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Table 3 Ordered logistic regression analyses for predicting liver fibrosis stages in the development cohort

Variable Coefficient (95% confidence interval) Standard error Wald P-value

Univariate analysis
Log. (platelet count (x10%/1)) —2.859 (~3.858 to — 1.860) 0.510 31.461 <0.001
Loge (age (days)) 1.812 (1.119-2.506) 0.354 26.213 <0.001
Loge (TB {mg/dl}) 1.517 (0.881-2.142) 0.319 22.565 <0.001
Log, (albumin {g/dl)) ~7.950 (~11.270 to — 4.631) 1.694 22.038 <0.001
Log, (PT-INR) 7.126 (4.125-10.127) 1.531 21.662 <0.001
Loge (ChE (1UN) —2.841 (—4.078 to — 1.604) 0.631 20.272 <0.001
Loge (DB {mg/di)) 1.269 (0.706-1.832) 0.287 19.534 <0.001
Loge (GGT (1UA)) —0.926 (—1.398 to — 0.454) 0.241 14.772 <0.001
Loge (AST (1U/)) 0.924 (0.235-1.612) 0.351 6.920 0.009
Loge (ALT (1UN)) 0.278 (-0.312-0.868) 0.301 0.852 0.36

Multivariate analysis
Loge (TB {mg/dl)) 1.185 (0.574—1.796) 0.312 14.452 <0.001
Log, (platelet count (x10%/1)) —1.882 (-3.052 to ~0.712) 0.597 9.935 0.002
Log. (age (days)) 1.093 (0.232-1.955) 0.439 6.190 0.0t

ALT, alanine aminotransferase; AST, aspartate aminotransferase; ChE, cholinesterase; DB, direct bilirubir; GGT, y-glutamyltransferase; PT-INR, prothrombin

time-international normalized ratio; TB, total bilirubin.

Development cohort Validation cohort
12 < = 0.80* 12— r=073%
10 — © 10 —
8 g —
iBALF
6 & 6
score
4 4 —
B hg T
2 - 2 -
0 — 0~
] I I I f 1 I 1
F1 F2 F3 F4 Fi F2 F3 F4
n= 10 19 20 24 n= 8§ 23 27 59
10 =1 ¢ = 0.65% 10 = r=0.62%
8 - 8 — ©
[ 6 — 8
APRI ¥y}
4 — 4
2~ 44) 2 - % an
0 - g é 0 - L @
i I ! i I 1 1 1
F1 F2 F3 F4 F1 F2 F3 F4
n= 10 19 20 24 n= 8 23 27 59

Figure 2 Values of the infant biliary atresia liver fibrosis (BALF) score and aspartate aminotransferase-to-platelet ratio index (APRI) according to the histological fibrosis
stages. Boxplots show the median values with the interquartile ranges, and error bars indicate the smallest and the largest values within 1.5 box-lengths of the upper and the
lower quartiles. Circles represent the individual points for outliers. Correlations between the markers and the fibrosis stages were evaluated using the Spearman correlation

coefficient (1); *P<0.001.

For infants with BA at presentation, two types of surgical
procedure could be chosen—bile drainage surgery or liver
transplantation. There were two reports regarding effects on
outcomes after liver transplantation comparing early failure of
hepatoportoenterostomy, which was defined as the need for
liver transplantation within the first year of life, and primary liver
transplantation. Alexopoulos et al.'® described that early
failure of hepatoportoenterostomy adversely affected patient
and graft survival rates. Neto et al.'! reported that early failure

Clinical and Translational Gastroenterology

of hepatoportoenterostomy had no effect on patient and graft
survival, that late failure of hepatoportoenterostomy had a
protective effect compared with primary liver transplantation,
and that previous hepatoportoenterostomy increased biliary
complications and bowel perforations after liver transplanta-
tion. Thus, it is important to know which patients can benefit
from bile drainage surgery at presentation. In this study, we
attempted to reveal the association between the iBALF score
at the initial surgery and prognosis using the BALF score at
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Figure 3 Receiver-operating characteristic curves of two fibrosis markers for diagnosing each fibrosis stage. Evaluated noninvasive markers included the infant biliary atresia
liver fibrosis (IBALF) score (thick lines) and the aspartate aminotransferase-to-platelet ratio index (APRI, dashed lines). Gray lines indicate the reference lines. The diagnostic
power of each marker was assessed by calculating the area under the curve (AUC); *P<0.001, **P=0.01. The P values in the panels represent the differences between

AUCs of the iBALF score and the APRI using the Delong test.

1 year of age. The results (Figure 4) suggest that BA patients
with an iBALF score >6 at presentation might require liver
transplantation rather than bile drainage surgery. However, the
number of these severely affected patients was small in both
cohorts. Except for these severely affected patients, the iBALF
score at the initial surgery did not seem to be associated with
native liver survival at 1 year of age. There was no correlation
between the iBALF score at the initial surgery and the BALF
score at 1 year of age among the patients with native liver
survival, suggesting that liver fibrosis at the initial surgery had
a limited effect on liver fibrosis progression or remission. We
previously reported similar data on the actual fibrosis stages in
15 patients aged > 2 years who underwent serial histological
examinations at the time of initial surgery and after surgery and

who were included in the development cohort of the current
study: seven of these 15 patients showed remission of fibrosis,
five showed the same fibrosis stage, and three showed
progression of fibrosis.* We believe that effective postsurgical
antifibrotic therapy for BA patients is needed and that
noninvasive fibrosis monitoring would be highly valuable in
clinical practice and study.

In addition o our previous report, several other studies have
proposed noninvasive markers to assess liver fibrosis in BA
patients. The APRI, which was originally developed to predict
cirrhosis in hepatitis C patients,® has been widely investigated
in BA patients. Kim et al.'® described that the correlation
coefficient between the APRI and Metavir fibrosis score from
35 patients at the time of hepatoportoenterostomy was
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0.77 (P<0.001) and that the AUCs of the APRI for > F3 and F4 1.6-18.9 years after surgery), Lampela et al.'* described a
fibrosis were 0.92 and 0.91, respectively. By contrast, Lind significant correlation between the APRI and Metavir fibrosis
et al'® reported that the APRI was not significantly different score (r=0.63, P <0.001) and a good diagnostic accuracy of
according to the fibrosis stage in 31 patients at the time the APRI for > F3 with 93% sensitivity and 67% specificity.
of hepatoportoenterostomy. In 23 patients after successful Another noninvasive fibrosis marker, transient elastography
hepatoportoenterostomy  (median, 4.2 vyears; range, {Fibroscan), was more recently investigated to assess liver

Table 4 Cutoff values and diagnostic accuracies of the infant biliary atresia liver fibrosis (IBALF) score for predicting histological fibrosis stages

n (%) Cutoff Sensitivity Specificity Accuracy

Development cohort (n= 73)

>F2 63 (86.3%) 3.00 77.8% 80.0% 78.1%

>F3 44 (60.3%) 3.99 86.4% 86.2% 86.3%

=F4 24 (32.9%) 5.75 91.7% 93.9% 98.2%
Validation cohort (n=117)

>F2 109 (93.2%) 3.56 83.5% 75.0% 82.9%

>F3 86 (73.5%) 4.34 80.2% 80.6% 80.3%

=F4 59 (50.4%) 512 84.7% 79.3% 82.0%
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8 Dead after the bile drainage surgery Native liver survival at 1 year of age

Figure 4 Relationships between the infant biliary atresia liver fibrosis (IBALF) score at the initial surgery and prognosis. Triangles indicate the patients receiving liver
transplantation as the initial surgery. Crosses represent the patients requiring liver transplantation after bile drainage surgery before 1 year of age. The square indicates the patient
who died after bile drainage surgery. The patients who survived with their native liver at 1 year of age are expressed by fines between the iBALF score at the bile drainage surgery
and the biliary atresia liver fibrosis (BALF) score at 1 year of age.
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stiffness using the ultrasound technique; Shin et al!®
described that liver stiffness measurements obtained via
transient elastography significantly correlated with Metavir
fibrosis stages (r=0.83, P<0.001) and had good diagnostic
powers for predicting severe fibrosis (> F3; AUC=0.86) and
cirrhosis (F4; AUC =0.96) in 47 BA patients aged <1 year at
the time of hepatoportoenterostomy with liver biopsy or liver
transplantation. Moreover, the APRI and transient elastogra-
phy had already been investigated for associations with
esophageal varices, an important consequence of liver
fibrosis and portal hypertension, in postsurgical BA
patients.’'®~"8 The current study suggests the advantages
of the iIBALF score over the APRI: stronger correlation with the
fibrosis stages and more favorable diagnostic power than the
APRI. Unlike the elastography methods, the iBALF score has
good accessibilities, such as no need for a special device
and simple equation components that allow retrospective
calculation.

Although the current study indicated that the iBALF was a
good noninvasive fibrosis marker even in the validation cohort,
it has several limitations. First, patients were selected from
three institutions, two of which were assigned to the develop-
ment cohort and one to the validation cohort, resulting in
significant differences in patient characteristics and blood test
results between the cohorts. BA patients aged <1 yearcanbe
divided into three situations: patients before surgery, patients
with a good postsurgical course, and patients requiring liver
transplantation after bile drainage surgery. Although we
intended that the iIBALF-scoring system could apply in all
situations, needle biopsy examinations for postsurgical
patients with good bile drainage were performed at only one
of the three participating institutions, thus the sample size was
too small. To reflect the data from patients with a good
postsurgical course in the iBALF score composition, we
assigned the small number of these patients to the develop-
ment cohort rather than randomly assigning them to
the development cohort or the validation cohort. Thus, the
relationships between liver fibrosis stage and the iBALF
score of patients with a good postsurgical course couid not be
validated. In addition, there was a probable difference in
the timing of liver transplantation between the institutions.
Because of serious deceased donor organ shortages in
Japan,'® the timing of liver transplantation using liver allografts
from living donors probably reflected the transplantation policy
of each institution, resulting in significantly different ranges of
the IBALF score in F4 patients between the cohorts and wide
overlap in the ranges of the F3 and F4 groups in the validation
cohort. The second limitation was general problems in prior
studies of noninvasive fibrosis markers using the biopsy
examinations as a reference standard: namely, biopsy
sampling errors,?® and observer variability.®' Subcapsular
wedge biopsy examination, which was used in most subjects
in the current study, wouid tend to overestimate liver fibrosis.
Thus, the fibrosis stages evaluated based on liver biopsy
examinations might have false-positive and false-negative
resulis.

In this study, we developed the iBALF score as a
noninvasive surrogate fibrosis marker for BA patients aged
<1 year, in addition to the previously developed BALF-scoring
system for BA patients aged >1 year. Although some
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concerns remain, the iBALF score was validated to strongly
correlate with liver fibrosis stage and to have good diagnostic
powers for predicting liver fibrosis. The IBALF and BALF
scores may be useful in future clinical studies as surrogate
fibrosis markers.
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9 Objectives To ascertain a molecular genetic diagnosis for subjects with neonatal/infantile intrahepatic chole- ;Z
i? stasis (NIIC) by the use of next-generation sequencing (NGS) and to perform a genotype-phenotype correlation. 77
0 Study design We recruited Japanese subjects with NIIC who had no definitive molecular genetic diagnosis. We 78
13 developed a diagnostic custom panel of 18 genes, and the amplicon library was sequenced via NGS. We then 79
14 compared clinical data between the molecular genetically confirmed subjects with NIIC. 80
15 Resulls We analyzed 109 patients with NIIC (“genetic cholestasis,” 31 subjects; “unknown with complications” zé
ig such as prematurity, 46 subjects; “unknown without complications,” 32 subjects), and a molecular genetic diag- 33
8 nosis was made for 28 subjects (26%). The rate of positive molecular genetic diagnosis in each category was 22 E
19 of 31 (71%) for the “genetic cholestasis” group, 2 of 48 (4.3%) for the “unknown with complications” group, and 85
20 4 of 32 {12.5%) for the “unknown without complications” group. The grouping of the molecular diagnoses in the 86
21 group with genetic cholestasis was as follows: 12 with Alagille syndrome, 5 with neonatal Dubin-Johnson syn- 2;
3§ drome, 5 with neonatal intrahepatic cholestasis caused by citrin deficiency, and 6 with progressive familial intrahe- 89
4 patic cholestasis or benign recurrent intrahepatic cholestasis with low gamma-glutamyl transpeptidase levels, 90
25 Several clinical datasets, including age of onset, direct bilirubin, and aminotransferases, were significantly different g;

26 between the disorders confirmed using molecular genetic diagnosis.
27 Conclusion Targeted NGS can be used for molecular genetic diagnosis in subjects with NIIC. Clinical diagnosis o4

;2 should be accordingly redefined in the view of molecular genetic findings. (J Pediatr 2016, 8 : @ -&). 95
30 gs
:; “he etiologic diversity of neonatal/infantile cholestasis has been described previously."” The most commonly identifiable 98
13 etiologies are biliary atresia (25%-35%), genetic intrahepatic cholestasis (25%), and metabolic diseases (20%).>” Recent 99
34 advances in the understanding of the molecular basis of cholestatic syndromes have enabled the classification of these syn- ig?
s dromes and have offered an opportunity for the development of diagnostic methods that take into account the genetic makeupof | 0
;g neonatal/infantile intrahepatic cholestasis (NTIC).'™ Alagille syndrome (ALGS), progressive familial intrahepatic cholestasis 103
38 (PFIC), neonatal intrahepatic cholestasis caused by citrin deficiency (NICCD), and other conditions were distinguished from 104

39 idiopathic neonatal hepatitis between the early 1970s and the 2000s."” In addition, in the past 2 decades, a wide range of 105
40 disease-causing genes underlying the pathogenesis of NIIC has been identified."* The high genetic heterogeneity and variability

[ . . . .. . .- . . 107
41 of NIIC make it difficult to survey for pathogenic variants in clinical practice, and molecular genetic diagnosis challenging. 108
ext-generation sequencin nologies have revolutionized genomic and clinical genetic research.” offers
:g Next t (NGS) technologies h lutionized d clinical genet h.>* NGS off 109
M comprehensive sequencing of multiple known causative or associated genes in highly heterogeneous diseases.” Here, we con- 110
45 structed an NIIC gene panel that included 18 candidate genes. In this study we aimed to use this panel and NGS to ascertain the 1l
46 molecular genetic diagnosis of subjects with NIIC. We then compared clinical and laboratory findings for patients in whom a :;§
47 molecular genetic diagnosis was made to obtain a comprehensive understanding of NIIC. 114
48
49 115
50 116
51 117
52 ALGS Alagille syndrome ) IR 4.0 lon Reporter 4.0 118
53 ALT Alanine aminotransferase MAF Minor allele frequency 119
3 4 AR Autosomal-recessive inheritance MLPA Muitiplex ligation-dependent 120
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57 cholestasis NICCD Neonatal intrahepatic cholestasis National Medical Center for Children and Mothers, 123
s CNV Copy number variation caused by citrin deficiency ?3;'0:3\‘1 Cea“r:‘ef f‘;’ %hi‘dagif“"; 2‘;‘% E;;?:’?:pm'?ghtéku 124
5 9 D.Bil Direct bilirubin NIIC Neonata!/infantiie intrahepatic U‘,’,ivye;s@”sogjﬂ, of N?:dicin: nSendai, ha;;ai' 125
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Written informed consent was obtained from the parents.
Experimental protocols were approved by the Ethical Com-
mittee for the Study of Human Gene Analysis at Nagoya
City University Graduate School of Medical Sciences
(approval number 150).

Serum-conjugated hyperbilirubinemia is the most com-
mon marker of cholestasis.” Here, cholestasis was defined
as follows: (1) a serum direct bilirubin (D.Bil) level of
>1.0 mg/dL, if the total bilirubin (T.Bil) was <5.0 mg/dL;
or (2) a serum D.Bil level of more than 20% of the T.Bil level
if the T.Bil level was >5.0 mg/dL.*’ From April 2013 to
August 2015, we recruited Japanese subjects with NIIC as fol-
lows. The entry criteria included: (1) cholestasis; (2) onset
<12 months of age; (3) date of birth between January 2010
and December 2014; and (4) no definitive molecular diag-
nosis previously. The exclusion criteria were extrahepatic
cholestasis, such as biliary structural abnormality, or chro-
mosomal abnormality.

Clinical Diagnosis of NIICs and Collection of the
Laboratory Findings

Clinical diagnosis of all the subjects was confirmed by review-
ing the available clinical and laboratory records at the time of
registration. We classified the recruited subjects into 3 sub-
categories: (1) “genetic cholestasis,” ie, subjects who were
clinically diagnosed with known genetic cholestasis syn-
dromes such as ALGS, PFIC, NICCD, and Dubin-Johnson
syndrome (DJS); (2) “unknown with complications,” ie, sub-
jects with no definitive clinically identified etiology, although
they showed potential cholestasis-causative complications
such as prematurity, infections, and metabolic or hormonal
system abnormalities; and (3) “unknown without complica-
tions,” ie, subjects with no definitive etiology or no poten-
tially cholestasis-causative complications.

ALGS with autosomal-dominant inheritance was diagnosed
according to the classical definition of the presence of 3 of 5
major clinical criteria.® Diagnosis of neonatal DJS with
autosomal-recessive inheritance (AR) was determined by the
presence of a brown/black liver and a normal value of aspartate
aminotransferase/alanine aminotransferase . (AST/ALT).> !
Diagnosis of NICCD with AR was based on clinical suspicion,
supported by laboratory evidence including serum amino acid
profiles or liver histology.'* The clinical diagnosis of PFIC/
benign recurrent intrahepatic cholestasis (BRIC) with AR
was based on the clinical history of infantile age, serologic
low/normal gamma glutamyl transpeptidase (GGT) level,
and histologic features.'*"*® For laboratory findings at presen-
tation, we adopted the measurements available at the same
period as the greatest D.Bil value obtained.

Targeted Genes, Amplicon Library Preparation, and
NGS

An amplicon library of the target exons and flanking se-
quences was prepared with the use of an Ton AmpliSeq

2

Custom Panel (Life Technologies, Carlsbad, California).
This custom NIIC panel (panel ID: IAD34922) contained
the JAGI, NOTCH2, ABCC2, SLC25A13, ATP8§B1, ABCBI1,
ABCB4, TJP2, HSD3B7, AKR1DI1, CYP7BI, VPS33B, BAAT,
EPHX1, SLCI0AI, ABCBI, SLC4A2, and SLCO1AZ2 genes.
The first 14 genes listed are known intrahepatic cholestasis
disease-causing genes,* and the last 4 are potential candidate
genes encoding proteins that play a role in bile acid transport.
The genes on the panel were selected on the basis of the prev-
alence of the variants in the Japanese population, and thus
customized for Japanese patients with NIIC. The number
of exons, amplicons, and total targeted bases were 348, 546,
and 52 795 bases, respectively. This NIIC panel allowed theo-
retical coverage of 98.5% of the targeted sequences (Table I;
available at www jpeds.com). Genomic DNA was extracted
from peripheral blood using the QIAamp Blood Midi Kit
(QIAGEN, Hilden, Germany). The library was constructed
by use of the Ton AmpliSeq Library Kit 2.0 (Life
Technologies, Carlsbad, California). Emulsion polymerase
chain reaction was carried out using the Ion OneTouch 2
system (Life Technologies). NGS was performed with the
Ion Torrent Personal Genome Machine (Ion PGM) system
(Life Technologies).

Sequence Data Analysis Using Bioinformatics and
Validation Analysis

Sequence data analysis pipelines were established with use of
the workflow in CLC Genomics Workbench 7.0 (CLC bio,
Aarhus, Denmark) and Ton Reporter 4.0 (IR 4.0; Life Tech-
nologies). IR 4.0 could potentially call a copy number varia-
tion (CNV). The Human Gene Mutation Database

professional in January 2015 (http://www.hgmd.org/, Bio- g2

Base), Sorting Intolerant From Tolerant, Polymorphism Phe-
notyping, and Human Splicing Finder ver 3.0 were used with
computational predictive programs.'*** Minor allele fre-
quency (MAF) was referred to the Japanese data set of the
Human Genetic Variation Browser (HGVB, URL: htip://
www.genome.med.kyoto-u.acjp/SupDB) that was released
in November 2013 and to the Exome Aggregation Con-
sortium,  Cambridge,  Massachusetts  (http://exac.
broadinstitute.org; accessed August 2015). The American
College of Medical Genetics and Genomics interpretation
guidelines were followed in assessing the pathogenicity of
the detected variants.”® The nomenclature of identified vari-
ants was assigned according to the guidelines of the Human
Genome Variation Society version 2 (http://www.hgvs.org/
mutnomen/). Chromosomal coordinates were assigned ac-
cording to the GRCh37/hg19 assembly. All candidate variants
were validated by conventional Sanger sequencing, and
CNVs were confirmed by multiplex ligation-dependent
probe amplification (MLPA) analysis.*’

Preliminary Validation of the System on 5 Positive
Control Cases

To evaluate the performance of our NGS-based molecular
diagnosis system, we tested samples from 5 patients with
NIIC genotyped by conventional Sanger sequencing. These
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samples carried 9 disease-causing variants in total: 6 single-
nucleotide variants, 1 small insertion, 1 small deletion, and
1 gross deletion (516 bp) in JAGI, SLC25A13, or ABCBII.
The basic sequence data showed an average depth of coverage
in the target regions of 600-fold and that 97.6% of the target
regions had a coverage of more than 100-fold. We success-
fully identified all 9 variants, confirming the efficacy of our
diagnostic system.

Comparison of the Clinical and Laboratory Findings
among Subjects with the Molecular Diagnosis

The values of clinical and laboratory findings among subjects
with a molecular genetic diagnosis were analyzed statistically.

Statistical Analyses

Statistical analyses were performed with GraphPad Prism
6.05 for windows (GraphPad Software, Inc, La Jolla, Califor-
nia). Kruskal-Wallis nonparametric one-way ANOVA fol-
lowed by Dunn multiple comparison test were performed,
and a P value of <.05 was considered significant.

One hundred nine subjects fulfilled our criteria and were
enrolled in this study (Figure 1; available at www.jpeds.
com). Of these 109 subjects, 31 (28%) were clinically
diagnosed with genetic cholestasis (Table II). For all
subjects, the median age of onset of symptoms associated
with cholestasis was 1 month, and the median D.Bil value
was 4.1 mg/dL. The median age of the subjects when we
performed the NGS screening was 5 months (2-15 months,

IQR).

Summary of lon PGM Sequencing

The median number of total sequenced bases per subject, of
mapped reads, and of mean read length were 61.9 mega ba-
ses (42.7-76.9, IQR), 414 kilo reads (294-525, IQR), and 148
bases (139-152, IQR), respectively. The average depth of
coverage in the target region was 672-fold (447-849, IQR);
97.0% of the target regions had more than 100-fold
coverage.

Molecular Genetic Diagnosis

Our sequencing and bioinformatic analysis indicated that 28
(26%) subjects received a molecular genetic diagnosis of
pathogenic or likely pathogenic variants of JAGI, NOTCH2,
ABCC2, SLC25A13, ATP8BI1, or ABCBI11. The molecular ge-
netic diagnosis in 22 (79%) of the 28 subjects was consistent
with the clinical diagnosis, as these subjects had been catego-
rized as “genetic cholestasis.” For the remaining 6 subjects
who had been clinically categorized as “unknown with com-
plications” (2 subjects) or “unknown without complica-
tions” (4 subjects), the molecular genetic diagnosis was as
follows: 1 with ALGS, 3 with neonatal DJS, 1 with NICCD,
and 1 with PFIC2/BRIC2. Table III (available at www.
jpeds.com) shows the characteristics of the variants in the
28 subjects with a molecular genetic diagnosis. We
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confirmed all the variants shown in Table III by using
conventional Sanger sequencing or MLPA analysis.

Eleven of the 13 clinically diagnosed ALGS patients had ge-
netic mutations in either JAGI or NOTCHZ2; we identified 10
heterozygous pathogenic or likely pathogenic variants in
JAGI (NCUO01-10) and 1 likely pathogenic variant in
NOTCH2 (NCU11). We also identified 1 subject (NCU23)
with a JAGI missense mutation in the “unknown with com-
plications” group. This subject was a preterm infant with in-
fantile cholestasis and ALGS-like facial features but no other
symptoms. Thus, 12 subjects in total were defined as having
ALGS by molecular genetic diagnosis. Regarding variant type
in JAGI, we identified 1 subject (NCU10) with a deletion en-
compassing an entire exon, which was called by IR 4.0 as
CNV 1 in the region of chr20: 10619976-10654275. We
confirmed the deletion in JAGI using the SALSA MLPA pro-
bemix P184-C2 JAGI (MRC-Holland bv; Amsterdam, the
Netherlands; data not shown).

Two subjects (NCU12, 13) who had been clinically diag-
nosed with neonatal DJS due to a black liver in macroscopic
findings had compound heterozygous pathogenic or likely
pathogenic variants in ABCC2. Surprisingly, 3 subjects
{NCU25-27) who had been categorized under the group “un-
known without complications” had pathogenic variants in a
compound heterozygous state. These 3 subjects showed a
normal value of serum AST/ALT, and their D.Bil decreased
spontaneously; however, they did not have a black liver, as
determined by macroscopic or microscopic study following
experimental laparotomy. Thus, 5 subjects were confirmed
with neonatal DJS by molecular genetic diagnosis.

All 4 subjects (NCU14-17) who had been diagnosed clini-
cally with NICCD were confirmed by molecular genetic diag-
nosis as having compound heterozygous pathogenic variants
in SLC25A13. We also identified 1 subject (NCU28) with
compound heterozygous pathogenic variants in SLC25A13
from the “unknown without complications” group. Subject
NCU28 presented clinically with prolonged jaundice and fail-
ure to thrive but with a normal newborn screening test and a
normal serum amino acid profile.

Five of the 12 subjects that were diagnosed clinically
with PFIC/BRIC were shown by molecular genetic diag-
nosis to have compound heterozygous pathogenic or likely
pathogenic variants; 2 (NCU18, 19) in ATP8BI and 3
(NCU20-22) in ABCBI1, which molecularly confirmed
these subjects to have PFICI/BRIC1 and PFIC2/BRIC2,
respectively. One subject (NCU24), who had been catego-
rized as “unknown with complications,” was molecularly
diagnosed with compound heterozygous likely pathogenic
variants in ABCBI1.

No molecular genetic diagnosis was confirmed in ABCB4,
TJP2, HSD3B7, AKRIDI, CYP7BI1, VPS33B, BAAT, EPHXI,
SLCI10A1,ABCBI, SLCO1A2, or SLC4A2. However, we found
12 subjects with a pathogenic or a likely pathogenic variant
on a single allele in an AR disease gene: 5 subjects in
ABCC2, 1 in SLC25A13, 5 in ABCBII, and 1 in ABCB4.
Therefore, these subjects did not receive a definitive molecu-
lar genetic diagnosis.

4

Comparison of Clinical and Laboratory Findings
between the 28 Subjects with Those of the
Molecular Genetic Diagnosis

Statistical significance was detected for age of onset, gesta-

tional age, birth weight, D.Bil, AST, ALT, and GGT between ga

subjects of ALGS, neonatal DJS, NICCD, and PFIC/BRIC
(Figure 2). The age of onset of neonatal DJS was
significantly earlier than that of NICCD (0 months vs
4 months), and the D.Bil level also was significantly greater
than that of NICCD (11 mg/dL vs 2.6 mg/dL) (Figure 2, A
and B). Birth weight in ALGS was significantly smaller
than that in neonatal DJS (2538 g vs 2936 g), and, on the
other hand, AST/ALT levels in neonatal DJS were
significantly lower than those in ALGS (25/16 TU/L vs 265/
196 TU/L) (Figure 2, C-E). As might be predicted, the GGT
level in PFIC/BRIC was significantly lower than that in
ALGS (17 TU/L vs 513 1U/L) (Figure 2, F). Unexpectedly,
the gestational age in PFIC/BRIC was significantly earlier
than that in NICCD (37.5 weeks vs 40 weeks). No
significant differences were found, however, in the T.Bil,
total bile acids, or total cholesterol levels between these
groups.

" Diseussion. s

In this study, we analyzed 109 patients with NIIC, and a mo-
lecular genetic diagnosis was made for 26% of them (28/109).
We categorized the subjects into 3 groups: “genetic chole-
stasis” including ALGS, neonatal DJS, NICCD, and PFIC/
BRIC (31 subjects); “unknown with complications” (32 sub-
jects), and “unknown without complications” (46 subjects).
The positive molecular genetic diagnosis rate in the “genetic
cholestasis” group was 71% (22/31). It is noteworthy that the
results of all the molecular diagnoses were consistent with
those of clinical diagnosis in this group. Thus, precise clinical
evaluation would be warranted to predict underlying genetic
diagnosis. Nevertheless, a patient with clinical features of
ALGS was reported to have compound heterozygous variants
of ATP8BI without pathogenic variants of JAGI or
NOTCH2,*' indicating potential genetic heterogeneity in
NIIC. Forty-six subjects were clinically categorized as “un-
known with complications,” and a molecular genetic diag-
nosis was made in 2 subjects (4.3%). The low positive rate
could be explained by the existence of other complications
that may have caused the NIIC, such as prematurity, infec-
tion, and metabolic or hormonal system abnormality.>*
Thirty-two subjects were categorized clinically under “un-
known without complications” and a molecular genetic diag-
nosis was made in 4 subjects (12.5%), which supported the
aforementioned finding. Taken together, 6 subjects (7.7%)
of unknown etiology were successfully categorized by the
molecular genetic diagnosis; 1 with ALGS, 3 with neonatal
DJS, 1 with NICCD, and 1 with PFIC2/BRIC2. Molecular ge-
netic diagnosis is undoubtedly important to confirm the clin-
ical diagnosis and to allow the provision of appropriate
genetic counseling.™*?"** Therefore, targeted NGS as re-
ported in this study would be a powerful and practical
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Figure 2. A, The age of onset; B, serum D.Bil; C, birth weight (BW); D, AST; E, ALT; and F, GGT were compared for the indicated
groups of subjects. Kruskal-Wallis nonparametric one-way ANOVA followed by Dunn multiple comparison test were performed.

P < .05; "P < .01; error bars, IQR.

solution for the diagnosis of NIIC, especially for patients with
atypical clinical presentation.

In our assay, we detected 1 whole exon deletion, 6 small
heterozygous deletions, and 1 small heterozygous insertion
using 2 different variant calling algorithms other than
single-nucleotide variants (Table III). Notably, we
identified whole exon deletion of JAGI with IR 4.0, in
which the CNV calling is based on sequenced read depth.
In a previous report of molecular genetic diagnosis for
patients with NIIC, Liu et al*>** developed a hybridization-

based resequencing chip, the Jaundice Chip, which includes
5 disease-causing genes; SERPINAI, JAGI, ATP8BI,
ABCBI11, and ABCB4. Single-nucleotide variants were
detected with high accuracy by this chip. However, the
authors stated that heterozygous deletions or insertions
might not be detected by this chip because the strand with
normal sequences would produce a normal readout.
According to the Human Gene Mutation Database profes-
sional, more than 450 JAGI disease-causing variants have
been registered, and approximately 50% of these have been

Molecular Genetic Dissection and Neonatal/Infantile Intrahepatic Cholestasis Using Targeted Next-Generation 5
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classified as gross deletions or small indels. Thus, the
approach to a CNV calling with a potentially predictable bio-
informatic tool should be performed in targeted NGS for pa-
tients with NIIC. Recently, Herbst et al* performed NGS of 6
children with infantile cholestasis for analysis of 93 genes
with partially overlapping phenotypes associated with in-
herited cholestatic diseases. Using the Illumina MiSeq sys-
tem, they made a molecular genetic diagnosis in 4 of the 6
patients and identified 6 novel variants in PKHDI,
ABCBII, and NPCI, thus supporting the alternative NGS
approach. In cases in which no variant or only a single allelic
variant in a candidate AR gene are identified with targeted
NGS, a further genetic investigation, such as whole-genome
sequencing or an analysis of highly conserved promoter se-
quences in the noncoding region, might be applied.
Previous reports suggest that a heterozygous variant in
ATP8BI, ABCBI1, or ABCB4 may play a role in the suscepti-

s bility to infantile intrahepatic cholestasis.”**® We found 5

subjects with a single heterozygous variant in ABCBII,
including 4 missense mutations and 1 small insertion at the
essential splice site, with no other candidate pathogenic vari-
ants. All of them showed a low GGT value in serum, and 2
subjects presented complete remission of cholestasis, suggest-
ing a clinical diagnosis of PFIC/BRIC. Therefore, it is plausible
that another mutation remained unidentified in this gene, or
that a single heterozygous alteration might predispose to
cholestasis. This issue remains to be solved in future studies.

We identified 5 neonatal DJS (including 2 siblings) sub-
jects by molecular genetic analysis. In particular, 2 of these
5 subjects were identified as early as 2 months of age. DJS
is diagnosed rarely in the infantile period, and only 5
neonatal DJS cases have undergone molecular genetic anal-
ysis.”"! Therefore, our two 2-month-old cases are the earliest
cases to be diagnosed by molecular genetic analysis.”!" Six
pathogenic or likely pathogenic variants in ABCC2,
p-R100Ter, c.I181542T>A, ¢.1967+2T>C, p.R768W,
€.2439+2T>C, and p.K961R, were identified in our neonatal
DJS (Table III). The p.R768W occurred with a high
frequency, with 3 of 10 affected alleles in our genetically
confirmed subjects and the MAF was registered as 0.252%
in HGVB. We therefore suspected the presence of high-
frequency pathogenic variants in ABCC2 of neonatal DJS
cases in the Japanese population such as in SLC25A13 of
NICCD."®* The total MAF of these 6 variants in Japanese
and East Asian or non-East ‘Asian populations was
calculated by HGVB and Exome Aggregation Consortium
as 0.935%, 0.104%, and 0.00888%, respectively (Table III).
The cumulative carrier rates of the 6 variants were
predicted as approximately 1/54, 1/483, and 1/5634 on the
basis of the Hardy-Weinberg principle. Thus, the estimated
incidence of the affected patients with the 6 variants was
calculated as approximately 1/12000, 1/930000, and 1/
130000000. We speculated that cases of neonatal DJS
would be more frequent in the Japanese population than in
East Asian and non-East Asian populations, or that the
constituent of causative pathogenic variants of neonatal
DJS would be diverse between the ethnic groups.

6

We performed statistical analysis of the values of clinical
findings for 28 subjects with a molecular genetic diagnosis.
In our study, the characteristic clinical/laboratory findings
of neonatal DJS showed the greatest serum value of D.Bil,
and the earliest age of onset (11 mg/dL and 0 months, respec-
tively). In ALGS, the median age of onset, AST/ALT, and
GGT were 1 month, 265/196 IU/L, and 513 TU/L, respec-
tively. Also, the GGT value in PFIC/BRIC clearly showed a
low level (17 TU/L, median). These findings might help to
make a differential diagnosis among conjugated hyperbiliru-
binemia in early infancy.

Our NIIC panel could be used in future application in clin-
ical settings to detect disease-causing pathogenic variants as
early as possible, to decrease the need of invasive procedures,
to give disease-specific treatment, and to provide genetic
counseling for the families. All of our patients with neonatal
DJS underwent exploratory laparotomy or laparoscopy to
exclude biliary atresia within 2 months of age, and 3 of
them did not display a black liver. Early introduction of
NGS-based molecular diagnosis would have made a proper
diagnosis before the surgical intervention in these patients.
Now, we have several alternatives to NGS-based molecular
genetic diagnosis. Whole-exome sequencing can identify
causative genetic alterations; however, whole-exome
sequencing is still expensive and interpretation of results is
time consuming. Small panel-based approaches are cheap,
fast, and easy to interpret.’® They also can identify CNVs,
not detected by Sanger sequencing, as shown in this study.
Therefore, small panels, including ours, are a practical
approach for patients with NIIC, especially in early infancy,
to avoid unnecessary surgical interventions.

This study presents some limitations. First, we could not
access a large number of controls samples to measure the ac-
curacy and analytical sensitivity of our assay. The accuracy
and sensitivity of lon PGM based sequencing has been re-
ported to be compatible with other methods,”® but we only
tested our panel using 5 positive control patients with 9
disease-causing variants in total. Therefore, some mutations
may not be detectable with our method. Second, our diag-
nostic gene panel was customized for Japanese patients
with NIIC. Some cholestatic genes that are important for pa-
tients in western countries are not included, such as cystic
fibrosis and alpha-antitrypsin deficiency, etc and NICCD is
common in Japanese population.”*! An expanded panel en-
compassing more relevant genes could be used for the further
investigations including diverse ethnic population.

In conclusion, we successfully achieved molecular genetic
diagnosis in 28 (26%) of 109 Japanese patients with NIIC us-
ing targeted NGS and bioinformatics. Targeted NGS is a
powerful tool that is feasible for the diagnosis of NIIC and
should be introduced for early diagnosis of NIIC of unknown
etiology as well as for the confirmation of clinically diagnosed
genetic cholestasis syndromes. =

We thank Drs Kenji Goto and Kohachiro Sugiyama (both deceased) for
their help.
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Figure 1. Flow diagram of the study and study subjects.
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Table  targe
Gene name Disorder/function No. exons Ne. amplicons Total no. targeted bases % of caverage of target sequence
JAGT ALGS S 2% 35 3657 99.9
NOTCHZ ALGS 35 63 7602 97.9
ABCC2 DJS 32 44 4638 99.7
SLC25A13 NICCD 19 28 2116 99.1
ATP8B1 PFIC1/BRIC1 27 45 3756 98.1
ABGCB11 PFIC2/BRIC2 27 43 3966 93.0
ABCB4 PFIC3 28 44 4068 97.6
TPz PFIC4, FHCA 27 38 4158 95.6
HSD3B7 BAS 7 <] 1170 100
AKR1D1 BAS 10 12 999 99.6
CYP7B1 BAS 6 17 1521 92.6
YPS338 ARCSt 23 23 1854 100
BAAT FHCA 3 10 1257 100
EPHX1 FHCA 8 15 1368 100
SLC10A1 NTCP 5 10 1050 93.7
ABCB1 MDR1 27 46 3843 99.2
SLC4A2 AE2 24 38 3758 98.6
SLCO1AZ 0ATP-1 14 26 2013 96.9
Total 348 546 52795 98.5

.

AE2, anian exchange pratein 2; ARCS1, arthrogryposis, renal dysfunction and cholestasis syndrome-1; 8AS, bile acid synthetic defect; FHCA, famifial hypercholanemia; MOR1, multidrug resistance
protein 1; No., number; NTCP, Na{+)/taurocholate transport protein; OATP-7, organic anion transporting polypeptide 1.
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Table I1I. Characteristics of th molecular genetic diagn
MAF
Nucleotide change HGMD HGVB
Clinical Affected Predicted amino acid change SIFT EXAG (ESA) Parental
Subjects  Sex diagnosis gene 2Zygosity Glassification® PalyPhen ExAC (Non-ESA}  origin
NCUO1 F ALGS JAGT €.238A>T Pathogenic - - De novo
p.K80Ter NA -
Heterozygous NA -
NCU02 M ALGS JAGT ¢.359T>C Likely Pathogenic - - ND
p120T Deleterious -
Heterozygous possibly damaging -
NCUO03 F ALGS JAG1T €.439C>T Pathogenic DM - Maternal
p.Q147Ter NA -
Heterozygous NA -
NCU04 M ALGS JAGT ¢.551G>A Pathogenic DM - ND
p.Arg184His Deleterious -
Heterozygaus probably damaging -
NCU05 F ALGS JAGT ©.785_789delGTGAT Pathogenic DM - De novo
p.Cys262fsTert NA -
Heterozygous NA -
NCU06 F ALGS JAGT ¢.2122_2125delCAGT Pathogenic DM - ND
p.Q708fsTer34 NA -
Heterozygous NA -
NCU07 M ALGS JAGT £.2767_2768insG Pathogenic - - De novo
p.Asp923fsTer29 NA -
Heterozygous NA -
NCU08 F ALGS JAGT €.2927delC Pathogenic - De novo
p.T976fsTer8 NA -
Heterozygous NA -
NGU09 F ALGS JAGT ¢.3007_3010delGAGC Pathogenic - - De novo
p.E1003fsTer32 NA -
Heterozygous NA -
NCU10 F ALGS JAGT Whole exons deletion Pathogenic - - De novo
{Chromosome 20: 10619 976- NA -
10654 275) NA
NCU11 M ALGS NOTCH2  ¢.5758G>C Likely pathogenic - - Maternal
p.A1920P Deleterious -
Heterozygous probably damaging -
NCUi2 M Neonatal DJS ABCCZ c.1815+2T>A Pathogenic DM - Maternal
Splice-site disruption NA 1.16e-04
Heterozygous NA -
ABCC2  ¢.2302C>T Pathogenic DM 2.52e-03 Paternal
p.R768W Deleterious 3.47e-04
Heterozygous probably damaging 5.33e-05
NCU13 M Neonatal DJS ABCC2  ©.2302C>T Pathogenic DM 2.52e-03 Paternal
p.R768W Deleterious 3.47e-04
Heterozygous probably damaging 5.33e-05
ABCCZ2  ¢.2882A>6G Likely pathogenic - 2.74e-03 Maternal
Splice-site disruption (p.K961R") Tolerated 3.50e-04
Heterozygous benign -
NCU14 M NICCD SLC25A13 ~¢.615+1G>C Pathogenic DM - Maternal
Splice-site disruption NA -
Heterozygous NA -
SLC25A13  ©£.1592G>A Pathogenic DM 1.67e-03 Paternal
p.G531Asp Deleterious -
Heterozygous probably damaging -
NCU15 M NICCD SLG25A13  ¢.674C>A Pathogenic DM 1.67e-03 Maternal
p.S225Ter NA 1.16e-04
Heterozygous NA -
SLC25A13  ©.852_855delTATG Pathogenic DM 2.06e-03 Paternal
p.R284fsTer3 NA 3.71e-03
Heterozygous NA -
NCU16 M NICCD SLC25A13  ¢.852_855delTATG Pathogenic DM 2.06e-03 ND
p.R284fsTer3 NA 3.71e-03
Heterozygous NA -
SLC25A13  ¢.1078C>T Pathogenic ] - ND
p.R360Ter NA 1.16e-04
Heterozygous NA 3.55e-05
(continued)
N o
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MAF
Nucleotide change HGMD HGVB
Clinical Affected  Predicted amino acid change SIFT ExAG (ESA) Parental
Subjects  Sex diagnaosis gene Zygosity Classification* PolyPhen ExXAG (Non-ESA)  origin
NCU17 F NICCD SLC25A13  ¢.852_855delTATG Pathogenic DM 2.06e-03 Paternal
p.R284fsTer3 NA 3.71e-03
Heterozygous NA -
SLC25A13 ¢ 1177+16>A Pathogenic DM 3.18e-03 Maternal
Splice site disruption NA 1.04e-03
Heterozygous NA -
NCU18 F PFIC/BRIC ATP8BT  ¢.916T>C Pathogenic DM : - Maternal
p.C306R Deleterious -
Heterozygous probably damaging -
ATP8BT  0.2854C>T Pathagenic bm - Paternal
p.R952Ter NA -
Heterozygous NA 8.87e-06
NCU19 F PFIC/BRIC ATP8BT  ©.922G>A Likely Pathogenic - - Paternal
p.G3088 Deleterious -
Heterozygous probably damaging -
ATP8B1  ¢.3579_3589delACGGCAGCAGGE  Pathogenic - - Maternal
p.R1193fsTer3g NA -
Heterozygous NA -
NCU20 F PFIC/BRIC ABCB11  ¢.386G>A Likely Pathogenic - - Maternal
p.C129y Tolerated -
Heterozygous possibly damaging -
ABCB11  ¢.1460G>A Pathogenic DM - Paternal
p.R487H Tolerated 1.22e-04
Heterozygous possibly damaging 1.19e-04
NCU21 F PFIC/BRIC ABCB11  ¢.386G>A Likely pathogenic - - ND
p.C129Y Tolerated -
Heterozygous possibly damaging -
ABCB11  .3839T>A Likely pathogenic - - ND
p.11280N Deleterious -
Heterozygous prabably damaging -
NGU22 M PFIC/BRIC ABCB11  ¢.3121T>C Likely pathogenic - - Maternal
p.Y1041H Deleterious -
Heterozygous probably damaging -
ABCB11  ¢.3804G>T Pathegenic DM - Paternal
p.E1302Ter NA -
Heterozygous NA -
NCU23 M Unknown with JAGT ¢.1262G>A Likely pathogenic - - Maternal
complications p.C421Y Deleterious -
Heterozygous probably damaging -
NCU24 F Unknown with ABCB11  ¢1709C>T Likely pathogenic - - Paternal
complications p.AS70V Deleterious -
Heterozygous probably damaging -
ABCB11  ¢.3802C>T Likely pathogenic - - Maternal
p.R1268W Deleterious -
Heterozygous prabably damaging 8.92e-06
NCU25*F  F Unknown without ABCGC2  ©.298C>T Pathogenic DM - Paternal
complications p.R100Ter NA 1.16e-04
Heterozygous NA 2.66e-05
ABCCZ  ¢.2433+2T>C Pathogenic DM 2.72e-03 Maternal
Splice site disruption NA 1.16e-04
) Heterozygous NA 8.89¢-06
NCU26° M Unknown without ~ ABCCZ  ¢.298C>T Pathogenic bM - Paternal
complications p.R100Ter NA 1.16e-04
Heterozygous NA 2.66e-05
ABGC2  ©.2439+2T>C Pathogenic bM 2.72e-03 Maternal
Splice-site disruption NA 1.16e-04
Heterozygous NA 8.89e-06
{continued)
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. TIL. Continued

1339 MAF :igz
:;2(1) Nucleotide change HGMD HGVB 1407
Glinical Affected Predicted amino acid change SIFT EXAC (ESA) Parental 1408
;;ﬁ Subjects Sex  diagnosis gene Zygosity Classification* PolyPhen EXAG (Non-ESA)  origin 1400
1344 NCU27  F  Unknown without — ABCC2  ¢.1967+2T>C Pathogenic oM 1.37¢-03 ND 1410
1345 complications Splice-site disruption NA - 1411
1246 Heterozygous NA - 1412
N ABCC2  ¢©.2302C>T Pathogenic DM 2.52e-03 ND 1413
1347 n.R768W Deleterious 3.47e-04 1414
1348 Heterozygous probably damaging 5.33¢-05 1415
1349 NCU28 F Unknown without  SLGCZ25A73  c¢.15G>A Pathogenic DM - Maternal 1416
1350 complications Splice-site disruption NA - 1417
1351 Heterozygous NA -
1352 SLC25A13  £1177+1G>A Pathogenic DM 3.188-03 Paternal 1418
1353 Splice-site disruption NA 1.04e-03 1419
by Heterozygous NA - 1420
1354 . J 1421
1355 DI, disease-causing mutation; ExAC (ESA), Exome Aggregation Consortium (East Asian); £EXAC (Non-ESA), Exome Aggregation Consortium (Non-East Asian); F, female; HGMD, Human Gene Mutation 1422
1356 Database; M, male; NA, not applicable; ND, not determined; PofyPhen, Polymorphism Phenotyping; S/FT, Sorting intolerant From Tolerant; -, no registration data. 1423
1357 Accession number: JAGT, NM_000214.2; NOTCH2, NM_024408.3; ABCC2, NM_000392.3; SLC25A13, NM_014251.2; ATP8B1, NM_005603.4; ABCB11, NM_003742.2. “
1358 *Accarding to the American College of Medical Genetics and Genomics interpretation guidelines.'® 1424
o +The mutation in NCU-13 was predicted as a “Broken WT Donor Site” by Human Splicing Finder. 1425
1359 #Sibling. 1426
1360 1427
1361 14;8
1362 1429
1363 1430
1364 ; 43'
1365 1432
1366 1433
1367 1434
1368 14:%5
1369 S
1436
1370
1437
1371 1438
1372 14539
1373 :
2 1440
1374 1441
1375 1’ 442
1376 1443
1377 144:1
1378 1445
1375 1446
1380
1447
1381 1448
1382 1449
1383 1450
1384 1451
1385 1432
1386 N
1453
1387 1454
1388 1455
1389 1456
1390 457
1391 1458
1392 1459
1393 1460
1394 1461
1395 1462
1396 1463
1.397 1464
1398 1465
1399 1466
1400 1467
1401 1468
1402 1469
1403 1470
1404 1471
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Rare variant discovery by deep whole-genome
sequencing of 1,070 Japanese individuals

Masao Nagasaki?3*, Jun Yasuda"?*, Fumiki Katsuoka®2*, Naoki Nariai'f, Kaname Kojima'?, Yosuke Kawai'*?,
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OPEN

The Tohoku Medical Megabank Organization reports the whole-genome sequences of 1,070
healthy Japanese individuals and construction of a Japanese population reference panel
(IKJPN). Here we identify through this high-coverage sequencing (324 x on average), 21.2
million, including 12 million novel, single-nucleotide variants (SNVs) at an estimated false
discovery rate of <1.0%. This detailed analysis detected signatures for purifying selection on
regulatory elements as well as coding regions. We also catalogue structural variants,
including 3.4 million insertions and deletions, and 25,923 genic copy-number variants, The
1KIPN was effective for imputing genotypes of the Japanese population genome wide. These
data demonstrate the value of high-coverage sequencing for constructing population-specific
variant panels, which covers 99.0% SNVs of minor allele frequency >0.1%, and its value for
identifying causal rare variants of complex human disease phenotypes in genetic association
studies.
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University, 2-1, Seiryo-machi, Aoba-ku, Sendai 980-8575, Japan. 3 Graduate Schoot of Information Sciences, Tohoku University, 6-3-09, Aramaki Aza-Acba,
Aoba-ku, Sendai 980-8579, Japan. 4 International Research Institute of Disaster Science, Tohoku University, 468-1, Aramaki Aza-Acba, Acba-ku, Sendai
980-0845, Japan. ® Department of Cell and Developmental Biology, University of Michigan Medical School, 109 Zina Pitcher Place, Ann Arbor, Michigan
48109-2200, USA. ¢ Institute of Development, Aging and Cancer, Tohoku University, 4-1, Seiryo-machi, Aoba-ku, Sendai 980-8575, Japan. * These authors
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lished a bicbank that combines medical and genome

information for the community medical system in the
Tohoku region, located in the northeast part of Japan. We
initiated the prospective genome cohort study in the region to
identify genetic and environmental factors in diseases, and to
enable personalized medicine based on an individual’s genomic
information. In the experimental design, we performed whole-
genome sequencing (WGS) of 1,070 samples by PCR-free
sequencing with more than 30 x coverage genome wide. This
enabled us to identify very rare as well as novel single-nucleotide
variants (SNVs), which was impossible to find by single-
nucleotide polymorphism (SNP) microarrays or are difficult to
find by low coverage sequencing on the same sample size.
Notably, all sequencing and bioinformatics analyses were
conducted using the same protocols in a single institute, allowing
stringent control over systematic errors that might arise from
using different equipment, protocols or bicinformatics pipelines.

Since the International Human Genome Project ‘was com-
pleted!, a great deal of effort has been devoted to discovering,
cataloguing and haplotyping common nucleotide sequence
variants in populations by targeted sequencing and SNP arrays,
such as in the International HapMap Project?. The knowledge of
these variants enabled genome-wide association studies
(GWASs), through which many SNPs associated with human
traits and diseases have been discovered®* under the assumption
of common-disease/common-variants hypothesis®. However,
these identified SNPs can only explain a small fraction of
genotype-phenotype relationships underlying the problem of
‘missing heritability®. Recent GWAS conducted on a large
number of case and control samples revealed that lower-
frequency variants contribute to a substantial fraction of the
heritability of common diseases, such as type 2 diabetes’ and
cancers®, The 1000 Genomes Project (1KGP) has catalogued
human genetic variations at minor allele frequency (MAF) >1%
through WGS from multiple ethnic groups®. However, low
frequency (0.5% <MAF<5%), rare (0.1%<MAF<0.5%) or
very-rare (MAF<0.1%) variants have not been thoroughly
catalogued, in comparison with common variants (MAF > 5%)
because the existence of lower-frequency variants is population-
specific’. Targeted high-coverage sequencing has been conducted
to detect very-rare variants in the coding sequences of European
Americans and African Americans'®!!] while, in contrast, the
majority of rare and very-rare variants in intergenic regions have
not yet been discovered, Since the ENCODE project showed that
a substantial fraction of noncoding regions (80.4%) are
biochemically active'?, these data suggest that these regions
may also be associated with phenotypes or diseases.

Structural variants (8Vs), including copy-number variants
(CNVs), have also been catalogued in several studies'>!, In
addition, a number of studies have revealed associations of SVs
with occurrence of disease, including autism'3, schizophrenia
and Crohn’s disease!”. CNVs may also explain traits of
populations, such as dietary habits of agricultural societies and
hunter-gatherers'®, or drug responses'”. For identifying SVs,
a middle-coverage sequencing strategy (~13x) with 250
parent-offspring families by the Genome of the Netherlands
succeeded .in extending the catalogue of deletions from 20 to
100bp compared with the 1IKGP data set?®, As high-coverage
WGS is becoming less expensive, it is now feasible to detect
lower-frequency SVs as well as SNVs?2 in specific target
populations??,

From the identified SNVs, we construct a reference panel of
1,070 Japanese individuals (1KJPN), including some very-rare
SNVs. The IKJPN cohort provides unique insights into the
landscape of functional variations, especidlly in noncoding

Tohoku Medical Megabank Organization (ToMMo) estab-

NATURE COMMUNICATIONS | DOI: 10.1038/ncomms 9018

regions. We demonstrate here that 1IKJPN is useful for genotype
imputation for the Japanese population. In this analysis,
a functional variant associated with Moyamoya disease (MMD)
was identified through the imputed genotypes based on 1KJPN.

Results

Data processing and variant discovery. From the collected DNA
samples in the ToMMo biobank, we selected 1,344 candidates for
constructing 1KJPN, considering the traceability of participants’
information, and the quality and abundance of DNA samples for
SNP array genotyping and WGS analysis. All participants pro-
vided written informed consent, and all DNA samples and per-
sonal information were analysed anonymously. All the DNA
samples were genotyped with Illumina HumanOmni2.5-8
BeadChip (Omni2.5). Among the genotyped samples; 1,070
samples were then selected by filtering out close relatives and
outliers (Supplementary Fig. 1).

PCR bias is one of the major sources of sequencing error®.
Herice, the selected 1,070 samples were sequenced by Illumina
HiSeq 2500 using the latést PCR-free protocol (162 bp paired-end
reads and 550 bp insert size, improving the accuracy for detecting
SVs%; Fig. 1a and Methods). An in-house density check protocol
was employed before sequencing?’, and subsequent data quality-
control (QC) was performed with originally developed software®®
named SUGAR to maximize the quality and throughput of each
experiment. In total, 100.4 trillion bases of DNA sequence reads
were generated (Table 1), The sequence reads were aligned to the
human reference genome (GRCh37/hgl9) with decoy sequences
(hs37d5), and then variants were called by several computational
algorithms (see Methods). This strategy led to the discovery of
29.6 million SNVs (the high-sensitive SN'Vs), 1.57 million short
deletions (72.6% novel), 1.38 million short insertions {< 100bp;
75.0% novel), 47,343 large deletions and 9,354 large insertions
(equal to or longer than 100bp) in autosomes (Table 1).

To obtain reliable SNV calls, we applied multiple filtering steps
(Supplementary Fig. 2), including the depth of coverage of reads
(Fig. 1a), software-derived biases, departure from Hardy-
Weinberg equilibrium (HWE) and complexity of genomic
regions around variants (Methods and Supplementary Table 1).
The performance of genotype calls in the high-confidence SNVs
was improved after filtering (Fig. 1b). Consequently, we obtained
a 21.2-million SNV call set, which hereafter referred to as the
high-confidence SNVs (56.6% are novel; Table 1 and Fig; 1c). The
high novel SNV ratio is consistent with a previous observation
that rare variants tend to be population-specific?®, The false
discovery rate (FDR) of the high-confidence SNVs was confirmed
using several different experimental technologies (see Methods);
the FDR for SNVs, deletions and insertions were 0% (0 out of
174; confidence interval (CI) 0.0-1.10%), 0% (0 out of 32; CI
0.0-5.78%) and 3.85% (1 out of 22; CI 0.49-19.34%), respectively
(Supplementary Table 2).- We further conducted validation
experiments for novel SNVs using a custom-designed. Illumina
SNP array. Combined with the genotyping results obtained with
Omni2.5, the overall FDR was 0.8% with CI 0.63-0.97%
(Supplementary Table 3 and Methods). 1t is important to note
that the estimates of FDRs were not strongly affected by MAF,
indicating that the discoveries of novel variants in this study are
fairly robust with respect to the allele frequency.

Estimation of variant discovery rate. We estimated the rate of
variant discovery with the sample size of 1,070. Because the
distribution of allele frequency in a ;%opulati(m is affected by
underlying  demographic  history®®%®, we inferred the
demographic - model of 1KJPN population from the site
frequency “spectrum (SFS) constructed from the intergenic

2 NATURE COMMUNICATIONS | 6:8018 | DOL 10.1038/ncomms9018 | wwwnature.com/naturecommunications
© 2015 Macmillan Publishers Limited, All rights reserved,

— 352 —



NATURE COMMUNICATIONS | DO 10.1038/ncomms9018

ARTICLE

a
©
10
e
g
g
(=
@
3]
4]
1 1,070
1KJPN samples
b
1
N&
s 098
3
£ 0.96
k=3
&
5 0.94
§ 0,92 [ =eenPOWEI == Maan r* -~ Mean * (Belore filering]
% ;
0.9 1 : ; T
1 2 4 8 16 32 50
Non - reference allele count
c
10 1.0 4-~ n=89 .
— 0=1,070 A,
: et S
= 8F 084 ™ LA
4 P it
27 ® i
£ 6 E # Novel uKnownE g 0.6 4
g § N g
o 4 3 04
- B o' 4
E 3 2
C
o2
0.2 4
1
o Z t 5% 9
IR EEEEEE] QO
0 9 A0 D A -~ :
NN AN e s e 2
Minor allele frequency (%) 10 10 W 10
Minimum MAF within population

Figure 1| SNVs in 1KIPN. (a) Statistics on read depth in 1KIPN. The vertical bars indicate the minimum and maximum depth of the number of sequence
reads on each individual after filtering. They were sorted according to the average sequenced read depth (the black fine). (b) The plot shows the power to
detect SNVs (blue) of the confidence SNVs and the mean r2 values before (yellow) and after (orange) filtering with SNP array data for the same sample on
non-reference allele counts ranging from 1 to 50. The r2 between genotypes from the SNVs in TKIPN and the SNP array data is given by the squared Pearson
correlation. {¢) The numbers of novel and known SNVs in each MAF bin. The novel SNV frequency begins to dominate for jower MAFs. (d) The rate of
variant discovery by minimum MAF in the TKIJPN population. The rates of variant discovery in our sequencing strategy were plotted against minimum MAF
in the 1KJPN population by different sampling size. The distribution of population MAF was estimated on the basis of the demographic model shown in

Supplementary Fig. 3.

regions (Supplementary Fig. 3a). As expected from excess in rare
variants, the population of 1KJPN has experienced recent
population expansion (Supplementary Fig. 3b), which is
consistent with previous studies!®*®, This demographic model
is used for the calculation of the varfant discovery rate (Fig. 1d
and Supplementary Methods). According to Fig. 1d, 99.0 % of
SNVs with MAF 0.1% or larger were expected to be captured by
the present sampling strategy.

Functional impact of very-rare variants. The high-coverage
PCR-free protocol of WGS has generated higher-power SNP
discovery, especially for rare and very-rare SNVs, On comparison
of the SFSs of intergenic region of 1KJPN and 1KGP SNV, the
data demonstrate a higher proportion of very-rare SNVs in the
1KJPN data set than in IKGP phase 1 data set (Fig. 2a). In
addition, although the number of SNVs in 1KGP was generally
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larger than that in 1KJPN, the number of very-rare variants
detected in intergenic region was higher in 1KJPN than in IKGP
(Fig. 2b). These observations imply that there was less bias in
discovering the very-rare variants of 1KJPN even in the intergenic
region, although a possibility of faster expansion rate in 1KJPN
cannot be excluded.

Because deleterious mutations are removed from populations
faster than neutral mutations, SNVs observed at lower frequency
in a population are indicative of purifying (negative) selection,
and their selection strength differs among the various functional
genomic categories. Along with this idea, the SFS has been
analysed to evaluate relative influence of (mostly) negative
selection on SNVs of each functional category in large sequencing
projects®1020, Because we conducted the WGS without PCR
amplification or exome capture, it is expected that there are less
bias in variant detection between coding and noncoding regions.
Therefore, the SFS of functional categories can be directly
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Info
Total samples
Total raw bases
Mean sequenced depth

SNVs

1070
100.4 trillion bases
32.4 x

High-sensitive SNVs High-confidence SNVs
Total 29,588,649 21,221,185
Number of known variants* 12,308,520 9,219,783
Number of novel variants* 17,280,129 12,001,412
Novelty rate 58.40% 56.55%
Average number per sample 3,886,081 2,716,853
Average individual heterozygosity 2,252,841 1,532,773
Length
Deletions 1bp <length<100bp 100bp< length
Number of sites overall 1,969,302 47,343
Number of novel variants’ 1,429,636 -
Novelty rate 72.60% —_
Nurnber of inframe/frameshift 3112/4,454 -
Average number per sample 190,857 2,654
Length
Insertions 1bp<length<100bp 100 bp <length
Number of sites overall 1,384,230 9,354
Number of novel variants! 1,037,839 9,354
Novelty rate 74.98% B
Number of inframe/frameshift 1,577/2,506 -
Average number per sample 159,359 45

SNV, single-nucleotide variant; WGS, whole-genome sequencing,
All data listed here are limited o the autasomal genome.
*Comparison based on dbSNP build 138.

$The decision of novel sites is described in Mathods.

compared with intergenic region. We classified the high-
confidence SNVs into predicted functional categories and
evaluated the effect of purifying selection as a fraction of very-
rare variants (FVRV; Fig, 2c-f). The FVRV of intergenic regions
was 40.1%, which was the lowest among all categories (Fig. 2¢),
supporting the notion that most of the sites in intergenic regions
are evolutionarily peutral. In contrast, FVRVs of noncoding
regions other than intergenic were significantly higher than the
FVRV of intergenic regions—introns (41.6%), synonymous
(43.7%), 3'-untranslated region (UTR, 43.9%) and 5-UTR
(45.0%)—implying that a substantial fraction of noncoding
regions are functional and under weak purifying selection.
Similar tendencies were observed for insertions and deletions
(Supplementary Fig, 4a). We conducted the same analysis with
1IKGP phase I data set. In contrast to IKJPN, the FVRVs of
5/-UTR, 3-UTR and intron from 1KXGP data set were lower than
the FVRV of synonymous SNVs (Supplementary Fig. 4b). This
might not be a signature of weak purifying selection on UTR and
intron regions. This is rather due to the low power of SNP
discovery of 1KGP in these regions where majority of them have
been sequenced with low coverage in the project.

Mutations that disrupt protein and/or transcript structure are
highly detrimental. This analysis recorifirmed that the FVRV of
nonsynonymous transcribed SNPs (52.5%) was distinctly higher
than synonymous (43.7%) and intronic (41.6%) variants (Fig. 2¢).
Nonetheless, the FVRV of loss of function mutations (61.4%) was
much higher than nonsynonymous SNVs (Fig. 2d). In addition,
we detected heterogeneity in the FVRV of nonsynonymous SNVs
in terms of functional consequences predicted by PolyPhen-2, as

previously reported®, The FVRV of SNVs that were predicted to
be ‘probably damaging’ was the highest (61.8%), followed by the
fraction that was ‘possibly damaging’ (56.8%) and finally “benign’
(48.2%). We can also infer the impact of purifying selection on
disease-causing mutations, those categorized as ‘disease
mutations” in the Human Gene Mutation Dafabase (HGMD)*!
in terms of FVRV. The FVRV of disease mutations was 48.4%,
which is very close to benign SNVs,

Although the intergenic region exhibits the lowest FVRYV, the
ENCODE project revealed that a large proportion of intergenic
regions may be associated with biochemical activity2, Thus, we
inferred the influence of natural selection on intergenic regions
using the predicted chromatin state’> from the chromatin
immanoprecizpitatiomSeq data produced by the ENCODE
Consortium™?, Among seven categories of predicted chromatin
states, the SNVs observed on genomic segments bearing some

functionally predicted activity exhibited higher FVRVs than

repressed or low-activity regions (Fig. 2e). The difference in
FVRV among chromatin states was small, but significant. This
indicates weak selection on specific intergenic regions, such as
promoters and enhancers, for gene regulation. Furthermore, we
observed that the FVRV of microRNAs (miRNAs), but not
lincRNAs, was higher, not only than for intergenic regions but
also for functionally predicted ENCODE regions.©

Notably, the degree of deleterious SNVs predicted by scaled
C score in Combined Annotation Dependent Depletion®, which
incorporates several annotations such as conservation metrics
and regulatory information, was highly correlated with the FVRV
of the IKJPN variants (Fig. 2f). These observations clearly
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