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Abstract

In the United States, biliary atresia (BA) is the most frequent indication for liver transplantation in
pediatric patients. BA is a complex disease, with suspected environmental and genetic risk factors.
A genome-wide association study in Chinese patients identified association to the 10g24.2 (hg18)
genomic region. This signal was upstream of two genes, XPNPEP1 and ADD3, both expressed in
intrahepatic bile ducts. We tested association to this region in 171 BA patients and 1,630 controls
of European descent and found the strongest signal to be at rs7099604 (p = 2.5 x 1073) in intron 1
of the ADD3 gene. Moreover, expression data suggest that ADD3, but not XPNPEP1, is
differentially expressed in BA patients. The role of ADD3 in biliary development is unclear, but
our findings suggest that this gene may be functionally relevant for the development of BA.

Introduction

Biliary atresia (BA) is a disease of the liver and bile ducts affecting neonates in the first
months of life. BA is a progressive idiopathic, necroinflammatory process initially limited to
the extrahepatic biliary tree, but the progressive obliteration of the extrahepatic bile duct
lumen leads to obstruction of bile flow resulting in cholestasis and chronic liver damage. If
left uncorrected, the mortality rate is 100 %. BA is the most common indication for liver
transplantation in children. Fifty percent of affected individuals undergo transplantation by 2
years of age and 80 % undergo transplantation by 20 years of age (Erlichman et al. 2009;
Mack and Sokol 2005; Shneider et al. 2006).

The incidence rate of BA varies across ethnic groups. It is more commonly found in Asian
populations including those living in Asia as well as those living in the United States. The
incidence rate is 0.6, 1.0, 1.7, 2.0, and 3.0 per 10,000 live births for the respective
Caucasian, Japanese, Taiwanese, Filipinos in Hawaii, and Chinese in Hawaii populations
(Muraji et al. 2009). While the etiology of BA is unknown, it is proposed to be multi-
factorial, with infectious, inflammatory and genetic risk factors (Shneider et al. 2006).

A previous genome-wide association study (GWAS) of Chinese individuals (324 BA cases,
481 controls) identified a region on chromosome 10q as a potential susceptibility locus. The
most significant finding was association with SNP rs17095355 (p = 6.94 x 1079) on
chromosome 10 at position 111735750 (hg19) (Garcia-Barcelo et al. 2010). This SNP is
located upstream of two genes expressed in the hepatobiliary system, XPNPEP1, encoding
X-Prolyl Aminopeptidase 1, and ADD3, encoding an F-actin binding protein called adducin
3 (Citterio et al. 2003; Ersahin et al. 2005). Association with the same SNP was replicated in
a Thai cohort (p < 0.003) of 124 BA cases compared against 114 controls (Kaewkiattiyot et
al. 2011). Both of these investigations were conducted on Asian subjects and there has been
no report of this association in other ethnic groups. We investigated this region in our data
from an ongoing GWAS study in a Caucasian cohort to test if this locus affects risk of BA in
a non-Asian population.
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Materials and methods

Sample collection

The BA patients in this studied were enrolled through two studies. The majority of the BA
patients (n = 240) were enrolled under IRB-approved protocols in the Childhood Liver
Disease Research and Education Network (ChiLDREN), an NIDDK-funded research
network involving 16 pediatric centers across North America, including the Children’s
Hospital of Philadelphia (CHOP). The remaining BA patients (n = 51) were followed at
CHOP and directly enrolled into an IRB-approved study at this institution. These patients
had a diagnosis of BA made by clinical presentation, liver histology and intraoperative
cholangiogram. Most patients also had the diagnosis confirmed by examination of the biliary
remnant from a Roux-en-Y hepatic portoenterostomy (Kasai operation). The DNA samples
from patients enrolled in ChiLDREN were provided to us by the Rutgers University NIDDK
biorepository (Shneider et al. 2012). The DNA samples of patients enrolled at CHOP were
extracted from peripheral blood using the 5Prime DNA extraction kit or from
lymphoblastoid cell lines transformed from peripheral blood. The genotypes of 3,000
healthy controls were supplied by the Center for Applied Genomics (CAG) at CHOP. These
healthy individuals were enrolled from several different primary care clinics in the Greater
Philadelphia region through an IRB-approved protocol (Shaikh et al. 2009). All samples
were genotyped by the CAG on the HumanHap 610 Quad SNP BeadArray (Illumina, San
Diego, CA), with the exception of 11 BA patients genotyped on the HumanHap 550v3 SNP
BeadArray for a previous study (Cui et al. 2013; Leyva-Vega et al. 2010).

The liver biopsies and clinical data for the samples used in the quantitative PCR (gPCR)
expression assays were obtained from infants with cholestasis enrolled into a prospective
study of the ChiLDREN or from infants evaluated at Cincinnati Children’s Hospital Medical
Center through the participating institution’s IRB-approved protocols. For subjects with BA,
liver biopsies were obtained from 64 infants during the preoperative workup or at the time of
intraoperative cholangiogram (age 66.1 + 26.6 days). Subjects with intrahepatic cholestasis
served as diseased controls (DC). Liver biopsy samples were obtained percutaneously or
intraoperatively from 14 infants at the time of diagnostic evaluation (age 77.1 + 48.7 days).
This group consisted of children diagnosed with Alagille syndrome (n= 1), ABCB4
deficiency (n = 2), alpha-1-antitrypsin deficiency (n = 2) and cholestasis with unknown
etiology (n =9). A separate group of normal controls (NC) consisted of liver biopsy samples
obtained from deceased-donor children aged 22—-42 months (n = 7) as described previously
(Li et al. 2011a). All samples were obtained after informed consent from patients’ parents or
legal guardians.

SNP array quality control

The genotypes from the 550v3 and 610 Quad BeadArrays were merged together. The
markers unique to the 550v3 were excluded from further analysis and the markers unique to
the 610 Quad were set to missing in the 11 samples genotyped on the 550v3 array. There
were 551,044 markers that passed quality control filtering criteria (see Sup. Fig. 1).

A genetically matched set of cases and controls was identified from the SNP array data (see
Sup. Fig. 2 for detailed selection criteria). Of the 229 BA patients with self-reported
ethnicity, 169 (74 %) were self-reported Caucasian, 33 (14 %) were African American, 31
(14 %) were Hispanic, 7 (3 %) were Asian, 1 was American Indian or Alaska Native, 1 was
Native Hawaiian or Other Pacific Islander, and the remaining reported an unlisted ethnicity.
For our analysis, we chose to focus on Caucasians because they were the largest ethnic
group in our cohort. We clustered all the subjects using the multidimensional scaling (MDS)
algorithm in PLINK (Purcell et al. 2007). The MDS plot (Sup. Figs. 3A and 3B) depicts the
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ethnic diversity of our patient and in-house control populations as compared to the HapMap
3 reference population (International HapMap 3 Consortium 2010). We controlled for the
population structure of our cohort by first isolating individuals who were within the range of
self-identified Caucasians for the first and second MDS components, and then by filtering
for only individuals who had these two components within two standard deviations of the
mean of this subpopulation (Sup. Fig. 3C). After quality control and filtering, the remaining
171 cases and 1,630 controls were used for our association study. We performed a second
MDS analysis on this smaller cohort to look for finer population substructure and accounted
for this by adjusting for the first two components in the association tests.

Linkage disequilibrium in 10925.1

We investigated the linkage disequilibrium (LD) structure around rs17095355 on 10g24.2
(now referred to as 10g25.1 in hg19) in the HapMap 3 Release 2 Chinese and Caucasian
SNP data. It is important to understand the population structure differences in this region
between Chinese and Caucasians because the SNP association was detected in a Chinese
cohort whereas we tested a Caucasian cohort. The confidence interval method in Haploview
was used to define haplotype blocks (Barrett et al. 2005; Gabriel et al. 2002). Also, this
method was used to calculate the r2 correlation between these blocks.

Imputation and association study

The logistic regression test adjusted for the first two MDS components was performed using
PLINK on genome-wide genotyped SNPs to estimate the genomic inflation factor (Purcell et
al. 2007). Results of this test were plotted as a quantile-quantile (Q-Q) plot in R (R Core
Team 2012) to check for deviation from the expected distribution of p values.

Imputation of SNP genotypes was performed at and around rs17095355 to look for the
strongest signal of association in this candidate region. We had 339 SNPs in the 2 Mb region
around rs17095355 genotyped by the SNP array. We used these genotypes for imputation
using IMPUTE2 (Howie et al. 2009). The 1000 Genomes Project (1000G) Phase I low
coverage data from 1,092 individuals of diverse ethnic backgrounds served as our
imputation reference panel (1000 Genomes Project Consortium 2012). SNPs that were
imputed with low confidence (info <0.8), that were rare in our cases and controls (minor
allele frequency or MAF <0.01), as well as those that appeared to be non-unique in hg19
were removed. The imputation procedure is summarized in Sup. Fig. 4. Association test of
the imputed data adjusting for the first two MDS components was performed using
SNPTEST (Marchini et al. 2007) on 333 SNPs that passed our quality control criteria in the
region that spanned the Chinese LD block around rs17095355 and encompassed the two
flanking genes, including a 5 kb region downstream of each gene (chr10:111619000—
111901000 in hg19 coordinates) by logistic regression under an additive model. Using
SNPT-EST, we also performed an association test of the same SNPs conditional on
rs17095355 and rs7099604 by logistic regression analysis under a standard additive model.

Confirmation of imputation results

From imputation, a probability score was assigned to each of the three possible genotypes of
a biallelic SNP. A confidently imputed genotype is considered one where the probability of
the most likely genotype is greater or equal to 90 % (Marchini et al. 2007). Sanger
sequencing confirmed the genotype at rs7099604 in 57 BA patients with confidently
imputed genotypes. Sequencing was performed using a primer set consisting of 5-TGG
GCA TAA GTG CCT TGG ATG A-3’ (forward) and 5-ACA AGC AGA CAG TTG TGG
AGA-3' (reverse). The primers were designed using PrimerQuest and ordered through
Integrated DNA Technologies (Coralville, 1A).
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Immunohistochemistry

A control liver sample from an autopsied infant with no known liver disease and a BA
sample (liver tissue from a wedge biopsy and biliary remnant from a Kasai operation) were
provided by the Pathology Department at CHOP. These samples had been fixed by routine
methods in 10 % buffered formalin and paraffin-embedded. The existing autopsy sample
was obtained from a 2-month-old infant. The samples from the BA patient were collected at
1.5 months of age. Immunohistochemistry for P1/XPNPEP1 monoclonal antibody (R&D
Systems, Minneapolis, MN) at a dilution of 1:400, and Adducin-gamma rabbit polyclonal
antibody (Santa Cruz Biotechnology, Santa Cruz, CA) at a dilution of 1:100, was done on
the Leica Bond-Max Autostainer using the Bond Polymer Refine Detection System (Leica
Microsystems, Buffalo Grove, IL). Paraffin sections were cut onto charged glass slides at 5
pum, and dried overnight at 45 °C. Deparaffinization, epitope retrieval with ER2 buffer (pH
9) for 20 min for ADD3 and ER1 buffer (pH 6) for XPNPEP1 and detection were all
performed on the Leica Bond-111 stainer. The detection reagents include a horseradish
peroxidase-linked polymer, which works for mouse and rabbit antibodies and DAB
chromogen. The sections were counterstained with Gill’s hematoxylin, washed, dehydrated
with graded concentrations of ethanol, cleared in xylene, mounted and examined
microscopically.

Expression analysis

Quantitative PCR was performed using Brilliant 11 Ultra-Fast SYBR Green QPCR Master
Mix and the Mx3005P gPCR System (Agilent Technologies, Santa Clara, CA) as previously
reported (Shivakumar et al. 2004). The mRNA expression of target genes was normalized to
the endogenous reference GAPDH gene. PCR primers used in the study are listed in Sup.
Table 1.

The Kruskal-Wallis test was performed to test for a difference among the three groups (NC,
DC, and BA). Then, pairwise Dunn’s multiple comparison tests were performed to
determine the source of the difference. Statistical analysis was done using Prism 5.0c
(GraphPad Software, San Diego, CA), and p < 0.05 was regarded as statistically significant.
The correlation between gene expression and SNP genotype was tested by fitting a linear
regression with the genotype expressed as number of minor alleles (0, 1, or 2) as a predictor
of the expression.

Sanger Sequencing of ADD3

Results

The ADD3 coding exons were sequenced in 60 patients to look for novel or rare mutations.
Primers were designed to sequence all 14 coding exons of ADD3 (Sup. Table 2). PCR was
performed with AmpliTaq Gold DNA polymerase (Life Technologies, Carlsbad, CA) using
the optimized annealing conditions for each primer set. The quality of the PCR product was
confirmed by running 5 pl of PCR product on a 1.5 % agarose gel at 120 V for 45 min. The
unincorporated primers and dNTPs were removed from each sample using 2 pl of
exonuclease 1 and 4 pl of fast thermosensitive alkaline phosphatase. Capillary
electrophoresis was performed at the Nucleic Acid/Protein Core Facility (NAPCore) at
CHOP. The sequences were aligned to the hg19 reference of ADD3 to identify variants.

Association study of 10925.1 from genotyped data

In order to test for the effects of population stratification, we calculated a genomic inflation
factor () based on the genome-wide association tests. The value of A was estimated to be
1.01 and therefore no strong evidence for substructure was detected in our sample. A Q-Q
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plot of the observed p values did not indicate significant deviation from the expected values
(Sup. Fig. 5).

Looking at association test results for the SNPs genotyped on the array in our Caucasian
cohort, we searched for a signal at the 10g25.1 locus previously reported to be associated
with BA in a Chinese study. We found no SNPs that achieved genome-wide significance at
this locus. The significance of rs17095355 was unknown because it was not present on the
array platform used to genotype our samples. However, SNPs strongly correlated with it
based on the HapMap 3 samples of Chinese descent (CHB + CHD) (r2 = 0.99) achieved
nominal significance (p < 0.03) (Table 1).

Fine-mapping of the 10925.1 region following imputation

An exploratory analysis of the candidate region haplotype structures in HapMap 3 Chinese
and Caucasian data was performed to better understand variability at this locus. The LD
plots generated from the genotypes of the Han Chinese in Beijing, China (CHB) (Sup. Fig.
6A) and of the United States residents of western and northern European ancestry from Utah
and Tuscans in Italy (CEU + TSI) (Sup. Fig. 6B) depict the diversity of this region between
ethnic groups. The bars above the LD plots represent haplotype blocks defined according to
the default algorithm in Haploview (Gabriel et al. 2002). In the Chinese population studied,
the LD block containing rs17095355 is strongly correlated with a neighboring LD block (r2
=0.91). Together, these two blocks partially encompass both XPNPEP1 and ADD3. To
extensively cover the biologically relevant regions of these genes, we performed subsequent
analysis on all SNPs included in the genomic region from 5 kb downstream of XPNPEPL1 to
5 kb downstream of ADD3 (chr10:111619000-111901000 in hg19 coordinates).

Following SNP imputation, we performed an association test on 333 SNPs in the candidate
region correcting for the first two MDS components. Results for the most significant
imputed (rs7099604) and genotyped (rs12569425 and rs7069128) SNPs are listed in Table
1. Also, rs17095355 and the genotyped SNPs most highly correlated with it (rs921348 and
rs7906904) are included. A comprehensive summary of all the genotyped and imputed SNPs
tested can be found in Sup. Table 3. While rs17095355 was nominally significant (p =
0.026), it was not the most significant SNP in this region. The strongest signal came from
rs7099604 (p = 0.002), a SNP that lies in the first intronic region of ADD3 (Table 1). This
SNP was not reported in the published association study (Garcia-Barcelo et al. 2010), and it
is only moderately correlated with rs17095355 (r2 = 0.49 in 197 1000G Phase | CHB +
CHD samples). The SNPs most strongly correlated with rs7099604 in the 1000G Phase |
CHB + CHD samples showed p values around 10~ in the Chinese BA GWAS (Garcia-
Barcelo et al. 2010).

Most markers achieving marginal significance (p < 0.05) were highly correlated (r2 > 0.6)
with rs7099604, but a handful had low correlation (r2 < 0.2) (Fig. 1a, Sup. Table 3). To
explore if multiple independent SNPs in this region may be associated with BA, we
performed additional association tests conditional on the genotype at rs7099604. The results
are reported in Fig. 1b. Overall, the association was less significant for the SNPs in the
intergenic region, including rs17095355 (conditional association p = 0.917), and in ADD3.
Curiously, a few markers in XPNPEPL that did not reach nominal significance or were
barely significant (p = 0.04) have an increased significance with the conditional association
test. Conversely, we also performed an association test of this region conditional on
rs17095355 and found that rs7099604 remains borderline significant (conditional
association test p = 0.053).
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Confirmation of imputation results

Localization

We determined the genotype at rs7099604 of 58 patients with confidently imputed
genotypes. These genotypes were determined by Sanger sequencing, and 5 of 5 GG, 28 of
29 AG, and 20 of 24 AA genotypes were correctly imputed. The 4 incorrectly predicted AA
genotypes were determined to be either AG (n = 3) or GG (n = 1). The incorrectly predicted
AG genotype was confirmed to be GG. Interestingly, the genotypes of 4 of the 8 patients
genotyped on the older HumanHap 550v3 SNP arrays and experimentally checked via
Sanger sequencing did not validate. However, only one of the 49 patients genotyped on the
HumanHap 610 SNP array and experimentally checked was imputed incorrectly (2 % error
rate). These experimental findings also show that the imputation algorithm was conservative
when predicting a deviation from the major allele, as the error in genotypes underestimated
the prevalence of the risk allele, G. From the experimental validation, we believe the
imputed data is reliable and suitable for downstream analysis.

of XPNPEP1 and ADD3

The function of X-prolyl aminopeptidases is to breakdown bradykinin, a peptide that
participates in regulating blood pressure and this aminopeptidase can be inhibited by
apstatin (Li et al. 2011b). XPNPEP1 is ubiquitously expressed throughout the body, with the
most expression found in the small intestine. The role of XPNPEP1 in the liver and
hepatobiliary tract has not been established, although an increased expression of serum
leucine aminopeptidase has been associated with a several hepatobiliary diseases affecting
intrahepatic or extrahepatic bile ducts (Kowlessar et al. 1961). From the
immunohistochemistry stains of liver sample tissue, we showed that XPNPEPL1 is present in
both hepatocytes as well as the biliary epithelium in normal and diseased livers (Fig. 2a).
Moreover, protein expression of XPNPEP1 was also present in the extrahepatic biliary
epithelium, but not in the surrounding fibrous tissue.

The adducin gene family has an established association with hypertension (Cusi et al. 1997).
Although adducin proteins are known to be ubiquitously expressed membrane-skeletal
proteins, the presence of ADD3 in the hepatobiliary system has not been described. By
immunohistochemistry, we found evidence of ADD3 expression in the biliary epithelium
(Fig. 2b), but there seemed to be little or no expression of ADD3 in the surrounding hepatic
cells. ADD3 was also present in the extrahepatic biliary epithelium (Fig. 2b).

Expression of XPNPEP1 and ADD3

The expression of XPNPEPL and ADD3 was measured in the liver of normal control (NC),
diseased control (DC) and BA subjects by qPCR. There did not seem to be any apparent
differences in XPNPEPL1 expression between the three groups of patients (Fig. 3a).
However, there was a significant difference in the level of expression of ADD3 between BA
and normal control subjects (p < 0.001) (Fig. 3b). No significant difference was observed
between the diseased control group and the normal controls as well as the BA group. We
also investigated the possibility of the expression of these two genes being linked to the
underlying genotype at the significantly associated SNP rs7099604 (Sup. Fig. 7). Although
the sample size is small, there did not seem to be any correlation of rs7099604 genotype
with expression of XPNPEP1 (p = 0.34) and ADD3 (p = 0.61).

ADD3 gene sequencing

We looked for coding changes in ADD3 by sequencing 60 patients. Sanger sequencing was
carried out in a diverse representation of patients with rs7099604 genotypes (14 AA, 43 AG,
3 GG), but we did not identify any deviation from the human reference genome.
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Discussion
Findings in 10925.1

Two independent studies in Asian patients showed an association of 10g25.1 variants with
BA (Garcia-Barcelo et al. 2010; Kaewkiattiyot et al. 2011). Our investigation of genotyped
and imputed SNPs in this region indicates that the association to BA at this locus is also
present in Caucasians. However, we find that while rs17095355, the most significant SNP in
Asian samples, is also nominally significant in our cohort, rs7099604 in the first intron of
ADD3 has a stronger signal in our Caucasian cohort. These differences may be attributed to
regional differences in haplotype structure (Sup. Fig. 6) as well as variation in the minor
allele frequency of these SNPs between the two ethnic groups. The dbSNP data on the
frequency distribution of rs17095355, the candidate BA SNP reported in two Asian cohorts,
show a large disparity in allele frequencies between Asians and Caucasians as well as within
Caucasians (Sup. Fig. 8). The lower level of LD in this region combined with decreased
prevalence of the polymorphism at rs17095355 in Caucasians may have decreased our
power to detect an association with BA. Even so, the marginally significant p value from a
conditional association test on rs17095355 indicates a residual association at rs7099604 that
is not accounted for by the previously reported SNP. Our data suggest that while rs17095355
could be a good marker of the true signal in 10g25.1 in the Asian population, it may not
necessarily be the best marker of the underlying signal in the European population. We
propose rs7099604 as a better marker of the true association at 10g25.1 than rs17095355 in
a Caucasian cohort, and its intronic location indicates ADD3 as the more relevant gene to the
etiology of BA.

The negative findings from ADD3 exon sequencing in 60 BA patients suggest that the
association signal is not from a direct change in its coding sequence. It is possible that the
causal variant responsible for the association signal could alter the function of a regulatory
element. The top two associated SNPs are intronic to ADD3, but the third most significant
SNP, rs7067604, lies 33 kb upstream of ADD3. This SNP lies in a strong enhancer region in
the HepG2 cell line from the ENCODE data (Rosenbloom et al. 2013).

Implication of ADD3 in BA

As the LD block containing the association signal on 10g25.1 spans XPNPEP1 and ADD3, it
has been difficult to conclude where the signal arises. Both genes are expressed in the biliary
epithelium and are downstream of the previously reported associated SNP. Interestingly,
ADD3 seems to stain more specifically for the bile ducts, whereas XPN-PEP1 seems to be
more ubiquitously expressed in the liver. Our most significant signal is an intronic
polymorphism in ADD3, although the genotype at this SNP does not seem to directly
correlate with the expression of ADD3. Examination of the intrahepatic biliary tree revealed
that zebrafish with a gene knockdown of xpnpepl exhibited little or no biliary abnormalities,
but biliary defects were present in the add3a knockdown construct (R.P. Matthews, personal
communication). These results seem to correspond well with the gene expression data,
indicating no difference between XPNPEP1 expression in BA and the control cohorts and a
significant difference between ADD3 expression in BA and the normal control cohort. While
this manuscript was under revision, a publication by Cheng et al. also reported ADD3 as a
likely candidate gene for BA. They found that the Chinese BA patients with the risk
haplotype had significantly lower expression of ADD3 suggesting that the risk haplotype can
contribute to BA by decreasing ADD3 expression (Cheng et al. 2013).

In conclusion, we demonstrated that the 10g25.1 region reported in Asian populations is also
significantly associated with BA in the Caucasian population. While the original association
signal lies upstream of XPNPEP1 and ADD3, SNP imputation in this region suggests a
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stronger association signal intronic to ADD3 and supports its role as a BA susceptibility
gene.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Regional association plot of 10g25.1. The most significant SNP in this region, rs7099604, is
depicted as a purple diamond. The remaining colors correspond to each SNP’s r2 correlation
to rs7099604 in the European population of the 1000 Genomes Phase | data. The circles
represent the markers that were genotyped using the SNP array and sgquares represent the
imputed markers. a The regional association plot of the p values from the additive genetic

model. b The regional association plot of the p values conditional on rs7099604 (color

figure online)
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Fig. 2.

XPNPEP1 and ADD3 are expressed in intra- and extrahepatic bile ducts by
immunohistochemistry. The black arrows represent bile ducts. a The staining of XPNPEP1
is present in the intrahepatic as well as the extrahepatic bile ducts. It seems that XPNPEP1 is
ubiquitously expressed, as it also stains the hepatocytes. b ADD3 seems to be only
expressed in the intra- and extrahepatic bile ducts as it faintly stains the hepatocytes and
surrounding tissues
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Relative expression of ADD3 and XPNPEP1. The expression levels of XPNPEP1 and ADD3
were measured in normal controls (NC), disease controls (DC), and BA patients (BA). The
comparisons between these groups were not significant (NS) for XPNPEP1. A significant
difference was detected (***p < 0.001) between the NC and BA for ADD3
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