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A genome-wide association study identifies three
new susceptibility loci for ulcerative colitis in the

Japanese population

Kouichi Asano!-3, Tomonaga Matsushita!2, Junji Umeno'?, Naoya Hosono!, Atsushi Takahashi,
Takahisa Kawaguchi®, Takayuki Matsumoto®, Toshiyuki Matsui®, Yoichi Kakuta’, Yoshitaka Kinouchi’,
Tooru Shimosegawa’, Masayo Hosokawa®, Yoshiaki Arimura®, Yasuhisa Shinomura®, Yutaka Kiyohara®,
Tatsuhiko Tsunoda®, Naoyuki Kamatani?, Mitsuo lida% Yusuke Nakamura® & Michiaki Kubo!~2

Ulcerative colitis is one of the principal forms of inflammatory
bowel disease with complex manifestations. Although previous
studies have indicated that there is a genetic contribution to
the pathogenesis of ulcerative colitis, the genes influencing
susceptibility to the disease have not been fully determined.
To identify genetic factors conferring risk of ulcerative colitis,
here we conducted a two-stage genome-wide association
study and subsequent replication study using 1,384 Japanese
individuals with ulcerative colitis and 3,057 control subjects.
In addition to the expected strong association with the major
histocompatibility complex (MHC) region, we identified

three new susceptibility loci: the immunoglobulin receptor
gene FCGR2A (rs1801274, P=1.56 x 10-'2), alocus on
chromosome 13q12 (rs17085007, P= 6.64 x 10°%) and the
glycoprotein gene SLC26A3 (152108225, P=9.50 x 1 0-8).
rs1801274 is a nonsynonymous SNP of FCGR2A that is
reported to have a critical effect on receptor binding affinity
for 1gG and to be associated with other autoimmune diseases.
Our findings provide insight into the molecular pathogenesis
of ulcerative colitis.

Ulcerative colitis is a major phenotype of inflammatory bowel
disease (IBD) that is characterized by repeated chronic inflammation
of the gastrointestinal tract!. Although the incidence and prevalence
of ulcerative colitis have reached a plateau in northern Europe and
North America, they continue to rise in southern Europe and Asia%.
Twin studies have indicated that genetic factors are involved in the
development of ulcerative colitis. Although genome-wide association
stidies (GWAS) have identified many genes linked to susceptibil-
ity for Crohn’s disease’™%, there have been few GWAS of ulcerative
colitis®!0. In studies examining whether loei linked to Crohn's disease

susceptibility are also associated with ulcerative colitis, only a few loci
have been shown to be associated with both diseases™! "2, In addition,
there are population differences in Crohn’s disease susceptibility loci.
For example; CARD15 (also called NOD2), IL23R and'ATGI6LI are
consistently implicated in European and North American popula-
tions, but have shown no association in Japanese populations!'*!%,
Although an aberrant response of the intestinal immune system is
important in the pathogenesis of IBD, typical features of Crohn’s
disease and ulcerative colitis differ with respect to disease localization
and endoscqpic and histological findings*. These results suggest that

A Sos
50 4 HLA-A J"fl:A'C.f'j’&‘ TNE HL&'DF{.Y\\:P:,_HLA.DP

ot e

v e 159271366

1$9263739 ———np- v

Chromosome position’ (Mb)

Figure 1 Results for association of the extended MHC region (Chr. 6,
2438 Mb) with ulcerative colitis. Values of —logyo(P) are plotted against
chromosome position, which is based on NCBI Build 36 coordinates,
Blue diamonds represent Cochran-Armitage P values in the first set; red
diamonds represent Cochran-Armitage P values in the combined analysis
of the first and second sets. All Pvalues were corrected by the method of
genomic control.
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Table 1 Summary of the GWAS and replication study resuits

No. of samples MAF
Minor Gene(s) or

SNP allele  Chr. location locus Study Case Ctrl Case Ctrl Pvalue OR 95% ClI
rs9263739 T 6: HLA First set 373 934  0.295 0.143 3.07x1018 251 (2.05-3.08)
31,219,335 Second set 376 1,097 0.310 0.153 2.83x101% 251 (2.07-3.05)
Combined GWAS 749 2,031 6.95x 10-3% 2,51 (2.17-2.90)
Replication set 1 259 650  0.284 0.114 158x107!8 318 (2.42-4.18)
Replication set 2 376 376  0.273 0.104 7.25x10°Y7 323 (2.43-4.29)
Combined rep 635 1,026 9.17x 1073 3,15 (2.61-3.79)
Combined all 1,384 3,057 4.156x10°67 2,73 (2.43-3.07)
rs1801274 G 1: FCGR2A First set 373 934 - 0.157 0.214 1.55x 1073 0.68 (0.54-0.85)
159,746,369 Second set 376 1,091 0.144 0.216 6.86x 105 0.61 (0.49-0.77)
Combined GWAS 749 2,025 4,62 x 1077 0.65 (0.54-0.77)
Replication set 1 259 649 0.162 0.206 3.39x 102 0.75 (0.57-0.98)
Replication set 2 372 374  0.134 0.231 1.05x 106 0.52 (0.39-0.68)
Combined rep 631 1,023 6.87 x 10”7 0.62 (0.51-0.75)
Combined ail 1,380 3,048 1.56 x 10712 0.63 (0.565-0.72)
rs17085007  C 13: No gene First set 373 933 0.284 0.208 8.15x 107 1.51 (1.24-1.84)
26,429,267 Second set 375 1,095 0.269 0.226 2.86 x 1072 1.26 (1.04-1.51)
Combined GWAS 748 2,028 1.46 x 1075 1.38 (1.19-1.60)
Replication set 1 258 649  0.285 0.226 7.21x1073 1.38 (1.09-1.75)
Replication set 2 375 375 -0.275 0.231 5.98x 1072 1.26 (1.00-1.60)
Combined rep 633 1,024 1.16 x 1073 1.32 (1.11-1.56)
Combined all 1,381 3,052 6.64 x 1078 1.35 (1.21-1.51)
152108225 A 7: SLC26A3 First set 373 933.....0.288 0.363 6,09x 10 0.71 (0.59-0.86)
107,240,339 Second set 376 1,096 0.306 0.354 2.42x1072 0.80 (0.67-0.96)
Combined GWAS 749 2,029 6.16x10°%:.0.76 (0.65-0.87)
Replication set 1 259 650 :0.301 0.358 2.34%x102 078 (0.63-0.97)
Replication set 2 375 375 .0.300 0365 673%x103 074 (0.60-0.92)
Combined rep 634 1,025 424 x 10047076 (0.65-0.89)
Combined all 1,383 3,054 9.50 x 1078 0.76 (0.68-0.84)
rs10975003: 'C 9: JAK2, INSL6, INSL4  First set 373 934 . 0.217 0:.175  1.84%1072 1.31 (1.06-1.61)
5,203,687 Second set 376 1,094 . 0.254 0.192 8.24x104 1.43 (1.17-1.73)
Combined GWAS 749 2,028 505 %107 1,38 (1.17-1.61)
Replication set 1 259 647 0.230 0.182 1 :2.42% 1072 1.32 (1.04-1.69)
Replication set:2 373 376.:.0.227 0.191 1 9.70x 102 1.24 (0.96-1.59)
Combined rep 632 1,023 5.68 %1073 1.29 (1.07-1.54)
Combined all 1,381 3,051 1.09 %10 1.34 (1.18-1.51)

some genetic factors may be common between ulcerative colitis and
Crohn’s disease, whereas others are specific to either ulcerative colitis
or: Crohn’s disease. In addition, ulcerative colitis susceptibility loci
may also differ between European and Japanese people,

To identify genetic factors influencing ulcerative colitis susceptibil-
ity in the Japanese population, we performed a two-stage GWAS of
752 individuals with ulcerative colitis and 2,062 control subjects. In
the first stage, 561,466 SNPs were genotyped for 376 individuals with
ulcerative colitis (cases), and their allele frequencies were compared
with those of 934 unaffected controls. Of these SNPs; we selected
the top 12,000 SNPs and further genotyped them in independent
samples. After the quality control process, the genotypes of 9,665
SNPs in an additional 376 cases and 1,097 controls were obtained in
the second stage of the GWAS. Principal component analysis (PCA)
showed no evidence of genetic heterogeneity in either the first or
second set; however, the genomic control inflation factor (Age)
was 1.118 in the first set and 1.148 in the second set, suggesting the
possibility of genotype misclassification or the existence of a popu-
lation substructure; We applied stringent quality control criteria in
each step, and the concordance rates among genotypes in the different

platforms were extremely high; therefore, we considered that genotype
misclassification might not be the cause of the difference in A¢c.
Because we have previously reported the éxistence of a population
substructure in the Japanese population!; we performed PCA using
only the Japanese inTokyo, Japan (JPT) and Han Chinese in Beijing,
China (CHB) HapMap samples as references. However, this analysis
revealed no clear population substructure (Supplementary Fig. 1).
We therefore used Age-corrected P values (Pse) to adjust for the
unknown genetic heterogeneity of the GWAS results!®:

We found that the major histocompatibility (MHC) region had
a strong effect on ulcerative colitis susceptibility in the Japanese
population as compared with European populations”19, Combined
analysis using the first and second sets identified 231 SNPs with highly
significant association (P < 5 X 10-7) located from 25.8 t0.36.3 Mb
on chromosome 6 (Fig. 1). Among these broad and strong associations,
a peak of association was located between HLA-DRBI and HLA-DQAI
(£s9271366; Ps = 2.13 X 1028, A second peak lay close to HLA-B
(rs9263739; Pic = 6.95 X 107%9). We speculate that these results might
reflect the reported association of the HLA-DRB1*1502 or HLA-B*52
allele with ulcerative colitis in Japanese individuals!?. Because we did
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The most . significant association was

10 -
a s ] . CNY observed at rs1801274, a nonsynonymous
. SNP (H131R) of FCGR2A (Pge = 1.56 %
§c 6 °® 10712, odds ratio (OR) = 0.63, 95% confidence
g 4 & interval (c.i.) = 0.55-0.72). This nonsynony-
' . mous SNP is considered to be important in
21, e s ,% e 0e § <) t the elimination of immune complexes!®,
0 ot = @ ¥ #— The affinity of the Argl31 variant of FcyRIla
159.83 159.63 15973 159.89 16993 (Mb) for all human IgG subclasses is lower than
that of the His131 variant!®, The Argl31
SDHC FCGR2A | FCGRSA FCGR3B FCRLA variant of FcyRIla has also been reported to
I _»% . — = Ly > be functionally causative in systemic lupus
M:Z 01:1192 HShas FCGR2C FOGR2EB erythematosus (SLE)'*?%, Guillain-Barré
syndrome'®, multiple sclerosis'® and type 1

b/\

diabetes?!, Our study showed, however, that
the His131 variant is the susceptibility allele
for ulcerative colitis, a reversal of the genetic

10 -

. 16671847 — ¢ a IR0 effect observed in other autoimmune dis-
= : ? oy eases. According to the NCBI database, the
% 6 1 * .4 o P His131 variant of FcyRlIla is conserved in
s ] L * A L Pan troglodytes and Mus musculus, but not

, b ; ¢ » in Rattus norvegicus. The susceptibility allele

v & 4 . R o ¢ ; g, & frequency differs among populations (0.491
0+—* ; T T — in the CEPH Utah residents with ancestry

189721 159731 19741 b 159.75] (Mo} from northern and western Europe sam-

renza ; " ‘ ! ple (CEU); 0.496 in the HapMap Yoruba in
L Ibadan, Nigeria (YRI) sample; 0.685 in CHB;
C and 0.831 in JPT).

indicate higher D’ values.

| Figure 2 Association mapping and LD structure of the ulcerative colitis-associated region around
FCGR2A. (a) Fine mapping using screening samples. Arrows indicate the positions of known

genes. We could not genotype SNPs in the region of copy number variation (CNV) (see main text).
(b) Resequencing using screening samples. (c) LD structure of the ulcerative colitis critical region:
Shown are [’ estimates for 44 common SNPs in cases and controls, where increasing shades of red

To define further SNPs associated with
the disease; we performed fine mapping of
the region including the FCGR2A gene using
51 tag SNPs (Fig. 2a and Supplementary
Table 3).. Of the 50 SNPs successfully geno-
typed; rs6671847 located at intron'3 showed
the strongest association with ulcerative
colitis (P = 8.50 x 1077). LD analysis showed
that rs1801274 represents a block of LD span-
ning from upstream of the 5 UTR to intron
5 of FCGR2A. We resequenced a 27-kb
region including this LD block using 94 indi-
viduals with ulcerative colitis-and detected
29 new SNPs in‘addition to 62 known SNPs.
We additionally genotyped 44 SNPs with a
minor allele frequency of 2 0.05, but no SNP
showed a stronger association than rs1801274

not genotype HLA alleles, we could not clarify the linkage disequilib-
rium (LD) relationship between these HLA alleles and the associated
SNPs. Because of the complex LD pattern in this region, however, it was
difficult to. determine precisely where the susceptibility genes are
located. In addition, it is possible that the presence of a strong
MHC association might obscure association signals elsewhere.
Comprehensive experimerits will be required to clarify these issues.

To identify susceptibility loci outside the MHC region, we selected
the top 15 SNPs after considering LD (Supplementary Table 1) and
genotyped them using two independent sets. After excluding two SNPs
with a call rate of < 0.98, we analyzed 13 SNPs and replicated four
loci (Table 1 and Supplementary Table 2). Among them, rs1801274,
rs}7085007 and rs2108225 showed a significant level of replication
even after Bonferroni correction (P < 0.0038).

(Fig. 2b). Haplotype analysis indicated

that a two-marker haplotype (rs1801274-
¥s6671847) had a similar degree of association with ulcerative coli-
tis (P = 9.37 x 1077}, Logistic regression analysis demonstrated a
weak association signal of rs6671847 after adjustment for rs1801274
(P = 0.035). Because rs1801274 is known as the functional vari-
ant affecting imune response!®, we considered that rs1801274 is
probably the true causative variant and that 156671847 might have
an additional effect on ulcerative coliiis susceptibility. However,
functional analysis will be needed to clarify this issue.

During fine mapping, we identified a copy number variant (CNV)
lying close to rs1801274. This CNV spansa 160-kb region'and includes
FCGR gene family members (Fig. 2). We therefore developed four
TaqMan assays covering the whole FCGRZA gene (Supplementary
Fig. 2) and found that the CNV was located in a region downstream
of intron 6 of FCGR2A that did notinclude rs1801274. In addition, we
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found no association of FCGR2A copy number with either 11801274
or susceptibility to: ulcerative colitis (P = 0.29; Supplementary
Table 4). Among the FCGR genes in this CNV region, copy numbers
of both the F158V variant of FCGR3A (rs396991) and FCGR3B have
been associated with several immune diseases?!»?2. However,; 15396991
showed no association with ulcerative colitis among individuals with
two copies of FCGR3A (P = 0.19). FCGR3B copy number showed a
weak association with ulcerative colitis (P = 0.001), but this associa-
tion was not significant (P = 0.08) after adjustment for rs1801274.
We mapped a second locus (1s17085007) on chromosome 13q12.13:
Fine mapping of a 290-kb region revealed that the associated region
is 74 kb and contains no known genes (Fig. 3a and Supplementary
Table 3). The gene nearest to this region is USP12 (encoding ubiqui-
tin-specific peptidase-12), but SNPs within or around USP12 showed
no association with ulcerative colitis. We propose that this region
might contain regulatory sequences or might express a transcript that
isnot yet identified. - -
-.We mapped a third locus (rs2108225) 9.5 kb upstream of SLC26A3.
Fine mapping revealed that rs2108225 had the strongest associa-
tion with ulcerative colitis, and the associated region was located in
SLC26A3 (Fig. 3b). Haplotype analyses of five SNPs (rs17154444;
rs7810937, 157785539, 152108225 and rs6951457) in' this block of LD

Figure 3 Fine mapping of ulcerative colitis—associated regions across
13g12.13, 7q31.1 and 9p24.1 using screening samples. (a) Chromosome
13q12.13. (b) SLC26A3. (c) The JAK2-INSL6-INSL4 locus. Top, values
of —log;q Cochran-Armitage P are plotted against chromosome position.
Bottom, LD analyses (D’) using SNPs with a minor allele frequency of
>0.05 are shown by Haploview. -

revealed that a haplotype (TAGGA) showed a stronger association
than 152108225 (P = 4.58 x 107%). Because resequencing the exons
of SLC26A3 revealed no associated SNPs, we suggest that functional
variants that alter SLC26A3 transcriptional activity might exist in
this haplotype.

A fourth locus (rs10975003) included three genes in the same
block of LD (Fig: 3¢). This block included a previously identified
locus for susceptibility. to ulcerative colitis® (rs10974944; D’ = 092
to rs10975003) and Crohn’s disease’ (rs10758669; D’ = 0.70: to
rs10975003), indicating that this region is a shared genetic risk locus
for IBD.

We. also evaluated the association of SNPs previously identified
from European GWAS®!% (Supplementary Table 5). SNPs-ii the
MHC region showed a strong association with-ulcerative colitis in
our Japanese subjects; but this association was weaker than the other
associations identified in this'study. We also replicated the associa-
tion of chromosome 1p36 and JAK2 with ulcerative colitis; but other
loci showed no association. Some SNPs in IL10'andIL23R were not
polymorphic in our Japanese samples.

We also tested the association of the four SNPs identified in this study
with subphenotypes of ulcerative colitis. When the caseswere stratified
by age of onset or disease extension, the four SNPs were associated
similarly with every subphenotype (Supplementary Table 6). We could
not estimate the effects of a history of colectomy or smoking habit at
onset due to the small number of cases of each subphenotype.

Our GWAS identified a strong association between ulcerative colitis
and SNPs in FCGR2A; which encodes an activating-type Fcy receptor
(FcyRIla). EcyRIla is expressed on the surface of several immune cellsand
binds immunoglobulins to induce various functions!®; Accumulating
evidence suggests that an aberrant response to intestinal microbes has
a crucial role in the pathogenesis of ulcerative colitist, High popiila-
tions of mucosal B cells and plasma cells, which are associated with
increases in autoantibodies, are frequently found in ulcerative colitis?.
Engagement of FcyRIla with IgG antibodies is reported?? to induce secre-
tion of tumor necrosis factor-o.. In addition, abnormal IgG function in
response to pathogens can trigger aberrant immune manifestations. Our
findings indicate that antibody-mediated adaptive immunity mediated
through FcyRIla may have a pivotal role in; and account for part of the
mechanism of; the type 2 T-helper cell-polarized immune response in
ulcerative colitis.

FCGR2A isreported to be a susceptibility gene for otherautoimmune
diseases, and the H131R substitution in FcyR1Ila is considered to have
functional significance. His131 is located at the IgG-binding site
of FeyRITa!®, The HI31R amino acid change affects the receptor’s
recognition of immunoglobulins?” and increases its binding affinity
for immune complexes, resulting inan increase in both the phago-
cytic. capacity. of polymorphonuclear ‘leukocytes and cytokine
production: In SLE; individuals with the Argl31.variant of FcyRIla
have weaker binding affinity for human IgG and are thought to have
alower capacity for immune complex elimination, which might lead
to the glomerular immune complex deposition observed. in lupus
nephritis!®. By contrast, a higher capacity for immune complex
handling in " subjects” with the His131 variant  would' lead to
hyperactivation of immune cells. Such hyperactivation ¢could induce
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a higher capacity for antigen presentation to T cells and activation of
B cells, as well as the overproduction of cytokines. We therefore speculate
that individuals with the His131 variant of FcyRIIa may experience
the hyperactivation of multiple immune cells, resulting in perpet-
ual inflammation of the colorectal mucosa after immune complex
production from some antigens. Our findings imply that the immune
complex pathway mediated through FcyRlla is important in the
etiology of ulcerative colitis.

The SLC26A3 protein is a transmembrane glycoprotein that is
reported to be localized in the mucosal epithelium of the lower intes-
tinal tract and is known to function mainly as a sulfate transporter
that reabsorbs Cl™ ions into the epithelium and excretes HCO;™ into
the intestinal lumen?$, Mutations in SLC26A3 have been reported to
cause congenital chloride diarrhea?’. Expression of the glycoprotein is
reduced in the surface epithelium of individuals with ulcerative colitis
and in‘animal models of spontaneous colitis?®. In addition, entero-
pathogenic: Escherichia-coli infection reduces intestinal CI7~OH~
exchange activity after decreasing SLC26A3 transcripts®®. These results
suggest that ulcerative colitis susceptibility alleles in SLC26A3 may act
as ‘a silencer; and the reduction in transcripts might contribute to
ulcerative colitis susceptibility. '

In summary; our. GWAS identified: three new' ulcerative colitis
susceptibility loci by using 1,384 cases and 3,057 controls. Our findings
should shed light-on the pathogenesis of ulcerative colitis:and other
autoimmune diseases.

METHODS
Methods and any associated references are available in: the online
version of the paper at http://www.nature.com/natiiregenetics/:

Accession codes: JSNP: genotype data of the 934 controls in the first
set, JSNP550typed.

Note: Supplementary information is available on the Nature Genetics website.
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