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Abstract

The human leukocyte antigen (HLA) genes exhibit the highest degree of polymorphism in the human genome. This high
degree of variation at classical HLA class | and class Il loci has been maintained by balancing selection for a long evolutionary
time. However, little is known about recent positive selection acting on specific HLA alleles in a local population. To detect
the signature of recent positive selection, we genotyped six HLA loci, HLA-A, HLA-B, HLA-C, HLA-DRB1, HLA-DQB1, and HLA-
DPB1 in 418 Japanese subjects, and then assessed the haplotype homozygosity (HH) of each HLA allele. There were 120 HLA
alleles across the six loci. Among the 80 HLA alleles with frequencies of more than 1%, DPB1*04:01, which had a frequency of
6.1%, showed exceptionally high HH (0.53). This finding raises the possibility that recent positive selection has acted on
DPB1*04:01. The DPB1*04:01 allele, which was present in the most common 6-locus HLA haplotype (4.4%), A*33:03-C*14:03-
B*44:03-DRB1*13:02-DQB1*06:04-DPB1*04:01, seems to have flowed from the Korean peninsula to the Japanese archipelago
in the Yayoi period. A stochastic simulation approach indicated that the strong linkage disequilibrium between DQB1*06:04
and DPB1*04:01 observed in Japanese cannot be explained without positive selection favoring DPB1*04:01. The selection
coefficient of DPB1*04:01 was estimated as 0.041 (95% credible interval 0.021-0.077). Our results suggest that DPB1*04:01
has recently undergone strong positive selection in Japanese population.
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Introduction

The crucial immunological function of human leukocyte antigen
(HLA)moleculesis to present pathogen-derived antigenic peptides to
T lymphocytes [1]. The HLA proteins are encoded by genes in the
major histocompatibility complex region, which spans approximate-
ly 4 megabases (Mb) on the short arm of chromosome 6 (6p21.3) and
includes the most polymorphic loci in the human genome [2]. A
remarkable feature of the classical HLA class I and class II genes is the
high degree of polymorphism. More than 1,750 HLA-A, 2,330 HLA-
B, 1,300 HLA-C, 1,060 HLA-DRBI, 160 HLA-DQBI, and 150 HLA-
DPBI alleles have been reported (IMGT/HLA database; http://
www.ebi.ac.uk/imgt/hla/).

Positive selection has been shown as a driving force for the high
degree of polymorphism at HIA loci [3,4]. The HLA genes show
three remarkable signatures of positive selection: (1) the rate of
nonsynonymous (amino acid altering) nucleotide substitution is
substantially higher than that of synonymous substitution at
antigen-recognition sites [5,6], (2) there are trans-species poly-
morphisms (i.e., similar alleles are present in multiple species) [7],
and (3) there is a significant excess of heterozygosity [8,9].
Balancing selection, including overdominant selection and fre-
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quency-dependent selection, can easily account for these observa-
tions [3,4].

A number of studies have reported common long-range HLA
haplotypes [10-16]. The extended length of common haplotype is
a key feature of recent positive selection [17,18]. The HIA alleles
on long-range haplotypes may have been subject to recent positive
selection. In this study, to identify the signature of recent positive
selection that has acted on specific HIA alleles in a local (ie.,
geographically restricted) population, we investigated the allele
frequencies and haplotype frequencies at HL.A-A, HIA-C, HLA-B,
HIA-DRBI, HIA-DQBI, and HIA-DPBI in 418 Japanese
individuals. Our theoretical and computer simulation analyses
suggested that DPBI*04:01 has recently undergone strong positive
selection in Japanese population.

Results

HLA Class | and Class Il Alleles in Japanese

The genotypes of six HIA genes (three class I and three class 11
genes) were determined for each of 418 Japanese individuals. The
frequencies of the 67 alleles found at the three HLA class I genes
are listed in Table 1. Of the 17 HLA-A alleles, two -A*02:0] and
A*24:02 had frequencies higher than 10% (10.2 and 37.7 percent,
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respectively). Of the 17 HLA-C alleles, four-C*01:02, C*05:03,
C*03:04, and C*07:02-had frequencies higher than 10%: 16.5,
18.5, 12.6, and 14.5 percent, respectively. There were 33 HLA-B
alleles, and not one had an allele frequency greater than 10%. The
allele with the highest frequency (9.6%) was £*52:01; this allele
was followed by B*15:01 (8.5%), B*51:01 (8.5%), B¥4403 (8.1%),
and B*35:01 (8.0%).

The frequencies of 53 alleles at three HLA class II genes are
listed in Table 2. Of the 27 alleles at the HLA-DRBI locus, two—
DRBI#09:01 and DRBI*04:05-had frequencies of more than 10%
(15.2% and 14.6%, respectively), and five-DRBI*15:02 (8.4%),
DRBI*15:01 (8.0%), DRBI1%13:02 (7.8%), DRBI1*08:03 (7.5%),

Table 1. Frequencies of HLA class | alleles.

Recent Positive Selection Acting on DPB1#04:01

and DRBI*01:01 (6.8%)-were also common. Of the 14 alleles at
HIA-DQBI, four-DQBI1*03:03, DQBI1*06:01, DQBI*04:01, and
DQBI* 03:01-were observed at frequencies of greater than 10%
(15.9%, 15.9%, 14.6%, and 11.8%, respectively). There were four
other common alleles at HLA-DOBI-DQBI*03:02 (9.2%),
DQBI*06:02 (7.8%), DQBI*05:01, and DQBI*06:04 (7.5%). Of
the six HLA loci genotyped, HLA-DPBI had the fewest alleles with
just 12. The DPBI*05:01 (38.5%) and DPBI*02:01 (25.1%) alleles
were the most frequent alleles at this locus.

Of the six HLA loci examined, the HLA-B locus showed the
highest heterozygosity (0.937), and HLA-DPBI showed the lowest
(0.765) (Tables 1 and 2). None of the HLA class I or II loci

HLA-A

HLA-C

P-val  P-val

A*02:01 85 0.102

A*03.01 4 0.005

A*11:.01 80 0.096

A*26:01 67 0.080

A*26:03 22 0.026

*Heterozygosity.

®Hardy-Weinberg equilibrium test.
‘Ewens-Watterson test.
doi:10.1371/journal. pone.0046806.t001
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C*01:03 4 0.005

C*04:01 42 0.050

C*06:02 7 0.008

C*08:03 12 0.014

C*712:03 1 0.001

HLA-B

P-val P-val P-val P-val

B*13:01 13 0.016

B*15:18 13 0.016 .

B*15:28 1 0.001

B*39.01 34 0.041

B*40.01 46 0.055

B*40:52 1 0.001

B*51:.02 - 4 0.005

B*54:01 64 0.077

B*56:03 2 0.002

B*59.01 16
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Table 2. Frequencies of HLA class Il alleles.

Recent Positive Selection Acting on DPB1*04:01

HLA-DQB1

HLA-DRB1

P-val  P-val.

DRB1%*03:01 1 0.001

DQB1*03:03

DRB1*04:05 122

DQB1%04:02 26

DRB1%04:07 1 0.001

DRB1*08:02 32 0.038

DQBT*06:09 2

DRB1*11:01 23

DRB1*12:02 18 0.022

DRB1¥13:02 65 0.078

DRB1*14:03 11

DRB1*14:06 13 0.016

DRB1*14:54 26 0.031

DRB1*15:02 70 0.084

?Heterozygosity.

PHardy-Weinberg equilibrium test.
‘Ewens-Watterson test.
doi:10.1371/journal.pone.0046806.t002

exhibited significant deviation from HWE. Results of a Ewens-
Watterson neutrality test [19,20] of HLA allele frequencies in this
study population revealed that the observed distributions of allele
frequencies at HLA-C (P=0.003), HLA-B (P=0.002), HLA-DRBI
(P=0.013), and HLA-DQBI (P=0.001) differed significantly (i.e.,
there was excess heterozygosity) from the distributions expected
based on the assumption of neutrality, whereas there was no
significant difference between the expected and observed distri-
butions of allele frequencies at HLA-4 or HLA-DPBI (Tables 1 and
2). ) :

Pairwise LD between HLA Alleles

The pairwise linkage disequilibrium (LD) parameters, 7 and
| D’} [21], for each possible pair of two HLA alleles were estimated
(Figure 1 and Data S1). Most alleles at HLA4-4 were not in strong
LD with any of the alleles at the other loci because the physical
distance from HLA-A to each of the other loci is large. To evaluate
the relative strength of LD between two HLA loci, 2-locus # and 2-
~ locus |.D’| (see Materials and Methods for details), were calculated

PLOS ONE | www.plosone.org

DQB1*03:01 99 0.118

DQB1*05:02 17 0.020

DQB1*06:01 133 0.159

HLA-DPB1

p-val P-val ) ) Pval Pal

DPB1*02:02 35 0.042

DPB1*04:01

DPB1*05:01 322

DPB1*09:01 65 . 0.078

DPB1*14:01 10 0.012

based on the pa;irwise LD parameters for all the allelic pairs (Table

S1). The values of 2-locus |D’| for HLA-C and HLA-B
(12’1 =0.91) and for HLA-DRBI and HLA-DQBI (|D’| =0.80)
were high, whereas the lowest 2-locus || value was observed for
HIA-A and HLA-DPBI (|I’| =0.25). These values reflected the
physical distances between the respective loci. The values of 2-
locus |.D’| for HLA-DRBI and HLA-DPBI and for HLA-DQBI and
HILA-DPBI were relatively low compared to the values for the
other pairs (Figure 2). These low values probably result from the
recombination hotspot in the HZA4 class 1 region [22-24].

Major 6-locus HLA Haplotypes in Japanese

Frequencies of multi-locus haplotypes were estimated using the
PHASE program [25,26] (Table 3 and Tables 82, S3, S4, S5). In
418 Japanese subjects (i.e., 839 chromosomes), 489 different 6-
locus HLA haplotypes were inferred. Based on the frequencies of 6-
locus HLA haplotypes, the probability of selecting two identical 6-
locus HLA haplotypes at random from the Japanese population
was estimated as 0.0075. Six 6-locus HLA haplotypes had
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frequencies higher than 1% (Table 3). Of these, A*33:03-C*14:03-
B*44:03-DRB1*13:02-DQBI*06:04-DPB1*(4:0] was the most
common (4.4%).

The intensity of recombination in the HLA region has been
estimated at 0.67 cM/Mb [27], which corresponds to a recombina-
tion fraction of approximately 2% between HILA-A and HLA-DPBI.
Thus, association between the six HI4 alleles in any 6-locus HILA
haplotype isnot generally strong due to the frequent recombinationin
the HLA region. The expected frequency of the A*33:03-C*14:03-
B*44:03-DRBI*13:02-DQBI1*06:04-DPB1*04:0]  haplotype s
2.5%1077 under the assumption of linkage equilibrium, which is
much smaller than the observed frequency of 0.044. The strong LD
among HLA alleles on the A*35:03-C*14:03-B*44:03-DRBI1*13:02-
DQBI*06:04-DPBI*04:01 haplotype may result from recent positive
selection acting on one of HLA alleles on the haplotype, although
other mechanisms such as neutral random genetic drift, recent
admixture, recent migration, recent bottlenecks, and suppression of
recombination can also cause the strong LD [10,12,13,15,16].

Haplotype Omozygosity

Strong positive selection leads to a rapid increase in the
frequency of a selected (target) allele in a population. The number
of recombination events between the target allele and the
surrounding polymorphic sites is limited while the advantageous
allele increases in frequency; therefore, the diversity of haplotypes
carrying the advantageous allele becomes low. Accordingly, strong
LD is expected in the genomic region bearing the selected allele.
In this study, the degree of LD for each HLA allele was measured
by haplotype homozygosity (HH); this term is defined as the
probability that any two randomly chosen samples of haplotype

DRB1

DRB1

DQB1

DPB1

0 P

DQB1DPB1

Recent Positive Selection Acting on DPB1*04:01

0.8 1

B
2 %671 oreroesr :
L= | & e -DQB 1
8 0.4 QDPBC-DRB'F Ag B-DFB1 & A-DRET
0 4 71 DQBT1- 1 i 3
& 1 ©A-DOB1
& A-DPB1
024
0

0 500 1000 1500 2000 2500 3000
Physical distance (Kb)

Figure 2. Relationship between two-locus || and physical
distance (Kb). A solid-line curve, 2—locus|D'|=(1-0.67 x
1075 % x)"*"*, was obtained using the least-squares method, where x
represents the physical distance (Kb). The recombination rate in the HLA
region was assumed to be 0.67 cM/Mb [27]. Spearman’s rank correlation
coefficient between 2-locus |D'| and the physical distance was —0.8607
(P<<0.0001).

doi:10.1371/journal.pone.0046806.g002

bearing a focal HIA allele have the same 6-locus HLA haplotype.
Like EHH [17], a high HH value can be regarded as a signature of
recent positive selection acting on a focal HLA allele.

To detect HLA alleles that have been subject to recent positive
selection, H/H was calculated for each allele based on the estimated
number of 6-locus haplotypes in 418 Japanese subjects. Of the 80

Figure 1. Pairwise estimates of LD parameters, || (upper diagonal) and 7 (lower diagonal) for every pair of HLA alleles. The name of

each allele is presented in Data 51.
doi:10.1371/journal.pone.0046806.g001
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Table 3. Estimated frequencies of 6-locus HLA haplotypes.

Recent Positive Selection Acting on DPB1*04:01

# of

Association haplotypes® HF®
A*33:03 C*14:03 B*44:03 DRB1*13.:02 DQB1*06:04 DPBI*04:01 37 0.044
A*24:02 c*12:02 B*52:01 DRB1*15:02 DQB1*06:01 DPB1*09:01 33 0.039
A*24:02 C*07:02 B*07:02 DRB1*01:01 DQB1%05:01 DPB1*04:02 29 0.035
A*24:02 C*01:02 B*54:01 DRB1*04:05 DQB1*04:01 DPB1%05:01 13 0016
Ar24:02 (& 12:02 B*52:01 DRB1*15:02 DQB1*06:01 DPB1*02:01 12 0.014
A*11:01 Cr04:01 B*15:01 DRB1*04:06 DQB1*03:02 DPB1*02:01 1 0.013
*Estimated by the PHASE program version 2.1,
®Haplotype frequency.
doi:10.1371/journal.pone.0046806.1003

HILA alleles that had frequencies of more than 1%, one allele at

each class 1 locus (4%*33:03, C*14:03, and B*44:03) had the highest

HH for that locus; similarly, one allele at each class II locus 05 Class | 06 Class |

(DRBI*13:02, DQBI*06:04, and DPBI1*04:01) had the highest HH |

for that locus (Figure 3). These six HLA alleles made up the 6-locus 05 ' P BE] A DPB1*04:01 @ DRBT

haplotype, A*33:03-C*14:03-B*44:03-DRBI*13:02-DQBI*06:04- i |97 ot

DPBI*04:01, with the highest frequency in this Japanese [ DC | . DQB‘I

population (Table 3). B*44:03 A B 0.4 | )‘DPB'{

The HH values are generally reduced by loci with high ’DOB?“OG:(M

heterozygosity. Therefore, it was relatively difficult for an allele at ~

HLA-DPBI to show high HH, because heterozygosities at the other RS E =403 e g'\ DRI

loci are high. Nevertheless, the DPBI*04:01 allele, which had a ¢ A%3303 =

population frequency of 6.1%, showed the highest HH value (0.53) of 021 @ 0.2

the 80 HLA alleles with frequencies higher than 1% (Figure 3). The o : * Vs

values of HH of the remaining 79 HLA alleles were less than 0.33, This T 011

finding suggests that DPBI*04:0] had undergone recent positive o ® ]

selection in Japan. The large HH values of the five other alleles &:F * ‘“

(A*33:03, C*14:03, B*44:03, DRBI*13:02, and DQBI*06:04) in this 0+ = = 0+ A A

6-locus HLA haplotype (ie, A*33:03-C*14:03-B*44:03- 0 0.2 0:4 2 02 3

AF AF

DRBI1*13:02-DQBI*06:04-DPBI1*04:01) appear to be due to the
hitchhiking effect of DPBI*04:01.

To investigate the effect of recombination on the decay of the
A*33:03-C*14:03-B*44:03-DRBI*13:02-DQBI*06:04- DPBI1*04:01
haplotype, the value of extended haplotype homozygosity (EHH)
was calculated for DPBI*04:0] (Figure 4). Although the EHH of
DPBI*04:0] was reduced at HLA-DQBI, the decrease in EHH was
almost negligible at HIA-DRBI, HLA-B, and HLA-C loci; these
findings indicate that, in this haplotype, recombination mainly has
occurred between DQBI*06:04 and DPBI*04:01.

Origin of DPB1*04:01 in Japanese

DPB1*04:01 is common (>30%) in European populations
[9,28], whereas the frequency of DPBI*(4:01 is 6.1% in Japanese
(Table 2). Given the worldwide distribution of DPBI*04:01, it is
unlikely that DPB1*04:01 originated in Japan. DPBI*04:0] seems
to have entered Japan. Archaeological studies of Japanese history
have suggested that the Yayoi people came from the Korean
peninsula circa 300 B.C., and mixed with the indigenous Jomon
people. A recent large-scale survey of single nucleotide polymor-
phisms (SNPs) on autosomal chromosomes [29] revealed that most
people presently inhabiting mainland Japan are genetically closer
to Koreans than to Ryukuans. Ryukuans are considered to be
more pure descendants of the Jomon people than are mainland
Japanese. These observations indicate that a large population of
Yayoi people migrated from the Korean peninsula. Although the
frequency of the  A*33:03-C*14:03-B*44:03-DRB1*]3:02-
DOBI*06:04-DPB1*04:0] haplotype in Koreans has not been

PLOS ONE | www.plosone.org

Figure 3. Haplotype homozygosity (HH) x allele frequency (AF)
of each HLA allele. The left and right panels show HH values of HLA
class | alleles and HLA class |l alleles, respectively. The class | alleles were
designated as follows: HLA-A (red diamond), HLA-C (yellow square), and
HLA-B (green triangle); the class Il alleles were designated as follows:
HLA-DRB1 (blue diamond), HLA-DQBI1 (purple square), and HLA-DPET
(pink triangle). In both panels, only HH values of alleles with frequencies
of more than 0.01 are shown.

doi:10.1371/journal.pone.0046806.9003

reported, DPBI*04:01, which was carried by A4*33:03-C*14:03-
B*44:03-DRBI*13:02-DQBI*06:04-DPB1*04:01, appears to have
derived from the Korean population because the A*33:03-
C*14:03-B*44:03-DRB1*13:02-DQBI1*06:04 and DRBI*13:02-
DOAI*01:02-DOBI*06:04-DPB1*04:01 haplotypes are observed
at the frequencies of 4.2% and 4.7% in Korean populations
[28,30,31]. These and similar haplotypes have not been reported
in other Asian populations (http://www.allelefrequencies.net)
[28].

If the A*33:03-C*14:03-B¥44:03-DRBI*13:02-DQBI1*06:04-
DPB1*04:01 haplotype has a single origin, the current genetic
diversity of this haplotype must be low. To assess the genetic
diversity of this haplotype, we performed a sliding window analysis
of individual heterozygosity, defined as a proportion of heterozy-
gous SNPs to all SNPs in the window (Figure 5). Reduced
individual heterozygosity was only found in the HLA region on the
short arm of chromosome 6 in all the three subjects that were
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homozygous for the A*33:03-C*14:03-B*44:03-DRBI*13:02-
DQBI*06:04-DPB1*04:01 haplotype (Figure 5A); in contrast, such
a reduction was not observed in two subjects that were
heterozygous for this haplotype (Figure 5B). Furthermore, three
subjects that were homozygous for the A*33:03-C*14:03-B*44:03-
DRBI*13:02-DQBI1*06:04-DPBI*04:0] haplotype shared the
same SNP haplotype that spanned more than 4 Mb in the HLA
region (Figure 5A). These observations suggest that the A*33:03-
C*14:03-B*44:03-DRB1*13:02-DQB1*06:04-DPB1*04:01 haplo-
type in Japanese has a single origin, and has not been generated
repeatedly by recombination.

Computer Simulation

The analysis of EHH revealed that the reduction in EHH for
DPBI*04:01 resulted from recombination between DQBI*06:04
and DPBI*04:01 that inhabited the A*33:03-C*14:03-B*#4:03-
DRB1*13:02-DQBI*06:04-DPB1*04:01 haplotype (Figure 4).
Therefore, the relationship between DQBI*06:04 and
DPBI1*04:01 was focused in the following analyses. The high
HH and EHH values of DPBI*04:01 (Figures 3 and 4) may merely
reflect that a neutral random genetic drift, rather than a recent
positive selection, occurred after the Yayoi people reached the
Japanese archipelago (300 B.C. or 2300 years ago). To assess this
possibility, we conducted a computer simulation assuming a two-
locus two-allele model in which changes in the frequency of four
haplotypes carrying DPBI*04:01 or non-DPBI*(4:01 alleles at the
HILA-DPBI locus and DQBI*06:04 or non-DOBI:06:04 alleles at
the HLA-DQBI locus were evaluated. In the simulation, the values
of three parameters: selection intensity, s, recombination rate, ¢,
and frequency of DQBI *06:04-DPBI*04:01 haplotype, £1(0), in the
beginning of the Yayoi period were drawn by a random number
generator in every run. Haplotype frequencies were subject to
change based on a stochastic model of positive selection,
recombination, and random genetic drift. Dominant selection
was assumed for DPBI*04:01, and, for the sake of simplicity, no
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selection (i.e., selectively neutral) was assumed for all alleles at the
DQBI locus. The rejection method [18,32,33] was applied to
accept only simulation runs that gave results similar to the
observed values (see Materials and Methods for details). The
uniform distribution was used for each parameter as a prior
distribution (see Materials and Methods for detail). Figure 6A
shows 2,500 parameter sets (i.e., posterior distributions) that were
accepted in these simulations. The posterior distribution of the
initial frequency of DQBI*06:04-DPBI1*(04:01 haplotype was
similar to the prior one, whereas the posterior distributions of
selection intensity and recombination rate were different from the
prior ones. In the posterior distribution, s ranged from 0.009 to
0.098, and the mean and 95% credible interval of s were 0.041
and 0.021—0.077, respectively (Figure 6B). It should be noted that
neutral random genetic drift (i.e., s=0) did not yield the results
similar to the observed values. The findings from the simulations
indicated that DPBI*04:01 has been subject to relatively strong
positive selection in Japanese since the Yayoi period.

Discussion

A number of HLA alleles have been shown to be associated with
variations in immune responses to infectious diseases (e.g., human
immunodeficiency virus [HIV]/AIDS, malaria, tuberculosis,
hepatitis, leprosy, leishmaniasis, and schistosomiasis) caused by
pathogenic microorganisms (see review by Blackwell et al. [34]).
The most plausible explanation for positive selection favoring
DPBI*04:01 would be its function in resistance to infections. A
recent genome-wide association study showed that the
DPAI*01:03-DPB1*04:0]1 haplotype confers protection against
hepatitis B virus (HBV) infection (OR =0.57, 95% CI = 0.33-0.96)
[35]. Hepatitis B is a deadly infectious disease. Acute hepatitis B,
which can cause fatal complications such as fulminant hepatitis,
occurs in a percentage of the people infected with HBV. Although
the estimated selection coefficient of s (0.0254-0.0550) for
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doi:10.1371/journal.pone.0046806.9005

DPBI*04:01 does not seem to result solely from protection against
infection with HBV, HBV infection may have been one of the key
driving forces for the rapid increase in frequency of DPBI*04:01 in
the Japanese population.

Here, the analysis of HH was used to detect a signature of recent
positive selection. The advantage of using HH in the analysis of
HLA genes is that alleles with similar frequencies not only at the
same HIA locus, but also at different loci, can be compared. This
feature of analyses based on HH allows us to compare HLA4 alleles
even within the same long-range haplotype. Since the same
polymorphic markers are used for all HLA alleles in the calculation
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of HH, the effect of recombination on the value of HH can be well
controlled. However, the HH analysis has a disadvantage in that
the empirical distribution of HH value has to be obtained from
only those alleles that are in the targeted region. Therefore, unlike
conventional long-range haplotype tests based on EHH values
[17,36], the statistical test based on HH values cannot be
performed using genome-wide data. Nevertheless, HH-based test
is thought to be suitable for analysis of HLA genes because each
locus has a number of alleles to be examined and strong LD exists
between alleles even at distant loci. The use of HH in the analysis
of various human populations would help us to detect other HILA
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alleles that have been subject to geographically-restricted positive
selection and to understand the role of HIA genes in the
adaptation of human population to local environments over
evolutionary time.

To estimate the selection coefficient of DPBI*04:01, we used a
simple two-locus two-allele genetic model that was based on two
assumptions, directional selection at DPBI and selective neutrality
at HLA-DQBI. The problem associated with the use of this model
was that the Ewens-Watterson test revealed that the allele
frequency distribution at HIA-DQBI in this study population
deviated significantly from that expected under neutrality
(Table 2); therefore, the assumption of selective neutrality at
HLA-DQBI may not be valid. If balancing selection is operating at
HIA-DQBI, the allele frequency of DQBI*06:04 is maintained at a
certain frequency, and the change in the allele frequency of
DFPBI1*04:01 must be influenced by this selection at HLA-DQBI,
although the effect of balancing selection at HLA-DQBI on the
estimation of s is considered to be much smaller than that of
directional selection favoring DPBI*04:01.

In this study, six HLA loci were investigated in 418 Japanese
subjects. Of HILA alleles with  high population frequencies,
DPBI1*04:01, which was present in the most common 6-locus
HIA haplotype spanning more than 4 Mb, showed exceptionally
high HH. A computer simulation estimated the selection
coefficient of DPBI*04:0] as 0.041. Taken together with high
HH value of DPBI*04:01, we conclude that DPBI*04:01 has
recently undergone strong positive selection in Japanese popula-
tion.

Materials and Methods

Subjects

All 418 individuals investigated in this study were unrelated
Japanese adults living in Tokyo or neighboring areas. The
genomic DNAs were extracted from peripheral blood samples
using a commercial kit (QlAamp Blood Kit [Qiagen, Hilden,
Germany]). All blood and DNA samples were de-identified.
Verbal informed consent was obtained from all the participants
before 1990. In this study, written informed consent was not
obtained because the blood sampling was conducted before the
“Ethical Guidelines for Human Genome and Genetic Sequencing
Research™ were established in Japan. Under the condition that
DNA sample is permanently de-linked from the individual, this
study was approved by the Research Ethics Committee of the
Faculty of Medicine, University of Tokyo.

HLA Typing

DNA typing of HLA alleles was performed by HLA LABORA-
TORY (Kyoto, Japan) using a Luminex Multi-Analyte profiling
system (xMAP; Luminex, Austin, TX, USA) [37].

SNP Typing

Five Japanese subjects who had at least one A*33:03-C*]4:03-
B*44:03-DRB1*15:02-DOBI*06:04-DPB1*04:01 haplotype were
genotyped using the Axiom™ Genome-Wide ASI 1 Array Plate
(Affymetrix Inc., Santa Clara, CA, USA). Of five subjects, three
subjects were homozygous for the A*33:03-C*14:03-B*44:03-
DRBI*13:02-DOBI*06:04-DPB1*04:01 haplotype and two subjects
had the heterozygous genotypes of the A*33:03-C*14:03-B*44:03-
DRBI*13:02-DQBI*06:04-DPB1*04:01  haplotype and the
A*24:02-C*07:02-B*07:02-DRBI*01:01-DQBI1*05:01-DPB1%*04-:02
haplotype and of the A*33:03-C*14:03-B*#4:03-DRBI1*13:02-
DQBI*06:04-DPBI*04:0] haplotype and the A*24:02-C*]2:02-
B*52:01-DRBI*15:02-DQBI*06:01-DPB1*09:01 haplotype.
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Statistical Analysis

Deviation from HWE for each HLA locus was tested using an
exact test available in a web-based software, Genepop 4.0.10 [38].
Using Arlequin version 3.5 [39], the Ewens-Watterson test [40],
which is based on Ewens sampling theory of neutral alleles [19],
was performed to assess whether the observed distribution of allele
frequencies at each HIA locus was different from an expectation
that was based on neutrality.

To evaluate the degree of LD between HIA alleles, values of 1
and [’ [21] for all pairwise combinations of HIA alleles were
calculated based on the haplotype frequencies estimated using the
expectation maximization algorithm [20]. Here, each HILA allele
was regarded as a single nucleotide polymorphism (SNP). For
example, the A*07:0] allele and the other alleles at the HI.4-A
locus were designated as “A™ and “G”, respectively. Accordingly,
the algorithm for the estimation of haplotype frequencies for two
loci, each with two alleles, could be applied to the HIA loci with
multiple alleles for the purposes of these pairwise comparisons.

The LD parameter, 2-locus |D'|, between any two HIA loci
(locus 1 and locus 2) was calculated based on the pairwise LD
parameter, IV, between ith allele at locus 1 and jth allele at locus 2
as follows: 2-locus |D'|= 371, 377, pigjIDjjl, where p; and g
represent the frequencies of ith allele at locus 1 with m different
alleles and jth allele at locus 2 with n different alleles. Spearman’s
rank correlation coefficient between 2-locus |D’| and the physical
distance was calculated. Assuming a model: 2-locus
| D' = (] —0.67x 1075 % .\‘)a, the curve fitting model parameter,
a, was estimated using the least squares method; this method
minimizes the sum-of-squared residual between an observed value
and a fitted value that was determine by a model. In the above
equation, the physical distance (Kb) between two loci is denoted by
x and the recombination intensity in the HLA region was set at
0.65 cM/Mb [27,41].

The phased haplotypes consisting of two or more HLA loci were
estimated using the PHASE program version 2.1 [25,26]. The
estimated 6-locus haplotypes were further used for the calculation
of extended haplotype homozygosity (EHH) [17] and of haplotype
homozygosity (HH). In this study, HH of each HLA allele was
defined as the probability that any two randomly chosen samples
of haplotype bearing the HIA allele have the same 6-locus HIA
haplotype.

A sliding window analysis of individual heterozygosity, which was
defined as the proportion of heterozygous SNPs to SNPs genotyped
in a single subject, was conducted to examine whether the 4*33:03-
C*14:03-B*44:03-DRBI*13:02-DQB1*06:04-DPB1*04:01  haplo-
type had a single origin in Japan. 19,949 SNPs located on 6p were
genotyped, and the average SNP density was 0.34 SNP/kb. The
window and step sizes were 1 Mb and 200 kb, respectively. This
analysis was performed using the SNP data from the five subject
included in the SNP typing: three subjects were homozygous for the
A*33:05-C*14:03-B*44:03-DRBI1*13:02-DQBI1*06:04-DPB1*04:01
haplotype and two subjects had the heterozygous genotypes of the
A*33:03-C*14:03-B*44:03-DRBI *13:02-DQBI*06:04-DPB1*04:01
haplotype and the A*24:02-C*07:02-B*07:02-DRBI1*01:01-
DQBI*05:01-DPBI*04:02 haplotype and of the A*33:03-C*14:03-
B*44:03-DRBI1*13:02-DQBI*06:04-DPB1*04:01 haplotype and the
A*24:02-C*12:02-B*52:01-DRBI1*15:02-DQB1*06:01-DPB1*09:01
haplotype.

Computer Simulation

To estimate the intensity of recent positive selection acting on
DPBI1*04:01, a stochastic population genetic model (two-locus
two-allele model) assuming both positive selection and random
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genetic drift was built and assessed. The diploid population size, N,
was set to be 10,000 (i.e., 20,000 chromosomes). Four haplotypes
carrying DPBI1%04:01 or non-DPBI*04:01 alleles (designated by
DPBI*X) at the HLA-DPBI locus and DQBI*06:04 or non-
DQBI1:06:04 alleles (designated by DQBI*X) at the HLA-DQBI
locus were used in this model. The frequencies of the
DQBI#*06:04-DPB1*04:01, DQBI*X-DPBI1*04:01, DQBI*06:04-
DPBI*X, and DQBI*X-DPBI*X haplotypes at generation ¢ were
denoted by fi()), /2(), f3(t), and fi(), respectively. The current
frequencies of the corresponding haplotypes in our study
population were denoted by £, fo, f3, and fz. A dominant selection
was assumed for DPBI*04:0] (ie., relative finesses of
DPBI1*04:01/DPB1*04:01, DPB1%04:01/DPBI1*X, and DPBI*X/
DPBI*X are 1, 1, and 1 - s, respectively). The initial haplotype
frequencies were set as f1() = z, o) = 0, f3() = (1 —2)fs/(f5+ f2), and
fild = (1—2)a/(fs+ f2). The recombination between HLA-DPBI and
HILA-DQBI loci was assumed to occur at a rate of ¢. Since the
recombination rate between HLA-DQBI and HLA-DPBI has been
estimated to be between 0.004 and 0.012 [41,42], a uniform
recombination rate (¢) within this range was used as a prior
distribution. To estimate suitable parameter sets of z, s, and ¢, each
value was drawn by a random number generator in every
simulation run. The random numbers were between 0.0001 (i.e.,
2/2Nj and 0.005 (i.e., 100/2N) for z, between 0 and 0.1 for s, and
between 0.004 and 0.012 for ¢.

Next, to evaluate the similarity between simulated and observed
frequencies,

(f(l) _ft
Ji+fi

was calculated. As the simulated haplotype frequencies, £i(3), £(f),
/3(8), and f2(f), approaches values close to the observed frequencies,
S J2s 3, and f, the value of e approaches 0. The rejection method
[18,32,33] was used to accept only simulation runs that resulted in
(i) e of less than 0.01, (ii) f1(2) of not less than f;—0.01 nor more than
f1+0.01, and (iii) ¢ of not less than 92 nor more than 115
* generations. A total of 2,500 runs were accepted. The mean and

=y LAY

i=1
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For the identification of susceptibility loci for primary biliary cirrhosis (PBC), a genome-wide association study (GWAS) was performed in
963 Japanese individuals (487 PBC cases and 476 healthy controls) and in a subsequent replication study that included 1,402 other Japa-
nese individuals (787 cases and 615 controls). In addition to the most significant susceptibility region, human leukocyte antigen (HLA),
we identified two significant susceptibility loci, TNFSF15 (rs4979462) and POUZAF1 (rs4938534) (combined odds ratio [OR]=1.56,p=
2.84 x 10~ for 154979462, and combined OR = 1.39, p = 2.38 x 107 for rs4938534). Among 21 non-HLA susceptibility loci for PBC
identified in GWASs of individuals of European descent, three loci (IL7R, IKZF3, and CD80) showed significant associations (combined
p=3.66 x 1075 3.66 x 10°°, and 3.04 x 10~°, respectively) and STAT4 and NFKBI loci showed suggestive association with PBC
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(combined p = 1.11 x 10~° and 1.42 x 1077, respectively) in the Japanese population. These observations indicated the existence of
ethnic differences in genetic susceptibility loci to PBC and the importance of TNF signaling and B cell differentiation for the develop-
ment of PBC in individuals of European descent and Japanese individuals.

Primary biliary cirrhosis (PBC, MIM 109720) is a chronic
and progressive cholestatic liver disease, presumably
caused by autoimmune reactions against biliary epithelial
cells, leading to liver cirrhosis and hepatic failure.! The
incidence and prevalence of PBC range from 0.33 to 5.8
and from 2 to 40 per 100,000 inhabitants, respectively,
in different geographical areas.” This may indicate the
contribution of environmental or genetic factors in the
development of PBC, whereas the clinical profiles of PBC
are thought to be similar between different ethnicities
and/or different geographical areas, including European-
descent and eastern Asian populations. The high concor-
dance rate in monozygotic twins compared to dizygotic
twins® and familial clustering of individuals with PBC indi-
cate the involvement of strong genetic factors in the devel-
opment of PBC; however, the pathogenesis of PBC is
still poorly understood. Previous genome-wide association
studies (GWASs) and subsequent meta-analyses have iden-
tified HLA and 21 non-HLA susceptibility loci (IL12A [MIM
161560], IL12RB2 [MIM 601642], STAT4 [MIM 600558],
IRFS [MIM 607218], IKZF3 [MIM 606221], MMEL1 [MIM
120520], SPIB [MIM 606802], DENND1B [MIM 613292),
CD80 [MIM 112203], IL7R [MIM 146661], CXCRS [MIM
601613], TNFRSFIA [MIM 191190], CLEC16A [MIM
611303], NFKB [MIM 164012], RADSIL1 [MIM 602948],
MAP3K7IP1 [MIM 602615], PLCL2 [MIM 614276],
RPS6KA4 [MIM 603606], TNFAIP2 [MIM 603300], 7p14,
and 16q24) to PBC in individuals of European descent,*”
indicating the important role of several autoimmune
pathways (i.e., IL12A signaling, TNF/TLR-NF-«B signaling,
and B cell differentiation) in the development of PBC.
However, GWASs for PBC have never been reported for
ethnicities other than European descent, limiting our
knowledge of the genetic architecture of PBC. Here, we
conducted a GWAS for PBC in the Japanese population
to identify host genetic factors related to PBC, which
would not only expand our knowledge of pathogenic
pathways in PBC but also lead to the development of
rationale for therapies in the future.

Samples from 2,395 individuals (1,295 cases with PBC and
1,100 healthy volunteers working at the National Hospital
Organization (NHO) in Japan as a medical staff who declared
having no apparent diseases, including chronic liver
diseases and autoimmune diseases [healthy controls]) were
collected by members of the Japan PBC-GWAS Consortium,
which consists of 31 hospitals participating in the NHO
Study Group for Liver Disease in Japan (NHOSL]) and 24
university hospitals participating in the gp210 Working
Group in Intractable Liver Disease Research Project Team
of the Ministry of Health and Welfare in Japan. Most of
the case and control samples were collected from the main-
land and the neighboring islands of Japan (Honshu,
Kyushu, and Shikoku). Previous studies have shown that

there is little genetic heterogeneity in resident populations
in these areas.” In fact, the genetic inflation factor was
close to 1.00, and only a small portion of the samples were
identified as outliers in the principal component analysis.
The cases were diagnosed with PBC if they met at least
two of the following internationally accepted criteria:°
biochemical evidence of cholestasis based mainly on
alkaline phosphatase elevation, presence of serum anti-
mitochondrial antibodies, histological evidence of non-
suppurative destructive cholangitis, and destruction of
interlobular bile ducts. The demographic details of PBC
cases are summarized in Table S1, available online. Of the
487 PBC cases in the GWAS, 57 were male and 430 were
female, ages ranged from 33 to 90 years, the median age
was 66 years, 320 cases had early-stage PBC (a stage without
any signs indicating portal hypertension or liver cirrhosis),
110 had late-stage PBC without jaundice (a stage with signs
of portal hypertension or liver cirrhosis but without persis-
tent jaundice), and 57 were at the late stage with jaundice
(persistent presence of jaundice [total bilirubin >2 mg/dl]).
Of the 476 healthy controls in the GWAS, 170 were male
and 306 were female, ages ranged from 25 to 87 years, and
the median age was 40. Of the 808 PBC cases in the replica-
tion set, 120 were male and 688 were female, ages ranged
from 24 to 85 years, the median age was 61 years, 646 had

-early-stage PBC, 121 had late-stage PBC without jaundice,

and 39 were at the late stage with jaundice. Of the 624
healthy controls in the replication set, 271 were male and
353 were female, ages ranged from 24 to 74 years, and the
median age was 33 years. Concomitant autoimmune
diseases are also shown in Table S1. As for inflammatory
bowel diseases such as Crohn disease (CD, MIM 266600)
and ulcerative colitis (UC, MIM 266600), only one out of
1,274 PBC cases had UC, but none had CD. DNA was ex-
tracted from whole peripheral blood with the QIAamp
DNA Blood Midi Kit (QIAGEN, Tokyo).

For the GWAS, we genotyped 1,015 samples (515
Japanese PBC cases and 500 Japanese healthy controls)
using the Affymetrix Axiom Genome-Wide ASI 1 Array,
according to the manufacturer’s instructions. After ex-
cluding three PBC samples with a Dish QC of less than
0.82, we recalled the remaining 1,012 samples (512 cases
and 500 controls) using the Genotyping Console v4.1
software. Here, Dish QC represents the recommended
sample quality control (QC) metric for the Axiom
arrays.'” Of the 600,000 SNPs embedded in the array,
samples with an overall call rate of less than 97% were
also excluded. As a result, 508 cases and 484 controls
were subjected to further analysis. All samples used for
GWAS passed a heterozygosity check, and no duplicated
and related samples were identified in identity by descent
testing. Moreover, principal component analysis found
29 outliers to be excluded via the Smirnov-Grubbs test
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and finally showed that all PBC cases (n = 487) and
healthy controls (n = 476) formed a single cluster together
with the HapMap JPT (Japanese in Tokyo from the CEPH
collection), but not with CHB (Han Chinese in Beijing)
samples (Figure S1, Table S2). These results indicate that
the effect of population stratification was negligible. The
average overall call rates of the remaining 487 PBC cases
and 476 healthy controls were 99.38% (97.15-99.80) and
99.27% (97.01-99.81), respectively.!' We then applied
the following thresholds for SNP quality control during
the data cleaning: SNP call rate >95%, minor allele
frequency =35% in both PBC cases and healthy controls,
and Hardy-Weinberg Equilibrium (HWE) p value >0.001
in healthy controls.’? Of the SNPs on autosomal chromo-
somes and in the pseudoautosomal regions on the X chro-
mosome, 420,928 and 317 passed the quality control filters
and were used for the association analysis, respectively
(Table $3). A quantile-quantile plot of the distribution of
test statistics for the comparison of genotype frequencies
in PBC cases and healthy controls showed that the infla-
tion factor lambda was 1.039 for all the tested SNPs,
including those in the HLA region, and was 1.026
when SNPs in the HLA region were excluded (Figures S2A

and S2B). Table S4 shows the 298 SNPs with p < 0.0001
in the GWAS. All cluster plots for the SNPs with a p <
0.0001 from a chi-square test of the allele frequency model
were checked by visual inspection, and SNPs with ambig-
uous genotype calls were excluded. For the GWAS and
replication study, a chi-square test was applied to a two-
by-two contingency table in an allele frequency model.
Figure 1 shows a genome-wide view of the single-point
association data, which are based on allele frequencies.
We found that the HLA-DQBI locus (MIM 604305)
had the strongest association with susceptibility to PBC
(rs9275175, odds ratio [OR] = 1.94; 95% confidence in-
terval [CI] = 1.62-2.33, p = 8.30 x 10~'%) (Figure 1 and
Table S4); this finding was consistent with findings from
previous studies.*”” In addition to the HLA class II region,
loci TNESF15 and POU2AF1 showed evidence indicative of
association with PBC (154979462, OR = 1.63; 95% CI =
1.36-1.95, p = 1.21 x 1077 for TNFSF15; 14938534, OR =
1.53;95% CI = 1.28-1.83, p = 3.51 x 10~° for POU2AFI).
In a subsequent replication analysis, 27 SNPs with p <
0.0001 in the initial GWAS were also studied, in addition
to SNPs at the TNFSF15 and POU2AF] loci. Tagging SNPs
were selected from the regions surrounding TNFSF15 and
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Figure 2. LD Structure, p Values, and OR Plots in the Association Analysis

LD maps (A) around TNFSF15 (chr9: nucleotide position: 116561403-116733452; build 36.3) and (B) around POU2AF1 (chr11: nucle-
otide position: 110684600-110802128; build 36.3). The middle panels show estimates of pairwise r* for (A) 28 SNPs and (B) 33 SNPs in
the high-density mapping with a total of 2,365 samples used. The bottom panels show p values and OR-based chi-square tests for the
allelic model for the left panels of 963 samples in the GWAS (@), the right panels of 1,402 samples in the replication study (A ), and the

combined analysis (<).

POU2AF1 (28 and 33, respectively) for high-density associ-
ation mapping (Table S5, Figures 2A and 2B). For this
follow-up replication analysis, an independent set of
1,402 samples (787 Japanese PBC cases and 615 Japanese
healthy controls) and the original set of 963 samples
(487 PBC cases and 476 healthy controls) were genotyped
with the DigiTag2"? and custom TagMan SNP genotyping
assays (Applied Biosystems, Foster City, CA, USA) on the
LightCycler 480 Real-Time PCR System (Roche, Man-
nheim, Germany). The strongest associations identified
in the initial GWAS were replicated in the independent
set of 1,402 samples (OR = 1.52, p = 5.79 x 107® for
rs4979462; OR = 1.29, p = 9.32 x 10~* for rs4938534,
Table 1). The combined p values were 2.84 x 107'*
(OR = 1.56; 95% CI = 1.39-1.76) for rs4979462 and
238 x 107® (OR = 1.39; 95% CI = 1.24-1.56) for
154938534 (Table 1), both of which reached the genome-
wide significance level of p < 5 x 1075, In contrast, the
other 27 weakly associated SNPs identified in the initial
GWAS (p values <0.0001) were not found to have signifi-
cant associations with PBC (Table S5). Moreover, no
strongly associated SNPs were observed when comparing
PBC cases between the early and late stages (Table S5).

A haplotype analysis of the TNFSF15 and POU2AFI
regions was conducted with the use of the genotype data
from all 2,365 samples (1,274 PBC cases and 1,091 healthy
controls). Linkage disequilibrium (LD) blocks were
analyzed with Gabriel’s algorithm,'* and five blocks were
observed in the TNFSFI15 region and seven blocks in the
POU2AF1 region (Figures 2A and 2B). There were no differ-
ences in the LD blocks between PBC cases and healthy
controls. The risk haplotypes in each region showed a
lower level of association than did the individual SNPs
(p = 8.26 x 10~ for TNFSF15 and p = 1.00 x 10~ for
POU2AF1) (Tables S6 and S7).

Next, we focused on data from our initial GWAS in 21
loci that are reportedly associated with susceptibility to
PBC in populations of European descent.*” We found
that three such loci (IL7R, IKZF3, and STAT4) had p values
of less than 0.001 and eight other such loci (RAD5IL1,
CXCRS, PLCL2, IL12RB2, NFKB1, CD80, DENNDIB, and
7pl4) showed evidence of marginal associations (p <
0.05) in the initial GWAS in 487 Japanese PBC cases and
476 Japanese healthy controls (data not shown). We geno-
typed three SNPs (1s6890503 for IL7R, rs9303277 for
IKZF3, and rs7574865 for STAT4) in an independent set
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Table 1. TNFSF15 SNP rs4979462 and POUZAF1 SNP rs4938534 Assoclated with Susceptibility to PBC
PBC Cases Healthy Controls OR*
MNearest  Risk Allele
dbSNP rsID  Gene Allele (1/2) Stage 1 12 22 RAF 11 12 22 RAF 95% CI p Value®
154979462  TNFSF15 T T/C GWAS 154 244  B6 0.57 98 230 146 045 1.63 9] 105"
(31.8) (50.4) (17.8) (20.7) (48.5) (30.8) (1.36-1.95)
Replication 253 390 141 0.57 131 305 170" " 0.47¢ 1.52 5.79 x 1078
(32.3) (49.7) (18.0) (21.6) (50.3) (28.1) (1.30-1.76)
Combined 407 634 227 0.57 229 535 316 0.46 1.56 2.84 x 1071
(32.1) (50.0) (17.9) (21.2) (49.5) (29.3) (1.39-1.76)
154938534  POU2AF1 A G/A  GWAS 114 229 141 053 151 247 77 042 1.53 3.51 x 107¢
(23.6) (47.3) (29.1) (31.8) (52.0) (16.2) (1.28-1.83)
Replication 179 391 215 052 179 299 130 046 1.29 9.32 x 107*
(22.8) (49.8) (27.4) (29.4) (49.2) (21.4) (1.11-1.50)
Combined 293 620 356 052 330 546 207 044 139 2.38 x 107®
(23.1) (48.9) (28.1) (30.5) (50.4) (19.1) (1.24-1.56)

Parenthetical numbers indicate the percentage of allele 11, 12, or 22 among total alleles in PBC cases or healthy controls. The following abbreviations are used:
PBC, primary biliary cirrhosis; RAF, risk allele frequency; and GWAS, genome-wide association study.

0dds ratio (OR) of minor allele from the two-by-two allele frequency table.
Bp value of Pearson’s chi-square test for the allelic model.

of 1,402 samples (787 Japanese PBC cases and 615 Japanese
healthy controls) and the original set of 963 samples (487
PBC cases and 476 healthy controls) using the DigiTag2"?
and custom TagMan SNP genotyping assays. Two SNPs,
1s6890853 and rs9303277 located in loci IL7R and IKZF3,
respectively, showed significant associations and the
STAT4 locus (rs7574865) showed suggestive association
with PBC in 2,365 Japanese samples (1,274 PBC cases and
1,091 healthy controls) (rs6890853, combined p value =
3.66 x 107, OR = 1.47 for IL7R; 19303277, combined
p value = 3.66 x 1077, OR = 1.44 for IKZF3; rs7574865,
combined p value = 1.11 % 1074, OR = 1.35 for STAT4)
(Tables S5 and S8).

Moreover, we genotyped 16 additional associated SNPs,
all of which were the same SNPs as identified in previous
studies,*” and revealed that six out of 16 SNPs (located
on CXCRS, NFKB1, CD80, DENND1B, MAP3K7IP1, and
TNFAIP2) were replicated (p < 0.05) in 2,365 Japanese
samples (Table S$8). The SNP rs2293370, located in the
CD80 locus, showed a significant association and the
NFKBI1 locus (rs7665090) showed a suggestive association
with PBC in the Japanese population (rs2293370, com-
bined p value = 3.04 x 10~°, OR = 1.48 for CD80;
157665090, combined p value = 1.42 X 107, OR = 1.35
for NFKB1). Although further study for determining the
primary SNP at each locus is necessary, the remaining ten
loci (RAD51L1, PLCL2, IL12RB2, IRFS, SPIB, RPS6KA4,
CLEC16A, TNFRSF1A, IL12A, and MMEL1) did not show
significant association (p < 0.05) with PBC in the Japanese
population (Table $8).

In the current GWAS in the Japanese population, we
identified two significant susceptibility loci for PBC,
TNFSF15 (rs4979462) and POU2AF1 (rs4938534), which
had not been identified in the previous GWAS in popula-
tions of European descent. In addition, of the 21 PBC
susceptibility loci that have been identified in populations

of European descent, three loci (IL7R, IKZF3, and CD80)
showed significant associations and two loci (STAT4 and
NFKB1) showed suggestive associations with PBC in the
Japanese population. Eight other loci (RADS1L1, CXCRS,
PLCL2, IL12RB2, DENNDI1B, MAP3K7IP1, TNFAIP2, and
7p14) also showed marginal associations with PBC in the
Japanese population. These results indicate the presence
of additional important disease pathways (via TNFSF15
and POU2AF1)—differentiation to T helper 1 (Th1) cells
(via IL7R and STAT4), B cell differentiation (via IL7R
and IKZF3), T cell activation (via CD80), and NF-«xB
signaling—in addition to the previously reported disease
pathways in the development of PBC in Japanese popula-
tions.

TNFSF15 is a newly described member of the TNF super-
family that interacts with death receptor 3 (DR3 [MIM
603366], also known as TNFRSF25) not only to promote
effector T cell expansion (i.e., Th1l and Th17 cells) and
cytokine production (i.e., interferon-y [IFN-y, MIM
147570]) at the site of inflammation, but also to induce
apoptosis in cells that overexpress DR3.'® Interestingly,
genetic polymorphisms in TNFSF15 are associated with
susceptibility to CD, UC, ankylosing spondylitis (AS,
MIM 106300), and leprosy (MIM 609888)'**° (Table S8).
Strong association of five SNPs (rs3810936, rs6478108,
rs6478109, rs7848647, and 1s7869487) in the TNFSF15
region with CD was first reported for a Japanese popula-
tion,'® and the finding was replicated in an indepen-
dent Japanese population and in European-descent and
Korean populations.?’*> Another SNP within TNFSF15
(rs4263839) is also associated with susceptibility to CD in
populations of European descent.'”*?® In addition, the
risk alleles of the SNPs were significantly associated with
TNFSF15 mRNA expression in peripheral blood.””*® Given
that there exists strong LD among SNPs in TNFSF15,
including those in the promoter region (rs6478109 and
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rs7848647) and introns (rs4263839 and rs4979462), it is
very probable that the PBC susceptibility haplotype con-
taining rs4979462 also influences TNFSF15 mRNA expres-
sion. Additionally, TNFSF15 signaling via DR3 synergizes
with interleukin-12 (IL-12) and IL-18 to promote IFN-y
production.’”® The IL-12 signaling pathway includes
IL12A and IL12RB (MIM 601604), variants of which have
been identified as PBC susceptibility loci in previous
GWASs of peoples of European ancestry, and has been
‘implicated as a key player in the pathogenesis of PBC.*7
STAT4 is essential for IL-12 signal transduction via the
IL-12 receptor (IL12R) for IFN-y production and Th1 polar-
ization.”” Thus, the evidence that TNFSF15 and STAT4
were identified and confirmed as PBC susceptibility loci
in the present study might indicate that the IL-12 signaling
pathway via IL12R is also operative in PBC pathogenesis in
Japanese populations, as it is in populations of European
descent.

POU2AF1 is a B cell-specific transcriptional factor that co-
activates octamer-binding transcriptional factors POU2F1
(MIM 164175) and POU2F2 (MIM 164176) on B cell-specific
promoters; thus, POUZ2AF] is essential for B cell matura-
tion and germinal center formation.*® The E-twenty six
transcription factor Spi-B was recently identified as a direct
target of the coactivator POU2AF1.>! Spi-B is an important
mediator of both B cell receptor signaling and early T cell
lineage decisions.’>** Spi-B also induces IL7R-induced
CD40 (MIM 109535, MIM 300386) expression.** Given
that Spi-B has been identified as a PBC susceptibility gene
in previous GWASs of peoples of European ancestry,®”-*5
variation of POU2AFI might function along with Spi-B in
this pathway of B cell signaling and differentiation. The
lack of POU2AF1 reportedly prevents the development of
autoimmunity in Aiolos (also known as IKZF3) mutant
mice, which have a systemic lupus erythematosus (MIM
152700)-like phenotype, and in MRL-Ipr mice.***” IKZF3
and IL7R were both replicated and confirmed as PBC
susceptibility loci in this study; IKZF3 functions as a
transcription factor that participates in the generation of
high-affinity bone marrow plasma cells responsible for
long-term immunity, and IL7R participates in pre-B cell
expansion.*®*? Collectively, these results strengthen the
notion that the B cell signaling pathway is involved in
the development of PBC.

In conclusion, TNFSF15 and POU2AF1 were identified as
significant susceptibility loci for PBC in a Japanese popula-
tion. Our results provide further evidence for the presence
of (1) ethnic differences in genetic susceptibility loci (i.e.,
TNFSF15, IL12A, and IL12RB2), (2) a new autoimmune
pathway (i.e., TNFSF1S signaling) shared with other auto-
immune diseases (CD, UC, and AS), and (3) common
pathogenic pathways such as B cell differentiation (i.e.,
POU2AF1, IKZF3, and SPIB), IL-12 signaling (i.e., IL12A,
IL12RB2, and STAT4), and T cell activation (i.e., CD80)
for the development of PBC in individuals of European
descent and Japanese individuals (Table S8). Functional
analysis of these genetic loci, as well as the identification

of additional susceptibility loci associated with PBC in
eastern Asian populations, should facilitate the analysis
of the pathogenesis of PBC worldwide and aid the develop-
ment of rationale for therapies in the future.

Supplemental Data

Supplemental Data include two figures, eight tables, and Supple-
mental Acknowledgments and can be found with this article
online at http://www.cell.com/AJHG/.
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