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Table 2 Information regarding candidate genes and genotyping of tag SNPs

Role Gene product Gene symbol  Location Functional details Tag SNP Typing method (restriction
enzyme)
Synthetic enzyme CYP7Al CYP7A1 8qll—ql2 Rate-limiting enzyme determining 1s8192879  PCR-RFLP (Hpy188 )
total bile acid pool size 1511786580 PCR-RFLP (FrudH 1)
156997473  PCR-RFLP (Mse )
153747809  PCR-HRM
158192875  PCR-RFLP (Mse 1)
151457043  PCR-RFLP (HpyCH4 III)
158192870  PCR-direct DNA sequencing
rs3808607  PCR-RFLP (Alw26 I)
153824260  PCR-RFLP (HpyCH4 1V)
Activators HNF4a HNF4A 20q13.12 Orphan nuclear receptor activating 152071197  PCR-RFLP (HpyCH4 1V)
gﬁiﬁ; tfgsgscstlgf asa 153212180  PCR-RFLP (Bsr T)
1s6017340  PCR~-RFLP (BsoB I)
1$6031587  PCR-RFLP (Ava 1)
1511574736 PCR-RFLP (Tag 1)
156031590  PCR-RFLP (BstU I)
1s3746575  PCR-RFLP (Hae 1I0)
PGC-1a PPARGCIA  4ql5.1 Coactivator enhancing HNF4o rs8192678  PCR-RFLP (Msp I)
activity 1512374310 PCR-RFLP (HspI92 II)
154235308 PCR-RFLP (HpyCH4 1V)
Repressors FXR NR1H4 12¢g23.1 Bile acid-activated nuclear receptor  rs12304867 PCR-RFLP (Hinf I)
rcpressing CYP7AI via induction rs3789988 PCR-RFLP (Ban I)
of SHP and FGF19
1856163822 PCR-RFLP (Fok T)
1s1327099  PCR-direct DNA sequencing
1812424084 PCR-RFLP (Hsp92 1)
rs11110411 PCR-HRM
1s17030285 PCR-RFLP (EcoO109 I)
1517030306 PCR-RFLP (Fok I)
1510860603 PCR-RFLP (HpyCH4 IV)
rs1030454  PCR-RFLP (Bs#dC I)
1835735 PCR-RFLP (Fco91 I)
SHP NROB2 1p36.1 Orphan nuclear receptor repressing 1s7504 PCR-RFLP (Alw21 T)
CYP7A1 expression
GPS2 GPS2 17p13 Corepressor interacting with SHP 152292065  PCR-RFLP (Pvu IT)
152270981 PCR-HRM
158610 PCR-RFLP (Hinf I)
PXR NRII2 3q12-ql13.3 Bile acid-activated nuclear receptor 153814055  PCR-HRM
repressing CYP7AI expression 152472677  PCR-RFLP (Hpyl88 I)
157643645  PCR~RFLP (BsrD I)
152472681  PCR-RFLP (Hpyl188 1)
152472682  PCR-RFLP (Hsp92 II)
1s6785049  PCR-RFLP (Hph 1)
183814057 PCR~RFLP (Dde I)
FGF19 FGF19 11q13 Hormone binding to and activating 15948992 PCR-RFLP (BtsC I)
FGFR4 151789364  PCR-RFLP (Fok )
FGFR4 FGFR4 5935 Receptor repressing CYP7AI via its 15351855 PCR-RFLP (Bcn T)
downstream signals
KLB KLB 4pl4 Co-receptor working with FGFR4 1517618244 PCR-RFLP (Msp I)
rs4975017  PCR-HRM
FOXO01 FoXo01 13q14.1 Insulin-activated transcription factor 1517592236 PCR-RFLP (Ava II)
repressing CYP7A1 expression 12755209  PCR-HRM
rs12865518 PCR-HRM
1$2995991 PCR-RFLP (TspR D)
rs12585434 PCR-RFLP (Bsl 1)
152721044  PCR-RFLP (Hinf 1)

PCR polymerase chain reaction, RFLP restriction fragment length polymorphism, HRM high resolution melting curve analysis
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fragments carrying a G or T allele at the rs3808607 SNP
site, a 384-bp fragment of the CYP7AI promoter region
was amplified by PCR from genomic DNA of PBC patients
with a G/G or T/T homozygous genotype using Phusion®™
High-Fidelity DNA Polymerase (New England Biolabs,
Ipswich, MA, USA) and integrated into the pGL3-Basic
plasmids (Promega, Madison, WI, USA) at the Kpn I-Xho 1
restriction site using a Rapid DNA Ligation Kit (Roche
Diagnostics, Mannheim, Germany). Finally, direct-DNA
sequencing was carried out in order to confirm the insertion
of the CYP7AI promoter region into the reporter gene
plasmid vectors.

HepG2 cells were cultured in Dulbecco’s modified
Eagle’s medium (D-MEM, Wako Pure Chemical Indus-
tries, Ltd., Osaka, Japan) supplemented with 10 % fetal
bovine serum (FBS, Life Technologies, Carlsbad, CA,
USA). For transient transfection studies, 4.0 x 10° cells
were subcultured in each well of a 12-well plate with 1 ml
of D-MEM without FBS. When the cells had reached
~60 % confluence, transfection was performed with 1 pg
of either pGL3-CYP7A1-G or pGL3-CYP7A1-T using
2.5 ul of X-tremeGENE™ HP transfection reagent (Roche
Diagnostics). In addition, 100 ng of pRL-TK (Promega)
was added to each transfection fluid as a transfection
control for normalization. Forty hours after transfection,
HepG2 cells were treated with 0, 25, and 50 uM of CDCA
(Sigma-Aldrich, St. Louis, MO, USA). The cells were
cultured for an additional 24 h and then lysed. Subse-
quently, luciferase assays were performed using the Dual-
Luciferase® Reporter Assay System (Promega) according
to the manufacturer’s instructions. Firefly and Renilla
luciferase intensities were measured by ARVO™ MX
1420 (PerkinElmer, Inc., Waltham, MA, USA). The rela-
tive intensity of the Firefly enzyme signal was normalized
to that of the Renilla enzyme signal in order to adjust for
variations in transfection efficiencies. All experiments were
performed in triplicate.

Statistical analysis

Differences in age and the observation period between
early- and late-stage PBC patients were evaluated using an
unpaired Student’s ¢ test and Mann—Whitney U test,
respectively. Likewise, differences in gender and the con-
comitance of autoimmune diseases were compared by a
chi-square test or Fisher’s exact test. The unpaired Stu-
dent’s ¢ test was used for a comparison of reporter gene
expressions. All statistical analyses were performed using
the PASW 18 statistical software package (SPSS Japan
Inc., Tokyo, Japan).

To determine whether each SNP was in Hardy—
Weinberg equilibrium among PBC patients, a chi-square
test with Yates’ correction was performed using the

SNPAlyze® 7.1 standard software package. The frequencies
of allele, genotype, haplotype, and diplotype between sub-
groups of PBC patients were compared by a chi-square test
or Fisher’s exact test with odds ratio (OR) and 95 % con-
fidence interval (CI) in three different inheritance models—
the allele, the minor allele dominant, and the minor allele
recessive—using the SNPAlyze® 7.1 standard software
package. A P value of less than 0.05 was considered to be
statistically significant.

Results
Comparison of PBC patient characteristics

The characteristics were compared between early and late
stage PBC patients (Table 1). The mean age and observa-
tion period of patients in late stage were significantly older
and longer, respectively, than those of patients in early
stage (P < 0.005 and P < 0.001, respectively). These
results indicate that some early stage patients might pro-
gress to late stage in the future. Meanwhile, there were no
significant differences in sex, treatment, and the concor-
dance of autoimmune diseases between the two stages.

Association of genes related to bile acid synthesis
with PBC progression

The distributions of alleles and genotypes at 52 tag SNPs in
11 candidate genes were compared between early and late
stage PBC patients (data not shown). One tag SNP,
1512304867, in NR1H4 was not in Hardy—Weinberg equi-
librium (data not shown), and was therefore excluded from
the association study. Three genes, CYP7AI, HNF4A, and
PPARGCIA, showed a significant association with PBC
progression (Table 3).

With regard to CYP7AI, four tag SNPs (rs1457043,
rs8192870, rs3808607, and rs3824260) showed significant
differences in allele and/or genotype frequencies in three
different inheritance models between early and late stage
PBC patients. At rs1457043, the frequencies of a minor A
allele in the allele model (P = 0.025, OR = 0.662) and its
homozygous A/A genotype in the minor allele recessive
model (P = 0.007, OR = 0.328) were lower in late stage
PBC patients as compared to those in early stage patients
(Table 3), indicating that the A allele and the A/A genotype
of rs1457043 in CYP7AI had a protective effect against
PBC progression. Conversely, a major G allele and its
homozygous G/G genotype or heterozygous G/A genotype
of rs1457043 implicated susceptibility to PBC progression.
Likewise, the patients possessing either a major homozy-
gous G/G genotype or heterozygous G/T genotype of
rs3808607, or a major homozygous A/A genotype or
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Table 3 Allele and genotype comparisons in three inheritance models between early and late stage PBC patients in tag SNPs associated with the

progression
Gene symbol  Tag SNP (Major > Minor) Genotype Number of genotypes (%) Inheritance model® P value OR 95 % CI
Early stage  Late stage
CYP7AI1 MAF 0.44 0.34 Allele 0.025 0.662  0.460-0.952
rs1457043 G/G 74 (32.5) 34 (39.1)
(G>A) G/A 106 (46.5) 46 (52.9) Dominant 0.268 0.749  0.449-1.250
A/A 48 (21.1) 7 (8.0) Recessive 0.007 0.328 0.142-0.757
MAF 0.16 0.24 Allele 0.022 1.643  1.071-2.518
rs8192870 C/IC 159 (69.7) 49 (56.3)
(C>A) C/A 64 (28.1) 34 (39.1) Dominant 0.025 1.787 1.074-2.974
A/A 522 4 (4.6) Recessive 0.267 2.149 0.564-8.198
MAF 0.50 0.43 Allele 0.084 0.734  0.516-1.043
rs3808607 GIG 56 (24.6) 24 (27.6)
G>T G/T 115 (50.4) 52 (59.8) Dominant 0.581 0.855 0.489-1.494
T/T 57 (25.0) 11 (12.6) Recessive 0.017 0434 0.216-0.874
MAF 0.50 0.43 Allele 0.114 0.753  0.530-1.071
rs3824260 A/A 60 (26.3) 23 (26.4)
(A>G) AIG 110 (48.2) 54 (62.1) - Dominant 0.983 0994 0.568-1.740
G/G 58 (25.4) 10 (11.5) Recessive 0.007 0.381 0.185-0.785
HNF4A MAF 0.20 0.29 Allele 0.012 1.663  1.116-2.479
rs6017340 C/IC 145 (63.6) 46 (52.9)
(C>17T) CIT 75 (32.9) 31 (35.6) Dominant 0.082 1557 0.944-2.567
/T 8 (3.5) 10 (11.5) Recessive 0.012 3571 1.360-9.377
MAF 043 0.32 Allele 0.012 0.624 0.431-0.903
rs6031587 c/C 68 (29.8) 39 (44.8)
cCc>m crr 126 (55.3) 41 (47.1) Dominant 0.012 0.523  0.314-0.870
T 34 (14.9) 7 (8.0) Recessive 0.105 0499 0.213-1.173
PPARGCIA MAF 0.44 0.53 Allele 0.054 1411 0.994-2.003
158192678 G/G 73 (32) 15 (17.2)
(G>4A) G/A 108 (47.4) 52 (59.8) Dominant 0.009 2261 1.2144211
A/A 47 (20.6) 20 (23.0) Recessive 0.645 1.150  0.635-2.081

MAF minor allele frequency, OR odds ratio, CI confidence interval

# Allele, allele model; Dominant, the minor allele dominant model; Recessive, the minor allele recessive model

heterozygous A/G genotype of rs3824260 were at risk for
PBC progression. At the remaining tag SNP, rs8192870, the
frequencies of a minor A allele in the allele model
(P = 0.022, OR = 1.643) and its minor homozygous A/A
genotype or heterozygous C/A genotype in the minor allele
dominant model (P = 0.025, OR = 1.787) were increased
in late stage patients (Table 3), indicating susceptibility to
PBC progression. Taken together, the G allele and G/G or
G/A genotype of rs1457043, A allele and A/A or C/A
genotype of rs8192870, G/G or G/T genotype of rs3808607,
or A/A or A/G genotype of rs3824260 showed a genetic risk
factor for PBC progression.

With respect to HNF4A, at 156017340, the frequencies
of a minor T allele in the allele model (P = 0.012,
OR = 1.663) and its homozygous T/T genotype in the
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minor allele recessive model (P = 0.012, OR = 3.571)
were higher in late stage PBC patients as compared to those
in early stage patients (Table 3), indicating that the T allele
and the T/T genotype of rs6017340 in HNF4A conferred
susceptibility to PBC progression. Whereas, at rs6031587,
the frequencies of a minor T allele in the allele model
(P =0.012, OR = 0.624) and its homozygous T/T geno-~
type or heterozygous C/T genotype in the minor allele
dominant model (P = 0.012, OR = 0.523) were decreased
in late stage patients (Table 3). Conversely, a major C
allele and its homozygous C/C genotype of rs6031587
implicated susceptibility to PBC progression. Thus, the T
allele and the T/T genotype of 136017340 and the C allele
and the C/C genotype of 1s6031587 were considered to be
genetic risk factors for PBC progression.
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Table 4 Allele and genotype comparisons in three inheritance models between responders and non-responders to PBC treatment in tag SNPs

associated with the progression

Gene symbol Tag SNP (Major > Minor) Genotype Number of genotypes (%) Inheritance model® P value OR 95 % CI
Responder Non-responder
CYP7A1 MAF 0.44 0.29 Allele 0.011 0.520 0.312-0.867
151457043 G/G 74 (32.5) 20 (48.8)
(G>A) G/A 106 (46.5) 18 (43.9) Dominant 0.044 0.505 0.258-0.988
A/A 48 21.1)  3(7.3) Recessive 0.049 0.296 0.088-1.001
MAF 0.16 0.26 Allele 0.040 1777  1.020-3.095
158192870 C/IC 159 (69.7) 23 (56.1)
C>A) C/A 64 (28.1) 15 (36.6) Dominant 0.086 1.803 0.915-3.554
A/A 522 3(7.3) Recessive 0.106 3521 0.808-15.347
MAF 0.50 0.38 Allele 0.038 0.603 0.372-0.976
153808607 G/G 56 (24.6) 14 (34.1)
G>T) G/T 115 (50.4) 23 (56.1) Dominant 0.198 0.628 0.308-1.280
T/T 57 (25.0) 4 (9.8 Recessive 0.041 0324 0.111-0.950
MAF 0.50 0.38 Allele 0.050 0.619 0.382-1.002
153824260 A/A 60 (26.3) 14 (34.1)
A>0) AIG 110 (48.2) 23 (56.1) Dominant 0301 0.689 0.339-1.400
G/IG 58 (254) 4 (9.8) Recessive 0.027 0317 0.108-0.927
HNF4A MAF 0.20 0.29 Allele 0.058 1.660 0.979-2.815
156017340 C/IC 145 (63.6) 22 (53.7)
C>7 C/T 75 (32.9) 14 (34.1) Dominant 0.227 1.509 0.772-2.950
T/T 8 (3.5) 5(12.2) Recessive 0.017 3.819 1.184-12.326
MAF 0.43 027 Allele 0.008 0.495 0.294-0.835
156031587 c/IC 68 (29.8) 21 (51.2)
C>71 CIT 126 (55.3) 18 (43.9) Dominant 0.007 0405 0.206-0.795
T/T 34 (14.9) 2(4.9) Recessive 0.131 0.293  0.068-1.269
PPARGCIA MAF 0.44 0.46 Allele 0.117 0.687 0.426-1.101
158192678 G/G 73 (32) 7017.1)
(G>A) G/A 108 (474) 24 (58.5) Dominant 0.054 2.288 0.968-5.405
AlIA 47 (20.6) 10 (244) Recessive 0.586 1242 0.569-2.715

MAF minor allele frequency, OR odds ratio, CI confidence interval

# Allele, allele model; Dominant, the minor allele dominant model; Recessive, the minor allele recessive model

Finally, the number of the patients possessing an A/A
genotype or G/A genotype of rs8192678 in PPARGCIA
was increased in late stage as compared to that in early
stage (P = 0.009, OR = 2.261; Table 3), indicating that
the patients possessing the A/A or G/A genotype at
rs8192870 had a genetic risk for PBC progression.

Association of genes related to bile acid synthesis
with response to PBC treatment

During the observation period, 41 of 269 patients who were
initially diagnosed as early stage progressed to late stage.
Since these 41 patients could be considered to be resistant
to PBC treatment, we defined these 41 patients as non-
responders and the remaining 228 patients as responders
to PBC treatment, and investigated whether the SNPs

associated with PBC progression were related to response
to the treatment. The six SNPs (rs1457043, rs8192870,
rs3808607, rs3824260, rs6017340, and rs6031587) of the
seven SNPs associated with PBC progression were also
significantly associated with response to PBC treatment
(Table 4). In regard to all seven SNPs, some parts of
patients with the risk genotype for PBC progression
showed to be non-responders to the treatment.

Association of CYP7A1 and HNF4A haplotypes
with PBC progression

Subsequently, ten haplotypes composed of four tag SNPs
in CYP7A1 and three haplotypes composed of two tag
SNPs in HNF4A, which displayed significant association
with PBC progression in the individual SNP study and
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Table 5 CYP7AI haplotype comparison in three inheritance models between early and late stage PBC patients

Recessive model®

Gene rs1457043- Number of Allele model® Dominant model”

symbol  758192870- haplotypes (%)
rs3808607-
753824260 Early Late P value OR 95 % CI P value OR 95 % CI P value OR 95 % CI

stage stage

CYP7Al A-C-T-G 192 (42.0) 59 (33.9) 0.060 0.705 0.490-1.016 0397  0.803 0.483-1.334 0.015 0366 0.158-0.847
G-C-G-A 149 (32.9) 57 (32.8) 0.984 0.996 0.687-1.446 0.8380 1.039 0.633-1.705 0.848 0.928 0.430-2.000
G-A-G-A 70 (15.1) 42 (24.1) 0.010 1755 1.141-2.699 0.013 1.904 1.142-3.174 0.223 2.699 0.660-11.039
G-C-T-G 32(7.1) 14 (8.1) 0.657 1.159 0.603-2.223 0.644 1.175 0.593-2.326 ~ - -
Others 13 (3.0) 2(12) - - - - - - - - _

OR odds ratio, CI confidence interval
# Each haplotype was compared with other haplotypes combined

® Dominant model, the haplotype dominant model; Recessive model, the haplotype recessive model

Table 6 HNF4A haplotype comparison in three inheritance models between early and late stage PBC patients

Gene rs6017340- Nuraber of Allele model® Dominant model® Recessive model®
symbol rs6031587 haplotypes (%)
Early Late P value OR 95 % CI P value OR 95 % CI P value OR 95 % CI
stage stage
HNF4A C-T 194 (42.5) 55 (31.6) 0.012 0.624 0431-0.903 0.012 0.523 0.314-0.870 0.105 0.499 0.213-1.173
C-C 171 (37.5) 68 (39.1) 0.715 1.069 0.747-1.530 0.767 1.080 0.648-1.801 0.758 1.116 0.554-2.250
T-C 91 (20.0) 51(29.3) 0.012 1.663 1.116-2.479 0.082 1.557 0.944-2.567 0.006 3.571 1.360-9.379

OR odds ratio, CI confidence interval
@ Each haplotype was compared with other haplotypes combined

® Dominant model, the haplotype dominant model; Recessive model, the haplotype recessive model

were located within the same LD block (supplementary
figure), were constructed and identified using the
SNPAlyze® 7.1 standard software package. The frequen-
cies of haplotypes and diplotypes of CYP7A1 and HNF4A
were compared between early and late stage PBC patients
(Tables 5, 6, respectively).

With respect to CYP7AI haplotypes, A-C-T-G and G-A-
G-A haplotypes were significantly associated with PBC
progression (Table 5). The frequency of the A-C-T-G
homozygous diplotype (A-C-T-G/A-C-T-G) in the recessive
model was decreased in late stage PBC patients as compared
to that in early stage patients (P = 0.015, OR = 0.366),
indicating that the A-C-T-G homozygous diplotype of
CYP7A1 conferred protection against PBC progression. On
the other hand, the frequencies of the G-A-G-A haplotype in
the allele model (P = 0.010, OR = 1.755) and its homo-
zygous or heterozygous diplotype (G-A-G-A/any) in the
dominant model (P = 0.013, OR = 1.904) were increased
in late stage patients, indicating that the G-A-G-A haplotype
and its homozygous or heterozygous diplotype of CYP7AI
conferred susceptibility to PBC progression.

In the analysis of HNF4A haplotypes, C-T and T-C
haplotypes were significantly associated with PBC pro-
gression (Table 6). The frequencies of the C-T haplotype in
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the allele model (P = 0.012, OR = 0.624) and its homo-
zygous or heterozygous diplotype (C-T/any) in the domi-
nant model (P = 0.012, OR = 0.523) were decreased in
late stage patients in comparison to that in early stage
patients, indicating that the C-T haplotype and its homo-
zygous or heterozygous diplotype of HNF4A conferred
protection against PBC progression. Meanwhile, the fre-
quencies of the T-C haplotype in the allele model
(P = 0.012, OR = 1.663) and its homozygous diplotype
(T-C/T-C) in the recessive model (P = 0.006, OR =
3.571) were increased in late stage patients, indicating that
the T-C haplotype and its homozygous diplotype of
HNF4A conferred susceptibility to PBC progression.

A functional SNP in CYP7A1 affects its expression
in cholestasis

In order to investigate the transcriptional activity of the
CYP7AI promoter carrying the G allele of rs3808607 as
compared to that of another CYP7A/ promoter carrying the
T allele at the same SNP site, a dual luciferase assay was
performed using HepG2 cells maintained under normal or
cholestatic conditions. Under normal conditions (0 pM
CDCA) of bile acid homeostasis, the relative luciferase
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intensity of the CYP7AI promoter carrying the G allele at
183808607 was higher than that of the promoter carrying
the T allele (Fig. 1). These results supported previously
published data [29].

By contrast, under cholestatic conditions (25 and 50 pM
CDCA), the CYP7A1 promoters carrying the G or T allele
of rs3808607 tended towards decreased relative luciferase
intensities as compared to those obtained under normal
conditions in statistical analysis which did not reach sta-
tistical significance (Fig. 1). This decrease in transcription
activities under cholestatic conditions might reflect dimi-
nution of CYP7AI expression by the negative feedback
regulation mechanism. Interestingly, the relative luciferase
intensities obtained with the promoter carrying the G allele
were significantly higher than those obtained with the
promoter carrying the T allele at both 25 and 50 pM
concentrations of CDCA (P = 0.003 and P = 0.007,
respectively).

Discussion

In this study, we demonstrated an association of poly-
morphisms of the genes CYP7AI, HNF4A, and
PPARGCIA with PBC progression. The functions of the
progression-associated genes are related to activators of
bile acid synthesis in hepatocytes. On the other hand, there
were no associations between PBC progression and poly-
morphisms of other genes that encode repressors of bile
acid synthesis via negative feedback regulation. In addition
to the association, a reporter gene assay showed that
153808607, one of the progression-associated SNPs in

10.0 -
9.0
8.0 A

15 | (s Grallele |
60 - | _ T-allele |
5.0 A
4.0 -
3.0

2.0 A

relative luciferase units

1.0 A

O ubd 50puM

25uM
CDCA

Fig. 1 Transcriptional activities of the CYP7AI promoter carrying
either the G- or the T-allele at rs3808607 at 0, 25, and 50 pM
concentrations of CDCA. Firefly luciferase signals were normalized
to those of Renilla luciferase. Data shown represent mean =+ standard
deviation (n = 3). *P < 0.01

CYP7A1, differently modulated CYP7AI promoter activity
under normal and cholestatic conditions in vitro. In some
PBC patients, the increase of synthetic bile acids may
affect the response to UDCA as well as PBC progression.
However, the reproducibility of this association in other
groups of Japanese PBC patients as well as in other eth-
nicities remains to be investigated.

CYP7ALl is the first and rate-limiting enzyme in the
classical bile acid synthetic pathway, and also plays a role
in cholesterol catabolism and intestinal lipid absorption.
Previous studies have demonstrated associations between
genetic variants of CYP7AIl and clinical phenotypes,
including blood cholesterol levels and response to choles-
terol-lowering drugs [30]. In addition, CYP7AI expression
is negatively regulated in the liver of patients with chole-
static liver diseases including PBC [19, 20, 31] via the
negative feedback regulation mechanism [15]. Thus, it is
reasonable to speculate that the genetic variants of CYP7AI
that were associated with PBC progression in this study,
e.g., the G/G or G/A genotype of 151457043, A/A or C/A
genotype of rs8192870, G/G or G/T genotype of
rs3808607, and A/A or A/G genotype of rs3824260, may
enhance the expression and activities of CYP7A1, thereby
leading to the accumulation of synthetic bile acids in
hepatocytes. In particular, with respect to rs3808607
located within the CYP7AI promoter region, the tran-
scriptional activity of the CYP7A1 promoter carrying the G
allele, which was the risk allele for PBC progression, was
persistently higher under both normal and cholestatic
conditions as compared to that of the promoter carrying the
T allele. Although the activity of the CYP7AI promoter at
rs3808607 has already been reported only under normal
conditions [29], here we assessed the transcriptional
activity of this promoter under not only normal conditions,
but also experimental cholestatic conditions. Taken toge-
ther, the data suggest that the genetic variants of CYP7AI,
including rs3808607, may accelerate bile acid synthesis,
thereby resulting in the accumulation of bile acids in
hepatocytes, although it is unknown how much negative
feedback regulation contributes to reduction of bile acid
synthesis in bile acid homeostasis. The persistent accu-
mulation of bile acids may attribute to the predisposition of
PBC progression at any stage.

Another possible mechanism connecting progression-
associated genes to PBC progression is the resistance to
UDCA treatment. We also demonstrated that progression-
associated SNPs of CYP7AI and HNF4A also showed
association with response to PBC treatment, mainly to
UDCA. This fact suggests that some parts of progressions
we observed in patients who progressed from early to late
stages during the observation period may be attributed to
UDCA resistance. Under cholestatic conditions, in addition
to negative feedback regulation by cholestasis as a

@_ Springer

-407-



J Gastroenterol

normally pathophysiological mechanism, UDCA also
represses CYP7AI expression [21]. However, because the
dual luciferase assay in this study revealed the higher
transcriptional activities of the CYP7AI promoter carrying
the risk-associated G allele in the experimental cholestatic
conditions, UDCA may reduce the repression of CYP7AI
expression in PBC patients bearing this allele at rs3808607.
Furthermore, UDCA may also diminish a decrease in the
proportion of potentially toxic hydrophobic bile acids, such
as CDCA, to the total of biliary bile acids [32] due to the
accumulation of synthetic endogenous bile acids. Thus,
overexpression of CYP7AI and elevation of the proportion
of hydrophobic bile acids in PBC patients with the genetic
variants of CYP7A1 may decrease therapeutic effects of
UDCA, thereby resulting in the acceleration of PBC
progression.

The CYP7AI promoter is activated by interaction of the
orphan nuclear receptor HNF4a with PGC-1a, a versatile
coactivator that also engages with other nuclear receptors,
such as nuclear respiratory factor-1, peroxisome prolifer-
ator-activated receptor (PPAR) o and vy [33]. We identi-
fied an association between PBC progression and G1444A
polymorphism of rs8192678, located in exon 8 of PPAR
GCIA, that leads to an amino acid change (Gly482Ser).
A previous report has shown that the amino acid sequences
around 482Ser are highly conserved among mammals, and
that Gly482 has impaired coactivator activity towards the
mitochondrial transcription factor A promoter and the
PPAR responsive element in the reporter gene assay [26].
The fact that the frequency of 482Ser was increased in late
stage PBC patients supports our hypothesis that the pos-
session of the risk A allele of rs8192678 in PPARGCIA,
which encodes for 482Ser, may accelerate CYP7AI tran-
scriptional activities, resulting in the predisposition to PBC
progression.

The mean age and the observation period of patients in
the late stage group were higher and longer, respectively,
than those in the early stage group. There is a possibility
that some patients in the early stage group would progress
to late stage in the future. This study, however, is a part of
PBC cohort study to be continued. Thus, in the future
study, we will get the conclusive results by adjusting age
and observation period between the two groups.

In conclusion, we demonstrated the association of
CYP7A1 and its transcriptional activators, i.e., HNF4a with
PBC progression. In addition, we demonstrated that one
SNP in CYP7A1 affected the expression of CYP7A1 in both
normal and cholestatic conditions in vitro. Bile acid
derivatives are anticipated to exert therapeutic effects on
cholestasis, and clinical trials have been conducted using
these therapeutic agents to treat cholestatic liver diseases
[34]. In addition to these bile acid derivatives, regulation of
CYP7AI expression is considered to be an attractive

@ Springer

therapeutic target. Thus, the genes identified in this study
may not only modulate the therapeutic effect of certain
drugs, but may also indicate susceptibility to PBC pro-
gression. Specifically, the tag SNPs that are associated with
PBC progression to late stage have the potential to serve as
new genetic biomarkers for PBC progression in Japanese
patients.
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Primary biliary cirrhosis (PBC) is a chronic liver disease
characterized by the destruction of intrahepatic bile
ducts and progressive cholestasis that leads to cirrhosis
and hepatic failure. Genome-wide association studies

Liver International (2013)

Abstract

Background & Aims: Through a genome-wide association study of a Japanese
population, we recently identified TNFSFI5, a gene encoding TNF-like ligand
1A (TL1A), as a susceptibility gene for primary biliary cirrhosis (PBC). We
investigated the clinical significance of TLI1A and one of its receptors, decoy
receptor 3 (DcR3), in PBC. Methods: We analysed the systemic and local
expression of TL1A and DcR3 in 110 PBC patients and 46 healthy controls
using enzyme-linked immunosorbent assay, quantitative polymerase chain
reaction and immunohistochemical staining. Results: Serum TL1A levels
were significantly increased in PBC patients at both early and late stages as
compared with healthy controls, and its levels were significantly decreased in
early-stage PBC patients after ursodeoxycholic acid (UDCA) treatment.
TL1A was immunohistochemically localized to biliary epithelial cells, Kupffer
cells, blood vessels and infiltrating mononuclear cells in the PBC liver. In
addition, TL1A messenger RNA expression was increased in the PBC liver as
compared with the non-diseased liver. Serum DcR3 levels were also signifi-
cantly increased in PBC patients, and were significantly decreased after
UDCA treatment in early-stage PBC patients. Conclusions: These results
indicate that TL1A and DcR3 may play an important role in the pathogenesis
of PBC.

(GWAS) have recently revealed more than 20 PBC
susceptibility genes, including HLA, IL12A, ILI12RB2,
IRF5-TNPO3, STAT4, IL7R and those at chromosome
17q12-21 in patients of European descent (1-4). Our

© 2013 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd 1

-418-



TL1A and DcR3 in PBC

recent GWAS in a Japanese population identified
TNFSF15 and POU2AF] as new susceptibility genes for
PBC (5). These results from individuals of different
ethnicities indicate that there are two important disease
pathways in the development of PBC, regardless of
ethnicity: T-cell differentiation to Thl cells and B-cell
differentiation to plasma cells.

TNF-like ligand 1A (TL1A), which is encoded by
TNFSF15 on chromosome 932, is a tumour necrosis
factor (TNF)-like cytokine that provides signalling to
activated lymphocytes via binding to death domain
receptor 3 (DR3) (6). TL1A protein is induced in endo-
thelial cells by inflammatory cytokines such as TNE-a
and IL-1 (6). TL1A is also induced in monocytes and
dendritic cells by stimulation with microbial antigens
(i.e., Toll-like receptor (TLR) 1, 2, 4, 6 and 9 ligands)
and immune complexes (7, 8), and is involved in apop-
tosis (9), cell proliferation (10) and costimulation of T
cells that lead to polarization to Thl and Th17 effector
cells(11). Increased levels of TL1A in both serum and
involved tissues have been reported in human inflam-
matory bowel diseases (IBD) (12, 13), rheumatoid
arthritis (RA) (14) and psoriasis (15). In addition, it has
been shown that TLIA is involved in the development
of various autoimmune diseases in mouse models,
including experimental antigen-induced arthritis (16),
experimental autoimmune encephalomyelitis (17, 18)
and chronic ileitis and colitis (19, 20).

Decoy receptor 3 (DcR3), which binds to TLIA,
LIGHT and Fas ligand (FasL), inhibits the apoptosis
and lymphokine secretion mediated by these ligands
(6, 21). DcR3 is overexpressed in various cancers (22)
and is implicated in tumour progression via protection
from either FasL-mediated apoptosis or the antitumour
cytotoxic T-lymphocyte response (23, 24). DcR3 also
modulates the function of various immune cells, con-
tributing for instance to the differentiation and matu-
ration of monocytes, macrophages (25) and dendritic
cells; the polarization of naive T cells into Th2 cells
(26) and the negative regulation of B-cell activation
induced by TLR ligands (27). Increased serum levels of
DcR3 have been reported in conjunction with numer-
ous conditions: various cancers; autoimmune diseases
such as IBD (12, 28), systemic lupus erythematosus
(SLE) (21) and RA (14); infections (29) and renal fail-
ure (30). In mouse models, administration of DcR3
protects against the development of autoimmune and
cyclophosphamide-induced diabetes (31, 32), progres-
sive immunoglobulin A nephropathy (33) and autoim-
mune crescentic glomerulonephritis (34), whereas
DcR3-transgenic mice develop an SLE-like syndrome
(35). Taken together, these findings indicate that DcR3
also plays an important role in the pathogenesis of var-
ious chronic inflammatory diseases that are associated
with TL1A.

In this study, we examined the systemic and local
expression of TL1A and DcR3 in PBC patients to eluci-
date their clinical significance in PBC.

Aiba et al.

Materials and methods
Subjects

The study subjects included 110 patients with PBC, 26
with chronic hepatitis C (CHC), 19 with autoimmune
hepatitis (ATH) and 46 healthy controls, all of whom
had been registered at the National Hospital Organiza-
tion (NHO) Nagasaki Medical Center. Healthy controls
were medical staff members working at the NHO in
Japan who were free of apparent diseases, including
chronic liver diseases and autoimmune diseases. PBC
was diagnosed based on internationally accepted criteria
(36): biochemical evidence of cholestasis based mainly
on alkaline phosphatase (ALP) elevation, presence of
serum antimitochondrial antibodies, histological evi-
dence of chronic non-suppurative destructive cholangi-
tis and destruction of interlobular bile ducts. PBC
patients were classified into the following three clinical
stages based on liver biopsy findings and/or clinical
manifestations: clinical stage I — Scheuer’s stage 1 or 2
on liver biopsy or unknown histological stage without
any signs of portal hypertension or cirrhosis; clinical
stage II — Scheuer’s stage 3 or 4 on liver biopsy or any
histological stage with signs of portal hypertension or
cirrhosis, but without jaundice (total bilirubin <2 mg/
dl) and clinical stage III — any Scheuer’s stage with
persistent jaundice (total bilirubin >2 mg/dl) (37). Clin-
ical stage I was defined as the early stage, whereas
clinical stages II and III were defined as late stages. Clin-
ical stages I and II were also defined as non-jaundice
stages, whereas clinical stage I1I was defined as the jaun-
dice stage. PBC patients who had chronic hepatitis virus
B or C infections, alcoholic or autoimmune liver dis-
eases or hepatocellular carcinoma were excluded from
this study. AIH patients were diagnosed based on
established clinical criteria (38), and CHC patients were
diagnosed by detection of serum hepatitis C virus ribo-
nucleic acid (RNA) by polymerase chain reaction
(PCR). CHC patients were classified into early and late
stage based on the histological score of fibrosis in liver
biopsy specimens assessed by Metavir scoring system as
follows: early stage — fibrosis score 0 or 1; late stage —
fibrosis score 2, 3 or 4.

Enzyme-linked immunosorbent assay (ELISA)

Soluble TL1A in serum was measured using the human
TL1A ELISA kit (PeproTech, Rocky Hill, CT, USA)
according to the manufacturer’s protocol. In brief, the
wells of flat-bottomed immunoplates (Thermo Fisher
Scientific, Yokohama, Japan) coated with a rabbit anti-
human TL1A antibody (1 pg/ml, PeproTech) were
incubated for 2 h with serum samples that were diluted
1/10 in dilution buffer [0.05% Tween 20 in phosphate-
buffered saline (PBS)]. After washing, the wells were
incubated with a biotinylated rabbit anti-human TL1A
antibody (1 pg/ml, PeproTech) for 2 h followed by
incubation with horseradish peroxidase—conjugated

Liver International (2013)
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avidin (PeproTech) for 30 min. The wells were devel-
oped with ABTS Liquid Substrate Solution (Sigma-
Aldrich, St. Louis, MO, USA) and the absorbance was
measured at 405 nm. The detection limit of TL1A was
62 pg/ml. DcR3 was similarly measured using the
human DcR3 DuoSet ELISA Development kit (R&D
systems, Minneapolis, MN, USA) according to the man-
ufacturer’s protocol. In this ELISA, 1/10 diluted serum
samples were used and absorbance was measured at
450 nm. The detection limit of DcR3 was 45 pg/ml.
Antimitochondrial, anti-gp210 and anticentromere anti-
bodies were measured as previously described (37). All
samples were run in duplicate.

Histological examination of liver biopsy samples

The 4-pm-thick, formalin-fixed, paraffin-embedded
sections were routinely stained with haematoxylin and
eosin, Azan Mallory, reticulin silver impregnation and
rhodamine. A new staging and grading system proposed
by Nakanuma (39) was used to define histological scores
(0-3) for bile duct loss and fibrosis and grading (0-3)
for cholangitis activity (CA) and hepatitic activity (HA)
in liver biopsy specimens from PBC patients. Immuno-
histochemical staining of TLIA in liver biopsy speci-
mens was performed as previously described (40).
Rabbit anti-human TLIA polyclonal antibody (Abcam,
Cambridge, UK) was used at 1/200 dilution as a primary
antibody, and a standardized two-step method with
ENVISION+ (DAKO Japan, Tokyo, Japan) was used for
TLIA antibody detection. The reaction products were
visualized using 3,3'-diaminobenzidine as a chromogen
(DAKO) and counterstained with Mayer’s haematoxylin
(DAKO). No positive staining was obtained when the
primary antibody was replaced with an isotype-
matched, non-immunized rabbit IgG used as a negative
control for the staining procedures.

RNA extraction and quantification of mRNA

Total RNA was isolated from liver specimens of PBC
and CHC patients and from non-diseased controls
with metastatic liver cancers using the guanidinium
thiocyanate—phenol-chloroform method as previously
described (41). One microgram of total RNA was
reverse transcribed with reverse transcriptase and an
oligo-(dT) primer to synthesize complementary deoxy-
ribonucleic acid (cDNA) (Qiagen, Valencia, CA, USA).
Quantitative PCR was performed using an automated
amplification and quantification system in real time
(Light-Cycler 2.0 system; Roche, Basel, Switzerland). In
brief, 5 pl of the diluted ¢cDNA, 3 mM MgCl,, FAST
DNA SYBR Green I (Roche) and 500 mM of the specific
primers for TL1A or glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) were reacted in a total volume of
20 pl as follows: initial denaturation at 95°C for 10 min
followed by 40 amplification cycles of denaturation at
95°C for 10 s, annealing at 62°C for 10 s, extension at
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72°C for 6 s for TL1A or 9 s for GAPDH and an addi-
tional step at 82°C for 1 s for TL1A. The quantification
was performed by a standard melting curve analysis.
The PCR primers used in this study were as follows:
TL1A forward primer, 5-GAAATGACAGTATCTGCG
GAGTTTA-3"; TL1A reverse primer, 5'-CAACTAGCTA
CTGTCTGGCACTGG-3"; GAPDH forward primer,
5'-TGAACGGGAAGCTCACTGG-3'; GAPDH reverse
primer, 5-TCCACCACCCTGTTGCTGTA-3". Results
were expressed as the ratio of TLIA ¢cDNA to GAPDH
c¢DNA copy numbers in each sample.

Ethics board

This study was approved by the Ethics Board at the
Clinical Research Center in the National Hospital Orga-
nization Nagasaki Medical Center, and was conducted
after obtaining informed consent from each subject for
the use of their serum samples as well as liver biopsy
and surgical samples.

Statistical analysis

Values are expressed as means + standard deviations.
Comparison of demographic and clinical characteristics
between groups was performed using the Student’s ¢-test
or Fisher’s exact test. Median values of serum TLIA,
DcR3 and various serum and histological parameters
were compared using Mann—Whitney’s U-test. Spear-
man’s rank correlation test was performed to assess cor-
relations between serum TL1A and biochemical
parameters in PBC patients. TLIA mRNA expression in
liver tissues was compared using the Student’s -test.
Serum levels of TL1A and DcR3 in the same patient
before and after UDCA treatment were compared by
Wilcoxon’s single-rank test. A two-tailed P-value of
<0.05 was considered significant. Statistical analyses
were performed using StatFlex software version 5.0
(Artech, Osaka, Japan).

Results
Patient demographics and clinical characteristics

Demographics and clinical characteristics of PBC, CHC
and ATH patients at the time of enrolment are shown in
Table 1. Among PBC patients, 98.2%, 35.2% and 26.2%
were positive for antimitochondrial, anti-gp210 and
anticentromere antibodies respectively; 18% had already
begun treatment with UDCA. Among AIH patients,
47%, 11% and 5% had been treated with prednisolone
(PSL) alone, UDCA + PSL and UDCA alone respec-
tively; 37% had undergone no treatment. Of CHC
patients, 84% were not undergoing treatment; in the
remaining 16%, treatment consisted of pegylated inter-
feron-a alone (4%), UDCA alone (4%), UDCA + bezafi-
brate (4%) and stronger neo-minophagen C alone
(4%).
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Table 1. Demographics and clinical characteristics of PBC, CHC
and AlH patients at study enrolment

PBCn=110 CHCn=26 AHn=19

Age, mean + SD 508+ 120 564+106 586%154
(years)

Women, n (%) 92 (83.6) 15(57.7) 15(78.9)

Early stage, n (%) 96 (87.3) 13(50.0) -

Late stage, n (%) 14(12.7) 13 (50.0) -

ALT, mean £ SD (JU/L) 55+ 42 79+ 50 196+ 317

ALP, mean + SD (JU/L) 684 +509 336+224 461+ 280

IgM, mean * SD 390 + 307 119+47 277+ 375
(mgrdl)

No mediation, n (%) 90 (81.8) 22 (84.6) 7 (36.8)

UDCA alone 20(18.2) 1(3.8) 1(5.3)
treatment, n (%)

Pegylated interferon-o, 0 (0) 1(3.8) 0(0)
treatment, n (%)

Prednisolone alone 0(0) 0(0) 9(47.4)

treatment, n (%)

SD, standard deviation; ALT, alanine aminotransferase; ALP, alkaline
phosphatase; UDCA, ursodeoxycholic acid

Serum TL1A levels are increased in both early- and
late-stage PBC

Serum TLIA levels were significantly higher in PBC
patients compared with healthy controls (P = 8.0 x 107>,
Fig. 1A). Serum TLIA levels were also significantly
higher in CHC and AIH patients compared with healthy
controls (P = 0.04 and P = 0.003 respectively). There were
no significant differences in TL1A levels among PBC,
CHC and AIH patients (Fig. 1A).

Figure 1B shows that serum TL1A levels in healthy
controls were comparable with those in early-stage CHC
patients (P = 0.85), but were significantly higher in

Aiba et al.

patients with early-stage PBC (P = 2.0 x 107*). Serum
TL1A levels were significantly higher in both late-stage
PBC and CHC patients as compared with healthy con-
trols (PBC: P = 0.002; CHC: P = 0.002). Serum TL1A
levels were significantly higher in late-stage than early-
stage CHC patients (P = 0.002), a distinction not
observed in PBC patients (P = 0.15).

Association of TL1A with biochemical parameters,
prevalence of antinuclear antibodies and histological
scores in PBC patients

There were no significant associations between serum
TL1A levels and levels of either ALP (P = 0.59), alanine
aminotransferase (ALT) (P = 0.79) or total immuno-
globulin M (IgM) (P = 0.32) at the time of subject
enrolment (Fig. S1). Serum TLIA levels were similar
between PBC patients who were negative and positive
for anti-gp210 antibodies and anticentromere antibod-
ies (Fig. S2). Although serum TLI1A levels showed a
non-significant increase in chronic cholangitis of mod-
erate grade (CA2) but not of minimal or mild grade
(CA0-1) (P = 0.06), serum TL1A levels were not associ-
ated with histological scores reflecting bile duct loss,
fibrosis or the grade of hepatitic change (HA) (Fig. 2).

Serum TL1A is decreased in response to UDCA treatment
in patients with early-stage PBC

To evaluate the effect of UDCA on serum TL1A levels in
PBC patients, we followed the levels of serum TLI1A,
ALP, ALT and total IgM in 76 PBC patients receiving
various UDCA treatments. Specifically, these patients
received UDCA alone (58; 76%), UDCA + bezafibrate
(14; 18%), UDCA + bezafibrate + PSL (2; 3%) or

(A) - B) .. s
35 = ¥ e
e 2
30 : 30 ’
25 23
S0 S ‘
=) g )
= st . = 157
" ] .
&= 10 : = o0 . N
a : ) PO
5 ? .x::. i ot ¥ é%% -g- ':i';- i~
£ b g I I
ol =i ¢ 7 ) "%‘“ jaite :
BC O PBC CHC AR HC PBC PBC CHC CHC

early Lae  cardy  buge

Fig. 1. Serum TL1A levels in PBC, CHC and AlH patients. (A) Serum TL1A levels were significantly higher in patients with PBC (n = 110,
4.9 £+ 5.0 ng/ml), CHC (n = 26, 3.0 = 1.5 ng/ml) and AlH (n = 19, 5.9 + 6.4 ng/ml) as compared with healthy controls (n = 29,

2.2 = 1.7 ng/ml). (B) Serum TL1A levels were significantly higher in both early-stage (n = 96, 4.7 + 5.1 ng/ml) and late-stage PBC patients
(n = 14, 5.7 + 4.4 ng/ml) as compared with healthy controls, whereas serum TL1A levels were significantly higher in late-stage (n = 13,
3.8 £ 1.1 ng/ml) but not in early-stage CHC patients. Serum TL1A levels in early-stage PBC patients (n = 96, 4.7 + 5.1 ng/ml) were signifi-

cantly higher as compared with those of CHC patients (n = 13, 2.1 + 1.3 ng/ml). Horizontal lines represent mean values for each group.
Statistical differences were analysed using a two-tailed Mann-Whitney U-test; #P < 0.05, **P < 0.01, *#*P < 0.001. HC; healthy controls.
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