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ABSTRACT

Genetic polymorphisms of the interleukin 23 receptor and interleukin 17A

and their associations with inflammatory bowel diseases

Seung Won Kim

Department of Medical Science

The Graduate School, Yonsei University

(Directed by Professor Won Ho Kim)

Inflammatory bowel disease (IBD), which includes mainly ulcerative colitis
(UC) and Crohn’s disease (CD), is characterized by chronic relapsing intestinal
inflammation. Currently, IBD is considered to be caused by a complex
interaction of genetic, environmental, and other processes involving
immunoregulatory factors of which play a principal role in the pathogenesis of
IBD. Recently, a particular subset of T helper cells (Th17 cells) characterized
by interleukin 17A (IL-17A or further referred to as IL-17) production was

implicated as a critical mediators of autoimmune disease including IBD and the



IL-23R gene is known to be a susceptibility gene related to IBD in Caucasian
IBD patients, although it has not been detected in Asian populations. Moreover,
while there are a few reports on the associations of IL-17A gene polymorphisms,
it is still unknown whether IL-17A SNPs are associated with IBD susceptibility
except rs2275913 and, if so, how these IL-17A SNPs exactly modulate 1BD
susceptibility.

Thus, It was investigated the associations of genetic and epigenetic variations
in IL-23R and IL-17A with the development of IBD in this study. The promoters
and exon regions encompassing the intron junctions of IL-23R and IL-17A were
analyzed in 728 subjects including 201 CD patients, 268 UC patients, and 259
healthy controls using DNA sequencing and denaturing high performance liquid
chromatography. Associations of IL-23R and IL-17A polymorphisms with IBD
susceptibility were analyzed and their gene-gene interactions including STAT4
SNPs were tested using logistic regression analysis. Jurkat cells and peripheral
blood mononuclear cells (PBMC) were used for in vitro assay as follows. The
transcription factor binding activity was determined using electrophoretic
mobility shift assay, IL-17A mRNA expression levels by reverse-transcriptase
polymerase chain reaction, and methylation status of IL-17A promoter by
bisulfite sequencing and pyrosequencing.

In CD, a case-control analysis showed that disease development was
associated with the IL-23R variant G149R (odds ratios [OR] 0.32, 95%
confidence intervals [CI] 0.15-0.68) and IL-17A variant IVS1+18G>C (OR



10.65, 95% CI 1.32-85.89). The analysis for UC showed an association with
IL-23R variants G149R (OR 0.41, 95% CI 0.21-0.76), IVS4+17C>T (OR 2.89,
95% CI 1.20-6.96), and Q3H (OR 0.61, 95% CI 0.38-0.99), and IL-17A
variants -737C>T (OR 1.50, 95% CI 1.06-2.13), -197G>A (OR 0.63, 95% CI
0.40-0.97), and 1VS1+18 G>C (OR 8.93, 95% CI 1.12-70.99). As further
evidence of the synergistic effect of the genes in this pathway in the
development of IBD, a significant statistical gene-gene interaction among IL-
23R, IL-17A and STAT4 were observed. The -877G, -737T, and -444A risk
alleles of IL-17A displayed higher binding affinity of transcription factor
complex and higher expression levels of IL-17A transcripts. DNA
hypomethylation of the IL-17A promoter was observed in PBMCs from IBD
patients with a methylation extent of IVS1+17 site and significant inverse
correlation between IL-17A mRNA level. Finally, IL-17A mRNA expression
was restored after exposure to demethylating agent in Jurkat cells. The results
of this study provide insights into the genetic and epigenetic interactions in the
IL-23R/IL-17 axis including STAT4 that are associated with elevated expression

of IL-17 and IBD pathogenesis.

Key words : interleukin 23 receptor, interleukin 17A, genetic polymorphism, inflammatory

bowel disease, epigenetics



Genetic polymorphisms of the interleukin 23 receptor and interleukin 17A

and their associations with inflammatory bowel diseases

Seung Won Kim

Department of Medical Science

The Graduate School, Yonsei University

(Directed by Professor Won Ho Kim)

I. INTRODUCTION

Inflammatory bowel disease (IBD), which includes mainly ulcerative colitis (UC) and
Crohn’s disease (CD) is characterized by chronic relapsing intestinal inflammation of
unknown etiology.® Currently, IBD is considered to be caused by complex interactions
of genetic, environmental, and other processes involving immunoregulatory factors.**

Of these, studies in twins and family members suggest that genetic factors play a

principal role in the pathogenesis of IBD. Recently, several IBD susceptibility genes
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have been identified,* and linkage studies have implicated multiple regions within the
human genome.>® Since the caspase-recruitment domain 15 gene (NOD2) was
identified as the first CD susceptibility gene in 2001, genome-wide association studies
or linkage analyses uncovered several susceptibility genes related to IBD in Caucasian
populations including DLG5, SLC22A4, SLC22A5, TNFSF15, IL-23R, and
ATG16L1.*™ However, the genetic polymorphisms located within these genes do not
fully explain the pathogenesis of IBD or the variations in disease phenotypes.
Furthermore, the precise genetic pathogenesis of IBD still remains poorly understood.

Recently, a subset of T helper cells (Th17 cells) characterized by interleukin 17A (IL-
17A or further referred to as 1L-17) production was implicated as a critical mediator of
autoimmune diseases such as bronchial asthma, experimental autoimmune
encephalomyelitis (EAE), rheumatoid arthritis (RA), psoriasis, systemic lupus
erythematosus (SLE), systemic sclerosis (SSc), and 1BD."** Accumulating evidence
has demonstrated that IL-17 plays an important pathologic role in the development of
IBD.B*

Interleukin 23 (IL-23) is essential for maintaining the Th17 response® and is
characteristically associated with Th17 cell lineage differentiation.'®*” Moreover, 1L-23
receptors (IL-23Rs) are expressed on a variety of cells and may directly activate a
subset of macrophages, natural Killer cells, monocytes, and dendritic cells that secrete
IL-17A."%% Interestingly, although the IL-23R gene is known to be a susceptibility
gene related to IBD, functional variants in the IL-23R gene, which was identified as a

susceptibility locus in Caucasian IBD patients, has not been detected in Asian



populations.®??® These results reveal that there are distinct ethnic differences in the
genetic background of IBD between Asian and Caucasian populations. Therefore, it is
necessary to identify new functional variation in coding region of IL-23R in Asian
patients with IBD. Moreover, while there are a few reports on the associations of IL-
17A gene polymorphisms with several autoimmune diseases such as RA and bronchial

asthma, %

it is still unknown whether IL-17A SNPs (single nucleotide polymorphism)
with the exception of rs2275913 are associated with IBD susceptibility and, if so, how
these IL-17A SNPs exactly modulate IBD susceptibility. In another side, STAT4 (signal
transducer and activator of transcription 4) is another critical transcription factor
transducing IL-12-, IL-23-, and type-1 interferon (IFN)-mediated signals into Thl and
Th17 differentiation, monocyte activation, and IFN-production.®*#* STAT4
polymorphisms have been found to be associated with autoimmune diseases, including
IBD, RA, SLE, asthma, and Sjogren’s syndrome (SS).*** IL-23 activates not only
STAT3 but also to a lesser degree STAT4. STAT4 is also required for cytokine-
stimulated production of IL-17. Moreover, evidence for weak gene-gene interaction of
STAT4 with the IL-23R SNPs in Caucasian was recently reported.

In this study, the roles of 1L-23R and IL-17A SNPs in the genetic susceptibility to IBD
in the Korean population were assessed to elucidate their association with IBD.
Potential epistasis (gene-gene interaction) among the IBD susceptibility gene IL-23R,
IL-17A and STAT4 was next investigated. It was also investigated the functional

consequences of genetic and epigenetic factors that interact to increase the

susceptibility to IBD .



Il. MATERIALS AND METHODS

1. Study Subjects
A total of 258 healthy controls, and 469 unrelated Korean IBD participants (201
patients with CD, 268 with UC) were surveyed, and IBD patients were diagnosed and
managed at the gastroenterology clinics of Yonsei University College of Medicine,
Severance Hospital, Seoul, Korea between June 2006 and February 2008. The
diagnosis of CD or UC was based on established clinical, radiologic, endoscopic, and

%3 Cases of indeterminate colitis, or patients with

histopathologic criteria.
concomitant immune-mediated diseases such as RA, SLE, primary SS, type 1
diabetes, SSc, or asthma were excluded from the study. The demographic and clinical
characteristics of the subjects were obtained through the review of medical records
and detailed questionnaires. CD phenotypes were classified by age at diagnosis,
location, and disease behavior according to the Montreal classification.*” In patients
with UC, anatomic locations were subgrouped using the Montreal classification as
ulcerative proctitis (E1), left-sided UC (E2) or extensive UC (E3). Differences in the
frequencies of disease characteristics such as age at diagnosis, gender, extra-intestinal
manifestations (EIMs), total follow-up period, the use of immunosuppressive drugs,
and the need for surgical intervention were also assessed. This study was approved by

the Institutional Review Board of Severance Hospital. Written informed consent was

obtained from all participants or their guardians.



2. DNA Extraction and Polymerase Chain Reaction (PCR)
Genomic DNA was isolated from whole blood samples from each subject using
commercially available kits (Qiagen, Hilden, Germany). Specific primers were

designed to amplify the promoter and exons spanning splice junctions (Table 1).



Table 1. Oligonucleotides for genotyping of the IL-17A and 1L-23R genes

Target gene Regions Forward sequence Reverse sequence
Promoter 4 TTCAGGATCCGGCAAACTAAT GATAGAGACTGGACAAAGGTG
Promoter 3 CCATCATGTTCCTCTCCTT CCTCACAGATTCCTTGGCC
Promoter 2 TTGAGTAGTTTCCGGAATTGTC TGTCGCAGTGGGTTCAGGG
IL-17A
Promoter 1
~exon 1 ACATGAATTTCTGCCCTTCCC CCACGGTCCAGAAATACTATC
Exon 2 AACCACATAGTAATCTAATCTCC GATGCATAAGAGGGATGAAGAAT
Exon 3 CTCTCTTCATGTATTCCTGTTT GGATGAGGGTTCCTGAGGG
Exon 1 CCAAATAGTGACACGAGAGCCAG AACAACTTGGCCCATGTATTTCC
Exon 2 CCCTAATCAAAGGTTCCCATC CATTTGGAAGGAGATTGGGC
Exon 3 TCTTCTGAATCTCTTGATTTAATGTTT TGACCAGTTAATTGTTAAACTAGC
Exon 4 GACTGGAGCTGTTCCTATTCAGC GATTTCTTGGATCTCTGCTGGAGG
Exon 5 GAGCCACCATGCCTGGCCAATTA AGACCTCATTTGACAAGGTCAGCAC
Exon 6 TGCCAGTTTCTCCCTAGGCAAGT AAATAGACATAATAAGTCCACTGTAGCC
IL-23R Exon 7 GGTGTTCCATACATTTCTGCTAA ATTATAGGTGTGAGCCACTGTGC
Exon 8 CAAGGGAAGAAACTCCGTTGGGA CCTATGGAAGACATAAGGCATATC
Exon 9 CACCCTTTCTCCTTTGAGACCT TCTAGTAAACAACTGAAATGACTAAAT
Exon 10 AATCCTCCCACCTCAGCC TGATTTGAAACAGGTACAGTTTTG
Exon 11-1 TCATTCAATTATCCAGTTGGTTC TATTGCTGAGATGGCTTCCC
Exon 11-2 GAGACTACCCGCAAAACTCG ATTTTCCAAAAGCATGGTGG
Exon 11-3 TGAATTCACTAAGCAACACAATATTTC GATTGCAAGGCAGCTTTCTC




Genotyping was performed using PCR. PCR was carried out in a total volume of
25 pl containing 200 uM dNTPs, 50 ng of template DNA, 10 pmol of each primer,
and 0.5 unit of i-StarmaxTM Il DNA Taq Polymerase (Intron Biotechnology, Seoul,
Korea) in 1 x reaction buffer. The PCR was performed with an initial denaturation
step at 94°C for 5 min; 35 cycles of 94°C for 30 sec, 60°C for 30 sec, and 72°C for

30-90 sec; and a final extension step at 72°C for 7 min.

3. Genotyping
DNA sequencing was used for preliminary identification of candidate IBD risk
SNPs of IL-23R in 50 patients and 50 controls; all the remaining subjects enrolled in
the study were genotyped using full DNA sequencing of promoter regions and
denaturing high performance liquid chromatography (DHPLC) of exons and all splice

junctions (Figure 1).
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Figure 1. Schematic representation of the genotyping strategies for the IL-17A and IL-

23R genes. The genomic region of the human IL-17A gene encompassing the

promoter and three exons and that of the IL-23R gene encompassing 11 exons are

schematically shown. +1 indicates the first nucleotide of the start codon. Coding

exons are marked by filled blocks and untranslated regions (UTR) by open blocks.

Filled circles show the primer sites.
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After purification using a PCR purification kit (Qiagen), the PCR products were
used as template DNA for sequencing analysis (ABI Prism Big Dye Terminator cycle
sequencing system; ABI 3100 automatic sequencer, Applied Biosystems, Foster City,
CA, USA). Unpurified PCR products were mixed 3:1 with a sequence-confirmed
wild-type reference before being subjected to a 5 min, 95°C denaturing step, followed
by gradual cooling to 65°C with a temperature change of 1°C/min before DHPLC
analysis. The addition of wild-type DNA to the sample before the denaturation step
enabled reliable detection of homozygous alteration to identify homozygous
sequence variations. Five microliters of each mixture were loaded onto a DNASep-
HT column (Transgenomic, Omaha, NE, USA) and the amplicons were eluted in 0.1
M triethylammonium acetate (pH 7) with a linear acetonitrile gradient at a flow rate
of 1.5 ml/min. Heteroduplex mismatches were recognized by the appearance of
aberrant patterns in the elution profiles under appropriate temperature conditions,
which were calculated by the Navigator Software of the Wave Nucleic Acid Fragment
Analysis system device (Transgenomic). The most important criteria for assigning the
presence of a sequence alteration in each DHPLC fragment were numbered and the
shapes of the elution peaks compared to a sequence-confirmed wild-type control
subject elution profiles that were used as references (Figure 2). All detected variations

from DHPLC analysis were validated using subsequent full DNA sequencing.
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Figure 2. Representative DHPLC elution profiles for SNPs in the IL-23R gene. Seven
SNPs were found in intron 1, exon 2, exon 4, and intron 4. From top to bottom and

left to right, each peak shows the absorbance and elution time, respectively.

The genotype data for eight IBD-associated STAT4 SNPs (rs11889341,
rs7574865, rs8179673, rs6752770, rs925847, rs10168266, rs10181656,

rs11685878) were available from a previous study.*

4. Colonic Mucosal Tissue Preparation, Peripheral Blood Mononuclear Cell
(PBMC) Isolation and Cell Culture
Colonic mucosal tissues were collected during colonoscopy and PBMCs were

isolated using Ficoll-paque plus density gradient centrifugation (GE Health Care,
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Piscataway, NJ, USA) from healthy donors and IBD patients. Jurkat cells
(American Type Culture Collection, Manassas, VA, USA) were cultured in RPMI
1640 medium supplemented with 10% fetal bovine serum, 1 mM glutamine and 1%
penicillin/streptomycin (Invitrogen, Carlsbad, CA, USA). Jurkat cells at a density of
0.5-1.0 x 10° cells/ml were then activated with anti-CD3 mAb (2 pg/ml; eBioscience,
San Diego, CA, USA) and anti-CD28 mAb (1 pg/ml; eBioscience) for four days, and
were stimulated with tumor growth factor B (TGF-B; 2.5 ng/ml; R&D Systems,
Minneapolis, MN, USA), IL-6 (30 ng/ml; R&D Systems), IL-23 (10 ng/ml; R&D
Systems), or with phorbol 12-myristate 13-acetate (PMA, 20 nM; Sigma-Aldrich St.
Louis, MO, USA) and ionomycin (2 uM; Sigma-Aldrich) for six h. To assess re-
activation of IL-17A expression, Jurkat cells were plated in 6-well tissue plates 16 hr
before treatment, 5-azadeoxycytidine (5-Aza-dC; Sigma-Aldrich) at final
concentrations of 0.4 uM or phosphate buffered saline in duplicate was added to the

fresh medium and the cells were harvested after three or four days of treatment.

5. Electrophoretic Mobility Shift Assay (EMSA)

Nuclear and cytoplasmic extracts were prepared as follows. Briefly, harvested cells
were lysed for 5 min in lysis buffer [5 mM KCI, 25 mM HEPES, 0.5 mM MgCl,, 1
mM EDTA, 0.5 mM spermidine, 0.15 mM spermine, 0.2% Triton X-100, complete
protease inhibitor cocktail (Roche Diagnostics, Mannheim, Germany)], and then
nuclei were pelleted via centrifugation at 6,000 g for 15 min. Nuclei were lysed in

hypotonic buffer (350 mM NaCl, 10 mM HEPES, 25% glycerol, 0.1 mM EDTA, 0.5
14



mM spermidine, 0.15 mM spermine, and protease inhibitors as above) for 30 min,
and debris were removed via centrifugation at 13,000 rpm for 5 min. Bradford
reagent (Bio-Rad Laboratories, Hercules, CA, USA) was used to measure protein
content. EMSA was performed using a Lightshift™ chemiluminiscent EMSA kit
(Pierce, Rockford, IL, USA) following the manufacturer’s protocol. Complementary
oligonucleotides (Table 2) were biotin-labeled separately using the Biotin End-

labeling kit (Pierce) and annealed before use.

Table 2. Oligonucleotides for EMSA

Region Sense sequence Antisense sequence

ﬁlg'type CTATTCTCAAGGACCTGAGTCCAAG CTTGGACTCAGGTCCTTGAGAATAG
o ype CTATTCTCGAGGACCTGAGTCCAAG CTTGGACTCAGGTCCTCGAGAATAG
\';ﬁ;'type CCTTTTCTCCATCTCCATCACCTTTGTC ~ GACAAAGGTGATGGAGATGGAGAAAAGG
- ype CCTTTTCTCCATCTICATCACCTITGTC  GACAAAGGTGATGAAGATGGAGAAAAGE
\',ci‘l‘g'type AGGAATCTGTGAGGAAAAGAAAGATCAA  TTGATCTTTCTTTTCCTCACAGATTCCT
;ﬁ;‘gm ype ACGAATCTGTGAGGGAAAGAAAGATCAA  TTGATCTTTCTTTCCCTCACAGATTCCT
\',&i?g'type CCTTCAGAAGGAGAGATTCTTCTATGA  TCATAGAAGAATCTCTCCTTCTGAAGG
;Sza'm ype CCTTCAGAAGAAGAGATTCTTCTATGA  TCATAGAAGAATCTCTTCTTCTGAAGE

The oligonucleotides of IL-17A promoter regions with the normal or variant sequence for
SNPs were used as probe. Complementary oligonucleotides were biotin-labeled separately

and annealed before use. The variation sequences are underlined.
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Each binding reaction contained 1 x binding buffer (100 mM Tris, pH 7.5, 500 mM
KCI, 10 mM dithiothreitol), 2.5% glycerol, 5 mM MgCl,, 50 ng/ul poly (dIdC),
0.05% NP-40, 5 ug of nuclear extract, and 40 fM of biotin end-labeled target
oligonucleotide probe. The reaction mixture was incubated at room temperature
for 20 min, and the complexes were separated on 4% non-denaturing polyacrylamide
gel and then were transferred to a nylon membrane. When the transfer was complete,
DNA was crosslinked to the membrane at 120 mJ/cm? using a UV crosslinker at 254
nm. The biotin end-labeled DNA was detected using streptavidin-horseradish
peroxidase conjugate and a chemiluminescent substrate. The membrane was exposed
to X-ray film and developed using a Kodak film processor (Eastman Kodak,
Rochester, NY, USA). RAR-related orphan receptor C (RORC) antibody (Abcam,

Cambridge, MA, USA) was used for the supershift assay.

6. Quantitative Real-time Reverse-transcription Polymerase Chain Reaction
(RT-PCR)

Total RNA was extracted using TRIzol Reagent (Invitrogen) and 1 pug of RNA was
reverse transcribed using the SuperScript First-Strand Synthesis kit (Invitrogen)
according to the manufacturer-recommended protocol. The cDNAs were mixed with
SYBR Green master mix (Applied Biosystems) and the primer pairs (4 pmol of each
primer) in triplicate. PCR was performed using primers (Table 3) for IL-17A, RORC,

and glyceraldehyde-3-phosphate dehydrogenase (GAPDH).

16



Table 3. Oligonucleotides for real-time RT-PCR

Target Sense sequence Antisense sequence

IL-17A CAATCCCACGAAATCCAGGATG GGTGGAGATTCCAAGGTGAGG
RORC TTTTCCGAGGATGAGATTGC CTTTCCACATGCTGGCTACA
STAT4 CACCTGCCACATTGAGTCAACTA TAAGACCACGACCAACGTACGA
GAPDH TGATGACATCAAGAAGGTGG TTTCTTACTCCTTGGAGGCC

Samples were amplified in a 7500 real-time PCR System (Applied Biosystems) for
40-45 cycles using the following PCR variables: 95°C for 30 sec, 60-62°C for 1 min,
and 72°C for 1 min. Finally, quantitative analysis was performed using the relative
standard curve method and the results were reported as the relative expression or fold
change as compared to that of the calibrator after normalization of the transcript level

with regard to the control, namely GAPDH, or RORC.

7. Determination of DNA Methylation using Bisulfate Sequencing and
Pyrosequencing

To determine the methylation status of CpG sequences in the IL-17A gene promoter,
bisulfite modification was accomplished using an Epitect bisulfite kit (Qiagen)
according to the manufacturer’s instructions. The promoter region of the IL-17A gene
from PBMCs was PCR-amplified with primers (Table 4 and 5) that were designed
using a PSQ assay design program.

17



Table 4. Oligonucleotides for pyrosequencing and bisulfate sequencing of the IL-17A

gene

Application Regions Forward primer Reverse primer

-969~-684 Biotin-ATTATTTATTTTAGTGGGGGTAGG ACCCTACATACTACCAAACAACTT
1" PCR

-234~IVS1+77 Biotin-TGAAAAGAGGATATGGTTTTTAGG CCTAAATCTCCATAATCAAAACCC
™ pCR -969~-876 Biotin-ATTATTTATTTTAGTGGGGGTAGG ATAAACTTAAACTCAAATCC
sequencing .

-234~1VS1+21 Biotin-TGAAAAGAGGATATGGTTTTTAGG CCAAATCAACAAAAACATC

-877 ATAAACTTAAACTCAAATCC
Pyrosequencing 2 V1417

IVS1421 CCAAATCAACAAAAACATC

Table 5. Oligonucleotides for pyrosequencing and bisulfate sequencing of the STAT4

gene

Application Regions Forward primer Reverse primer
-266~-58 Biotin- GGTTGAGTGGAGTTTTATATTA TCTATTCTAAAAATACTAAC

PCR
-176~ +49 Biotin- GGAAATTATTGAAGAAAATGTAT CCTAAATCTCCATAATCAAAACCC
-266~-147 CAACTACAAATAACTCAAC
-146~-58 TCTATTCTAAAAATACTAAC

Pyrosequencing
-57~-42 CCACTTAAAACTTTCCTATA
-42~-+49 ACTCAAATCCAAAATCAA

Bisulfite sequencing analyses were performed as described previously,38 and the

pyrosequencing reactions were performed on a PyroMark Q24 system (Qiagen)

following the manufacturer’s instruction. The subsequent data were analyzed using

the methylation-analysis software.
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8. Statistical Analysis

All SNPs investigated in this study were tested for Hardy-Weinberg equilibrium
(HWE) in controls and associations of SNPs with disease susceptibility were
determined by comparing allele and genotype frequencies between cases and controls
using the Chi-square test. Logistic regression analyses were performed to calculate
the odds ratios (OR), 95% confidence intervals (Cl), and corresponding P-values of
each SNP under four alternative models (additive, codominant, dominant, and
recessive). In addition, relationships between disease genotypes and phenotypes were
assessed according to clinical characteristics, such as mean age at diagnosis, gender,
disease location and behavior, EIMSs, and a history of immunosuppressive drug use
and surgical intervention.

Haploview software version 4.1 (Broad Institute of MIT and Harvard, Cambridge,
MA, USA) was used to analyze the linkage disequilibrium (LD) structure and to test
for associations between haplotypes and IBD. Haplotypes with a frequency > 3%
were numbered in order of frequency (H1, H2, and so on). Gene—gene interactions
were tested using an interaction test in logistic regression models.* For all
calculations, SPSS version 12.0 (SPSS, Chicago, IL, USA) was used. A two-tailed
test was used for all analyses and two-sided P-values of < 0.05 were considered

significant.
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1. RESULTS

1. Baseline Clinical Characteristics of the Study Subjects

A total of 727 subjects including 201 patients with CD, 268 patients with UC, and
258 healthy controls were analyzed in this study. The demographic and clinical
characteristics of patients with CD and UC are summarized in Table 6. The mean
patient age at diagnosis of CD was 26.0+11.2 years at a gender ratio ratio of 1.6:1
(male: female), and that of UC was 36.4+12.4 years at a gender ratio of 1.0:1.0 Based
on the Montreal Classification, 87.1% of CD patients had only ileal or ileocolonic
disease, with or without upper gastrointestinal involvement. As for disease behavior,
penetrating phenotype was observed in 78 (39.2%) patients and a stricturing
phenotype in 37 (18.6%) patients. With respect to disease location at diagnosis in UC,
extensive colitis was noted in 113 (42.1%) patients and left-sided colitis in 91

(34.0%) patients.
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Table 6. Clinical and demographic characteristics of CD and UC patients

CD (n = 201)

UC (n = 268)

Gender (male/female)

123/78 (1.6:1)

135/133 (1.0:1)

Age (years)? 26.0+11.2 36.4+12.4
Follow-up duration (months)® 89.3+51.7 103.6+61.3
Disease location (%)°

lleum (L1)xL4 61 (30.7)

Colon (L2)tL4 24 (12.1)

lleocolon (L3)xL4 114 (57.3)

Rectum (E1) 64 (23.9)

Left-side (E2) 91 (34.0)

Extensive (E3) 113 (42.1)
Disease behavior (%)°

Inflammatory (B1)+p 81 (41.3)

Stricturing (B2)£p 37 (18.6)

Penetrating (B3)£p 78 (39.2)
EIMs (%)

Joint 19 (9.5) 30 (14.9)

Skin 10 (5.0) 20 (10.0)

Eye 11 (5.5) 28 (13.9)
Immunosuppressive drugs
Steroid 137 (68.2) 97 (51.7)
Azathioprine 107 (53.2) 42 (20.9)
Infliximab 36 (17.9) 1(0.5)

CD, Crohn’s disease; UC, ulcerative colitis; EIMs, extra-intestinal manifestations.
*Meanzstandard deviation. "Disease localization and behavior according to the Montreal

classification (L4, upper gastrointestinal involvement; p, perianal disease).
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2. Association of IL-23R Genetic Polymorphisms with IBD Susceptibility
According to DHPLC and DNA sequencing of the exon regions including

exon/intron junctions of IL-23R to uncover functional variations, seven SNPs in
HWE(P > 0.05) was found, of which five (intron 1. IVS1-26G>C; exon 4: V134D,
K150E, K160L; intron 4: IVS4+17C>T) had never been reported (Table 7). CD
showed a significant association with one marker in exon 4, G149R (P < 0.002, 95%
Cl 0.15-0.68 in codominant models) and UC with three markers, rs1884444 (named
“Q3H” hereafter) in exon 2 (P < 0.045, 95% CI 0.38-0.99 in recessive), G149R (P <
0.004, 95% CI 0.21-0.77 in additive and dominant), and IVS4+17C>T (P < 0.012,
95% CI 1.20-6.96 in codominant). G149R and Q3H showed a protective association
and IVS4+17C>T was responsible for disease risk. The variant rs11209026 which
was described to be responsible for CD in Caucasians, appears to be absent in the

Korean population.
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Table 7. Distributions of genotype and allele frequencies of IL-23R SNPs

CD uc Control
No.(%) Additive Codominant Dominant Recessive No. (%) Additive Codominant Dominant Recessive No. (%)
Position  Genotype P value P value Pvalue P value P value P value Pvalue P value
OR OR
(dbSNP ID) (95% Cly (95% Cl)
OR  OR OR OR OR  OR OR OR
(95% Cly (95% CI)  (95% CI) (95% Cl) (95% Cl) (95% CI)  (95% Cl) (95% CI)
199 NA 0068 NA  NA 268 NA  NA NA  NA 258
IVSL26 G600 (100.0%) (100.0%)
2 NA 0 0
(Novel)  GC 4 oop) (0.00-NA) (0.0%) (0.0%)
0 0 0
CC (00w (0.0%) (0.0%)
70 107 102
Q3H GG (gygyy 0820 0200 0300 0370 g, 0270 0110 090 005 e
100 135 128 113 108
(rs1884444) GT (49.8%) (0.90-2.03) (47.8%) (0.78-1.64) (41.9%)
103 122 080 0.87 098 061
31 0.94 3 0.66 48
T 0.80- 083 (0.49- 0.68- 0.69-  (0.38-
(15.4%) (1‘34) (0.55-1.62) (”9) (1‘31) (12.3%) (1_11) (0.39-1.10) (1_40) 8'99) (18.6%)
200 262 254
visD  TT (gdo o NA 0260 NA NA Grem VA 005 NA NA .
1 6 145 4
(Novel)  TA 4 0% 2.2%) (0.41-5.21) (1.6%)
a0 0.32 0 0
(0.0%) (0.04-2.86) (0.0%) (0.0%)
192 0002 253 0.004 225
GI149R GG (95.5%) (94.4%) (87.2%)
a9 0.32 15 3
(4.5%) (0.15-0.68) (5.6%) (12.8%)
a0 0 0.41 0
(0.0%) (0.0%) (0.21-0.76) (0.0%)
2000 NA 0200 NA  NA 266 NA 0100 NA  NA 258
KISOE  AA - (99505 (99.2%) (100.0%)
1 NA 2 NA 0
(Novel) - AG 4 505 (0.00-NA) (0.8%) (0.00-NA) (0.0%)
0 0 0
GG (0o%) (0.0%) (0.0%)
2000 NA 0200 NA  NA 268 NA  NA NA  NA 258
KIGOL GG (9950 (100.0%) (100.0%)
1 NA 0 0
(Novel)  GC 59y (0.00-NA) (0.0%) (0.0%)
0 0 0
€ ow) (0.0%) (0.0%)
193 0.450 248 0.012 251
IVS4+17 CC (96.0%) (92.5%) (97.3.%)
8 149 20 7
(Novel)  CT 4 oop) (0.53-4.17) (7.5%) @.7%)
o 0 0 2.89 0
(0.0%) (0.0%) (1.20-6.96) (0.0%)

“Novel” indicates SNPs that had not been reported previously. Associations significant at P <

0.05 are shown in bold. NA, Not applicable; IVS, intervening sequence.
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3. Associations of IL-17A Genetic Polymorphisms with IBD Susceptibility
Based on DNA sequencing and DHPLC of the promoter and exon regions of IL-17A,

14 SNPs in HWE from promoter regions was found, of which seven SNPs (-861G>A,
-851C>G, -759C>G, -604delT, -265G>A, -168C>G, and -112G>A) had never been

reported (Table 8).

Table 8. Distributions of genotype and allele frequencies of IL-17A SNPs

CcD uc Control

No. (%) Additive Codominant Dominant Recessive No. (%) Additive Codominant Dominant Recessive No. (%)

Position”  Genotype Pvalue P value Pvalue P value Pvalue P value Pvalue P value
OR OR
(dbSNPID) (95% Cl) (95% Cl)
OR  OR OR OR OR  OR OR OR
(95% Cl) (95% Cl)  (95% Cl) (95% CI) (95% Cl) (95% Cl) (95% Cl) (95% CI)
&7 aa 104 0170 0300 0340 0140 131 0087 0220 0093 030 145
(51.7%) (48.9%) (56.2%)
77 110 115 130 97
(SATIBAG (33 305) (0.75- 1.64) (42.9%) (0.92-1.88) (37.6%)
122 120 167 127 134 135
20 174 22 152
GG 0.92- 083- (084 0.96- 095- (069
(9.9%) (1.63) (0.86-3.52) (”3) g.32) (82%) (1_67) (0.77-302) (1_89) é.e oy 62%)
200 267 257
861 GG gy NA 0860 NA  NA Gagy NA 060 NA  NA (o9 5%)
. 128 ) 0.96 .
(Novel)  GA (0.08- (0.06-
(05%) oo (0.4%) e (0.4%)
0 0 0
AR 00w (0.0%) (0.0%)
. cc M0 NA 02 NA  NA 268 NA  NA NA  NA 258
(99.5%) (100.0%) (100.0%)
1 NA 0 0
(Novel) - CG 506 (0.00-NA) (0.0%) (0.0%)
0 0 0
GG (0.o%) (0.0%) (0.0%)
s e N NA  NA NA  NA 266 NA 100 NA  NA 258
(100.0%) (99.2%) (100.0%)
0 2 NA 0
(Novel) - CG 4 00p) (0.8%) (0.00-NA) (0.0%)
0 0 0
GG (.ow) (0.0%) (0.0%)
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Continued

106 0.290 0.420 0.510 0.200 106 0.033 0.067 0.020 0.450 128

137 CC (52.7%) (39.6%) (49.6%)
84 0.94 134 150 108
(rs8L93036)CT 41 gog) (0.64- 1.39) (50.0%) (1.04-2.15) (41.9%)
o108 060 088 06 28 134 154 150 125 2
(55%) (0.63-1.15) (0.28- 1.30) (0.61-1.28) (0.29-1.31) (10.4%) (1.02-1.74) (0.83-2.84) (L06-2.13) (0.70-2.25) (8.5%)
s TrXL NA NA NA NA 267 NA 0250 NA NA 258
(100.0%) (99.6%) (100.0%)
0 1 NA 0
(Novel) T 4,096 (0.4%) (0.00-NA) (0.0%)
0 0 0
(0.0%) (0.0%) (0.0%)
o5 aal7l 0190 0260 0240 0200 227 0140 0230 0170 0250 229
(85.1%) (84.7%) (88.8.%)
29 134 40 139 29
(rs9791323)AC (14 496 (0.77-2.32) (14.9%) (0.83-2.32) (11.2%)
! 142 NA 139 NA 1 145  NA 143 NA 0
(05%) (0.83-2.42) (0.00-NA) (0.80-2.40) (0.00-NA) (4%)  (0.88-2.39) (0.00-NA) (0.86-2.37) (0.00-NA) (0.0%)
444 AAYT 0320 0490 0230 0690 0 0230 0250 0690 0005 o
@34%) © : : : 20.9%) © ' : ' (28.3%)
108 129 146 102 130
(rs3B19024)AG 53 707 (0.83-2.02) (54.5%) (0.69-1.52) (50.4%)
% 114 130 120 110 42 08 070 093 06 55
(22.9%) (0.88-149) (0.76-2.22) (0.85-1.98) (0.70-L.71) (15.7%) (0.67-1.10) (0.42-1.16) (0.64-1.35) (0.44-1.07) (21.3%)
65 20 NA 0200  NA NA 268 NA NA NA NA 258
(99.5%) (100.0%) (100.0%)
1 NA 0 0
(Novel)  GA 505 (0.00-NA) (0.0%) (0.0%)
0 0 0
AR (0.0%) (0.0%) (0.0%)
e cc® 069 0590 030 080 9% 0110 010 0530  003% 80
(27.4%) (336%) (31.0%)
102 125 136 102 119
(rs2275913) GA (5 gor) (0.81-1.92) (50.8%) (0.69-L.50) (46.1%)
ande 105 108 119 095 420 08 063 08 063 59
(21.9%) (0.81-136) (0.64-182) (0.79-1.79) (0.61-147) (15.7%) (0.64-1.05) (0.38-1.04) (0.62-1.28) (0.40-0.97) (22.9%)
168 XL NA 280 NA NA 268 NA 20 NA NA 257
(100.0%) (100.0%) (99.69%)
0 0 0.00 1
(Novel)  GC 4 o5 (0.0%) (0.00-NA) (0.4%)
s? 0.00 0 0
(0.0%) (0.00-NA) (0.0%) (0.0%)
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Continued

121 GG 156 0.630 0.880 0.610 0.960 198  0.630 0.890 0.650 0.780 195

(77.6%) (73.9%) (75.6%)
7 0.89 6 109 59
(rs8193037)GA (51, go5 (0.57-1.39) (24.2%) (0.72-1.63) (22.9%)
and 08l o9 089 096 5 100 123 109 121 4
(15%) (0.61-135) (0.21-4.25) (0.58-1.39) (0.21-4.35) (L9%) (0.76-L56)(0.33-4.65) (0.74-162)(0.32-455) (L6%)
1 ccl®8 NA 0720 NA NA 263 NA 0950 NA  NA 253
(985%) (98.1%) (98.1%)
3 5 096 5
(Novel)  GA 4 595 (1.9%) (0.28-3.36) (1.9%)
0 0 0
AA 0.0%) (0.0%) (0.0%)

IVS1+18 GG 139 0.760 0.009 0.630 0.004 172 .200 0.027 0.490 0.007 173

(69.2%) (64.2%) (67.0%)
54 80 87 1.04 84
(rs3B19025)GA (6 05 (0.53-1.20) (32.5%) (0.72-1.50) (32.6%)

AnB 1.06 9.96 91 1065 9 1.24 9.05 1.14 893 2
(4.0%) (0.74-1,51) (1.23-80.56) (0.61-1.35) (1.32-85.89) (3.3%) (0.89-1.73) (1.13-72.21) (0.79-1.63) (1.12-70.99) (0.4%)

“Novel” indicates SNPs that had not been reported previously. "The positions of SNPs
were calculated from the translation start site. Associations significant at P < 0.05 are

shown in bold. NA, not applicable; IVS, intervening sequence.

A Chi-square test of homogeneity with regard to allelic distributions between cases
and controls showed significant associations with CD for one marker, rs3819025
(“IVS1+18” hereafter; P = 0.009, 95% CI 1.23-80.56 in codominant model; P =
0.004, 95% CI 1.32-85.89 in recessive) and with UC for three markers, rs8193036
(“~“737” hereafter; P= 0.033, 95% CI 1.02-1.74 in additive; P = 0.020, 95% CI 1.06—
2.13 in dominant), rs2275913 (“-197” hereafter; P = 0.036, 95% CI 0.40-0.97 in
recessive), and 1IVS1+18G>A (P = 0.027, 95% CI 1.13-72.21 in codominant; P =

0.007, 95% CI1 1.12-70.99 in recessive).
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4. Haplotypes, Gene-gene Interaction and Risk of IBD

The LDs of the analyzed SNPs were calculated and plotted (Figure 3A). Single LD
block between the G149R and IVS4+17C>T (D’ = 1.0, r*= 0.31) was identified at
IL23-R. Additionally, the haplotype frequencies were calculated and both protective
(H1) and risk (H2) haplotypes. The H2 haplotype showed a significant associattion
with CD (P = 0.003) and UC (P = 0.005) (Table 9). One LD block was identified at
IL-17A; -197 of IL-17A showed an association only with UC was located on the same
strong LD block with rs8193037 (“-121” hereafter) and IVS1+18 (D' = 0.864, r’=
0.09 between -197 and -121; D’ = 0.895, r>= 0.142 between -197 and [VS1+18; D' =
1.0, r*= 0.033 between -121 and 1\VS1+18). Furthermore, the haplotype frequencies
of IL-17A were calculated but no correlation was observed between haplotype

patterns and disease susceptibility to CD or UC (data not shown).
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Figure 3. Genetic analysis of IL-23R and IL-17A in IBD. (A) LD and haplotype block
structures of IL-23R and IL-17A for the combined case-control dataset obtained via
Haploview 4.1 analysis. The upper bars represent SNPs and the physical distances
between them. The numbers within the squares indicate LD coefficient D’ values
between respective SNPs (only LD values < 100% are reported). Dark colors indicate
high LD and light colors indicate low LD. The SNPs are ordered according to their

position in the gene, the direction of transcription is shown above, and internal
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references are used for polymorphisms not present in doSNP. (B) Odds ratios for UC
with increasing protective (G149R or Q3H) or risk (IVS1+18A, -877G, or -737T)
alleles in IL-23R or IL-17A, respectively. The x-axis shows the accumulations of
corresponding alleles. (C) Odds ratios for UC with protective (IVS4+17, G149R or
Q3H) alleles from IL-23R without and with risk (-121, IVS1+18, -877, or -737) alleles
from IL-17A. A dominant model was applied to (B) and (C), and the 1L-23R gene is

considered as dominant.
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Table 9. Haplotype Frequencies of IL-23R among cases and controls and their

association with IBD

CD uc
Gene  Haplotype G149R  IVS4+17C>T
Frequency ;?isoeé Control P value Frequency giiS;s’ Control P value
H1 G C 0.938 0.958,0.923 0.219 0.929 0.935,0.922  0.441
IL-23R
H2 A C 0.042 0.033,0.064 0.005 0.046 0.028,0.064  0.005

Haploview software version 4.1 (Broad Institute of MIT and Harvard, Cambridge, MA, USA) was used
to analyze the linkage disequilibrium (LD) structure and to test for associations between haplotypes and
IBD. Haplotypes with a frequency > 3% are numbered in order of frequency. Associations significant at

P < 0.05 are shown in bold.

Significant dose-dependent increases in the frequencies of protective (IL-23R) or
risk (IL-17A) alleles were found in UC patients compared to wild type patients
(Figure 3B) but the increases were not significant for CD (data not shown).
Consequently, cumulative risk alleles of IL-17A diminished the protective OR of IL-
23R in IBD patients, which indicates that as the number of risk allele of IL-17A
increases, so does the additive risk for UC (Figure 3C).

The large number of IBD candidate genes allowed us to evaluate gene-gene
interactions among susceptibility genes to gain insight into disease pathology and to
help predict disease risk. As further evidence of the synergistic effect of the genes in
this pathway in the development of IBD, a significant statistical gene-gene interaction

between Q3H in IL-23R and IVS1+18G>A in IL-17A was observed in UC (P
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interaction = 0.003 in codominant model; P interaction = 0.003 in dominant model; P
interaction = 0.045 in recessive model; Table 10) but not in CD (Table 11). These
data suggest that there is a gene dosage effect on the IL23R risk associations of UC

patients who also carry other genetic variants within IL-17A.
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Table 10. Synergistic interactions between I1L-23R and IL-17A genotypes in UC

IVS1+18
uc
Codominant Dominant Recessive
Q3H GG GA AA GG GA AA GG GA AA
GG 1.00 2.21 1.00 221 1.00 1.10
(1.21-4.01) (1.21-4.01) (0.74-1.65)
GT 1.73 1.04 0.74 0.56 0.00
(1.09-2.75)  (0.59-1.83) (0.41-1.33)  (0.25-1.27)
T 0.98 0.75 0.00 1.50 0.96 6.42
(0.52-1.87)  (0.32-1.77) (0.97-2.31)  (0.57-1.60)  (0.73-56.39)
Interactive 0,003 0.003 0.045
P value

Associations significant at P < 0.05 are shown in bold.

Table 11. Synergistic interactions between IL-23R and IL-17A genotypes in CD

1VS1+18
CcD
Codominant Dominant Recessive
Q3H GG CA AA GG CA AA GG CA AA
GG 1.00 1.38 3.28 1.00 1.38 3.28 1.00 0.78 7.15
(0.69-2.73) (0.29-37.14) (0.69-2.73) (0.29-37.14) (0.50-1.23) (0.85-60.22)
GT 181 0.90
(1.11-2.96) (0.48-1.68)
T 1.04 0.96 3.28 1.57 0.92 9.83 0.75 0.70 2.38
(0.53-2.05) (0.41-2.28) (0.29-37.14) (0.99-2.49) (0.52-1.60) (1.15-84.21) (0.40-1.41) (0.31-1.59) (0.21-26.61)
Interactive
0.150 0.130 0.830
P value
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Our groups previously genotyped 8 SNPs (rs11889341, rs7574865, rs8179673,
rs6752770, rs925847, rs10168266, rs10181656, and rs11685878) in the STAT4 gene
in IBD patients and controls and reported the association of STAT4 gene (rs11889341,
P = 0.029; rs925847, P = 0.023; rs10168266, P = 0.044) with IBD.* In addition,
weak epistasis between the CD-protective IL23-R variant rs11209026 with several
STAT4 SNPs in Caucasian was demonstrated.** Given that IL-23 activates not only
STAT3 but also to a lesser degree STAT4, It next was investigated potential gene-
gene interaction (epistasis) with the IBD susceptibility gene IL-23R and IL-17A. As
further evidence of the synergistic effect of the genes in this pathway in the
development of IBD, a significant statistical gene-gene interaction between IL-23R
and STAT4 was observed in UC (between Q3H and rs6752770: P interaction = 0.005
in codominant model; P interaction = 0.010 in dominant model; P interaction = 0.010
in recessive model; between Q3H and rs11685878: P interaction = 0.003 in
codominant model; P interaction = 0.020 in dominant model; P interaction = 0.048 in

recessive model; Table 12) in UC (Table 12) but not in CD (data not shown).
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Table 12. Gene-gene interactions between IL-23R and STAT4 genotypes in UC

16752770
uc
Codominant Dominant Recessive
Q3H AA AG GG AA AG GG AA AG GG
GG 1.00 0.34 0.61 1.00 0.34 0.61 1.00 0.58 1.01
(0.18-0.64) (0.14-2.55) (0.18-0.64) (0.14-2.55) (0.38-0.89) (0.39-2.58)
cT 0.71 0.67 1.06
(0.43-1.17) (0.36-1.24) (0.29-3.84)
T 0.35 0.80 0.00 0.61 0.71 0.71 0.42 0.96 0.00
(0.17-0.73) (0.35-1.79) (0.38-0.97) (0.41-1.23) (0.22-2.24) (0.21-0.83) (0.45-2.05)
Interactive
0.005 0.010 0.010
P value
rs11685878
uc
Codominant Dominant Recessive
Q3H cc CT TT cC CT TT cc CT TT
GG 1.00 0.52 0.70 1.00 0.52 0.70 1.00 0.77 1.08
(0.27-1.00) (0.31-1.57) (0.27-1.00) (0.31-1.57) (0.50-1.19) (0.60-1.95)
GT 0.60 0.73 1.19
(0.31-1.18) (0.40-1.33) (0.49-2.86)
. 0.23 0.77 0.64 0.47 0.74 1.02 0.29 0.92 0.78
(0.09-0.63) (0.35-1.72) (0.17-2.42) (0.26-0.88) (0.42-1.31) (0.46-2.23) (0.11-0.72) (0.44-1.89) (0.22-2.80)
Interactive a ; 0
Pvalie 003 0.020 0.048
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A significant statistical gene-gene interaction was observed between -444 in IL-17A
and rs6752770 in STAT4 (P interaction = 0.040 in codominant model; P interaction =
0.020 in dominant model), between -197 in IL-17A and rs11889341 in STAT4 (P
interaction = 0.035 in codominant model; P interaction = 0.022 in codominant model;
P interaction = 0.142 in recessive model), between -197 in IL-17A and rs7574865 in
STAT4 (P interaction = 0.022 in codominant model), between -197 in IL-17A and
rs8179673 in STAT4 (P interaction = 0.017 in codominant model; P interaction = 0.041
in recessive model), between -197 in IL-17A and rs10168266 in STAT4 (P interaction =
0.038 in codominant model; P interaction = 0.042 in dominant model; P interaction =
0.041 in recessive model), between -197 in IL-17A and rs10181656 in STAT4 (P
interaction = 0.021 in codominant model; P interaction = 0.045 in recessive model),
between -197 in IL-17A and rs11685878 in STAT4 (P interaction = 0.018 in recessive
model), between IVS1+18 in IL-17A and rs11889341 in STAT4 (P interaction = 0.003
in codominant model; P interaction = 0.004 in dominant model), and between IVS1+18
in IL-17A and rs10168266 in STAT4 (P interaction = 0.015 in codominant model; P

interaction = 0.021 in dominant model) in CD (Table 13).
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Table 13. Gene-gene interactions between IL-17A and STAT4 genotypes in CD

rs6752770
CD
Codominant Dominant Recessive
-444 AA AG GG AA AG GG AA AG GG
AA 1.00 2.08 0.47 1.00 2.08 0.47 1.00 (()69(571- (162591_
(0.92-4.69)  (0.05-4.43) (0.92-4.69)  (0.05-4.43) 156)  3.23)
AG 1.75 1.15 2.80
(0.94-3.25)  (0.58-2.29)  (0.89-8.86)
. 193 108 181 113 2580 134 ?673?4-
(0.94-3.97)  (0.44-2.66) (1.01-3.24)  (0.60-2.15)  (0.89-8.86)  (0.74-2.40) 166)
Interactiv
e 0.040 0.020 0.280
P value
rs10168266
CD
Codominant Dominant Recessive
-197 GG AG AA GG AG AA GG AG AA
GG 1.00 1.10 3.97 1.00 1.10 3.97 1.00 0.73 0.80
(0.51-2.35) (0.72-21.80) (0.51-2.35) (0.72-21.80) (0.46-1.17) (0.32-2.00)
GA 1.97 1.08 0.63
(1.07-3.63)  (0.57-2.06) (0.18-2.21)
AA 1.10 1.39 0.26 1.68 1.18 0.50 0.74 0.94 0.18
(0.50-2.43) (0.66-2.93) (0.03-2.31) (0.95-2.97) (0.66-2.13) (0.16-1.50) (0.37-1.50) (0.49-1.81) (0.02-1.51)
Interactive 0.038 0.042 0.220
P value ’ ’ ’
1IVS1+18 GG AG AA GG AG AA GG AG AA
GG 1.00 1.12 0.44 1.00 1.12 0.44 1.00 0.82 0.65
(0.69-1.84) (0.15-1.28) (0.69-1.84) (0.15-1.28) (0.54-1.23) (0.29-1.47)
GA 1.15 0.41 1.53
(0.65-2.05) (0.20-0.85) (0.39-5.93)
AA 4.89 1.26 0.51 1.53 4.66
(0.53-44.86) (0.72-2.20) (0.26-1.01) (0.39-5.93) (0.51-42.40)
Interactive 0.015 0.021 0.280
P value ' ’ ’
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rs11889341

CD
Codominant Dominant Recessive
-197 CcC CT TT CcC CT TT CC CT TT
e 1.00 1.18 6.48 1.00 1.18 6.48 1.00 0.81 0.92
(0.56-2.51) (0.69-60.88) (0.56-2.51) (0.69-60.88) (0.51-1.29) (0.36-2.32)
GA 1.90 1.16 0.81
(1.04-3.49) (0.61-2.21) (0.25-2.61)
AA 1.22 147 0.20 1.67 1.26 0.54 0.84 1.01 0.14
(0.56-2.62) (0.68-3.18) (0.02-1.70) (0.94-2.94) (0.70-2.26) (0.19-1.52) (0.43-1.66) (0.51-2.02) (0.02-1.14)
Interactive
Dozl 0.035 0.022 0.140
IVS1+18 CC CT TT cC CT TT CcC CT TT
GG 1.00 1.21 0.36 1.00 121 0.36 1.00 0.87 0.63
(0.74-1.99) (0.13-1.04) (0.74-1.99) (0.13-1.04) (0.58-1.32) (0.28-1.42)
GA 1.10 0.43 3.09
(0.62-1.95)  (0.21-0.88) (0.58-16.44)
AA 4.94 1.20 0.53 3.09 4.78
(0.54-45.28) (0.69-2.10) (0.27-1.05) (0.58-16.44) (0.53-43.51)
Interactive
p 0.003 0.004 0.290
value
rs7574865
CD
Codominant Dominant Recessive
-197 GG GT TT GG GT TT GG GT TT
e 1.00 1.30 4.30 1.00 1.30 4.30 1.00 0.76 1.29
(0.62-2.74) (0.78-23.83) (0.62-2.74) (0.78-23.83) (0.48-1.21) (0.56-2.98)
GA 217 111 1.55
(1.13-4.17) (0.58-2.14) (0.55-4.32)
AA 117 1.82 0.47 177 1.28 0.98 0.75 117 0.30
(0.53-2.57) (0.80-4.16) (0.12-1.84) (0.97-3.24) (0.70-2.36) (0.41-2.33) (0.38-1.51) (0.56-2.45) (0.08-1.13)
Interactive
0.022 0.058 0.056
P value
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rs8179673

CD
Codominant Dominant Recessive
-197 TT CT cc TT CT cc TT CT ccC
e 1.00 1.30 4.30 1.00 1.30 4.30 1.00 0.77 1.30
(0.62-2.74) (0.78-23.83) (0.62-2.74) (0.78-23.83) (0.48-1.22) (0.56-2.99)

GA 2.18 1.13 1.55

(1.14-4.20) (0.59-2.15) (0.55-4.32)
AA 1.10 1.92 0.47 1.75 131 0.98 0.71 1.24 0.30

(0.50-2.44) (0.85-4.36) (0.12-1.84) (0.95-3.20) (0.72-2.41) (0.41-2.33) (0.35-1.44) (0.60-2.57) (0.08-1.13)
Interactive
P value 0.017 0.065 0.041

10181656
CD
Codominant Dominant Recessive
-197 cc CG GG cC CG GG cC CG GG
e 1.00 1.30 4.30 1.00 1.30 4.30 1.00 0.79 131
(0.62-2.74) (0.78-23.83) (0.62-2.74) (0.78-23.83) (0.50-1.26) (0.57-3.03)

GA 2.14 1.16 1.55

(1.11-4.12) (0.61-2.21) (0.55-4.32)
AA 1.10 1.92 0.47 1.72 1.34 0.98 0.72 1.26 0.31

(0.50-2.44) (0.85-4.36) (0.12-1.84) (0.94-3.15) (0.73-2.45) (0.41-2.33) (0.36-1.46) (0.61-2.61) (0.08-1.15)
Interactive i o G
P value e : ’

A significant statistical gene-gene interaction was observed between -737 in IL-17A
and rs6752770 in STAT4 (P interaction = 0.005 in dominant model; P interaction =

0.002 in recessive model), between -444 in IL-17A and rs7574865 in STAT4 (P

38



interaction = 0.043 in dominant model), between -444 in IL-17A and rs8179673 in
STAT4 (P interaction = 0.045 in recessive model), between -444 in IL-17A and
rs10181656 in STAT4 (P interaction = 0.014 in codominant model; P interaction =
0.043 in recessive model), between -197 in IL-17A and rs11889341 in STAT4 (P
interaction = 0.031 in dominant model), between -197 in IL-17A and rs7574865 in
STAT4 (P interaction = 0.022 in codominant model; P interaction = 0.035 in dominant
model), between -197 in IL-17A and rs8179673 in STAT4 (P interaction = 0.019 in
codominant model; P interaction = 0.026 in dominant model), between -197 in IL-
17A and rs925847 in STAT4 (P interaction = 0.035 in dominant model), between -197
in IL-17A and rs10181656 in STAT4 (P interaction = 0.025 in codominant model; P
interaction = 0.035 in recessive model), between IVS1+18 in IL-17A and rs11889341
in STAT4 (P interaction = 0.023 in codominant model; P interaction = 0.042 in

dominant model) in UC (Table 14).

39



Table 14. Gene-gene interactions between IL-17A and STAT4 genotypes in UC

rs6752770
uc
Codominant Dominant Recessive
=737 AA AG GG AA AG GG AA AG GG
cc 1.00 0.65 2.54 1.00 0.65 2.54 1.00 0.57 1.01
(0.36-1.17)  (0.48-13.53) (0.36-1.17) (0.48-13.53) (0.38-0.86)  (0.36-2.79)
cT 1.69 0.83 0.81
(1.04-2.74) (0.47-1.48) (0.21-3.15)
T 0.74 4.74 0.68 1.48 111 0.76 0.58 3.66 0.52
(0.32-1.74)  (1.30-17.22) (0.11-4.18) (0.93-2.33) (0.65-1.90) (0.25-2.31) (0.25-1.30) (1.03-13.03) (0.09-3.18)
Interactive
0.005 0.230 0.002
P value
rs7574865
uc
Codominant Dominant Recessive
-444 GG GT TT GG GT TT GG GT TT
AA 1.00 1.00 1.16 1.00 1.00 1.16 1.00 1.26 1.22
(0.50-1.98) (0.24-5.66) (0.50-1.98) (0.24-5.66) (0.83-1.90) (0.55-2.69)
AG 0.82 1.18 1.05
(0.44-1.56) (0.63-2.23) (0.39-2.80)
GG 0.53 1.39 0.17 0.74 1.23 0.61 0.60 1.58 0.20
(0.23-1.23) (0.61-3.18) (0.04-0.87) (0.40-1.36) (0.67-2.26) (0.26-1.43) (0.29-1.25) (0.78-3.22) (0.04-0.93)
Interactive
P value 0.140 0.360 0.043
-197 GG GT TT GG GT TT GG GT TT
GG 1.00 2.47 3.58 1.00 2.47 3.58 1.00 131 1.22
(1.29-4.75) (0.65-19.71) (1.29-4.75) (0.65-19.71) (0.86-1.98) (0.54-2.77)
GA 2.00 1.62 1.43
(1.07-3.74) (0.89-2.93) (0.53-3.87)
AA 0.86 177 0.39 1.55 1.66 0.89 0.59 1.21 0.27
(0.39-1.90) (0.80-3.91) (0.10-1.52) (0.87-2.76) (0.94-2.91) (0.39-2.04) (0.29-1.19) (0.59-2.45) (0.07-0.99)
Interactive 0.026 0.035 0.190
P value ’ ’ ’
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rs8179673

uc
Codominant Dominant Recessive
-444 TT CT CcC TT CT CC TT CT CcC
AA 1.00 1.05 1.20 1.00 1.05 1.20 1.00 1.28 1.23
(0.53-2.10) (0.25-5.85) (0.53-2.10) (0.25-5.85) (0.84-1.94) (0.56-2.72)
AG 0.85 1.22 1.08
(0.45-1.62) (0.65-2.29) (0.40-2.90)
GG 0.55 1.44 0.18 0.76 1.27 0.63 0.61 1.60 0.20
(0.24-1.27) (0.63-3.30) (0.04-0.90) (0.41-1.41) (0.69-2.33) (0.27-1.49) (0.29-1.27) (0.78-3.27) (0.04-0.94)
Interactive
Do 0.150 0.430 0.045
-197 TT CT CcC TT CT CcC TT CT cC
e 1.00 2.61 371 1.00 2.61 371 1.00 1.33 1.23
(1.35-5.02) (0.67-20.42) (1.35-5.02) (0.67-20.42) (0.87-2.02) (0.54-2.80)
GA 2.08 1.67 1.48
(1.11-3.92) (0.92-3.03) (0.55-4.01)
AA 0.89 1.83 0.40 1.60 171 0.92 0.59 1.22 0.27
(0.40-1.97) (0.83-4.05) (0.10-1.58) (0.89-2.87) (0.97-3.01) (0.40-2.12) (0.29-1.21) (0.60-2.48) (0.07-1.00)
Interactive 1 419 0.026 0.190
P value
rs10181656
uc
Codominant Dominant Recessive
-444 cc CG GG cc CG GG cC CG GG
AA 1.00 1.00 1.16 1.00 1.00 1.16 1.00 1.25 1.22
(0.50-1.98) (0.24-5.66) (0.50-1.98) (0.24-5.66) (0.83-1.90) (0.55-2.69)
AG 0.82 1.18 1.05
(0.43-1.56)  (0.63-2.21) (0.39-2.80)
GG 0.53 1.39 0.17 0.74 1.23 0.61 0.60 1.58 0.20
(0.23-1.23)  (0.61-3.18) (0.04-0.87) (0.40-1.36) (0.67-2.25) (0.26-1.43) (0.29-1.25) (0.77-3.23) (0.04-0.93)
Interactive
P value 0.014 0.360 0.043
-197 CC CG GG CC CG GG CC CG GG
GG 1.00 2.47 3.58 1.00 2.47 3.58 1.00 1.30 1.22
(1.29-4.75) (0.65-19.71) (1.29-4.75) (0.65-19.71) (0.86-1.98) (0.54-2.77)
GA 2.01 1.62 143
(1.07-3.78)  (0.89-2.92) (0.53-3.87)
AA 0.86 1.77 0.39 155 1.65 0.89 0.59 121 0.27
(0.39-1.90)  (0.80-3.91) (0.10-1.52) (0.87-2.77) (0.94-2.90) (0.39-2.04) (0.29-1.19)  (0.59-2.45) (0.07-0.99)
Interactive
Pvale 0025 0.035 0.190
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rs11889341

uc
Codominant Dominant Recessive
-197 CcC CT TT cC CT TT cC CT TT
GG 1.00 2.38 5.37 1.00 2.38 5.37 1.00 1.53 0.93
(1.24-4.55) (0.57-50.18) (1.24-4.55) (0.57-50.18) (1.01-2.32) (0.38-2.29)
GA 1.63 1.81 0.81
(0.91-2.94)  (1.01-3.23) (0.27-2.43)
AA 0.90 1.34 0.34 1.38 1.66 0.60 0.68 1.02 0.26
(0.41-1.93) (0.64-2.83) (0.07-1.68) (0.80-2.39) (0.97-2.86) (0.23-1.53) (0.34-1.37)  (0.52-2.00) (0.05-1.24)
Interactive 0420 0,03 0,610
P value ' oL '
IVS1+18 CC CT TT CcC CT TT CcC CT TT
GG 1.00 1.65 0.39 1.00 1.65 0.39 1.00 1.45 0.70
1.03-2.63) (0.15-1.05) (1.03-2.63) (0.15-1.05) (0.99-2.11) (0.32-1.51)
GA 1.02 1.17 3.34
(0.58-1.80)  (0.68-2.04) (0.65-17.07)
AA 2.23 1.05 1.38 3.34 2.21
(0.20-25.07) (0.60-1.84) (0.81-2.37) (0.65-17.07) (0.20-24.72)
Interactive 0.023 0.042 0.140
P value ' ’ '
rs925847
uc
Codominant Dominant Recessive
-197 TT CT CcC TT CT CcC TT CT CcC
0.41 0.31 0.41 0.31 0.59
GG 1.00 (0.18- (0.12- 1.00 (0.18- (0.12- 1.00 (0.36- ?6752_1 33)
0.96) 0.81) 0.96) 0.81) 0.97) ’ '
0.54 0.38 0.72
GA (0.22- 0.17- (0.28-
1.31) 0.86) 1.80
0.43 0.19 0.50 0.51 0.31 0.65 0.65 0.29 075
AA (0.15- (0.08- (0.15- (0.22- (0.14- 0.27- 0.27- (0.14- '(0 27-2.08)
1.27) 0.50) 1.63) 1.18) 0.69) 1.57) 1.58) 0.60) el
Interactiv
e 0.130 0.035 0.510
P value

42



5. Allelic-specific Binding Activities of Nuclear Proteins in the IL-17A
Promoter Region and their Effects on Gene Expression

Levels of IL-17A and STAT4 mRNA in colonic mucosa were measured by real-time
RT-PCR. IL-17A expression was elevated in the colonic mucosa of IBD patients, as
reported earlier’>* but levels of STAT4 were not significantly different between cases

and controls. (Figure 4).
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Figure 4. Expressions levels of IL-17A mRNA in the colonic mucosa of IBD patients.
Elevated expression of IL-17A was observed in the colonic mucosa of IBD patients.
RNA was extracted from mucosal biopsies from healthy donors (n = 9) and IBD
patients (n = 9) and IL-17A expression was quantified by real-time RT-PCR and
normalized to GAPDH expression. The horizontal lines represent the median values

for each group.
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Gene expression is regulated by a complex of transcriptional activator or inhibitor
with transcriptional machinery and can be influenced by sequence variations in
promoter regions.”® Potential transcription factor binding sites in IL17A promoter
region were identified by the TFSEARCH program
(http://www.cbrc.jp/research/db/TFSEARCH) based on the TRANSFAC databases*
with a threshold of over 80. putative T3R-B1 and RORE site in -877, Oct-1 site in -
737, C/IEBP-d in -444, and were identified. No known SNPs were found within the

TFs binding sites of IL-17A promoter (Figure 5).
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GGTTCAGGATCCGGCAAACTAN ACACTCCAGCCATTGAGTTGGAACTACTGGCCAGICCTCCCCCCGAGTTAGCA

1106 sP1 SP1,AP-2a -1032delC
TETAGAATATGGGATACCAGC TG AGT GCCTGAGAGTTATCATTCACCTCAGTGEEGETAGGEGLEEAGAAGEETGACATAT
E-Box

AGCCAGCCACATCTATATCCACTGGCCCTTCCTTGTCCTASTCCTCTGTATTCCTGAGAAGGAACTATTE
-B77A=G TIR-BA, RORE

GTCCAAGTTCATCTTACTTAGAG TACAGAGAAAAGAACCGCTAACTCCTTCTCTCTITCCCCCATCATGTCTCCTCTCCTTTC

BE1G=A"  -BSIC>G
TAGTTCTCATCACTCTCTACTCCCCCCTGCCCCCCTTTTCTCCATCT COATCACCTTTGTCCAGTCTCTATCCOCATTTTCAAT
-TERC>G Oct, -T37C=T
TCCTTCCTCAAAACACCAAGTTGCTTGETAGCATGCAGGGTTGGAACATSCCTTTAACAGARAATCTCOTGTCTCTTGAACT
EBE=CIT GATA -335=CiT
TAGTTATTTATTCCITGAGCAGAGTA GATATITCAACAAAAGAATTG TTARATT CAATTAAATA GG TATAT CTITATTAT TAAATATT
-B04delT GATA CIEBP GATA
TTT T CATAATTTTTTETTTACTTATATGAT GG GAACTTGAGTAGT TTC CEGAATTETC TCCACANCACCT GCCAAGGAATC
-525A>C E-box
TETEAGGAMAGAAR|GATCAAAT GEAAMAT CAA GG TACATGACAC CAGARGACCTACATGTTACTTCAAACTTTTTCTTCCTC
4444 C/EBP-d, AP-1
ATGAACCATTAARATAGAGCATAACTCTTC TG CAGC T TACATATG TTCATAAATACETGATAT GACCCATAGCATAGCAGCT
E-box GATA
CTGCTCAGCTTCTAACAAGTALGAAT GAAAAGAGGACATGETCTTTAGGAACATGAATTTCTGCCCTTCCEAT T TCC T TCAG
-2B5GA NFAT

AAGGA GAGATTCTTCTATGACC TCATTGEEEGLEGARAT T TIAACCAAMATGETETCACCCCTGAACCCACTSCEACACE|

-197 G4 RORE-1 -18B8C>G" NFAT -158deIT RORE-2, AP-1 SP-1-121G24

[CCACIETARGTEACCACAGAAGEAGAAAAGCCCTATAAAAAGAGAGACGATAGC GCTACATTT TGTCCATCTCATAGC AGGE

-112G=4 AP
ACAAACTCATOCAT COCCAGTTEATTGRAAGAM CAACGATGACTCOTEEEAAGACCTCATTGGTEETEAGTCCTGLACT
+1 NF-kB

BACETECGATGCTCTTGCTGATTTGGACCAGATAGTATTTCTGE ACCETGGGCATGAAACGCTERETTCTGACTATGEAGA

51218 G4 ATF

TCCAGGAATACTGTATATE TAGGATAGGAAAT GAAAGC TTTGGTAG G TATT TAAGTCATT G TGCAGCATT TTCAAGAACTEATA

CACAGCAGTTTGAAAGATAAGATTAAAACTGAAAGATAGCTATATTGGS

Figure 5. Structure of the putative human IL-17 promoter. SNPs were indicated. No
known SNPs were found within the binding sites of transcription factors. The
predicted transcription factor binding sites (box) of the IL-17 promoter are indicated.
The variation locus (underlined bold italics), CpG sites (yellow shaded) and

translation starting point (+1) are also shown. ‘Novel SNP.
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EMSA was performed to investigate whether the allelic differences between the risk
(-877G, -737T, -444A, and -197G) and the non-risk alleles of IL-17A are attributable
to their binding activities for nuclear proteins from Jurkat cells, which were activated
with anti-CD3/anti-CD28 mADb, and were stimulated with tumor growth factor 3, IL-
6, IL-23 to induce IL-17A. As shown in Figure 6A, a higher level of protein binding
to the risk alleles than to the non-risk alleles was detected using EMSA, supporting
the roles of the risk alleles in IL-17A gene expression. However, a protein binding to

the -197 sites was not detected.
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Figure 6. Preferential binding of the transcription factor complex to the risk alleles of
IL-17A. (A) Electrophoretic mobility shift assays were used to determine the pattern
of nuclear protein binding to major and minor allele probes. Nuclear extract was
obtained from activated Jurkat cells incubated for 2 hr in media with IL-23 (10
ng/uL), TGF-B (10 ng/uL), and 1L-6 (10 ng/uL) after activation with CD3 (1 mg/ml)
and CD28 (1 pg/ml). Nuclear extracts from Jurkat cells were incubated with biotin-
labeled oligonucleotide probes containing risk or no risk alleles of high frequency.
Asterisks indicate the risk alleles. (B) A supershift assay was performed using
antibodies against RORC. Competition experiments were performed using a 200-fold
molar excess of the cold probe. The result of one representative experiment (out of

five that produced identical results) are shown.
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To determine the sequence specificity of the DNA-protein complex, competition
experiments were performed using cold probes (Figure 6B). The bands were
competed against a 200-fold molar excess of unlabeled probe, which clearly
demonstrate specific binding of the probes to the nuclear proteins. Moreover, we
investigated the binding of RORC(human ortholog of RORyt), a master
regulator of 1L-17, to the TF complexes.*> Antibodies against RORC (human
ortholog of RORyt) supershifted the DNA-protein complex, indicating that the
observed DNA-protein complexes formed due to specific DNA-protein
interactions (Figure 6B).

Although several IL-17A polymorphisms have been characterized at least partially,
no biological explanation has been provided for the observed associations between
IL-17A genotypes and IBD. IL-17A mRNA levels have previously been reported to be
elevated in the PBMCs of IBD patients.* Therefore, the in vivo mRNA expression
levels according to IL-17A variants was further evaluated by comparing the
expression patterns of IL-17A in PBMCs of normal and IBD patients using
guantitative real-time RT-PCR. In the first attempt to understand how risk alleles
might influence IBD predisposition, it was considered to evaluate the effects of
variants at -877, -737, -444, and -197 on different 1L-17A mRNA expression levels.
Although a large variability was found among individuals, the expressions of IL-17A
transcripts generally higher in patients with risk alleles, variant -737T (P = 0.004) or -

444A (P = 0.016), compared to those of patients with no risk alleles (Figure 7).
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Figure 7. Analysis of IL-17A mRNA expression in PBMCs from IBD patients. IL-17A

MRNA expression was measured using real-time PCR in PBMCs from CD and UC

patients, and is expressed as normalized units according to RORC mRNA level.

Controls had undetectable levels of IL-17A. Dots represent the means of triplicate

assays, and the bars indicate the mean expression level of each group. P values were

obtained via t- test analysis.
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6. Associations of Aberrant Hypomethylation Status of IVS1+18 in IL-17A
and Its Implication in IBD

Methylation of a single CpG site in a promoter region is sufficient to reduce gene
expression.® Sequencing results in our study revealed that there is a cluster of
putative CpG sites located near translation start codon that include many critical
regulatory sites (Figure 5). However, the DNA methylation status of the exact CpG
sites of IL-17A remains unknown. Thus, to identify differences in the methylation
status of the putative CpG sites between control and IBD patients and to confirm the
likelihood of the 1IVS1+18G/A mediated regulation of IL-17A, bisulfite sequencing of
12 putative CpG sites in the IL-17A locus (-969 to -684 bp and -234 to 1VS1+21)
including the variations was performed. Interestingly, it was found that two CpG sites
(IVS1+17 and IVS1+21) in -234 to IVS1+21 region in healthy controls were
significantly hypermethylated but were contrarily hypomethylated in IBD patients,
based on the results of both bisulfite DNA sequencing (Figure 8A and 9A) and
pyrosequencing (Figure 8B and 9B). In particular, IVS1+17 was significantly less
methylated in CD (2.9%; n = 20) and UC (4.3%; n = 21) patients than that in the
controls (44%; n = 21) (Figure 8B) and, were tightly correlated with 1IVS1+18G>A
conversion in IBD patients but not significantly correlated in controls (Figure 8C).

It was investigated whether 1VS1+18G>A conversion is correlated with I1L-17A
expression in PBMCs of IBD. A statistically significant inverse correlation was
observed between the IL-17A mRNA levels and IVS1+18G>A conversion in IBD
patients (Figure 8D), Based on these results, it can be proposed that in healthy
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individuals, IL-17A expression is down-regulated by hypermethylation of CpG sites

in the promoter region of IL-17A.
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Figure 8. Promoter methylation status of the IL-17A promoter in IBD patients. Two

CpG sites (IVS1+17 and 1VS1+21) in the -234 to IVS1+21 region were significantly
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hypermethylated in healthy controls but hypomethylated in IBD patients as shown by
bisulfite DNA sequencing (A) and pyrosequencing (B). (A) Comparison of the
methylation status of promoter CpG sites in PBMCs from healthy controls and IBD
patients. Methylation status was analyzed using bisulfite sequencing. Black, gray, and
white squares represent complete methylation, partial methylation, and no methylation,
respectively. Position +1 is determinded by start codon. (B) Methylation status was
analyzed using pyrosequencing. (C) Correlation between methylation status at
IVS1+17C and allele types at IVS1+18 in IBD patients and health control. (D) Allele
types at IVS1+18 and IL-17A mRNA expression levels in IBD patients. A statistically
significant inverse correlation was observed between IL-17A° mRNA levels and

IVS1+18G>A conversion in IBD patients. Error bars indicate means +SE. P < 0.001.
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Our group reported that SNPs of STAT4 was associated with IBD susceptibility.®
Thus, STAT4 mRNA expression and methylation status were also investigated (Figure
10). Compared with STAT4, IL-17A showed dramatic differences in the promoter

methylation between healthy control and IBD patients.
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Figure 10. STAT4 mRNA expression and promoter methylation status of the STAT4
promoter in patients with IBD. (A) Analysis of STAT4 transcript levels in PBMCs
from normal (C) and IBD patients. (B) Comparison of STAT4 promoter CpG site
(+102) methylation in PBMC from healthy control and PBMC from IBD patients.

Methylation status was analyzed by pyrosequencing.
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7. Association of IL-17A Silencing with DNA Methylation in Jurkat cells

To decipher whether IL-17A induction is associated with aberrant DNA methylation,
the effects of the demethylating agent 5-Aza-dC, a DNA methyltransferase (DNMT)
inhibitor, on IL-17A expression in Jurkat cells was tested. IL-17A transcription was
restored nearly to stimulated level following treatment of Jurkat cells which

initially displayed no IL-17A expression (Figure 11).
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Figure 11. IL-17A is downregulated via DNA methylation in Jurkat cell lines. Jurkat
cells were incubated for 12 h in media with 1L-23/TGF-p/IL-6, or PMA (20 nM) and
ionomycin (2 uM), or 5-Aza-dC (400 nM) for 72-96 h after activation with CD3 (1
mg/mL) and CD28 (1 pg/mL) for 48 hr. IL-17A mRNA levels were measured using
guantitative real-time RT-PCR, in which RORC was used as the normalization

control.



To evaluate the methylation statuses of CpG sites in the IL-17A promoter, bisulfate
DNA sequencing and pyrosequencing analysis of 12 CpG sites at the IL-17A
promoter region (nucleotides -969 to -684 bp and -234 to IVS1+21) including the
variations was performed. Similar to the methylation patterns in PBMCs, CpG sites at
-969 to -684 bp were found to be methylated extensively in Jurkat cells.
Unexpectedly, however, CpG sites at -234 to IVS1+21 near the transcriptional start
site. were unmethylated in both the 5-Aza-dC-treated and untreated samples,
consistent with the constant levels of IL-17A expression seen in 5-Aza-dC-treated
Jurkat cells but in contrast to the results for PBMCs (Figure 12A and B). Although it
was failed to explain the direct effect of IVS1+18G>A conversion on IL-17A, these
results imply that more complicated chromatin conformation changes or other CpG
sites may be involved in gene regulation via DNA methylation and indicate that DNA

methylation is a critical mechanism through which IL-17A expression is regulated.
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Figure 12. IL-17A methylation status in Jurkat cells. 1L-17A methylation status analysis
according to 5-Aza-dC treatment for 72-96 hr using pyrosequencing analysis (A) and
bisulfite sequencing analysis (B). Black, gray, and white squares represent complete

methylation, partial methylation, and unmethylation, respectively.
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IV. DISCUSSION

The main objective of this study was to assess the contributions of IL-23R and
IL-17A genetic polymorphisms to IBD susceptibility and to elucidate the
underlying mechanisms. A growing body of evidence suggests that activation of the

IL-23/IL-17 axis, as a critical regulatory system that bridges the innate and adaptive
arms of the immune system, is fundamentally linked to the pathogenesis of

47-49

autoimmune diseases, including 1BD. In this regard, recent studies in animal

models and humans have demonstrated that Thl7 cells promote intestinal

inflammation® and that I1L-17 exerts multiple inflammatory effects,*

including the
release of proinflammatory cytokines (IL-22, TNF-a, IL-6, and 1L-8) and recruitment
of monocytes and neutrophils.®*** IL-17 is able to induce the expression of two mucin
genes in bronchial epithelial cells®, and increased expression of IL-17 has been shown
to be associated with enhanced mucin gene expression in vivo. Furthermore, recent
reports strongly suggested that the 1L-23/IL-17 axis that is associated with Th17 is
required for the development of TNBS-colitis as well as bacterially-induced intestinal
inflammation.”®**®  IL-17-deficient mice are resistant to collagen-induced
arthritis®® and EAE.® In addition, IL-17- and 1L-23-deficient mice are resistant

61,62

to experimental glomerulonephritis. In sharp contrast, the inflammatory

function of IL-17A in different types of experimental colitis models are contradictory;

some studies have reported that in the intestinal environment, IL-17A is protective,
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while others have reported that it is proinflammatory.®*®* IL-17 and IL-22 can be
produced by non-T cells, and T cell responses may therefore not play indispensable
roles, because IBD is inducible in T cell-deficient mice,” while monocyte and
macrophage linage cells are important mediators of UC and DSS-induced colitis® and
these cells also can produce IL-17A in inflamed colonic tissue.”> CD, in contrast,
shows a particularly strong connection to Th17 inflammation; genome-wide studies
have shown an association between polymorphisms in IL-23R and increased CD
susceptibility as well as between single nucleotide polymorphisms in other components
of the Th17 pathway (i.e., stat3, p40, jak2, and ccr6) and CD susceptibility.” Therefore,
IL-17 may be a key mechanistic factor that can account for the common
features of IBD types that develop via different T cell-dependent and
independent etiologies. I1L-23 is expressed on activated myeloid cells, and a subset of
T cells is the most potent inducer of IL-17. IL-23 functions as a terminal differentiator
of Th17 cells, and IL-23R serves as an initial sensor of IL-23 and is therefore important
in Th17-cell mediated autoimmune responses.’*®” The main objectives of this study
were to assess the contributions of genetic variants of IL-23R and IL-17A to genetic
susceptibility to IBD and to elucidate their potential underlying mechanisms.

Although the exact mechanisms via which IL-23R modulates IBD susceptibility are
not yet clear, the key role of IL-23 in IBD has been demonstrated by recent genetic
studies in which genetic variants in the IL-23R gene were found to be associated with
IBD.'*?*% Although candidate SNPs of IL-23R in Caucasian populations, including

rs11209026, are not present as polymorphisms in Asians, including Japanese and
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Koreans, intronic SNPs at intron 5 and in an intergenic region of IL-23R were recently
reported to be associated with CD in the Korean population.?*®® These results suggest
that there are ethnic differences in this disease, and that entire exons of IL-23R need to
be completely investigated in Asian population. Therefore, it was considered to
identify new susceptible genetic SNPs of IL-23R in the Korean population through
whole exon and junction instead of using common tag SNPs. Although rs11209026
was not polymorphic in either our Korean IBD patients or our healthy controls, that is
different from Caucacian, it was found that the two novel SNPs, G149R (protective in
CD and UC) and IVS4+17C>T (risk in UC) located in exon 4 showed significant
associations with IBD development. It is interesting that the protective arginine 149
allele was present in ~13% of controls, 4% of CD patients, and 15% of UC patients in
our study, whereas the protective glutamine 381 allele is known to present in ~7% of
controls, ~2-4% of CD cases, and ~4% of UC in Caucasian populations.'®® However,
the odds ratio of G149R in CD or UC is similar to that in Caucacian populations. Q3H
in exon 2 of IL-23R showed a protective effect against UC. Furthermore, pairwise
analysis suggests that there is a genetic interaction between Q3H in IL-23R and
IVS1+18G>A in IL-17A. The functional variants, glycine 149 to arginine and
glutamine 3 to histidine, may affect the structure and the biologic function or stability
of IL-23R, and nucleotide alteration at intron 4 (IVS4+17C>T) may alter the stability
of mRNA. These findings support the idea that IL-23R is responsible for the
association with IBD in both Caucacian and Asian populations even though there are

ethnic differences in specific SNPs affecting IBD risk. Further investigations are
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warranted to validate these results.

IL-17A is located on 6pl2.1, a genomic region reported to contain the putative
susceptibility loci (IBD3) for IBD.” IL-17A mRNA levels in PBMCs and circulating
IL-17 levels in plasma have been reported to be increased in IBD patients.*>*® High
levels of IL-17A mRNA have been detected in the mucosa of both CD and UC mucosa
patients compared to healthy controls, and IL-17A has been shown to be produced by T
cells or CD68" macrophages in the colonic mucosa of IBD patients, leading to
significant elevation of serum IL-17A levels, in contrast to normal individuals.’***™
Although CD and UC are collectively referred to as IBD, it has been hypothesized that
different pathogenic mechanisms may lead to the clinical phenotypes of these two
diseases. CD is characterized by a more penetrating, transmural inflammation that can
affect any tract of mucosa in the gut than UC; UC shows progressive inflammation that
does not extend beyond the large intestine."*® These data suggest that there are subtle
genetic and expression correlation differences of IL-17A in UC and CD and also
provides evidence for different contributions of 1L-23R and IL-17A polymorphisms to
CD and UC although CD and UC shared some susceptibility genes in the
epidemiologic study, concordant to immunologically different disease entities between
UCandCD.

In addition, this study demonstrated epistasis among IL23R, IL-17A and STAT4
variants, certain STAT4 genotypes increased the risk for IBD in patients with the IL-
23R or IL-17A risk alleles. The requirement for STAT4-dependent cytokine regulation

has been established for the pathogenesis of autoimmune encephalomyelitis,”"
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RA*™ and also IBD,”" highlighting a critical role for STAT4 in autoimmune
diseases.”® Previous studies demonstrated constitutive STAT4 activation in the
intestinal T cells of CD patients”™ and increased expression and activation of 1L-12-
induced STAT4 signaling in the mucosa of patients with UC.” The interaction between
STAT4 and IL-23R is intriguing given the fact that both of these genes are involved in
IL-12 signaling and regulation of the Th1l/Th17 cytokine balance. STAT4 pathway
appears to be the major player in IL-12-induced Th1"®" and IL-23-mediated Th17
immune responses.67 However, what has not been clear is the activational status of IL-
12- or IL-23-induced STAT4 signaling in IBD, which is critical in orchestrating a
sustained or chronic Thl or Thl7 inflammatory environment. Thus, the putative
interaction in the context of the overall contribution of the IL-23R/IL-17A/STAT4
genotype combination was analyzed, because this approach allows for determination of
the extent to which the interaction contributes to IBD risk. If IL-17A was mutated,
genetic alterations of STAT4, an upstream gene in the same pathway, could lead to
changes in the Th17 cytokine profile. A recent study demonstrated a significant
association of a STAT4 risk allele with overexpression of STAT4 in primary cells of
mesenchymal origin such as osteoblasts but not in B cells.® This indicates that tissue-
specific intragenic enhancers could affect STAT4 expression levels and that different
STAT4 gene variants could have different cell type-specific effects. This line of
reasoning is supported by a previous study that demonstrated that STAT4 isoforms
differentially regulate Thl cytokine production, with STAT4p promoting greater

colonic inflammation and tissue destruction, correlating with STAT4 isoform-
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dependent expression of TNF-a and GM-CSF in vitro and in vivo, but not in Thl
expression of IFN-y or Th17 expression of IL-17."" Moreover, a previous study®
reported that lupus patients carrying a risk variant of STAT4 showed increased
sensitivity to IFN-y, which could contribute to increased mucosal inflammation in IBD
patients and to patient responses to immunosuppressive and immunomodulatory
therapies. A recent in vivo study demonstrated impaired development of human Thl
cells in patients with deficient expression of STAT4.% Furthermore, several recent
studies that investigated the genetic background of STAT4 regulation suggested a
significant association between genetic variants of STAT4 with SLE and RA?31838 55
well as SD,* SSc,?*® psoriasis® and type-1 diabetes,®” indicating common genetic and
molecular pathways in multiple autoimmune diseases.

No nonsynonymous SNP of IL-17A is present in the NCBI SNP database, suggesting
that regulatory polymorphisms rather than coding polymorphisms of IL-17A play a role
in the pathophysiological processes of diseases with which IL-17A is associated.
Moreover, a few reports have recently been published regarding the association
between the -197 in the IL-17A promoter and the UC phenotype® and between -737
and pediatric asthma in Taiwanese children.*” However, it has not yet been clarified
whether IL-17A polymorphisms truly affect the risk of IBD development or how this
polymorphisms influence the activity and expression of IL-17A. This study is the first
finding to explain the mechanism underlying the disease development that is associated
with the variants of -737 and 1VVS1+18 in addition to variant -197. Allele -737T is
significantly associated with a higher level of IL-17A mRNA expression in IBD

65



patients and displays a higher binding activity to transcription factor complexes as a
kind of regulatory mechanism. Although -444 and -877 showed no significant
association with IBD, these sites may also contribute IBD susceptibility in terms of
binding affinity to the TF complex. RORC was recently identified as a master regulator
of Th17 cytokine production.® However, additional transcription factors (TFs) such as
STAT3, RORa, and interferon regulatory factor 4 were reported to be involved in the
promotion of Th17 cytokine production®**** while Foxp3, Ets1, Gfil, T-bet, and Smad3
negatively regulate Th17.** * Nevertheless, the mechanisms underlying the roles of
these factors in Thl7 differentiation are not entirely clear, and more studies are
required to understand the complex regulsation of IL-17A expression. Of note, the
variant at -197 was previously the only identified SNP explaining a possible
association with autoimmune diseases in IBD; however, it did not show any affinity for
TF complexes or methylation status and was located in LD with IVS1+18, an
important positions that affected methylation status in this study. These results suggest
that -197 may simply be a ‘linked SNP’ rather than @ SNP with its own functional
consequences.

DNA hypermethylation is strongly associated with heterochromatin and
transcriptional silencing, and hypomethylation at CpG sites in the promoter region is a
well-defined epigenetic phenomenon generally associated with active gene
expression.® Differential methylation of DNA has been reported for T cells at different
stages of cell differentiation. Moreover, Th17 cells show distinct chromatin remodeling

of the 1L-17-A gene locus consistent with the production of 1L-17.% which is not stable
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and is reversible through linkage with RORC.*™* These epigenetic modifications
undoubtedly serve as an important regulatory mechanism during maintenance of
lineage commitment in T cells. Hypermethylation at a small number of clustered CpGs,
which later spreads to neighboring CpGs, has also been shown to contribute to
transcriptional regulation.®** The data presented in this study clearly indicate that CpG
sites in the proximal promoter region of IL-17A in the healthy controls were
dramatically hypermethylated with a negligible transcript level of IL-17A compared to
that of the IBD patients. In particular, a significant polymorphism in the promoter
region of IL-17A, IVS1+18G>A, was identified. As expected, changing a G nucleotide
to an A at this site abrogated a DNA methylation site and induced aberrant
hypomethylation of cytosine residues. In addition, the -121G>A in the same block with
-197 showed a change in methylation status at CpG and recently was found to be

polymorphic in other diseases,**®

which may also influence transcription through a
similar mechanism. Interestingly, 1VS1+17C including -122C is colocalized with 5’
untranslated regions of the IL-17A gene that are intensively marked by permissive
modifications, histone H3 lysine residue 4 trimethylation (H3K4me3) in Th17 cells,
but extensively marked by repressive H3K27me3 modification in other T cell
lineages.®" These data suggest that the irreversible hypomethylation of cytosine
residues by IVS1+18G>A or -121G>A may create a far more highly “poised” state
than normal for sustained expression of IL-17A through the H3K4me3 mark, which

loosens the chromatin and recruits TFs. IVS1+18G>A including -121G>A could stably

and irreversibly abrogate a binding site for methyl CpG binding protein that maintains
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the epigenetic silencing of transcriptional activity. This change may also create
potential TF—binding sites associated with genes that are independently activated by
permissive modifications of histones in contrast to the phenotypic or developmental
plasticity of Th17 cells.”>* The alteration of methylation status by genetic change may
sustain the transcriptional competence of IL-17A in Th17 cell or induce lineage
transitions to other IL-17 secreting cells. Moreover, the IL-17A expression could be
restored by 5-Aza-dC, a DNMT inhibitor that reduces DNA methylation, in Jurkat cells
that initially showed no expression of IL-17A. This is the first demonstration that a
change in DNA methylation of the IL-17A promoter may play a critical role in IL-17A
expression and pathogenesis of IBD. However, contrary to expectations, the nucleotide
IVS1+18 in Jurkat cell was cytosine, which suggests involvement of an epigenetic
modification of RORC or an unknown upstream repression site/upstream repression
site including a conserved noncoding sequence or changes in higher-order chromatin
structure.®>** Taken together, these results indicate that CpG dinucleotides and
methylation in this region play an important role in the regulation of IL-17A
transcription, though further research is needed to fully elucidate the exact mechanism.
These aberrant methylations may result in increased sensitivity in IBD patients if
intensive signals due to more sensitive IL-23R are introduced and cooperate with
intensive transcriptional activation via modification of TF binding sites as unknown
cis-elements (Figure 13). Genetic changes in multiple sites of the promoter can lead to
physiological changes including epigenetic changes and may result in stringent or

relaxed regulation of transcription. These findings shows for the first time that IL-17
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expression is regulated by DNA methylation, which suggest novel mechanisms through

which epigenetic change is coordinated with cis-regulation in IBD.
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Figure 13. Proposed model depicting the interplay of the polymorphic sites in IL-23R
and IL-17A genes in response to IL-23-mediated signals. Hypomethylation of the IL-
17A promoter in IBD compared to that in controls leads to sustained signaling (1). In
healthy controls, the protective allele of 1L-23R is less sensitive to IL-23, but the IL-
23R risk allele in IBD patients is more sensitive (2). The strong affinity of IL-17A risk
alleles to the TF complexes results in higher transcriptional activity of the promoter,
which strengthens and retains the signaling in IBD patients compared to that in the

healthy control subjects (3).
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In summary, new associated SNPs of IL-23R and IL-17A as a susceptibility gene in
IBD through a case-control association study were identified. The current study
clearly demonstrates also that STAT4, IL-23R and IL-17A contributed interactively to
susceptibility to the development of IBD. Moreover, the functional consequences of
the IL-17A variants which have an allele-specific effect on gene expression in
PBMCs by examining the affinities of these variants for TF complexes and effects on
DNA methylation profiles was characterized. This study also highlights the
hypomethylation status of IL-17A in PBMC of IBD patients in contrast to that of
healthy controls in an attempt to elucidate the regulation of IL-17A expression by
DNA methylation. These findings suggest that the polymorphisms of both genes in
IL-23R/IL-17 including STAT4 affect IL-17A gene expression and are fundamentally
associated with the etiology of IBD. In addition, these findings provide new
mechanistic insights into the IL-23/IL-17 axis by demonstrating that genetic and
epigenetic interactions in IL-17A gene regulation are the basis for the elevated IL-17
expression in IBD patients, which could highlight a potential target for the treatment
of IBD, although additional, larger multi-center replicated studies are required to

confirm these findings.
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V. CONCLUSION

New associated SNPs of IL-23R and IL-17A associated with susceptibility to IBD
were identified using a case-control association study. Moreover, the functions of the
SNPs of IL-17A, which had an allele-specific effect on IL-17A expression in PBMCs,
were characterized by examining the affinity of the variants for TF complexes and
effects of these variants on DNA methylation profiles. This study also highlights the
hypomethylation status of IL-17A in PBMCs of IBD patient in contrast to healthy
controls, suggesting that IL-17A expression may be regulated by DNA methylation.
These findings suggest that polymorphisms in both IL-23R and IL-17 genes including
STAT4 affect IL-17A gene expression and are fundamentally connected to the etiology
of IBD. These findings provide new mechanistic insights into the 1L-23/IL-17 axis and
indicate that genetic and epigenetic interactions among these genes contribute to
elevated expression of IL-17A in IBD patients, which could be a potential target for
modifying T cell development, although further, larger multi-centre replicated studies
are required to confirm these findings.

Genetic polymorphisms in IL-23R/IL-17 axis are essentially associated with IBD
pathogenesis and provide new insights that genetic and epigenetic interactions are the
basis for elevated expressions of IL-17 in IBD. This study would examine the intestinal
inflammation physiology in IBD using genomic and epigenomic approachs, which will

contribute to the advance in the diagnosis and treatment of various colonic disorders.

71



REFERENCES

10.

11.

Podolsky DK. Inflammatory bowel disease. N Engl J Med 2002;347:417-29.
Chamaillard M, Philpott D, Girardin SE, Zouali H, Lesage S, Chareyre F, et al.
Gene-environment interaction modulated by allelic heterogeneity in inflammatory
diseases. Proc Natl Acad Sci U S A 2003;100:3455-60.

Xavier RJ, Podolsky DK. Unravelling the pathogenesis of inflammatory bowel
disease. Nature 2007;448:427-34.

Ogura Y, Bonen DK, Inohara N, Nicolae DL, Chen FF, Ramos R, et al. A
frameshift mutation in NOD2 associated with susceptibility to Crohn's disease.
Nature 2001;411:603-6.

van Heel DA, Fisher SA, Kirby A, Daly MJ, Rioux JD, Lewis CM. Inflammatory
bowel disease susceptibility loci defined by genome scan meta-analysis of 1952
affected relative pairs. Hum Mol Genet 2004;13:763-70.

Budarf ML, Labbe C, David G, Rioux JD. GWA studies: rewriting the story of
IBD. Trends Genet 2009;25:137-46.

Stoll M, Corneliussen B, Costello CM, Waetzig GH, Mellgard B, Koch WA, et al.
Genetic variation in DLG5 is associated with inflammatory bowel disease. Nat
Genet 2004:;36:476-80.

Peltekova VD, Wintle RF, Rubin LA, Amos Cl, Huang Q, Gu X, et al. Functional
variants of OCTN cation transporter genes are associated with Crohn disease. Nat
Genet 2004;36:471-5.

Barrett JC, Hansoul S, Nicolae DL, Cho JH, Duerr RH, Rioux JD, et al. Genome-
wide association defines more than 30 distinct susceptibility loci for Crohn's
disease. Nat Genet 2008;40:955-62.

Duerr RH, Taylor KD, Brant SR, Rioux JD, Silverberg MS, Daly MJ, et al. A
genome-wide association study identifies IL23R as an inflammatory bowel
disease gene. Science 2006;314:1461-3.

Ogura H, Murakami M, Okuyama Y, Tsuruoka M, Kitabayashi C, Kanamoto M, et

72



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

al. Interleukin-17 promotes autoimmunity by triggering a positive-feedback loop
via interleukin-6 induction. Immunity 2008;29:628-36.

Abraham C, Cho J. Interleukin-23/Th1l7 pathways and inflammatory bowel
disease. Inflamm Bowel Dis 2009;15:1090-100.

Tesmer LA, Lundy SK, Sarkar S, Fox DA. Th17 cells in human disease. Immunol
Rev 2008;223:87-113.

Seiderer J, Elben I, Diegelmann J, Glas J, Stallhofer J, Tillack C, et al. Role of the
novel Th17 cytokine IL-17F in inflammatory bowel disease (IBD): upregulated
colonic IL-17F expression in active Crohn's disease and analysis of the IL17F
p.His161Arg polymorphism in IBD. Inflamm Bowel Dis 2008;14:437-45.

Fujino S, Andoh A, Bamba S, Ogawa A, Hata K, Araki Y, et al. Increased
expression of interleukin 17 in inflammatory bowel disease. Gut 2003;52:65-70.
McGeachy MJ, Cua DJ. Th17 cell differentiation: the long and winding road.
Immunity 2008;28:445-53.

Wilson NJ, Boniface K, Chan JR, McKenzie BS, Blumenschein WM, Mattson JD,
et al. Development, cytokine profile and function of human interleukin 17-
producing helper T cells. Nat Immunol 2007;8:950-7.

Bailey SL, Schreiner B, McMahon EJ, Miller SD. CNS myeloid DCs presenting
endogenous myelin peptides 'preferentially' polarize CD4+ T(H)-17 cells in
relapsing EAE. Nat Immunol 2007;8:172-80.

Schmidt-Weber CB, Akdis M, Akdis CA. TH17 cells in the big picture of
immunology. J Allergy Clin Immunol 2007;120:247-54.

Yamazaki K, Onouchi Y, Takazoe M, Kubo M, Nakamura Y, Hata A. Association
analysis of genetic variants in IL23R, ATG16L1 and 5p13.1 loci with Crohn's
disease in Japanese patients. J Hum Genet 2007;52:575-83.

Tremelling M, Cummings F, Fisher SA, Mansfield J, Gwilliam R, Keniry A, et al.
IL23R variation determines susceptibility but not disease phenotype in
inflammatory bowel disease. Gastroenterology 2007;132:1657-64.

Van Limbergen J, Russell RK, Nimmo ER, Drummond HE, Smith L, Davies G, et

73



23.

24.

25.

26.

27.

28.

29.

30.

31.

al. IL23R Arg381GIn is associated with childhood onset inflammatory bowel
disease in Scotland. Gut 2007;56:1173-4.

Cummings JR, Ahmad T, Geremia A, Beckly J, Cooney R, Hancock L, et al.
Contribution of the novel inflammatory bowel disease gene IL23R to disease
susceptibility and phenotype. Inflamm Bowel Dis 2007;13:1063-8.

Nordang GB, Viken MK, Hollis-Moffatt JE, Merriman TR, Forre OT, Helgetveit
K, et al. Association analysis of the interleukin 17A gene in Caucasian rheumatoid
arthritis patients from Norway and New Zealand. Rheumatology (Oxford)
2009;48:367-70.

Wang JY, Shyur SD, Wang WH, Liou YH, Lin CG, Wu YJ, et al. The
polymorphisms of interleukin 17A (IL17A) gene and its association with pediatric
asthma in Taiwanese population. Allergy 2009;64:1056-60.

Lankford CS, Frucht DM. A unique role for IL-23 in promoting cellular immunity.
J Leukoc Biol 2003;73:49-56.

Watford WT, Hissong BD, Bream JH, Kanno Y, Muul L, O'Shea JJ. Signaling by
IL-12 and IL-23 and the immunoregulatory roles of STAT4. Immunol Rev
2004;202:139-56.

Mathur AN, Chang HC, Zisoulis DG, Stritesky GL, Yu Q, O'Malley JT, et al. Stat3
and Stat4 direct development of IL-17-secreting Th cells. J Immunol
2007;178:4901-7.

Korman BD, Kastner DL, Gregersen PK, Remmers EF. STAT4: genetics,
mechanisms, and implications for autoimmunity. Curr Allergy Asthma Rep
2008;8:398-403.

Moon CM, Cheon JH, Kim SW, Shin DJ, Kim ES, Shin ES, et al. Association of
signal transducer and activator of transcription 4 genetic variants with extra-
intestinal manifestations in inflammatory bowel disease. Life Sci 2010;86:661-7.
Remmers EF, Plenge RM, Lee AT, Graham RR, Hom G, Behrens TW, et al.
STAT4 and the risk of rheumatoid arthritis and systemic lupus erythematosus. N
Engl J Med 2007;357:977-86.

74



32.

33.

34.

35.

36.
37.

38.

39.

40.

41.

42.

Pykalainen M, Kinos R, Valkonen S, Rydman P, Kilpelainen M, Laitinen LA, et al.
Association analysis of common variants of STAT6, GATA3, and STAT4 to
asthma and high serum IgE phenotypes. J Allergy Clin Immunol 2005;115:80-7.
Korman BD, Alba MI, Le JM, Alevizos |, Smith JA, Nikolov NP, et al. Variant
form of STAT4 is associated with primary Sjogren's syndrome. Genes Immun
2008;9:267-70.

Glas J, Seiderer J, Nagy M, Fries C, Beigel F, Weidinger M, et al. Evidence for
STAT4 as a common autoimmune gene: rs7574865 is associated with colonic
Crohn's disease and early disease onset. PLoS One 2010;5:e10373.

Lennard-Jones JE. Classification of inflammatory bowel disease. Scand J
Gastroenterol Suppl 1989;170:2-6; discussion 16-9.

Podolsky DK. Inflammatory bowel disease (1). N Engl J Med 1991,;325:928-37.
Silverberg MS, Satsangi J, Ahmad T, Arnott ID, Bernstein CN, Brant SR, et al.
Toward an integrated clinical, molecular and serological classification of
inflammatory bowel disease: Report of a Working Party of the 2005 Montreal
World Congress of Gastroenterology. Can J Gastroenterol 2005;19 Suppl A:5-36.
Sohn BH, Park 1Y, Lee JJ, Yang SJ, Jang YJ, Park KC, et al. Functional switching
of TGF-betal signaling in liver cancer via epigenetic modulation of a single CpG
site in TTP promoter. Gastroenterology 2010;138:1898-908.

Thornton-Wells TA, Moore JH, Haines JL. Genetics, statistics and human disease:
analytical retooling for complexity. Trends Genet 2004;20:640-7.

Eastaff-Leung N, Mabarrack N, Barbour A, Cummins A, Barry S. Foxp3+
regulatory T cells, Th17 effector cells, and cytokine environment in inflammatory
bowel disease. Journal of clinical immunology 2010;30:80-9.

Rovedatti L, Kudo T, Biancheri P, Sarra M, Knowles CH, Rampton DS, et al.
Differential regulation of interleukin 17 and interferon gamma production in
inflammatory bowel disease. Gut 2009;58:1629-36.

Kobayashi T, Okamoto S, Hisamatsu T, Kamada N, Chinen H, Saito R, et al. 1L23

differentially regulates the Th1/Th17 balance in ulcerative colitis and Crohn's

75



43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

disease. Gut 2008;57:1682-9.

Segal E, Widom J. From DNA sequence to transcriptional behaviour: a
guantitative approach. Nat Rev Genet 2009;10:443-56.

Heinemeyer T, Wingender E, Reuter I, Hermjakob H, Kel AE, Kel OV, et al.
Databases on transcriptional regulation: TRANSFAC, TRRD and COMPEL.
Nucleic acids research 1998;26:362-7.

Ivanov, Il, McKenzie BS, Zhou L, Tadokoro CE, Lepelley A, Lafaille JJ, et al. The
orphan nuclear receptor RORgammat directs the differentiation program of
proinflammatory IL-17+ T helper cells. Cell 2006;126:1121-33.

Orme M, Breckenridge A, Cook P. Warfarin and Distalgesic interaction. Br Med J
1976;1:200.

Kikly K, Liu L, Na S, Sedgwick JD. The 1L-23/Th(17) axis: therapeutic targets for
autoimmune inflammation. Curr Opin Immunol 2006;18:670-5.

Steinman L. A brief history of T(H)17, the first major revision in the T(H)1/T(H)2
hypothesis of T cell-mediated tissue damage. Nat Med 2007;13:139-45.

Sarra M, Pallone F, Macdonald TT, Monteleone G. IL-23/IL-17 axis in IBD.
Inflamm Bowel Dis 2010;16:1808-13.

Kleinschek MA, Boniface K, Sadekova S, Grein J, Murphy EE, Turner SP, et al.
Circulating and gut-resident human Th17 cells express CD161 and promote
intestinal inflammation. J Exp Med 2009;206:525-34.

Fossiez F, Djossou O, Chomarat P, Flores-Romo L, Ait-Yahia S, Maat C, etal. T
cell interleukin-17 induces stromal cells to produce proinflammatory and
hematopoietic cytokines. J Exp Med 1996;183:2593-603.

Katz Y, Nadiv O, Beer Y. Interleukin-17 enhances tumor necrosis factor alpha-
induced synthesis of interleukins 1,6, and 8 in skin and synovial fibroblasts: a
possible role as a "fine-tuning cytokine™ in inflammation processes. Arthritis
Rheum 2001;44:2176-84.

Liang SC, Tan XY, Luxenberg DP, Karim R, Dunussi-Joannopoulos K, Collins M,
et al. Interleukin (IL)-22 and IL-17 are coexpressed by Th17 cells and

76



54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

cooperatively enhance expression of antimicrobial peptides. J Exp Med
2006;203:2271-9.

Chen Y, Thai P, Zhao YH, Ho YS, DeSouza MM, Wu R. Stimulation of airway
mucin gene expression by interleukin (IL)-17 through IL-6 paracrine/autocrine
loop. J Biol Chem 2003;278:17036-43.

Hashimoto K, Graham BS, Ho SB, Adler KB, Collins RD, Olson SJ, et al.
Respiratory syncytial virus in allergic lung inflammation increases Muc5ac and
gob-5. Am J Respir Crit Care Med 2004;170:306-12.

Zhang Z, Zheng M, Bindas J, Schwarzenberger P, Kolls JK. Critical role of I1L-17
receptor signaling in acute TNBS-induced colitis. Inflamm Bowel Dis
2006;12:382-8.

Hue S, Ahern P, Buonocore S, Kullberg MC, Cua DJ, McKenzie BS, et al.
Interleukin-23 drives innate and T cell-mediated intestinal inflammation. J Exp
Med 2006;203:2473-83.

Maloy KJ. The Interleukin-23 / Interleukin-17 axis in intestinal inflammation. J
Intern Med 2008;263:584-90.

Nakae S, Nambu A, Sudo K, Iwakura Y. Suppression of immune induction of
collagen-induced arthritis in IL-17-deficient mice. J Immunol 2003;171:6173-7.
Komiyama Y, Nakae S, Matsuki T, Nambu A, Ishigame H, Kakuta S, et al. IL-17
plays an important role in the development of experimental autoimmune
encephalomyelitis. J Immunol 2006;177:566-73.

Ooi JD, Phoon RK, Holdsworth SR, Kitching AR. IL-23, not IL-12, directs
autoimmunity to the Goodpasture antigen. J Am Soc Nephrol 2009;20:980-9.
Paust HJ, Turner JE, Steinmetz OM, Peters A, Heymann F, Holscher C, et al. The
IL-23/Th17 axis contributes to renal injury in experimental glomerulonephritis. J
Am Soc Nephrol 2009;20:969-79.

Leppkes M, Becker C, Ivanov, Il, Hirth S, Wirtz S, Neufert C, et al. RORgamma-
expressing Thl7 cells induce murine chronic intestinal inflammation via
redundant effects of IL-17A and IL-17F. Gastroenterology 2009;136:257-67.

77



64.

65.

66.

67.
68.

69.

70.

71.

72.

73.

O'Connor W, Jr., Kamanaka M, Booth CJ, Town T, Nakae S, Iwakura Y, et al. A
protective function for interleukin 17Ain T cell-mediated intestinal inflammation.
Nat Immunol 2009;10:603-9.

Dieleman LA, Ridwan BU, Tennyson GS, Beagley KW, Bucy RP, Elson CO.
Dextran sulfate sodium-induced colitis occurs in severe combined
immunodeficient mice. Gastroenterology 1994;107:1643-52.

Melgar S, Karlsson A, Michaelsson E. Acute colitis induced by dextran sulfate
sodium progresses to chronicity in C57BL/6 but not in BALB/c mice: correlation
between symptoms and inflammation. Am J Physiol Gastrointest Liver Physiol
2005;288:G1328-38.

Neurath MF. IL-23: a master regulator in Crohn disease. Nat Med 2007;13:26-8.
Yang SK, Park M, Lim J, Park SH, Ye BD, Lee I, et al. Contribution of IL23R but
not ATG16L1 to Crohn's disease susceptibility in Koreans. Inflamm Bowel Dis
2009;15:1385-90.

Roberts RL, Gearry RB, Hollis-Moffatt JE, Miller AL, Reid J, Abkevich V, et al.
IL23R R381Q and ATG16L1 T300A are strongly associated with Crohn's disease
in a study of New Zealand Caucasians with inflammatory bowel disease. Am J
Gastroenterol 2007;102:2754-61.

Cho J. Linkage of inflammatory bowel disease to human chromosome 6p.
Inflamm Bowel Dis 2000;6:259-61.

Nielsen OH, Kirman |, Rudiger N, Hendel J, Vainer B. Upregulation of
interleukin-12 and -17 in active inflammatory bowel disease. Scand J
Gastroenterol 2003;38:180-5.

Chitnis T, Najafian N, Benou C, Salama AD, Grusby MJ, Sayegh MH, et al. Effect
of targeted disruption of STAT4 and STAT6 on the induction of experimental
autoimmune encephalomyelitis. J Clin Invest 2001;108:739-47.

Mo C, Chearwae W, O'Malley JT, Adams SM, Kanakasabai S, Walline CC, et al.
Stat4 isoforms differentially regulate inflammation and demyelination in

experimental allergic encephalomyelitis. J Immunol 2008;181:5681-90.

78



74.

75.

76.

77.

78.

79.

80.

81.

82.

Frucht DM, Aringer M, Galon J, Danning C, Brown M, Fan S, et al. Stat4 is
expressed in activated peripheral blood monocytes, dendritic cells, and
macrophages at sites of Thl-mediated inflammation. J Immunol 2000;164:4659-
64.

Mudter J, Weigmann B, Bartsch B, Kiesslich R, Strand D, Galle PR, et al.
Activation pattern of signal transducers and activators of transcription (STAT)
factors in inflammatory bowel diseases. Am J Gastroenterol 2005;100:64-72.

Pang YH, Zheng CQ, Yang XZ, Zhang WJ. Increased expression and activation of
IL-12-induced Stat4 signaling in the mucosa of ulcerative colitis patients. Cell
Immunol 2007;248:115-20.

O'Malley JT, Eri RD, Stritesky GL, Mathur AN, Chang HC, Hogenesch H, et al.
STAT4 isoforms differentially regulate Thl cytokine production and the severity
of inflammatory bowel disease. J Immunol 2008;181:5062-70.

Kaplan MH, Sun YL, Hoey T, Grusby MJ. Impaired IL-12 responses and
enhanced development of Th2 cells in Stat4-deficient mice. Nature 1996;382:174-
7.

Thierfelder WE, van Deursen JM, Yamamoto K, Tripp RA, Sarawar SR, Carson
RT, et al. Requirement for Stat4 in interleukin-12-mediated responses of natural
killer and T cells. Nature 1996;382:171-4.

Sigurdsson S, Nordmark G, Garnier S, Grundberg E, Kwan T, Nilsson O, et al. A
risk haplotype of STAT4 for systemic lupus erythematosus is over-expressed,
correlates with anti-dsSDNA and shows additive effects with two risk alleles of
IRF5. Hum Mol Genet 2008;17:2868-76.

Kariuki SN, Kirou KA, MacDermott EJ, Barillas-Arias L, Crow MK, Niewold TB.
Cutting edge: autoimmune disease risk variant of STAT4 confers increased
sensitivity to IFN-alpha in lupus patients in vivo. J Immunol 2009;182:34-8.
Chang HC, Han L, Goswami R, Nguyen ET, Pelloso D, Robertson MJ, et al.
Impaired development of human Th1 cells in patients with deficient expression of
STAT4. Blood 2009;113:5887-90.

79



83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Orozco G, Alizadeh BZ, Delgado-Vega AM, Gonzalez-Gay MA, Balsa A, Pascual-
Salcedo D, et al. Association of STAT4 with rheumatoid arthritis: a replication
study in three European populations. Arthritis Rheum 2008;58:1974-80.

Jurtshuk P, McEntire JE. Characterization studies on the membrane-bound
adenosine triphosphatase (ATPase) of Azotobacter vinelandii. Can J Microbiol
1975;21:1807-14.

Rueda B, Broen J, Simeon C, Hesselstrand R, Diaz B, Suarez H, et al. The STAT4
gene influences the genetic predisposition to systemic sclerosis phenotype. Hum
Mol Genet 2009;18:2071-7.

Zervou MI, Goulielmos GN, Castro-Giner F, Tosca AD, Krueger-Krasagakis S.
STAT4 gene polymorphism is associated with psoriasis in the genetically
homogeneous population of Crete, Greece. Hum Immunol 2009;70:738-41.

Lee HS, Park H, Yang S, Kim D, Park Y. STAT4 polymorphism is associated with
early-onset type 1 diabetes, but not with late-onset type 1 diabetes. Ann N 'Y Acad
Sci 2008;1150:93-8.

Arisawa T, Tahara T, Shibata T, Nagasaka M, Nakamura M, Kamiya Y, et al. The
influence of polymorphisms of interleukin-17A and interleukin-17F genes on the
susceptibility to ulcerative colitis. J Clin Immunol 2008;28:44-9.

Reik W, Dean W, Walter J. Epigenetic reprogramming in mammalian development.
Science 2001;293:1089-93.

Wei G, Wei L, Zhu J, Zang C, Hu-Li J, Yao Z, et al. Global mapping of H3K4me3
and H3K27me3 reveals specificity and plasticity in lineage fate determination of
differentiating CD4+ T cells. Immunity 2009;30:155-67.

Mukasa R, Balasubramani A, Lee YK, Whitley SK, Weaver BT, Shibata Y, et al.
Epigenetic instability of cytokine and transcription factor gene loci underlies
plasticity of the T helper 17 cell lineage. Immunity 2010;32:616-27.

Akimzhanov AM, Yang XO, Dong C. Chromatin remodeling of interleukin-17
(IL-17)-1L-17F cytokine gene locus during inflammatory helper T cell
differentiation. J Biol Chem 2007;282:5969-72.

80



93.

94.

95.

96.

Jones B, Chen J. Inhibition of IFN-gamma transcription by site-specific
methylation during T helper cell development. EMBO J 2006;25:2443-52.

Zou B, Chim CS, Zeng H, Leung SY, Yang Y, Tu SP, et al. Correlation between
the single-site CpG methylation and expression silencing of the XAF1 gene in
human gastric and colon cancers. Gastroenterology 2006;131:1835-43.

Zhang F, Meng G, Strober W. Interactions among the transcription factors Runx1,
RORgammat and Foxp3 regulate the differentiation of interleukin 17-producing T
cells. Nat Immunol 2008;9:1297-306.

Ghoreschi K, Laurence A, Yang XP, Tato CM, McGeachy MJ, Konkel JE, et al.
Generation of pathogenic T(H)17 cells in the absence of TGF-beta signalling.
Nature 2010;467:967-71.

81



<ABSTRACT (IN KOREAN)>

LO._
&

—

<A EnlE

o
4o

—

N:!

Qg oA

e =

ol 45

o= o

SIS
o

g

s

o)

<

_

Pz

o =
Eha

2 udo, FH

g0

N

o

7 F73

a7

&

—_
fite)

A gl A

o] 9}

dl

-
| .

o701 4]

A7t

o} O
e o

fie)
[
&

82



OJEIFEZl 23 F&A(IL-23R)e]  Wolrt e H#o]  glSo]
HuEgoy FdollE BHgS gl Esioith Eek 5
Q3% MolETFeICl QA F7] 17A(IL-17A)8] Holo] ##E Ao 73
AT7F H B HJAY AFHRA 71dS 2etE A Hasih

oo = IL-23RY} IL-17A9] 43St

)
o
ox
Jo
2
o
)
L
o
AN
N

AT FAFe] Iy A oJFE FASIITH IL-23RF} IL-17A9]
promoter2} exones A=W 2019, Al A 2687, A7 Ul
2587 St o = DNA sequencing®}t DHPLCE o] &3dlo] E413}3it
Jurkat Az} WxFN w@ILE in vitro assayoll  ©]-&sF3H

A el Aol AgES electro mobility shift assayS E3Fo] #4131 o

l‘ﬁi

IL-17A mRNA 23S RT-PCRE 9131913 IL-17A promoter]
methylation>  bisulfate  sequencing®}  pyrosequencing=  ©]-&73}<
FAsth 2 A3 A2l A, IL-23Re] WHo] G149R (OR; 0.32,
95% Cl 0.15-0.69), ¢} IL-17A °] ®©] IVS1+18G>C (OR; 5.33, 95% CI
1.12-25.37)7F #&A AT AL g AlA = IL-23R 9] ®o] Q3H
(OR; 0.62, 95% CI 0.38-1.00), G149R (OR; 0.41, 95% CI 0.21-0.77),

IVS4+17C>T (OR; 2.9, 95% CI 1.21-6.99), IL-17A2] ¥ o] -737C>T (OR;

1.49, 95% CI 1.06-2.11), -197G>A (OR; 0.63, 95% CI 0.41-0.98), IVS1+18

83



G>C (OR; 4.47, 95% CI 0.96-20.86)7} #&# ¥ o] I}, -877G, -737T, -
444A risk allele 58 HARIAL H3HA e e A9tsES vE o
olEa A AtdA "IN F& IL-17AS HA Y AL S
et 954 FAdste] v Ao EExE N IL-17TAE A T
DNA methylationS YERNSIIL o] &= IL-17A9] T} IVS1+179]
methylation %<} F¥#HAdS Hth Jurkat AM3Eo|A9 IL-17A 9
32 demethylating agent %12 4] 352 S &<l

AEHor E AHFE Folo I IS IL-23R/IL-17F 3

wAE A 9@AET "ol AdEol jlemn STATAE £33
olg9 A, FAFAEA Fazgol IL-17A Tk FTad

84



	TABLE OF CONTENTS
	ABSTRACT
	I. INTRODUCTION
	II. MATERIALS AND METHODS
	1. Study Subjects
	2. DNA Extraction and Polymerase Chain Reaction (PCR)
	3. Genotyping
	4. Colonic Mucosal Tissue Preparation, Peripheral Blood Mononuclear Cell (PBMC) Isolation and Cell Culture
	5. Electrophoretic Mobility Shift Assay (EMSA)
	6. Quantitative Real-time Reverse-transcription Polymerase Chain Reaction (RT-PCR)
	7. Determination of DNA Methylation using Bisulfate Sequencing and Pyrosequencing
	8. Statistical Analysis

	III. RESULTS
	1. Baseline Clinical Characteristics of the Study Subjects
	2. Association of IL-23R Genetic Polymorphisms with IBD Susceptibility
	3. Associations of IL-17A Genetic Polymorphisms with IBD Susceptibility
	4. Haplotypes, Gene-gene Interaction and Risk of IBD
	5. Allelic-specific Binding Activities of Nuclear Proteins in the IL-17A Promoter Region and their Effects on Gene Expression
	6. Associations of Aberrant Hypomethylation Status of IVS1+18 in IL-17A and Its Implication in IBD
	7. Association of IL-17A Silencing with DNA Methylation in Jurkat cells

	IV. DISCUSSION
	V. CONCLUSION
	REFERENCES
	ABSTRACT (IN KOREAN)

