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Abstract A genome-wide association study (GWAS)
identified tumor necrosis factor superfamily member 15
(TNFSF15) as the strongest associated gene with suscep-
tibility to primary biliary cirrhosis (PBC) outside the HLA
loci in the Japanese population. However, causal func-
tional variants of the TNFSF15 locus and the molecular
mechanism underlying disease susceptibility have not
been clarified. Here, to identify the functional causal vari-
ants of the TNFSF15 locus, integrated analysis comprising
in silico analysis, a case—control association study and in
vitro functional analysis was performed. Initially, 32 func-
tional candidate single-nucleotide polymorphisms (SNPs)
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in the expression regulatory motifs, the coding region, or
the untranslated regions (UTRs) of the TNFSF15 locus
were selected by in silico analysis. By the case—con-
trol association studies using PBC patients (n = 1279)
and healthy controls (n = 1091) in the Japanese popula-
tion, rs4979462 [P = 1.85 x 10714 (our previous study)],
1s56211063 (P = 2.21 x 107'%), and rs55768522 (> = 1
with rs4979462) were likely candidates for causal variants.
Among these SNPs, rs4979462 was identified as the causal
variant by in vitro functional analysis using luciferase
assay and electrophoretic mobility shift assay (EMSA).
Super-shift assay clarified that PBC-susceptible allele of
rs4979462 generated a novel NF-1 binding site. Moreo-
ver, higher endogenous TNFSF15 protein and mRNA
expression levels were observed in individuals with the
PBC-susceptible allele of rs4979462. This study identified
the causal variant for PBC susceptibility in the TNFSF15
locus and clarified its underlying molecular mechanism.
TNFSF15 and NF-1 are considered to be potential targets
for the treatment of PBC.

Introduction

Primary biliary cirrhosis (PBC) is a chronic and cholestatic
liver disease that is presumed to be caused by an autoim-
mune reaction against biliary epithelial cells leading to the
destruction of intrahepatic bile ducts, portal inflammation,
liver cirrhosis, and hepatic failure (Kaplan and Gershwin
2005). The concordance rate of PBC in identical twins is
higher than that in other autoimmune diseases (Selmi et al.
2004), and the relative sibling risk (Ag) in PBC is estimated
to be 10.5 (Jones et al. 1999). These findings may indicate
the contribution of strong genetic factors to the develop-
ment of PBC. Genome-wide association studies (GWAS)
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and subsequent meta-analyses in European descent have
identified HLA and over 20 non-HLA susceptibility loci
(IL12A, ILI12RB2, STAT4, IRFS, IKZF3, MMELI, SPIB,
DENNDIB, CD80, IL7R, CXCR5, TNFRSFIA, CLECI6A,
NFKB, RADS5ILI, MAP3K7IPI, PLCL2, RPS6KA4,
TNFAIP2, Tpl4, and 16q24) as the genes associated with
susceptibility to PBC (Hirschfield et al. 2009, 2010; Liu
et al. 2010; Mells et al. 2011). We recently performed a
GWAS for PBC in the Japanese population and identified
tumor necrosis factor superfamily member 15 (TNFSF15)
and POU domain class 2 associating factor 1 (POU2AFI)
as new genes contributing to susceptibility to PBC in the
Japanese population (Nakamura et al. 2012). However,
causal functional variants in the TNFSF15 locus and their
molecular mechanisms that underlie the disease suscepti-
bility to PBC have not been clarified.

TNFSF15 is a member of the tumor necrosis fac-
tor (TNF) superfamily that interacts with death recep-
tor 3 (DR3, known as TNFRSF25) (Migone et al. 2002).
TNFSF15 is produced by inflammatory cytokine (TNFa or
IL-1)-stimulated endothelial cells, or by microbial antigen
[Toll-like receptor (TLR) ligands]-stimulated monocyte
and dendritic cells (Cassatella et al. 2007; Shih et al. 2009;
Yue et al. 1999). TNFSF15 has been reported to be involved
in apoptosis, cell proliferation, and polarization to Th1 and
Th17 cells (Haridas et al. 1999; Bayry 2010; Bamias et al.
2010; Zhou et al. 2014). Furthermore, serum TNFSF15 lev-
els are significantly increased in PBC as well as in other
inflammatory diseases that are caused by altered immu-
nological reactions (Aiba et al. 2014; Bamias et al. 2003,
2008, 2011; Bull et al. 2008). Genetic polymorphisms of
human TNFSF15 have also been reported to be associated
with susceptibility to Crohn’s disease (CD), ulcerative coli-
tis (UC), ankylosing spondylitis (AS), and leprosy (Bar-
rett et al. 2008; Zhang et al. 2009; Zinovieva et al. 2009;
Latiano et al. 2011; Yamazaki et al. 2013). However, SNPs
in the TNFSF15 locus that mediated susceptibility to each
disease were not in strong linkage disequilibrium with
rs4979462, which was the SNP in the TNFSF15-TNFSFS8
region that showed the strongest association with suscep-
tibility to PBC in the Japanese population in our previous
GWAS (Nakamura et al. 2012).

In the present study, SNPs in the TNFSFI5-TNFSF8
region that are located in expression regulatory motifs, the
coding region, or in untranslated regions (UTRs) were
selected as candidate functional SNPs. The causal variant for
susceptibility to PBC was identified by integrated analysis
which comprised in silico analysis, a case—control associa-
tion study in the Japanese population, and in vitro functional
analysis. Moreover, further in vitro functional analyses and
expression analyses were performed to clarify the molecu-
lar mechanism of the disease susceptibility to PBC that was
caused by the TNFSF15 causal variant rs4979462.
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Materials and methods
Subjects

The information regarding PBC patients and healthy con-
trols who participated in this study has been provided in
Nakamura et al. 2012. This study was approved by the
Research Ethics Committee of the Graduate School of
Medicine, The University of Tokyo.

Genotyping

The genotyping of 32 functional tag SNPs in the TNFSF15
locus was performed using the DigiTag2 assay (Nishida
et al. 2012). The primer sequences are listed in Supplemen-
tary Table 1.

Electrophoretic mobility shift assay (EMSA)

Nuclear extracts were obtained from Jurkat T cells that
were stimulated with or without 50 ng/ml of 12-O-tet-
radecanoylphorbol-13-acetate (TPA) and 0.5 uM of cal-
cium ionophore (CI), or from HepG2 cells that were
stimulated with or without 100 ng/ml of Interleukin-6
(Active Motif, Carlsbad, CA). The EMSA was per-
formed using a LightShift Chemiluminescent EMSA Kit
(Thermo-Fisher Scientific, Waltham, MA), according
to the manufacturer’s instructions, using biotin-labeled
double-stranded oligonucleotide probes corresponding to
each major and minor allele. The sequences of the oligo-
nucleotide probes are shown in Supplementary Table 2.
Nuclear extract (2.5 pg/ml) and the biotin-labeled probes
(10 fmol/ul) were incubated for 30 min at 4 °C. For the
supershift experiments, 2 ug/ul of a rabbit anti-human
NF-1 antibody (N-20 X; Santa Cruz Biotechnologies,
Santa Cruz, CA) and 2.5 pg/ml of nuclear extract were
incubated for 1 h at 4 °C, and subsequently 10 fmol/ul
of oligonucleotide probes were added and incubated for
30 min at 4 °C. Three independent experiments were
performed in each assay.

Luciferase assay

The 5’ regulatory region and intron 1 of TNFSFI15 were
amplified from human genomic DNA using PCR with
specific primers (Supplementary Table 3). The PCR prod-
ucts were subcloned into the reporter gene pGL4.23 (luc2/
minP) vector (Promega, Madison, Wis). Minor alleles of
each SNP were constructed by PCR-directed mutagenesis
of these plasmids using allele-specific primer sets (Sup-
plementary Table 3). The pGL4.74 [hRluc/TK] vector was
used to normalize for variations in transfection efficiency.
These plasmids (pGL4.23: 500 ng; pGL4.74: 50 ng) were
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transfected into HuCCT1 or Jurkat T cells using Lipo-
fectamine LTX & plus reagents (Thermo-Fisher Scientific).
Luciferase activities were determined using the Dual-Lucif-
erase Reporter Assay system (Promega). Three independent
experiments were performed in each assay.

ELISA

TNFSF15 levels in tenfold diluted serum were measured
using the Human TNFSF15 ELISA Development Kit (Pep-
roTech, Rocky Hill, CT, USA) as previously described
(Aiba et al. 2014). When the TNFSF15 levels were above
the range of detection (>40 ng/ml), 20-fold diluted serum
was used in this ELISA. The absorbance was measured at
450 nm. All samples were run in duplicate.

GENEVAR

The correlation between the TNFSFI15 rs4979462 geno-
type and TNFSF15 mRNA expression was examined using
the mRNA data of lymphoblastoid cell lines derived from
44 HapMap JPT (Japanese in Tokyo, Japan) individuals
that were available from the database of the Gene Expres-
sion Variation (GENEVAR) project at the Wellcome Trust
Sanger Institute (http://www.sanger.ac.uk/humgen/gene-
var/) (Stranger et al. 2012).

Statistical analysis

Allele frequencies and agreement with Hardy—Weinberg
Equilibrium were calculated using a x> test at each locus.
The relative luciferase activity and mRNA expression level
of TNFSFI15 were compared between major and minor
alleles of each SNP using Student’s 7 test. Serum TNFSF15
protein expression levels were compared between major and
minor alleles of rs4979462 using Mann—Whitney U test. P
values < 0.05 were regarded as statistically significant.

Results

Selection of candidate functional variants in the
TNFSF15-TNFSF8 region

In our previous GWAS, 3,602 SNPs in the 200 kb of the
TNFSF15-TNFSF8 genomic region, which contains the
gene with the strongest association with PBC susceptibility
outside of HLA loci in the Japanese population (Nakamura
et al. 2012), were registered in the dbSNP database (http://
www.ncbi.nlm.nih.gov/snp/) (Fig. la, b). To identify the
causal variant for susceptibility to PBC in this TNFSF15-
TNFSF$ region, candidate functional SNPs were selected
by the following process:

First, rare variants whose minor allele frequencies
(MAFs) are less than 0.01 in populations including Afri-
can Ancestry (AFR), American Ancestry (AMR), East
Asian Ancestry (ASN), and European Ancestry (EUR) in
the 1000 Genomes Project (http://www.1000genomes.org/)
were removed. Of the remaining 781 SNPs, SNPs that are
located in transcription regulatory elements, coding regions
or UTRs were selected as candidate functional SNPs. Tran-
scription regulatory elements were characterized by DNase
I hyper-sensitivity cluster analysis of any of 125 cell types
from the Encyclopedia of DNA Elements (ENCODE,;
http://genome.ucsc.edu/ENCODE/index.html), or by the
presence of H3K27Ac markers in any of seven cell lines
(GM12878, H1-hESC, HSMM, HUVEC, K562, NHEK, or
NHLF cells) from ENCODE. Additionally, SNPs that were
not predicted to change the binding of transcription factors
between the major allele and the minor allele by HaploReg
v2 (http://www.broadinstitute.org/mammals/haploreg/hap-
loreg.php) were removed (Fig. 1b).

Among the remaining 73 SNPs, 13 SNPs had already
been genotyped in our previous GWAS of PBC in the Japa-
nese population, and 11 SNPs showed nearly perfect link-
age disequilibrium with these SNPs in the 1000 Genomes
Project. Additionally, 17 SNPs also showed nearly per-
fect linkage disequilibrium with each other in the present
SNP sets. Ultimately, 32 tag SNPs were selected from the
73 SNPs as candidate functional SNPs and a case—con-
trol association study was performed using the data of 963
Japanese individuals as the initial discovery panel (487
PBC cases and 476 healthy controls) and 1402 other Jap-
anese individuals as the replication panel (787 PBC cases
and 615 healthy controls). Genotyping of the 32 tag SNPs
was carried out using the DigiTag2 assay, which is a mul-
tiplex SNP typing method (Nishida et al. 2012). Principal
component analysis in our previous GWAS, which used the
same sample set as that of the present study, showed that all
PBC cases and healthy controls in the Japanese population
formed a single cluster with the HapMap-Japanese people
living in Tokyo (JPT) samples, but not with the HapMap-
Han Chinese living in Beijing (CHB) samples (Nakamura
et al. 2012). These results indicated that the effect of popu-
lation stratification was negligible. Although the genotyping
of one tag SNP failed, the call rates for all of the other tag
SNPs were >95 %, and no deviation from Hardy—Wein-
berg Equilibrium (HWE; P > 0.05) was observed in the
healthy controls. Figure Ic, d shows the single-point asso-
ciation data (based on allele frequencies) of each geno-
typed tag SNP using both discovery and replication panels,
of SNPs that showed » = 1 with a tag SNP, or of SNPs
that were genotyped in our previous GWAS for PBC in the
Japanese population (Nakamura et al. 2012). We previously
found that rs4979462 in the TNFSFI15-TNFSF8 region
showed the strongest association with susceptibility to PBC
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Fig. 1 Selection of candidate functional variants in the TNFSF15-
TNFSF8 genomic region. a The linkage disequilibrium (LD) structure
of the TNFSF15-TNFSF8 region. LD was calculated from HapMap
Japanese in Tokyo (JPT) genotyping data. Pairwise D’ values for all
combinations of single nucleotide polymorphisms (SNPs) are shown
in the red scale. b Overview of SNP selection using in silico analy-
sis. There were 781 SNPs whose minor allele frequency (MAF) in the
TNFSF15-TNFSF8 region was greater than 0.01. Of these SNPs, 73
SNPs that are located in a transcription regulatory element (DNase
I hyper-sensitivity cluster or H3K27Ac marks) and that change the
binding of transcription factors, coding regions, or untranslated

(P =185 x 107'% OR = 1.57) (Nakamura et al. 2012).
The genotyping of the tag SNPs indicated that there were
no SNPs in the present study that showed stronger associa-
tion with susceptibility to PBC than rs4979462 (Table 1,
Supplementary Table 4, and Supplementary Table 5). Of the
genotyped SNPs in the present study, rs56211063, which
showed » = 0.98 with rs4979462 in the 1000 Genomes
Project data, had the strongest association with susceptibil-
ity to PBC (P = 2.21 x 107! OR = 0.64). In addition,
1555768522 showed perfect linkage disequilibrium (* = 1)
with 154979462 in the 1000 Genomes Project data. These
three SNPs were, therefore, selected as candidate functional
variants in the TNFSF15-TNFSFS8 region (Fig. le).
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regions (UTRs), were selected. Of the selected 73 SNPs, 32 SNPs
were selected as tag SNPs. ¢, d Result of a case—control association
study using data of PBC patients (n = 1274) and healthy individuals
(n = 1091) in the Japanese population. Each dot shows the p value
(¢) or odds ratio (OR) (d) for tag SNPs or for the SNPs that show
complete linkage disequilibrium (> = 1) with genotyped tag SNPs.
The three SNPs shown in the red ellipse (rs4979462, rs56211063, and
rs55768522) are the candidate functional variants. e Position of the
three candidate functional variants in the TNFSF15-TNFSFS8 region.
The three candidate SNPs are shown in the red rectangles

Identification of the causal variant by in vitro
functional analysis

Rs4979462 (located in the first intron of TNFSFI15),
rs55768522 (at a distance of 5.8 kb from the 5’ end of
TNFSF15), and rs56211063 (at a distance of 17 kb from
the 5’ end of TNFSF15) are located in transcription regu-
latory elements and thus binding affinities of transcrip-
tion factors might differ between the major allele and the
minor allele. To identify the PBC causal variant among
the three SNPs, an electrophoretic mobility shift assay
(EMSA) was performed using a nuclear extract of the
human liver cell line HepG2 and biotin-labeled probes
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Fig. 2 Electrophoretic mobility
shift assays (EMSA) of each
candidate causal variant. An
EMSA of candidate causal
variants using a nuclear extract
of HepG?2 cells and biotin-
labeled probes corresponding

to each allele. Rs4979462 and
rs56211063 showed a difference
in band shift between the major
allele and the minor allele. An
unlabeled probe was used as
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Fig. 3 Identification of the disease causal variant in the TNFSFI15
locus by in vitro functional analysis. a, b Plasmid constructs of frag-
ments of the genomic DNA of the TNFSF15 locus used for trans-
fection. Part of an intron 1 fragment containing rs4979462 (a) and
part of the 5’ transcription regulatory region containing rs56211063
(b) were subcloned into the pGL4.23 vector. ¢—f The transcriptional
enhancing activity of these plasmid constructs was measured by assay

corresponding to the different alleles of each SNP. A
difference in mobility shift between the major and the
minor alleles of rs4979462 and rs56211063, but not of
rs55768522, was detected (Fig. 2).

To further analyze differences in transcription efficiency
between the major and the minor alleles of these SNPs,
luciferase assays of rs4979462 and rs56211063 were per-
formed using the human T cell line Jurkat and the human
bile duct cell line HuCCT]1 (Fig. 3a, b and Supplementary
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of luciferase (luc) activity of the transfected human T cell line Jur-
kat T (c, e; rs4979462 and rs56211063, respectively) and the human
bile duct cell line HuCCT1 (d, f; rs4979462 and rs56211063, respec-
tively) 24 h after transfection. Cells transfected with the PBC-sus-
ceptible allele rs4979462 showed enhanced luciferase activities com-
pared to the minor allele of rs4979462. Values of relative luciferase
activity are shown as mean =+ SD. *P < 0.05 (Student’s ¢ test)

Fig. 1). Luciferase activity was significantly increased by
the PBC-susceptible allele of rs4979462 compared to the
major allele in both cell lines 24 h after transfection of the
pGL4.23 vector (Fig. 3c, d). However, no difference in
induced luciferase activity was observed between the major
allele and the minor allele of rs56211063 (Fig. 3e, f). These
results indicated that rs4979462 at the TNFSF15 locus is
the functional variant for disease-susceptibility to PBC in
the Japanese population.
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Fig. 4 Novel NF-1 binding site was generated by the PBC-suscepti-
ble allele rs4979462. a Electrophoretic mobility shift assay (EMSA)
using biotin-labeled probes corresponding to each candidate variant
allele and nuclear extracts of HepG?2 cells and Jurkat T cells. HepG2
cells were pre-stimulated with or without Interleukin-6 (IL-6). Jur-
kat T cells were pre-stimulated with or without 12-O-tetradecanoyl-
phorbol-13-acetate (TPA) and calcium ionophore (CI) (TPA + CI). A
shifted band could be seen for the probe corresponding to the PBC

A novel NF-1 binding site was generated
by the PBC-susceptible allele of rs4979462

The PBC-susceptible allele of rs4979462 was predicted to
generate a novel nuclear factor 1 (NF-1) binding site by
the TFSEARCH database (http://mbs.cbrc.jp/research/db/
TFSEARCHJ .html). An EMSA using probes correspond-
ing to the major and minor alleles of rs4979462 and nuclear
extracts of the human liver cell line HepG2 or the human
T cell line Jurkat with or without stimulation with inter-
leukin-6 (IL-6) or 12-O-tetradecanoylphorbol-13-acetate
(TPA) and calcium ionophore (CI), respectively, indicated
that stimulated HepG?2 cells displayed the most efficient
transcription factor binding to the PBC susceptible allele
of rs4979462 (Fig. 4a). The binding of NF-1 to the PBC-
susceptible allele of TNFSF15 rs4979462 was, therefore,
checked by a super-shift assay using the nuclear extract of
IL-6 stimulated HepG2 cells. In accordance with the pre-
dicted result, the band shift of the PBC-susceptible allele of
154979462 was abrogated by pre-incubation with the NF-1
specific antibody before electrophoresis (Fig. 4b). This

o

susceptibility allele of rs4979462 in the IL-6 stimulated HepG2
cells. b Super-shift assay for analysis of NF-1 binding. The shifted
band that was observed in the IL-6 stimulated HepG2 cells in (a)
was abrogated by incubation with an NF-1 specific antibody before
electrophoresis. ¢ The postulated functional effect of the TNFSF15
rs4979462-G and rs4979462-A alleles. The novel binding site in the
first intron of TNFSF15 that is generated by rs4979462-A enhances
the transcription efficiency of TNFSF15

result indicated that a novel NF-1 binding site was gener-
ated by the PBC-susceptible allele of TNFSF15 rs4979462
(Fig. 4c).

Higher endogenous expression level of TNFSF15
in individuals with the PBC-susceptible genotype

To assess the influence of rs4979462 on the endogenous
TNFSF15 expression level, serum was acquired from 34
healthy individuals (A/A: n =7; G/A: n =20; G/G: n =T7)
and 60 PBC patients who had not undergone treatment at
the time of enrolment (A/A: n = 24; G/A: n = 31; G/G:
n = 5), and the TNFSF15 protein level in each serum was
measured using an Enzyme-Linked Immuno-Sorbent Assay
(ELISA). The demographics and clinical characteristics of
the PBC patients are shown in Table 2. Although the serum
TNFSF15 protein levels were higher in patients with the
PBC-susceptible allele as compared to those without the
PBC-susceptible allele, this difference was not statistically
significant as assessed by the non-parametric Mann—Whit-
ney U test (Fig. 5a, b). This is probably because less sample
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size in the healthy individuals and the baseline of TNFSF15
protein expression in the PBC patients is higher than
those in healthy individuals (Aiba et al. 2014). However,
in accordance with the results of our in vitro functional
assays, analysis of the GENEVAR database (http://www.
sanger.ac.uk/resources/software/genevar/) indicated that
the endogenous expression level of TNFSFI15 mRNA was
significantly higher in lymphoblastoid cell lines derived
from healthy Japanese individuals (JPT) with the PBC-
susceptible genotype of rs4979462 than in those with other

Table 2 Demographics and clinical characteristics of the PBC
patients for ELISA

PBC (n = 60)
Female, n (%) 51 (85.0)
Age, mean =+ SD (years) 57.6 £10.8
Anti-mitochondrial antibody +, n (%) 58 (96.7)
Clinical stage I, n (%) 5591.7)
Clinical stage II, n (%) 4(6.7)
Clinical stage II1, n (%) 1(1.6)

Clinical stage I: Scheuer’s stage I or II or unknown histological stage
without portal hypertension or liver cirrhosis

Clinical stage II: Scheuer’s stage III or IV or any histological stage
with portal hypertension or liver cirrhosis, but without jaundice (total
bilirubin <2 mg/dL)

Clinical stage III: any Scheuer’s stage with persistent or progressive
jaundice (total bilirubin >2 mg/dL)

genotypes of 154979462 (Fig. S5c). Endogenous expression
levels of TNFSF15 mRNA in healthy Chinese individuals
(CHB) also showed a similar tendency (Fig. 5d). These
results indicated that a higher in vivo expression level of
TNFSF15 was caused by the PBC susceptible allele of
rs4979462.

Discussion

In the present study, rs4979462, which is a SNP located
in the first intron of human TNFSF15, was identified as
the causal variant for disease susceptibility to PBC in the
Japanese population by integrated analyses. These analy-
ses included in silico analysis using several databases, a
case—control association study using the same sample set
as that used in our previous GWAS for PBC in the Japanese
population, and in vitro functional analysis. Further analy-
sis using a super-shift assay indicated that the disease-sus-
ceptible allele of rs4979462 generated a novel NF-1 bind-
ing site. Additionally, higher TNFSF15 mRNA expression
level was associated with the disease-susceptible allele of
rs4979462. These results indicated that the disease-suscep-
tible allele of rs4979462 enhances autoimmune responses
by transcriptional up-regulation of TNFSF15.

Over 20 PBC susceptibility genes have been identi-
fied by GWAS and subsequent meta-analyses in subjects
of European descent. However, TNFSF15 has never been
identified as a susceptibility gene (Hirschfield et al. 2009,
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TNFSFI5 rs4979462 genotypes. £ £
a, b Endogenous TNFSF15 o g
protein expression level in the 0 o
sera of 34 healthy individuals TR e
(GIG: n = 7: GIA: n = 20; A/A: D 1E+08 D 1E+04
n =17) (a) and 60 PBC patients E E
(G/G: n=5; G/A: n =31; A/A: £ £
n = 24) (b). TNFSF15 protein 3 g ]
levels were measured using 8 n Ij
an ELISA. The plotted data
represefntthaverages ﬂ; tst.arifiard 1.E+03 1E+03
error of the means of tripli- GIG GIA AIA
cate assays. ¢, d Endogenous (EL% (nG=12AO) (';N:;) (n=5) (n=31) (n=24)
TNFSF15 mRNA expression
extracted from GENEVAR
C JPT D CHB
HapMap-JPT (¢) and HapMap- tho=0234 P=0034 Pemp=0034 tho=0212 P=00591 Pemp =0.0592
CHB (d) database 72 g g S
© 7.2 8 o
e 711 8
) E 71 i 8
g 7o g S "
g7 7 i
a 69 8 g 70 o g
2 = & g F L4
W s 8 w 89
67 1 ’ ° 6.8 2
cc cr TT ‘ 2 - -
cc cT T

@ Springer


http://www.sanger.ac.uk/resources/software/genevar/
http://www.sanger.ac.uk/resources/software/genevar/

Hum Genet (2015) 134:737-747

745

2010; Liu et al. 2010; Mells et al. 2011), probably because
the MAF of rs4979462 is markedly different between pop-
ulations of Caucasian ancestry and those of Asian ancestry
(MAF of Asian ancestry, 0.32; MAF of European ancestry,
0.01; according to the 1000 genomes Project). We per-
formed a power calculation using the “Power calculator for
Genetics Analysis” provided by the University of Michigan
(http://csg.sph.umich.edu/abecasis/CaTS/tourl.html). The
statistical power for detecting significant association of
154979462 with PBC susceptibility in the present Japanese
sample set was close to 100 % (Prevalence: 0.002; Disease
Allele Frequency: 0.32; Genotype Relative Risk: 1.57),
whereas it was only 32 % in Caucasians even if more than
10,000 cases and 10,000 controls were used (Prevalence:
0.002; Disease Allele Frequency: 0.01; Genotype Relative
Risk: 1.57). Therefore, a much larger sample size is needed
to detect a significant association of rs4979462 with sus-
ceptibility to PBC in Caucasians. This finding may indicate
that rs4979462 is an Asian-specific SNP for PBC, although
rs4979462 or other rarer variants of TNFSF15 may also
possibly have some effect on the PBC susceptibility in sub-
jects of European descent.

Several SNPs that are located in the human TNFSFI15
locus (rs4263839, rs10982385, rs4574921, rs10114470,
rs6478108, or rs6478106) have been reported to be asso-
ciated with susceptibility to Crohn’s disease (CD), ulcera-
tive colitis (UC), ankylosing spondylitis (AS), and leprosy
(Barrett et al. 2008; Zhang et al. 2009; Zinovieva et al.
2009; Latiano et al. 2011; Yamazaki et al. 2013). In addi-
tion, rs6478109, a SNP that is located in the 5’-expression
regulatory region of TNFSF15, which shows strong link-
age disequilibrium with both rs4263839 (> = 0.99, Asian
populations in the 1000 genomes database) and rs6478108
(* = 0.98, Asian populations in the 1000 genomes data-
base), showed a functional difference between the major
allele and the minor allele (Kakuta et al. 2009). On the
other hand, rs4979462, which showed a functional dif-
ference between the major allele and the minor allele in
the present study, is not in strong linkage disequilibrium
with other SNPs (rs4263839, rs10982385, rs4574921,
rs10114470, rs6478108, and rs6478106) that have been
reported to be associated with susceptibility to diseases
such as CD, UC, AS, or leprosy (r2 < 0.8, Asian population
in the 1000 genomes database). These findings indicated
that the disease susceptibility to PBC that is conferred on
the Japanese population by rs4976462 can occur in a dis-
ease-specific manner that is independent of the disease spe-
cificities previously reported for TNFSFI15 SNPs for dis-
eases other than PBC. Interestingly, the Reference database
for Expression Analysis (RefExA; http://157.82.78.238/
refexa/main_search.jsp) indicates that liver sinusoidal
endothelial (LSE) cells, which are the only liver tissue/
cells in this database, show the highest expression level of

TNFSF15 mRNA (Supplementary Figure 2). Additionally,
our previous immunohistochemical data using liver speci-
mens from PBC patients showed that TNFSF15 expression
is specific for cells that are related to PBC (biliary epi-
thelial cells, Kupffer cells, blood vessels, and infiltrating
mononuclear cells) (Aiba et al. 2014). Additionally, NF-1,
for which a novel binding site is generated by the disease-
susceptible allele of rs4979462, shows a higher expression
level in the human liver than in other organs (Nagase et al.
2000). The characteristic expression patterns of TNFSF15
and transcription factors such as NF-1 in the liver may
enhance the influence of rs4979462 in increasing suscepti-
bility to PBC.

More and more landmark SNPs that show significant
associations with susceptibility to various diseases have
been detected by recent GWAS. It is absolutely essen-
tial to focus on the causal variants that are in linkage dis-
equilibrium with significantly associated landmark SNPs
in each GWAS. In the present study, in vitro functional
analysis showed that the PBC-susceptible allele, TNFSF15
rs4979462, enhanced the transcriptional efficiency of
TNFSF15. In addition, it was shown that NF-1 has some
effect on the pathogenesis of PBC by binding to a novel
NF-1 binding site in TNFSF15 rs4979462. These evidences
suggest that studies that focus on the functional effect of
causal variants can clarify not only the functional altera-
tion resulting from the causal variants but can also provide
the key to dissection of the molecular mechanism of devel-
opment of diseases with unknown pathogenesis. Land-
mark SNPs of HLA, TNFSF15, POU2AFI, IL7R, IKZF3,
CD80, STAT4, and NFKBI, which display significant or
suggestive associations with susceptibility to PBC have
also been identified in the Japanese population (Nakamura
et al. 2012). Therefore, similar functional analyses that are
focused on these SNPs are now underway to dissect the
pathogenesis of PBC.

In our in silico analysis, the dbSNP database was used
for the selection of SNPs that are located in the TNFSF15-
TNFSF8 region. Although this database is the biggest SNP
database, it is still possible that some SNPs are missing
even after selection of common variants (MAF > 1 %).
Several research groups have recently constructed public
human genome variation catalogs using data that were
acquired by whole-genome sequencing (WGS) or whole-
exome sequencing (WES) using the next-generation
sequencer (NGS) [e.g., 1000 Genomes Project]. Sequenc-
ing of the gene region that shows susceptibility to PBC
will provide more accurate information for the detection
of disease causing variants. Additionally, identification
of other causal variants that are located in other gene loci
associated with susceptibility to PBC by such types of
studies will forge a new path in the prediction of disease
onset.
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Higher endogenous expression level of TNFSFI5 has
been reported in individuals with several autoimmune dis-
eases as compared to healthy individuals, and their disease
activity also showed a positive correlation with TNFSF15
expression levels (Bamias et al. 2003, 2008, 2011; Bull
et al. 2008). We also recently found higher TNFSF15
expression levels in both the serum and the liver tissues
of PBC patients compared to healthy controls (Aiba et al.
2014). These findings indicated that TNFSF15 has some
association with the pathogenesis of PBC. In the pre-
sent study, the transcription efficiency of TNFSF15 was
enhanced by the disease susceptible rs4979462 allele due
to NF-1 binding to the novel binding site generated by this
allele. Our present findings suggested that higher expres-
sion level of TNFSF15 induced hyper-activation of several
immune pathways including that of polarization to Th1 and
Th17 cells, leading to specific autoimmune reactions to the
small bile ducts.

In conclusion, we are the first group to identify the
causal variant for susceptibility of the Japanese popula-
tion to PBC in the human TNFSFI5-TNFSF8 genomic
region and we have clarified a molecular mechanism of
disease susceptibility by the causal variant that is focused
on a transcription regulatory motif in the TNFSFI15 locus.
These findings suggest that both TNFSF15 and NF-1 may
be potential targets for the treatment of PBC.
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