue. CpG sites are highlighted as black arrows. Sample number (n)=6. COX, cyclooxygenase; NF, nuclear factor.
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Figure 4. Detailed methylation analysis of region IV in the COX-2 promoter. (A) A diagrammatic representation of COX-2 promoter region IV and targeted
sites for methylation-specific PCR is shown. Region IV sequence spanned from -1,195 to -829 and contained 6 CpG sites. (B) Bisulfite genomic sequencing
data for region IV in the COX-2 promoter were present. This promoter fragment in region IV contained 6 CpG sites that were marked with a red color and
number. Sequence traces obtained from the PCR products of bisulfite-treated DNA using primers (blue color in bisulfite sequence) were determined by
bisulfite sequencing analysis. (C) Methylation patterns of the bisulfite-COX-2 region IV in three groups. Arrows indicate the positions of CpG sites. (D) The
methylation level of each individual CpG site in region IV within the COX-2 promoter. (E) The methylated percentage of total six CpG sites in region IV was
analyzed. The methylated level of region IV from the control group showed a 3.22-fold increase compared with that in the ketamine group and a 1.51-fold
increase compared with that in the ketamine+COX-2 group Values were the mean + standard deviation for n=6. "P<0.05 and “P<0.01 vs. the control group.
"P<0.05 and ""P<0.01 vs. the ketamine group. COX, cyclooxygenase; NF, nuclear factor.

Ketamine treatment caused hypomethylation of the COX-2  shown in Fig. 4A. The promoter fragment region I'V contained
promoter ranging from -1,195 to -829 bp. Diagrammatic 6 methylatable CpG sites marked with red numbers (Fig. 4B).
presentation of the region IV ranging from -1,195to -829 bpis  There was no potential sequence for NF-kB binding site in
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region IV fragment. Sequence traces were obtained from the
PCR products of bisulfite-treated DNA using primers marked
with blue color in bisulfite sequence (Fig. 4B) and the CpG
sites were highlighted as black arrows in Fig. 4C. Detailed
normal and bisulfite genomic sequences of region IV were
shown in Fig. S4. The association between the percentage of
methylation at CpG sites within the fragment region and the
COX-2 transcriptional level was evaluated. The percentage of
methylation level for each individual CpG site from bladder
tissue was presented in Fig. 4D. The percentage of methylation
at a single CpG site was calculated from the sequencing results
of four independent clones. The percentage of CpG sites in the
control group was 50.0+16.1% in CpGl, 70.0+£16.5% in CpG2,
50.0+0% in CpG3, 30.0+0% in CpG4, 40.0+15.1% in CpG5
and 30.0+12.0% in CpG6. In comparison, the percentage of
CpG sites in the ketamine group was significantly decreased:
10.0+£3.0% in CpGl, 10.0+3.1% in CpG2, 10.0+2.0% in CpG3,
30.0£12.0% in CpG4, 10.0+£3.1% in CpGS5, and 10.0+2.0% in
CpG6. However, such ketamine-induced percentage decrease
was largely restored by COX-2 inhibitor as revealed by the
percentage of CpG sites in the ketamine+COX-2 inhibitor
group: 40.0+8.0% in CpGl, 60.0+12.0% in CpG2, 20.0+4.2%
in CpG3, 30.0+5.0% in CpG4, 10.0+2.0% in CpG5 and
20.0£5.0% in CpG6. Moreover, the methylated percentage of
total six CpG sites in COX-2 promoter located from -1,195 to
-829 bp was 45.2+13.0% in the control group, 14.0+3.0% in
the ketamine group and 30.0+7.0% in the ketamine+COX-2
inhibitor group. Similarly, ketamine caused significant
reduction (P<0.01) in the methylated percentage, while such
reduction was largely restored by COX-2 inhibitor (Fig. 4E).
These observations demonstrated that ketamine reduced the
methylated level of region IV and such the reduction was
largely restored by the COX-2 inhibitor.

Genomic sequencing ranging from -1,522 to -1,181 bp
influences the COX-2 transcriptional level. Diagrammatic
representation of the region V ranging from -1,522 to -1,181 bp
is shown in Fig. 5A. The fragment region V containing 7 CpG
sites was marked with a red number (Fig. 5B). There are two
potential binding sequences for NF-kB transcriptional factor
spanning from -1,442 to -1,432 and -1,413 to -1,404 bp marked
with a square box (Fig. 5B). The CpG sites by bisulfite genomic
sequencing data are highlighted as arrows (Fig. 5C). Detailed
normal and bisulfite genomic sequences for region V are
shown in Fig. S5. The percentage of methylation level for each
individual CpG site is presented in Fig. SD. The percentage
of CpG sites in the control group was 90.0+16.3% in CpGl,
90.0+16.1% in CpG2, 100.0+0% in CpG3, 100.0+0% in CpG4,
60.0+£25.9% in CpGS, 52.0+25.8% in CpG6, and 70.0+23.0%
in CpG7. In comparison, the percentage of CpG sites in
the ketamine group was significantly decreased (P<0.01):
50.0+£20.0% in CpGl, 20.0£10.5% in CpG2, 40.0+19.5% in
CpG3, 50.0+19.6% in CpG4, 10.0£5.0% in CpGS, 10.0+4.8%
in CpG6 and unmethylation in CpG7. However, such
ketamine-induced percentage decrease was largely restored by
COX-2 inhibitor as revealed by the percentage of CpG sites:
90.0+£16.0% in CpGl, 50.0+£19.5% in CpG2, 70.0+24.0% in
CpG3, 70.0+24.0% in CpG4, 50.0+9.6% in CpG5, 40.0+15.0%
in CpG6 and 30.0+14.0% in CpG7 in the ketamine+COX-2
inhibitor group. Additionally, the methylated percentage of
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total seven CpG sites in the COX-2 promoter region located
from -1,522 to -1,181 bp was 80.0+15.4% in the control
group, 25.7+10.0% in the ketamine group and 57.1+3.7% in
the ketamine+COX-2 inhibitor group. Similarly, ketamine
caused a significant reduction in the methylated percentage,
while such reduction was largely restored by COX-2 inhibitor
(P<0.01; Fig. 5E). The above findings implied that the hypo-
methylation of CpG sites in the region ranging from -1,522 to
-829 bp might increase the sequence-specific binding affinity
of NF-«B and enhance the COX-2 gene activation.

Analysis of NF-kB binding sequences and DNA methylation
in association with enzymes responsible for COX-2 promoter
activity. To determine which NF-kB binding sequence within
the COX-2 promoter was involved in the COX-2 expression in
KIC, the potential NF-xB binding sequence was analyzed by
ChIP assay. Schematic diagram for COX-2 promoter region
ranging from -1,522 to -71 bp is shown (Fig. 6A). These data
suggest that ketamine treatment was able to increase the
binding of NF-kB on the COX-2 promoter region ranging
from -1,522 to -1,331 bp as compared with the control group.
However, the ketamine+COX-2 inhibitor group reduced the
level of NF-kB binding in COX-2 promoter in comparison
with the ketamine group (Fig. 6B and D).

A ChIP assay using anti-tri methyl histone H3 (H3K4m3,
H3K9m3, H3K27m3, H3K36m3 and H3K79m3) anti-
bodies was used to provide evidence to demonstrate that
histone H3 methylation on the COX-2 promoter region
ranging from -1,522 to -1,331 bp affected the COX-2 mRNA
expression. A significant amount of methylated histone H3
associated with the COX-2 promoter was detected (Fig. 6C
and E). In the ketamine group, the level of histone H3K4m3
was increased compared with the control group, but the level
of histone H3K27m3 and H3K36m3 was decreased. However,
in the ketamine+COX-2 inhibitor group, the level of H3K4m3
was reduced in comparison with in the control group. However,
there was no difference in the expression level of H3K79m3
among these three groups.

To determine which enzyme was involved in COX-2 the
methylation and transcription, RT-qPCR was performed to
analyze the mRNA expression levels of rat DNMT1, 3a and 3b
and TET dioxygenase (TET1, TET2, and TET3) for the evalu-
ation of the methylation/demethylation (Fig. 6F-G) isolated
from bladders. In the ketamine group, the level of TETs was
increased compared with in the control group, but not for
DNMTs. However, in the ketamine+COX-2 inhibitor group,
the level of DNMT3b and TET2 was increased compared with
that in the control group. These observations demonstrated
that ketamine induced NF-«B transcriptional regulation of
COX-2 expression by enhancing TET dioxygenase-mediated
demethylation and increasing the histone H3K4m3 binding
affinity of COX-2 promoter.

Proposed model for epigenetic regulation of COX-2
expression by DNA methylation via NF-kB activation in
KIC. The present results revealed that ketamine treatment
caused significant hypomethylation of the COX-2 promoter,
whereas ketamine+COX-2 inhibitor improved the inflamma-
tory effect (Figs. 1, 4 and 5). The hypomethylation of CpG
sites in the COX-2 promoter region ranging from -1,522 to
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Figure 5. Methylation status of the CpG site in COX-2 promoter region ranging from -1,181 to -1,522 in ketamine-induced ulcerative cystitis. (A) A schematic
depiction of region V and sequence ranging from -1,181 to -1,522 relative to the transcription start site (+1) is presented. (B) Bisulfite genomic sequencing
analysis for region V in the COX-2 promoter. Genomic sequencing of bisulfite-COX-2 region V-associated 7 CpG sites was obtained from the PCR products
from bisulfite-treated DNA using primers (blue color). The site-specific methylation of the CpG sites (dinucleotides) at -1,442, -1,432 and -1,411 bp located
the sequence of NF-«xB binding sites in the COX- promoter regions ranging from -1,442 to -1,404 bp. The potential site for NF-kB binding was marked with
black square box and the genomic NFkB4 was located at -1,413 to -1,404 bp, 5'-GTCGATTCCC-3' (Bisulfite sequence of mNF«kB4: 5'-GTCGATTTTT-3")
and NF«BS located at -1,442 to -1,432 bp, 5-CGGTAGTTTCC-3' (Bisulfite sequence of mNFkB5: 5'-CGGTAGTTTTC-3"). (C) Methylation patterns of the
bisulfite-COX-2 region V in three groups. CpG sites were highlighted as arrows. (D) The methylation level of region V in the COX-2 promoter. The methylated
percentage of each individual CpG site from bladder tissue was presented. (E) The percentage of total seven CpG sites methylation in region I'V. The methyla-
tion level of region V from the control group showed a 3.11-fold increase compared with in the ketamine group and a 1.40-fold increase compared with in the
ketamine+COX-2 group. Values were the mean + standard deviation for n=6. "P<0.05 and “"P<0.01 vs. the control group. 'P<0.05 and P<0.01 vs. the ketamine
group. COX, cyclooxygenase; NF-kB4, nuclear factor-xB binding site.

-829 bp increased the sequence-specific binding affinity of  activation. The COX-2 promoter hypomethylation was modu-
NF-kB transcriptional factor and enhanced the COX-2 gene lated by increasing TET enzymes for demethylation. Based on
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Figure 6. Analyses of NF-kB binding sequences and DNA methylation-associated enzymes responsible for the promoter activity of COX-2 gene. (A) Schematic
diagram of the COX-2 promoter and targeted sites ranging from -1,522 to -71 bp for ChIP analysis was presented. A total of five potential NF-xB binding
sequences in the COX-2 promoter are denoted in the diagram. DNA fragments from ChIP assay were amplified using primer sets to amplify the sequence of the
ChIP product. A total of four sets of primers were denoted as primer I-1V, which included five NF-«xB binding sequences. ChIP analysis of the potential NF-xB
binding sequence in the COX-2 promoter is shown. Formaldehyde cross-linked protein chromatin complexes were immunoprecipitated and genomic DNA was
analyzed by (B) PCR and (D) qPCR using primers that recognized the COX-2 promoter region. Input for each reaction was used for internal control of samples
loading. IgG was employed as negative control. ChIP analysis of histone H3 methylation on the COX-2 promoter was analyzed by (C) PCR and (E) gPCR.
ChIP assay was also applied to anti-tri methyl histone H3 (H3K4m3, H3K9m3, H3K27m3, H3K36m3 and H3K79m3) specific for histone H3 tri-methylated
at Lysine (K4, K9, K27, K36, and K79). These antibodies were used to provide direct evidence that histone H3 modulated COX-2 transcriptional regulation
by modulating methylation of the COX-2 promoter region ranging from -1,522 to -1,331 bp. Results were normalized as the control group=100%. The mRNA
levels of DNMTs (DNMT1, 3a and 3b) for evaluation of the DNA methylation (F) and TETs (TET1-3) for evaluation of the DNA demethylation (G) by reverse
transcription-qPCR. The level of TETs expression in the ketamine group was represented as the number of fold increases compared with the control group.
Data were expressed as the mean + standard deviation for n=8. "P<0.05 and "P<0.01 vs. the control group. ""P<0.01 vs. the ketamine group. ChIP, chromatin
immunoprecipitation; TET, Ten-Eleven-Translocation; DNMT, DNA methyltransferase; COX, cyclooxygenase; q, quantitative.
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Figure 7. A model illustrating ketamine treatment promoting the hypomethylation of COX-2 gene promoter via NF-kB in ketamine-induced ulcerative cystitis
of rat bladder. Inflammatory stimuli of ketamine induced nuclear translocation of NF-kB and increased nuclear NF-«kB level. The activated nuclear NF-xB
bound to specific sequences of COX-2 promoter and thereafter enhanced hypomethylation of COX-2 gene promoter. The hypomethylation of COX-2 promoter
increased COX-2 expression and the level of PGE2 production. PGE, prostaglandin; IKK, IkB kinase; P, phosphorylation; NFAT/NF-IL6, nuclear factor of
activated T cells/NF-IL-6; AP-1, activator protein 1; CRE, cAMP-response element; SP-1, specificity protein 1; TATA, TATA box motif.

the above findings, a potential model for illustrating epigen- human COX-2 promoter had potential methylation sites
etic regulation of COX-2 expression by DNA methylation  (Fig. S6A), which implied that the transcriptional silencing
mediated via NF-kB activation in KIC was proposed in Fig. 7. of COX-2 by the epigenetic mechanisms might have potential
Moreover, using TFBIND software and MethPrimer software  applications for the identification of molecular biomarkers
analysis showed that two potential NF-xB binding sites of  and clinical therapy for KIC.
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Discussion

The results of the present study demonstrated that ketamine
treatment induced the translocation of NF-kB p65 to activate
COX-2 expression and promote PGE2 production in bladder
tissue in KIC, whereas the COX-2 inhibitor suppressed the
inflammatory effect mediated by KIC. Furthermore, whether
epigenetic regulation of COX-2 promoter by DNA hypometh-
ylation could alter NF-«kB translocation and transcriptional
signaling of COX-2 expression was also determined in KIC.
Bisulfite MSP and genomic sequencing data showed that all
the three experimental groups exhibited un-methylation at
CpG sites within the COX-2 promoter region ranging from
-830 to -71 bp. However, ketamine treatment caused COX-2
promoter hypomethylation ranging from -1,522 to -829 bp,
which contributed to the COX-2 transcriptional regulation,
whereas ketamine combined with COX-2 inhibitor improved
such alterations. Ketamine treatment increased the binding of
NF-«B and permissive histone H3K4m3, but decreased the
repressive histone H3K27m3 and H3K36m3 binding on the
COX-2 promoter region ranging from -1,522 to -1,331 bp as
determined by ChIP assay. These observations suggested that
there was a hypomethylation pattern of the COX-2 promoter
via NF-kB p65 translocation in association with the level of
COX-2 transcription after ketamine treatment.

Following ketamine injection, translocated NF-xB p65
bound to the specific sequence of COX-2 promoter region
ranging from -1,522 to -829 bp, which transcriptionally induced
COX-2 expression to activate PGE2 production. Synthesized
PGE2 might act on its specific receptor subtype (EP2) and
further feedback activate NF-xB (37-39). The treatment of
COX-2 inhibitor reduced COX-2 transcriptional expression and
decreased PGE2 production, leading to an inhibited inflam-
matory reaction (40). Additionally, previous studies indicated
that NF-«kB could control COX-2 transcription (6,41), however
cyclopentenone prostaglandins could inhibit NF-kB activation
via IkB kinase (IKK) inhibition (42), suggesting cyclopente-
none feedback could inhibit continued nuclear accumulation
of NF-«xB (38). Following ketamine injection combined with
the COX-2 inhibitor, the COX-2 inhibitor was converted to
an anti-inflammatory compound (valdecoxib). The pharma-
cological effect of valdecoxib was to inhibit COX-2-mediated
prostaglandin synthesis. In the present study, it was proposed
that the pharmacological effect of COX-2 inhibitor might
suppress PGE2 synthesis and block the nuclear accumulation
of NF-kB, leading to inhibition of the positive feedback loop
of the COX-2-PGE2-EP2-NF«B pathway. The prostaglandins
might inhibit NF-xB activity through IKK inhibition, restrict
NF-«B to the cytoplasm and this negative feedback loop might
result in reducing NF-kB-dependent COX-2 gene expres-
sion in KIC. COX-2 overexpression affected the activity of
TET (43), which implied that COX-2 inhibitor might affect the
methylation status within COX-2 promoter.

Previous studies reported that COX-2 expression might be
related to the methylation status of 5'-CpG site of COX-2 gene
in cancer cell lines (25,44), which exhibited hypermethylation
of CpG sites in the promoter or exon 1 region and methyla-
tion-inhibiting agents restored the expression of COX-2 (28).
Toyota et al (23) suggested that aberrant methylation of the
5' CpG island to reduce COX-2 expression was presented in
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colorectal cancer and a detailed methylated mapping of 24 CpG
sites revealed the methylated region closest to the transcription
start site. However, the results of the present study indicated that
ketamine treatment induced the translocation of NF-«xB p65 to
activate COX-2 expression and PGE2 production in bladder
tissue. Meanwhile, bisulfite MSP and genomic sequencing data
showed that DNA hypomethylation at CpG sites within COX-2
promoter region located from -1,522 to -829 bp might contribute
to the COX-2 transcriptional regulation in the ketamine group.
Ketamine treatment was able to increase the binding of NF-«xB
and transcriptionally permissive histone H3K4m3, but decrease
the repressive histone H3K27m3 and H3K36m3 on the COX-2
promoter ranging from -1,522 to -1,331 bp as determined by
ChIP assay. Thus, such epigenetic regulation of COX-2 activity
for PGE2 production is interesting and deserves further inves-
tigations.

The hypermethylation of CpG sites in the COX-2 promoter
for the suppression of gene expression was shown to reduce
the binding affinity of sequence-specific transcription
factors (30,45). Kelavkar et al (11) reported that the increase in
the methylation status of specific CpG sites of COX-2 promoter
might affect NF-xB binding affinity. In the present study, there
were 7 CpG sites and two potential sequences for NF-«B tran-
scriptional factor binding within the COX-2 promoter located
from -1,522 to -1,181 bp. Two potential genomic sequences for
NF«B4 binding site in the COX-2 promoter were located at
-1,413 to -1,404 bp, 5'-GTCGATTCCC-3' and NF«kB5 located
at -1,442 to -1,432 bp, 5'-CGGTAGTTTCC-3'. The site-specific
methylation of 5'-CpG dinucleotides at sites -1,442, 1,432,
-1,411 bp (3, 4 and 5 CpG site of region V) was located at the
COX-2 promoter sequence ranging from -1,442 to 1,404 bp. The
observed increase in the methylation at these specific CpG sites
might impair NF-kB binding affinity to affect COX-2 expres-
sion in the control group. The potential NF-«kB binding sequence
involved in the COX-2 expression in KIC by ChIP analysis was
also analyzed. The results of the present study suggested that
the NF-«B binding sequence ranging from -1,522 to -1,331 bp
modulated the COX-2 mRNA expression as observed. ChIP
assay used anti-trimethyl histone H3 antibodies to provide
direct evidence that histone H3 methylation on the COX-2
promoter affected the COX-2 mRNA expression in KIC.

The double helical strands forming the DNA backbone
contained a major groove and a minor groove and the major
groove interacted with more functional groups than the
minor groove, which could interact with sequence-specific
DNA-binding proteins. Moreover, transcription factors were
composed of DNA-binding domains and had a specific affinity
for single- or double-stranded DNA (46). Cytosine methylation
could either influence the interactions between promoter DNA
and transcription factors or exhibit no effect, depending on
the context (14). Despite being only a minor chemical change,
addition of a methyl group to cytosine could affect nucleo-
tide readout via hydrophobic contacts in the major groove
and shape readout via electrostatic contacts in the minor
groove (47,48). 5-methylcytosines changed the nucleosome
stability and affected the chromatin structure and the affinity
of transcription factor bound to genomic DNA (14,49,50).
The results of the present study demonstrated that ketamine
treatment caused significant COX-2 hypomethylation ranging
from -1,522 to -829 bp, which contributed to the COX-2
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transcriptional regulation and increased NF-xB binding
to the promoter region located from -1,442 to -1,404 bp. It
was also found that the NF-«B binding sequence ranging
from -1,522 to -1,331 bp modulated the COX-2 mRNA expres-
sion as observed by ChIP assay. These data indicated that the
COX-2 promoter region located from -1,522 to -829 bp resided
in the major groove of DNA and played a pivotal role for
regulation COX-2 gene expression in KIC. Furthermore, the
authors' previous study demonstrated the involvement of the
regulation of COX-2 via the NF-kB pathway in the inflamma-
tory signaling of KIC in rat urinary bladder (6). Misoprostol,
the FDA approved clinical medication, is beneficial to various
immunological diseases, e.g., interstitial cystitis (51). It
attenuates the transcriptional activity of NF-xB and recruit-
ment of p65 (52). The combination of those studies with the
present study's findings suggested that the inhibitor of NF-kB
transcription factor might provide a potential application for
therapeutic strategy for KIC.

The COX-2 promoter region, NF-xB binding sites and the
potential methylation of CpG sites were compared between
rat and human species. In rats, the promoter of COX-2 gene
(accession number NM_017232) ranging from -1,522 to -71
including 1,452 bp and 44 CpG sites were identified by
nucleotide sequence analysis for potential methylation.
There were 7 CpG sites and 2 potential sequences for NF-kB
transcriptional factor binding within the COX-2 promoter
located from -1,522 to -1,181 bp. A total of two potential
genomic sequences for NF-kB binding sites in the COX-2
promoter were located at -1,413 to -1,404 bp, 5'-GTCGAT
TCCC-3' and at -1,442 to -1,432 bp, 5'-CGGTAGTTTCC-3".
The site-specific methylation of 5'-CpG dinucleotides at
sites -1,442, -1,432 and -1,411 bp was located the COX-2
promoter sequence ranging from -1,442 to -1,404 bp (Table I).
Moreover, in humans the promoter regions of the COX-2 gene
(accession number NM_000963) ranging from -2,000 to -1
including 2,000 bp and 59 CpG sites were identified by
nucleotide sequence analysis for potential methylation. Seven
potential motifs similar to the consensus binding sites for
NF-«B in the region were identified by TFBIND software.
Two potential genomic sequences for NF-kB binding sites
in the COX-2 promoter were located at -320 to -310 bp,
5-CTGGGTTTCCG-3' and at -640 to -631 bp, 5-GTGACTT
CCT-3". The site-specific methylation of 5'-CpG dinucleotides
at sites -640, -310 bp was located in the COX-2 promoter. The
present study showed that NF-kB binding sequence ranging
from -1,442 to 1,404 modulated the COX-2 mRNA expres-
sion as observed in rats. These findings suggested that the
transcriptional silencing of COX-2 by epigenetic mechanisms
might be involved in the pathogenesis of KIC. However,
further investigations of the epigenetic mechanisms in the
pathogenesis of KIC in human are needed.

DNA hypomethylation of COX-2 promoter region might
contribute to COX-2 transcriptional regulation and induce a
pro-inflammatory response in KIC. However, COX-2 inhibitor
treatment increased the methylation of COX-2 promoter and
reduced COX-2 transcriptional expression. These results
implied that the transcriptional silencing of COX-2 by the
epigenetic mechanisms might be involved in the pathogen-
esis of KIC, which could have potential application for the
molecular biomarker and clinical therapy of KIC.
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