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Fig. 4. The interindividual differences in CYP2D6 metab-
olism capacity and drug responsiveness induced by SNPs in
CYP2D6 are reproduced in the PHH-IPS-HLCs. (A) SNPs
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(CYP2D6*3, *4, *5, *6, *7, *B, *16, and *21) in the CYP2D6
gene were analyzed. (B) The CYP2D6 activity levels in PHH-
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in this study have the CYP2D6 poor metabolizer genotypes
(CYP2D6 *3, %4, *5, *6, *7, *§, *16, and *21) (5). PHH8 and -11
have CYP2D6*4 (null allele), whereas the others have a wild
type (WT) or hetero allele (ST Appendix, Table S3 and Fig, 44).
Consistent with this finding, the PHHS8/11-iPS-HLCs also have
CYP2D6*4, whereas the others have a wild type or hetero allele.
As expected, the CYP2D6 activity levels in the PHH8/11 (PHH-
NUL) and PHHS8/11-iPS-HLC (HLC-NUL) were significantly
lower than those in the PHH-WT and HLC-WT, respectively
(Fig. 4B). The pharmacological activity of tamoxifen, which is the
most widely used agent for patients with breast cancer, is de-
pendent on its conversion to its metabolite, endoxifen, by the
CYP2D6 (Fig. 4C). To examine whether the pharmacological
activity of tamoxifen could be predicted by using PHHs and
HLCs that have either the null type CYP2D6%4 allele or wild-
type CYP2D6 allele, the breast cancer cell line MCF7 was
cocultured with PHHs or HLCs, and then the cells were treated
with tamoxifen (Fig. 4D). The cell viability of MCF7 cells
cocultured with PHHs-NUL or HLCs-NUL was significantly
higher than that of MCF7 cells cocultured with PHHs-WT
or HLCs-WT. The decrease in cell viability of MCF7 cells
cocultured with PHHs-WT or HLCs-WT was rescued by treat-
ment with a CYP2D6 inhibitor, quinidine (Fig. 4E). We also
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letter are significantly different from each other (P < 0.05).

confirmed that the cell viability of MCF7 cells cocultured with
PHHs-NUL or HLCs-NUL was decreased by CYP2D6 over-
expression in the PHHs-NUL or HLCs-NUL (Fig. 4F). Note that
the expression (Fig. 4G) and activity (Fig. 4H) levels of CYP2D6
in CYP2D6-expressing adenovirus vector (Ad-CYP2D6)-trans-
duced PHHs-NUL or HLCs-NUL were comparable to those of
PHHs-WT or HLCs-WT. These results indicated that the PHHs-
WT and HLCs-WT could more efficiently metabolize tamoxifen
than the PHHs-NUL and HLCs-NUL, respectively, and thereby
induced higher toxicity in MCF7 cells. Similar results were
obtained with the other breast cancer cell line, T-47D (S7 Ap-
pendix, Fig, S8 A-D). Next, we examined whether the CYP2D6-
mediated drug-induced hepatotoxicity could be predicted by
using PHHs and HLCs having either a null type CYP2D6%4 al-
lele or wild-type CYP2DS6 allele. PHHs and HLCs were treated
with desipramine, which is known to cause hepatotoxicity (Fig.
41y (14). The cell viability of PHHs-NUL and HLCs-NUL was
significantly lower than that of PHHs-WT and HLCs-WT (Fig.
47). The cell viability of the PHHs-WT or HLCs-WT was de-
creased by treatment with a CYP2D6 inhibitor, quinidine (Fig.
4K). We also confirmed that the decrease in the cell viability of
the PHHs-NUL or HLCs-NUL was rescued by CYP2D6 over-
expression in the PHHs-NUL or HLCs-NUL (Fig. 4L). Similar
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results were obtained with the other hepatotoxic drug, per-
hexiline (S7 Appendix, Fig. S8 E-H). These results indicated
that the PHHs-WT and HLCs-WT could more efficiently me-
tabolize imipramine and thereby reduce toxicity compared with
the PHHs-NUL and HLCs-NUL. Taken together, our findings
showed that the interindividual differences in CYP metabolism
capacity and drug responsiveness, which are prescribed by an
SNP in genes encoding CYPs, were also reproduced in the PHH-
iPS-HLCs.

Discussion

The purpose of this study was to examine whether the individual
HLGCs could reproduce the hepatic function of individual PHHSs.
A Yamanaka 4 factor-expressing SeV vector was used in this
study to generate integration-free human iPSCs from PHHs. It is
known that SeV vectors can express exogenous genes without
chromosomal insertion, because these vectors replicate their
genomes exclusively in the cytoplasm (15). To examine the dif-
ferent cellular phenotypes associated with SNPs in human iPSC
derivatives, the use of integration-free human iPSCs is essential.

We found that the CYP activity levels of the PHH-iPS-HLCs
reflected those of parent PHHs, as shown in Fig. 3 A-C. There
were few interindividual differences in the ratio of CYP ex-
pression levels in the PHH-PS-HLCs to those in PHHs (87
Appendix, Fig. §5). Together, these results suggest that it is
possible to predict the individual CYP activity levels through
analysis of the CYP activity levels of the PHH-iPS-HLCs. In the
future, it will be necessary to confirm these results in skin or
blood cell-derived iPSCs as well as PHH-iPSCs, although donor-
matched PHHs and blood cells (or skin cells) are difficult to
obtain. In addition, the comparison of hepatic functions between
genetically identical PHHs and PHH-iPS-HLCs (Fig. 3 A-C)
would enable us to accurately ascertain whether the HLCs ex-
hibit sufficient hepatic function to be a suitable substitute for
PHHs in the early phase of pharmaceutical development. Be-
cause the drug responsiveness of the individual HLCs reflected
that of individual PHHs (Fig. 3 E and F), it might be possible to
perform personalized drug therapy following drug screening
using a patient’s HLCs. However, the R-squared values of the
individual CYP activities differed from each other (Fig. 3 A-C),
suggesting that the activity levels of some CYPs are largely

-
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influenced not only by genetic information but also by environ-
mental factors, such as dietary or smoking habits.

The interindividual differences of CYP2D6 metabolism ca-
pacity and drug responsiveness that were prescribed by SNP in
genes encoding CYP2D6 were reproduced in the PHH-iPS-
HLCs (Fig. 4). It was impossible to perform drug screening in the
human hepatocytes derived from a donor with rare SNPs be-
cause these hepatocytes could not be obtained. However, be-
cause human {PSCs can be generated from such donors with rare
SNPs, the CYP metabolism capacity and drug responsiveness of
these donors might be possible to predict. Further, it would also
be possible to identify the novel SNP responsible for an un-
expected hepatotoxicity by using the HLCs in which whole ge-
nome sequences are known. We thus believe that the HLCs will
be a powerful tool not only for accurate and efficient drug de-
velopment but also for personalized 'drug therapy.

Experimental Procedures

DNA Microarray. Total RNA was prepared from the PHH9-iPSCs, PHH9-iPS-
HLCs, PHHY, and human hepatocellular carcinoma cell lines by using an
RNeasy Mini kit. A pool of three independent samples was used in this study.
cRNA amplifying, labeling, hybridizing, and analyzing were performed at
Miltenyi Biotec. The Gene Expression Omnibus (GEO) accession no. for the
microarray analysis is GSE61287.

Flow Cytometry. Single-cell suspensions of human iPSC-derived cells were
fixed with 2% (vol/vol) paraformaldehyde (PFA) for 20 min, and then in-
cubated with the primary antibody (described in SI Appendix, Table S1),
followed by the secondary antibody (described in S/ Appendix, Table S2). In
case of the intracellular staining, the Permeabilization Buffer (eBioscience)
was used to create holes in the membrane thereby allowing the antibodies
to enter the cell effectively. Flow cytometry analysis was performed using
a FACS LSR Fortessa flow cytometer (BD Biosciences).
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Scoring system for the prediction of severe acute pancreatitis
in children

Mitsuyoshi Suzuki,' Nobutomo Saito,' Nakayuki Naritaka,' Satoshi Nakano,' Kei Minowa,' Yuka Honda,'
Yoshikazu Ohtsuka,’ Atsuyuki Yamataka® and Toshiaki Shimizu'

Departments of 'Pediatrics and *Pediatric General and Urogenital Surgery, Juntendo University School of Medicine,
Tokyo, Japan
Abstract Background: The lack of an accurate scoring system for pediatric acute pancreatitis could cause delays in appropriate
clinical management and increase the risk of progressive life-threatening complications. We investigated a modified
Ministry of Health, Labour and Welfare of Japan (JPN) scoring system that uses pediatric systemic inflammatory
response syndrome (SIRS) score, age, and weight to establish a more useful scoring system for children.

Methods: A retrospective chart review was conducted of pediatric patients with acute pancreatitis who were admitted to
Juntendo University Hospital between 1985 and 2011. The sensitivity, specificity, and positive and negative predictive
values of the pediatric JPN scoring system were calculated and then compared with those of previously developed
scoring systems.

Results: The patient group consisted of 145 patients (88 girls, 57 boys). The pediatric JPN score had greater sensitivity
(80%) than the Ranson (60%), modified Glasgow (50%), and DeBanto (60%) scores. The specificity was 96% for the
pediatric JPN score, 94% for the Ranson score, 99% for the modified Glasgow score, and 86% for the DeBanto score.
Conclusion: The pediatric JPN score can be used to predict severe acute pancreatitis during the initial medical
assessment,

Key words guideline, Ministry of Health, Labour and Welfare of Japan (JPN) scoring system, pediatrics, severe acute pancreatitis,

Sev eri[y assessment.

In 2002, DeBanto et al. were the first to suggest a scoring system
for predicting the severity of acute pancreatitis (AP) in children.'
This system was modified from the Ranson™ and Glasgow
systems® and consists of the following eight parameters: age (<7
years old); weight (<23 kg); white blood cell count at admission
(>18 500 cells/uL); lactate dehydrogenase (LDH) at admission
(>2000 U/L); 48h trough Ca* (<83 mg/dL); 48 h trough
albumin (<2.6 g/dL); 48 h fluid sequestration (>75 mL/kg per
48 h); and 48 h rise in blood urea nitrogen (BUN; >5 mg/dL).
Patients who met three or more of these criteria were predicted to
have a severe outcome (Table 1). This scoring system, however,
is not exact for Asian children.® Recently, Lautz et al. reported
that the Ranson, modified Glasgow, and DeBanto pediatric scores
have limited ability to predict AP severity in children and ado-
lescents in the USA.” Assessment of severity at the initial medical
examination plays an important role in providing adequate early
treatment and transferring patients to a medical facility equipped
to treat severe AP. The lack of an accurate scoring system for
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pediatric AP, however, could cause delays in appropriate clinical
management and increase the risk of progressive life-threatening
complications.

In 1990, the AP severity scoring system of the Ministry of
Health, Labour and Welfare of Japan (JPN score) was developed.?
The scoring system was partially revised in 1999 and revised
again to the current version in 2008 (Table 1).>® The current
criteria consist of nine prognostic factors and/or computed
tomography (CT) grades based on contrast-enhanced CT. This
system, however, does not reflect the characteristics of children
and adolescents. The JPN score criteria (2008 version) include
two parameters, systemic inflammatory response syndrome
(SIRS) score and age =70 years, that make the system inappro-
priate for use in children.® Similarly, the Ranson and modified
Glasgow scores contain a parameter concerning age (255 years)
that is not appropriate for pediatric patients.** In the present
study, we investigated a modified JPN score that reflects pediatric
SIRS score, age, and weight to establish a more useful scoring
system for children.

Methods

The current study was a retrospective chart review of all children
and adolescents (<18 years of age) with an ICD-9 code of 577.0
or an ICD-10 code of K85 who were admitted to the Pediatric or
Pediatric Surgery Department of Juntendo University Hospital
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Table 1 Comparison of parameters of three scoring systems

Parameter Pediatric JPN scoring system JPN scoring system (2008 version)® Parameter DeBanto score'
1 BE < -3 mEq BE < -3 mEq
or shock (Table 2 lists SBP or shock (SBP <80 mmHg)
depending on age)
2 P20, <60 mmHg (room air) Pa0, <60 mmHg (room air)
or pulmonary insufficiency or pulmonary insufficiency (ventilation
(ventilation required) required)
3 BUN 240 mg/dL. (or Cr 22 mg/dly  BUN 240 mg/dL. (or Cr 22 mg/dl.) 1 48 h rise in BUN >5 mg/dL.
or urine volume <0.5 mL/kg/h even  or urine volume <400 mL/day even after 2 48 h fluid sequestration
after fluid resuscitation fluid resuscitation <75 mL/kg/48 h
4 LDH 22 x above upper limit LDH 22 x above upper limit 3 Admission LDH >2000 U/L
(Age-adjusted value)
5 Platelet count <1 x 10%mm’ Platelet count <1 x 10%/mm’
6 Ca <7.5 mg/dL. Ca £7.5 mg/dL 4 48 h trough Ca <8.3 mg/dL.
7 CRP 215 mg/dL CRP 215 mg/dL
8 Pediatric SIRS score 23 SIRS score 23 5 Admission white blood cell count
>18 500 cell/pl.
9 Age <7 years and/or weight <23 kg Age 270 years 6 Age <7 years
7 Weight <23 kg
g 48 h trough albumin <2.6 g/dL

BE, base excess; BUN, blood urea nitrogen; Ca, calcium; Cr, creatinine; CRP, C-reactive protein; JPN, Ministry of Health, Labour and Welfare
of Japan; LDH, lactate dehydrogenase; PaQ,, partial pressure of arterial oxygen; SBP, systolic blood pressure; SIRS, systemic inflammatory

response syndrome.

between 1985 and 2011. This study was approved by the
Juntendo University Institutional Review Board. The diagnosis
of AP was confirmed on elevation of serum amylase or lipase
more than twofold the upper limit of normal, clinical signs and
symptoms, and/or imaging.

Based on the IPN scoring system (2008 version), the pediatric
JPN scoring system was developed using pediatric SIRS score
(Tables 2,3)° and the parameters of age <7 years old and/or
weight <23 kg, as reported by DeBanto ez al.! The parameters of
the pediatric JPN score were as follows: (i) base excess (BE)

Table2 Pediatric SIRS score?

* Core temperature >38.5°C or 36.0°C

« Tachycardia, defined as mean heart rate >2 SD above normal for
age; or for children <1 year old, bradycardia, defined as mean
heart rate in the <10th percentile for age.

¢ Mean respiratory rate >2 SD above normal for age.

+ Leukocyte count elevated or decreased for age or >10% immature
neutrophils.

SIRS, systemic inflammatory response syndrome.

Table3 Age-specific vital signs and laboratory variables®

<~3 mEq or shock (systolic blood pressure cut-offs according to
age group; Table 3); (ii) PaO, <60 mmHg (room air) or respira-
tory failure; (iii) BUN 240 mg/dL (or creatinine [Cr] 22.0 mg/
dL) or oliguria (<0.5 mL/kg per h); (iv) LDH 22 x upper limit;
(v) platelet count <1 x 10%/mm?; (vi) calcium (Ca) <7.5 mg/dL;
(vii) C-reactive protein (CRP) 215 mg/dL.; (viii) number of posi-
tive measures in pediatric SIRS score 23; and (ix) age <7 years
old or/and weight <23 kg. The cut-off for predicting a severe
outcome was set at three criteria. A comparison of the parameters
of the present system, the JPN scoring system (2008 version), and
the DeBanto system is shown in Table 1. To identify the severe
patients who were initially diagnosed as having mild pancreatitis,
the severity was determined using data from 72 h after the onset
of pancreatitis.

An episode of pancreatitis was considered to be clinically
severe if the patient died; had pancreatic surgery; developed a
pseudocyst, abscess, or infected necrosis; or met the Atlanta
criteria (1992 version) for organ dysfunction (systolic blood pres-
sure, 90 mmHg; Pa0O,, 60 mmHg; creatinine, 2 mg/dL.; or gastro-
intestinal bleeding, 500 mL/24 h)."'"® The clinical and laboratory

Age group Tachycardia Bradycardia Respiratory rate Leukocyte count Systolic blood
(beats/min) (beats/min) (breaths/min) (x10°/mm?) pressure (mmHg)

0 day-1 week >180 <100 >50 >34 <65

I week—1 month >180 <100 >40 >195 or <5 <75

I month—1 year >180 <90 >34 >17.5 or <5 <100

2-5 years >140 NA >22 >15.5 or<6 <94

6-12 years >130 NA >18 >13.5 or <4.5 <105
13-18 years >[10 NA >14 >11 or <4.5 <117

Lower values for heart rate, leukocyte count, and systolic blood pressure are for the Sth percentile, and upper values for the heart rate, respiration

rate, or leukocyte count are for the 95th percentile. NA, not available.
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Table 4 Demographic characteristics and etiology

Severity assessment of acute pancreatitis 115

Mild AP Severe AP
N 135 10
Age (years), mean * SE (range) 7.38 £0.03 (0.8-17) 6.40 £0.42 (2-13)
M:F 51:84 6:4
Etiology
1. Congenital anomalies of the pancreaticobiliary system
« Choledochal cyst and/or abnormal union of the pancreaticobiliary junction 46 (34.1) 1 (10.0)
« Pancreas divisum 9(6.7) 1(10.0)
« Gallstones 9(6.7) 0
* QOthers 13 (9.6) 0
2. Drugs 16 (11.9) 3(30.0)
3. Trauma 14 (10.3) 0
4. Multisystem disease 8(5.9) 5 (50.0)
5. Infections 537 0
6. Familial 3(2.2) 0
7. Others 12 (8.9) 0

AP, acute pancreatitis.

factors used in the Ranson, modified Glasgow, DeBanto, and
pediatric JPN scores were compared between patients with mild
and severe AP. Finally, using a score of three or more positive
parameters as a positive result, the sensitivity, specificity, and
positive and negative predictive values were calculated.

Statistical analysis

The results are expressed as mean * SE. Unpaired Mann—
Whitney U-test and Fisher’s exact test were used to identify
significant changes, as appropriate. Receiver operating character-
istic (ROC) curves were generated, and the area under the curve
(AUC) was calculated to compare the overall accuracy of the
different scoring systems. The AUC + SE was calculated under
non-parametric assumptions. All P-values were two-tailed, and
P <0.05 was considered statistically significant. Statistical analy-
sis was done using SPSS version 18.0 (IBM, Tokyo, Japan).

Results
Patient demographics and AP etiology

The patient group consisted of 145 patients (88 girls, 57 boys)
aged 0.8-17 years (mean age, 7.3 years). Of the 145 AP patients,
79 (54.5%) had congenital anomalies of the pancreaticobiliary
system. Of these 79 children, common bile duct dilatation and/or
abnormal union of the pancreaticobiliary junction was present in
47 children. Nineteen children had drug-induced AP (13.1%),
and 14 children had trauma-induced AP (9.7%). Thirteen chil-
dren had multisystem disease (9.0%), five had infections (3.4%),
and 12 had AP of unknown etiology (8.3%). The demographic
data for both the mild and severe groups according to the Atlanta
criteria are given in Table 4.

Criteria for severily by Atlanta criteria

According to the Atlanta criteria, 10 children had severe pancrea-
titis, including two who died. The total number of criteria met
was 27, because four patients met one criterion, two patients met
two criteria, two patients met three criteria, one patient met four
criteria, and one patient met nine criteria (Table 5).

Clinical and laboratory parameters of pediatric
JPN score

The results of the statistical analysis between mild and severe
cases of AP for 12 individual clinical and laboratory parameters
are listed in Table 6. The parameters of BE (? < 0.05), BUN
(P £0.01), LDH (P £ 0.01), and CRP (P < 0.01) achieved a
statistically significant difference between mild and severe AP,
while no significant difference was found for platelet count,
serum calcium level, age or weight. The incidence of shock
(P £ 0.01), pulmonary insufficiency (P < 0.01), oliguria
(P £ 0.01), and pediatric SIRS score 23 (P < 0.01) was signifi-
cantly higher in severe AP than mild AP.

Outcome: Pediatric JPN score compared to

Atlanta criteria

The consistency between pediatric JPN score and Atlanta
criteria was examined. Severe outcome occurred in 1.5%
(2/132) of patients with 0-2 points, 50.0% (5/10) of patients
with 3-4 points, 100% (2/2) of patients with 5-6 points, and
100% (1/1) in the patient with 7-8 points. The mortality
of severe AP identified using the Atlanta criteria was 20%
(2/10); the pediatric JPN scores of these patients were 5 and
7 points.

Table 5 Criteria for severity on Atlanta criteria

Criteria for severity No. patients (%)

1. Death 2 (20)
2. Surgery on pancreas 1(10)
3. Shock 8 (80)
4. Pulmonary insufficiency 4 (40)
5. Renal failure 6 (60)
6. Gastrointestinal bleeding 2 (20)
7. Pseudocyst 2(20)
8. Abscess 1 (10)
9. Infected necrosis 1 (10)

© 2014 Japan Pediatric Society
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Table 6 Clinical and laboratory parameters

Mild AP (n = 135)

Severe AP (n = 10)

Mean = SE n Range Mean = SE n Range P
Patient criteria met Patient criteria met
i BE £ -3 mEq -2.6%£2.7 8 -6.1-1.9 -95+25 9 —1.3—25 <0.05
or shock 0 135 6 10 <0.01
2 Pa0- <60 mmHg (room air) NA NA
or pulmonary insufficiency 0 135 4 10 <0.01
3 BUN 240 mg/dl. 10.6+£0.45 135 2-26 28.9+5.60 10 6-61 <0.01
or oliguria (<0.5 mL/kg/h) 0 135 2 10 <0.01
4 LDH 22 x above uapper limit 1134+0.05 119 0.32-3.56 2,12+0.12 8 0.74-3.84  <0.0t
5 Platelet count <1 x 10%mm? 29.9+1.0 135 2.3-67.7 1241294 10 1.2-33.0 NS
6 Ca £7.5 mg/dl. 9.53+0.07 126 7.2-10.8 8.24 £0.21 10 7.4-9.6 NS
7 CRP 215 mg/dL 2.36+0.29 135 0.1-155 127+1.96 10 4.8-22.6 <0.01
8 Pediatric SIRS score 23 2 135 0-3 6 10 1-4 <0.01
9 Age <7 years and/or weight <23 kg 7.38£0.03 135 0.8-17 640+ 042 10 2-13 NS
263+ 1.3 135 7.3-64.1 209+37 10 10.5-47.0 NS

AP, acute pancreatitis; BE, base excess; BUN, blood urea nitrogen; Ca, calcium; CRP, C-reactive protein; LDH, lactate dehydrogenase;
Pa0,, partial pressure of arterial oxygen; SIRS, systemic inflammatory response syndrome.

Comparison of four scoring systems in predicting
severity of AP

The means of the Ranson (1.15 + 0.07 vs. 3.20 £ 0.49, P <
0.01), modified Glasgow (0.50 + 0.06 vs. 276 £ 042, P <
0.01), DeBanto (1.41 + 0.10 vs. 2.70 £ 047, P £ 0.01), and
pediatric JPN (0.82 + 0.06 vs. 3.80 + 0.49, P < 0.01) scores
varied significantly between the mild and severe groups
(Table 7). ROC curves were produced for each scoring system
to compare the overall predictive value, without confining the
analysis to any arbitrary cut-off (Fig. 1). On ROC analysis the
AUC (mean * SE) for the pediatric JPN score (0.980 + 0.012)
was superior to the Ranson (0.886 * 0.056), modified Glasgow
(0.935 £ 0.034), and DeBanto (0.754 + 0.074) scoring systems
(Fig. 1).

Using the cut-off of 3 points, pediatric JPN score had better
sensitivity (80.0%) as compared to the Ranson (60.0%), modi-
fied Glasgow (50.0%), and DeBanto (60.0%) scores. The speci-
ficity was 96.3% for the pediatric JPN score, 93.6% for the
Ranson score, 98.5% for the modified Glasgow score, and
86.0% for the DeBanto score. The positive predictive value of
the modified Glasgow score (71.4%) was superior to the other
scoring systems (pediatric JPN, 61.5%; Ranson, 42.8%; and
DeBanto, 24.0%). The negative predictive value of the four
systems was almost identical (pediatric JPN, 98.4%; Ranson,
96.7%; modified Glasgow, 96.4%; and DeBanto, 96.7%;
Table 7).

Table 7 Prediction of severity of AP

Discussion

Alcohol and gallstones are the main etiologies of AP in adults.'""?

The etiology in children, however, is often drugs, infection,
trauma, or anatomic anomalies such as choledochal cyst and
abnormal union of the pancreatobiliary junction."”"® Because the
basic pathogenesis of AP does not greatly differ between adults
and children, the current approach to pediatric AP relies on
experience and knowledge gained from treating adult AP.” There
are no data, however, on the mortality rate of severe AP in
childhood. The mortality rate in Japanese adults decreased from
27% in 1996 to 8% in 2011 due to the development of new
diagnostic and therapeutic methods.” Providing intensive care
unit ICU) management, specialized therapies such as continuous
regional arterial infusion of protease inhibitor and antibiotics,
enteral nutrition via nasojejunal feeding, and continuous
hemodiafiltration have improved the outcome of severe AP by
reducing infection and averting pancreatic surgery, even in
children.”™" To reduce the mortality rate, it is important for
patients with severe AP to be transferred to a medical facility with
adequate monitoring and intensive care. Several scoring systems
are used in adults to identify severe AP, but there is no universally
accepted scoring system for predicting the severity of childhood
AP.L(;J

The JPN scoring system (2008 version), which is based on
clinical signs, blood test data, and imaging, is widely used in
Japan to determine treatment strategies.” The effectiveness of

System Mild Severe Accuracy Sensitivity Specificity PPV NPV

(mean + SE) (mean * SE) (%) (%) (%) (%) (%)
Rangon score {(maximum, 11 points) 1.15+£0.07 3.20£049 84.8 60.0 93.6 42.8 96.7
Modified Glasgow score -(maximum, 8 points) 0.50 £0.06 276042 95.2 50.0 98.5 714 96.4
DeBanto score (maximum, § points) 1.41+£0.10 270+£047 84.1 60.0 86.0 24.0 96.7
Pediatric JPN score (maximum, 9 points) 0.82 +0.06 380+049 95.2 80.0 96.3 61.5 98.4

AP, acute pancreatitis; JPN, Ministry of Health, Labour and Welfare of Japan; NPV, negative predictive value; PPV, positive predictive value.
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Fig. 1 Receiver operating characteristic curve of the discrimination

of the (—) modified Ministry of Health, Labour and Welfare of
Japan (pediatric JPN) score, (----) Ranson, (—) modified Glasgow,
and (—) DeBanto scores for predicting major complications in
pediatric acute pancreatitis. The area under the curve (AUC) was
greater for the pediatric JPN score (0.980) than for the Ranson
(0.886), modified Glasgow (0.935), and DeBanto (0.754) prognostic
scores.

CRP, which is a criterion in the JPN system, as a single marker
for the prediction of severity has been reported,'®" but CRP is not
a criterion in the Ranson, modified Glasgow or DeBanto scores.
The cut-off for predicting severe outcome at CRP 215 mg/dL
after 48 h from onset of AP was recommended at the Santorini
consensus conference (1999),% in the World Congress of Gastro-
enterology guidelines (2002),”' and in the UK guidelines
(2005).% Unfortunately, the JPN scoring system lacks the predic-
tive value needed to guide confident clinical decision-making in
children. When the JPN system (2008 version) was used in the
present patients, the specificity was 100% but the sensitivity was
only 50%. In the present study, we modified only two parameters
of the JPN scoring system to produce the pediatric JPN scoring
system.

The AUC of the ROC curve provides a global assessment of
test performance, without applying any arbitrary cut-off. In this
analysis, the pediatric JPN score had the best overall discrimina-
tion. Using the cut-off of 3 points in each system, this new system
had equal or better clinical accuracy (95.2%) as compared to the
Ranson (84.8%), modified Glasgow (95.2%), and DeBanto
systems (84.1%). The present study, however, has several limi-
tations that are inherent to any retrospective study. Because mean
platelets, serum Ca, BUN, and CRP did not reach the cut-off in
the severe AP group, reconstruction of new suitable cut-offs for
pediatric patients is needed to examine an increased number of
severe AP cases. Additionally, the usefulness of the pediatric JPN
score should be examined in Western children, because there are
etiological differences in AP between Asian and Western
children.>*

Severity assessment of acute pancreatitis 117

The international consensus conference on pediatric sepsis
and organ dysfunction was held in February 2002 in San Antonio,
Texas, where the criteria for adult SIRS were modified for
pediatric use, and the definitions of sepsis, severe sepsis, and
septic shock for pediatric patients were revised.” It was deter-
mined that at Jeast two of four criteria, one of which must be
abnormal temperature or leukocyte count, are required to confirm
SIRS in a pediatric patient. Age-specific normal values for vital
signs and laboratory data were incorporated into the definitions
of SIRS and sepsis in children. Because SIRS criteria were
derived from the adult respiratory distress syndrome criteria,
there was much discussion that this criteria contained higher
sensitivity and lack of specificity. A literature review by Carvalho
et al. cited one study reporting a 68% prevalence of SIRS in the
pediatric TCU.® In adults, 68% of patients admitted to the ICU
met at least two criteria for SIRS.?® In Japan, the prevalence of
SIRS reached 84% among all adult TCU patients.” These data are
not fully comparable to the present ones due to differing patient
age groups and cut-off criteria.

In many clinical settings, the very old and the very young
are at the highest risk of poor outcome. Persons in these age
groups often have lower physiological reserves than do other-
wise healthy adults in the prime of life. In the present study,
although there were no significant differences in age and weight
among patients with mild or severe AP, the age (6.40 £ 042
years) and weight (20.9 + 3.7kg) in the severe group were
similar to those in the first pediatric report on AP by DeBanto
et al.' In contrast, in the second report by Lautz er al. patients
younger than 7 years were more likely to have mild (29%) than
severe AP (12.5%, P < 0.05).7 Further examination is necessary
to verify the cut-offs for age and weight in a validation
group.

The CT severity index (CTSI) has proven to be very useful in
adults. > Recently, Lautz et al. reported that CTSI was superior
to a clinical scoring system for identifying children with AP at
heightened risk for developing serious complications.” Although
42 of 145 patients received plain and/or contrast-enhanced CT, in
the present study it was not possible to evaluate the performance
of the CTSI because only three patients with severe AP
received CT. Most patients received non-invasive abdominal
echosonography instead of CT. Clinical trials assessing the use-
fulness of the CT scoring system in Japanese children and
adolescents with AP are needed.

Conclusion

Pediatric JPN score, although not perfect, is sufficient for the
prediction of outcome in the initial period in order to identify
pediatric patients with severe AP. The use of this scoring system
at admission may help to improve treatment outcome in pediatric
patients.
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Molecular Genetic Dissection and Neonatal/Infantile Intrahepatic
Cholestasis Using Targeted Next-Generation Sequencing

Takao Togawa, MD', Tokio Sugiura, MD, PhD', Koichi lto, MD, PhD’, Takeshi Endo, MD, PhD', Kohei Aoyama, MD',
Kei Ohashi, MD', Yutaka Negishi, MD", Toyoichiro Kudo, MD, PhD?, Reiko Ito, MD, PhD?, Atsuo Kikuchi, MD, PhD?,
Natsuko Arai-Ichinoi, MD, PhD®, Shigeo Kure, MD, PhD®, and Shinji Saitoh, MD, PhD'

Objectives To ascertain a molecular genetic diagnosis for subjects with neonatal/infantile intrahepatic chole-
stasis (NIIC) by the use of next-generation sequencing (NGS) and to perform a genotype-phenotype correlation.
Study design We recruited Japanese subjects with NIIC who had no definitive molecular genetic diagnosis. We
developed a diagnostic custom panel of 18 genes, and the amplicon library was sequenced via NGS. We then
compared clinical data between the molecular genetically confirmed subjects with NIIC.

Results We analyzed 109 patients with NIIC (“genetic cholestasis,” 31 subjects; “unknown with complications”
such as prematurity, 46 subjects; “unknown without complications,” 32 subjects), and a molecular genetic diag-
nosis was made for 28 subjects (26%). The rate of positive molecular genetic diagnosis in each category was 22
of 31 (71%) for the “genetic cholestasis” group, 2 of 46 (4.3%) for the “unknown with complications” group, and
4 of 32 (12.5%) for the “unknown without complications” group. The grouping of the molecular diagnoses in the
group with genetic cholestasis was as follows: 12 with Alagille syndrome, 5 with neonatal Dubin-Johnson syn-
drome, 5 with neonatal intrahepatic cholestasis caused by citrin deficiency, and 6 with progressive familial intrahe-
patic cholestasis or benign recurrent intrahepatic cholestasis with low gamma-glutamyl transpeptidase levels.
Several clinical datasets, including age of onset, direct bilirubin, and aminotransferases, were significantly different
between the disorders confirmed using molecular genetic diagnosis.

Conclusion Targeted NGS can be used for molecular genetic diagnosis in subjects with NiiC. Clinical diagnosis
should be accordingly redefined in the view of molecular genetic findings. (J Pediatr 2076; ;8 -H).

he etiologic diversity of neonatal/infantile cholestasis has been described previously."* The most commonly identifiable
etiologies are biliary atresia (25%-35%), genetic intrahepatic cholestasis (25%), and metabolic diseases (20%).>” Recent
© advances in the understanding of the molecular basis of cholestatic syndromes have enabled the classification of these syn-
dromes and have offered an opportunity for the development of diagnostic methods that take into account the genetic makeup of
neonatal/infantile intrahepatic cholestasis (NIIC).'™ Alagille syndrome (ALGS), progressive familial intrahepatic cholestasis
(PFIC), neonatal intrahepatic cholestasis caused by citrin deficiency (NICCD), and other conditions were distinguished from
idiopathic neonatal hepatitis between the early 1970s and the 2000s."” In addition, in the past 2 decades, a wide range of
disease-causing genes underlying the pathogenesis of NIIC has been identified."* The high genetic heterogeneity and variability
of NIIC make it difficult to survey for pathogenic variants in clinical practice, and molecular genetic diagnosis challenginv

Next-generation sequencing (NGS) technologies have revolutionized genomic and clinical genetic research.” % NGS offers
comprehensive sequencing of multiple known causative or associated genes in highly heterogeneous diseases.” Here, we con-
structed an NIIC gene panel that included 18 candidate genes. In this study we aimed to use this panel and NGS to ascertain the
molecular genetic diagnosis of subjects with NIIC. We then compared clinical and laboratory findings for patients in whom a
molecular genetic diagnosis was made to obtain a comprehensive understanding of NIIC.

ALGS Alagille syndrome IR 4.0 lon Reporter 4.0
ALT Alanine aminotransferase MAF Minor allele frequency
AR Autosomal-recessive inheritance MLPA Multiplex ligation-dependent
AST Aspartate aminotransferase probe amplification From the *Department of Pediatrics and Neonatology,
BRIC Benign recurrent intrahepatic NGS Next-generation sequencing Nagoya City University Graguate Schoof of Medical
. . ; N Sciences, Nagoya, Japan; ?Department of Hepatology,
cholestasis NICCD Neonatal intrahepatic cholestasis National Medical Center for Children and Mothers,
CNV Copy number variation caused by citrin deficiency ?a‘t(i;]ona\lj Center le’s%h“d aeajtht arfm:: D;Vf‘Pmeng’ "
o . ™ . " s . CKy0, Japan; an epartment of Pediatrics, 1ohoky
D.Bit Direct bilirubin NIC Neonatal/infantile intrahepatic UniversitypSchoo{ of Mfdicme' Sendai, Japan
DJs Dubin-Johnson syndrome cholestasis Supported by Grant-in-Aid for Young Scientists
GGT Gamma glutamyl transpeptidase PFIC Progressive familial intrahepatic (26870489 [to T.S.]). The authors declare no contiicts of
HGVB Human Genetic Variation Browser cholestasis interest,
fon PGM  fon Torrent Personal Genome T.Bil Total bitirubin 0022-3476/5 - see tront matter, Copyright € 2016 Elsevier Inc. Al
Machine rights reserved.
Tutpi//ehn.dol.org/10.1016/,jpeds.2016.01.006
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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 (DJ]S); (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 dlagnosed
according to the classical definition of the presence of 3 of 5
major ch'nical criteria.® Diagnosis of neonatal DJS with
autosomal-recessive inheritance (AR) xya$~deterrﬁined by the
presence of a brown/black liver and a normal value of aspartate
aminotransferase/alanine aminotransferase (AST/ALT).> M
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 Ion AmpliSeq

2

Custom Panel (Life Technologies, Carlsbad, California).
This custom NIIC panel (panel ID: 1AD34922) contained
the JAGI, NOTCH2, ABCC2, SLC25A13, ATP8B1, ABCBI1,
ABCB4, TJP2, HSD3B7, AKR1D1, CYP7B1, VPS33B, BAAT,
EPHX1, SLC10A1, ABCBI, SLC4A2, and SLCOI1A2 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 pane] 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: (foe Technologies). NGS was performed with the
Ton 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 Ion 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- gz

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: http://
www.genome.med.kyoto-w.ac.jp/SnpDB) 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 (hitp://www.hgvs.org/
mutnomen/). Chromosomal coordinates were assigned ac-
cording to the GRCh37/hgl9 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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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 NOTCHZ; we identified 10
heterozygous pathogenic or likely pathogenic variants in
JAG! (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: 10619 976-10654275. We
confirmed the deletion in JAG! 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 dlinically 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 dlagnosed clinically
with PFIC/BRIC were shown by molecular genetic diag-
nosis to have compound heterozygous pathogenic or likely
pathogenic variants; 2 (NCUI18, 19) in ATP8BI and 3
(NCU20-22) in ABCBI11, which molecularly confirmed
these subjects to have PFICI/BRICI 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, AKRID1, CYP7B1, VPS33B, BAAT, EPHX1,
SLCI0A1,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 ¢4

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 Weigh,t;‘f"in{;ALGS was significantly smaller
than that in neonatal DIS (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 s 513 IU/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.

~ Discussion.

'In thxs 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, serumﬂD.Bii; 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

based resequencing chip, the Jaundice Chip, which includes
5 disease-causing genes; SERPINAI, JAGI, ATP8BI,
ABCBI1, 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 JAG! disease-causing variants have

patients with NIIC, Liu et al*>** developed a hybridization-  been registered, and approximately 50% of these have been
Molecular Genetic Dissection and Neonatal/Infantile Intrahepatic Cholestasis Using Targeted Next-Generation 5
Sequencing
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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-
tern, they made a molecular genetic diagnosis in 4 of the 6
patients and identified 6 novel variants in PKHDI,
ABCBI1, 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
ATP8B1, ABCB11, or ABCB4 may play a role in the suscepti-
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, ¢.1815+2T>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/
130000 000. 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 TU/L, and 513 IU/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 Ton 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. =
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982 Gene name Disorder/function No. exons - No. amplicons Total no. targeted hases % of coverage of target sequence }gjg
983 JAGT ALGS 2% 35 3657 99.9 1050
984 NOTCH2 ALGS 35 63 7602 97.9 1051
985 ABCG2 DJs .32 44 4638 997 1052
986 SLC25A13 NICCD 19 28 2116 99.1 1053
987 ATP8B1 PFIC1/BRIC1 i 27 45 3756 98.1 1034
988 ABCB11 PFIC2/BRIC2 ' 27 43 3966 99.0
989 ABCB4 PFIC3 - 28 44 4068 976 1035
990 Tp2 PFIC4, FHCA 27 38 4158 95.6 1056
991 HSD3B7 BAS w5 7 9 1170 100 1057
o AKRIDT BAS 10 12 909 99.6 1058
292 CYP7B1 BAS 6 17 1521 926 1059
993 VPS338 ARCS1 23 23 1854 100 1060
994 BAAT FHCA 3 10 1257 100 1061
995 EPHX1 FHCA 8 15 1368 100 1062
996 SLC1041 NTCP 5 10 1050 987 1063
997 ABGB1 MDR1 C o7 46 3843 99.2
998 SLC4AZ AE2 2% 38 3759 986 1064
999 SLCO1A2 OATP-1 14 26 2013 96.9 1065
Total 348 546 52795 98.5 1066
1000 8 41067

1001 AF2, anion exchange protein 2; ARCS7, arthrogryposis, renal dysfunction and cholestasis syndrome-1; BAS, bile acid synthetic defect; FHCA, familial hypercholanemia; MDRT, multidrug resistance 1068
1002 protein 1; Mo, number; NTCP, Na{+)taurocholate fransport protein; GATP-1, organic anion transporting polypeptide 1. 1069
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MAF
Nucleotide change HGMD HGVB
Clinical Affected Predicted amino acid change SIFT ExAG (ESA) Parental
Subjects  Sex diagnosis gene 2ygosity Classification* PolyPhen EXAG (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
pi120T Deleterious -
Heterozygous possibly damaging -
NCUO03 F ALGS JAGT €.439C>T Pathogenic DM - Maternal
p.Q147Ter NA“ -
Heterozygous NA- -
NCU04 M ALGS JAGT ¢.551G>A Pathogenic : DM - ND
p.Arg184His Deleterious -
Heterozygous ) probably damaging -
NCU05 F ALGS JAGT €.785_783delGTGAT Pathogenic DM - De novo
p.Cys262fsTert NA -
Heterozygous oo NA -
NCUO0B F ALGS JAGT ¢.2122_2125delCAGT Pathogenic - .. DM - ND
p.Q708fsTer34 7 U NA -
Heterozygous o NA -
NCU07 M ALGS JAGT €.2767_2768insG Pathogenic - - De novo
p.Asp923isTer29 B NA -
Heterozygous e NA -
NCUG8 F ALGS JAGT €.2927delC Pathagenic - - De novo
p.T976fsTerd g NA -
Heterozygous : NA -
NCU09 F ALGS JAGT €.3007_3010delGAGC Pathogenic - - De novo
p.E1003fsTer32 E NA -
Heterozygous r NA -
NGU10 F ALGS JAGT Whole exons deletion . Pathogenic - - De novo
(Chromosome 20: 10619976- NA -
10654 275) S NA -
NCUT M ALGS NOTCH2  ¢.5758G>C Likely pathogenic - - Maternal
p.A1920P Deleterious -
Heterozygous probably damaging -
NCU12 M Neonatal DJS ABGC2 c.1815+2T>A Pathogenic DM - Maternal
Splice-site disruption NA 1.16e-04
Heterozygous -~ NA -
ABCC2 €.2302C>T Pathagenic DM 2.52e-03 Paternal
p.R768W Deleterious 3.47e-04
Heterozygous probably damaging 5.33e-05
NCU13 M Neonatal DJS ABCCZ  ¢.2302C>T Pathogenic oM 2.52e-03 Paternal
p.R768W. Deleterious 3.47e-04
Heterozygous probably damaging 5.33e-05
ABGC2  ©.2882A>G Likely pathogenic - 2.74e-03 Maternal
- Splice-site disruption (p.K961R" Tolerated 3.50e-04
~ Heterozygous benign -
NCU14 M NICCD SLG25A13 ¢.615+1G>C Pathogenic DM - Matemal
~+ Splice-site disruption NA -
E Heterozygous NA -
SLC25A13  ¢.1692G>A Pathogenic DM 1.67e-03 Paternal
“hep.B531Asp Deleterious -
... Heterozygous probably damaging -
NCU15 M NICGD SLC25A13  ¢.674C>A Pathogenic DM 1.67e-03 Maternal
G p.S225Ter NA 1.16e-04
T Heterozygous NA -
- SLC25A13  ¢.852_855delTATG Pathogenic DM 2.06e-03 Paternal
e p.R284fsTer3 NA 3.71e-03
Heterozygous NA -
NCU16 M NICCD SLC25A13  ©.852_855delTATG Pathegenic DM 2.06e-03 ND
p.R284fsTer3 NA 3.71e-03
Heterozygous NA -
SLG25A13  ¢.1078C>T Pathogenic DM - ND
p.R360Ter NA 1.16e-04
Heterozygous NA 3.55e-05
{ (continued)
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MAF
Nucleotide change HGMD HGVB
Glinical Affected Predicted amino acid change SIFT ExAG (ESA) Parental
Subjects  Sex diagnosis gene 2ygosity Classification* PolyPhen EXAC (Non-ESA)  origin
NCU17 F NICCD SLC25A13  ¢.852_8550eiTATG Pathogenic DM 2.06e-03 Paternal
p.R284fsTer3 NA 3.71e-03
Heterozygous NA -
SLC25A13 ¢ 1177+16>A Pathogenic DM 3.18¢-03 Maternal
Splice site disruption NA 1.04e-03
Heterozygous NA . -
NCU18 F PFIC/BRIC ATP8BT  ¢.916T>C Pathogenic M - Maternal
p.C306R Deleterious -
Heterozygous probably damaging -
ATP8BT  ¢.2854C>T Pathogenic oM - Paternal
p.R952Ter NA -
Heterozygous .. NA 8.87e-06
NCU19 F PFIC/BRIC ATP8BT  ¢.922G>A Likely Pathogenic = - Paternal
p.G308S : Deleterious -
Heterozygous probably damaging -
ATPS8BT  ¢.3579_35890elACGGCAGCAGG  Pathogenic - - Maternal
p.R1193fsTer3g . NA -
Heterozygous i NA -
NCu20 F PFIC/BRIC ABCB11  ¢©.386G>A Likely Pathogenic - - Maternal
p.C129Y i Tolerated -
Heterozygous : possibly damaging -
ABCB11  ¢.1460G>A Pathogenic DM - Paternal
p.R487H i Tolerated 1.22e-04
Heterozygous possibly damaging 1.19-04
NGU21 F PFIG/BRIC ABCB11  ¢.386G>A Likely pathegenic - - ND
p.C129Y ¢ Tolerated -
Heterozygous possibly damaging -
ABCB11  ¢.3839T>A Likely pathogenic - - ND
p.l1280N Deleterious -
Heterozygous probably damaging -
NGU22 M PFIC/BRIC ABCB11  ¢.3121T>C Likely pathogenic - - Maternal
p.Y1041H Deleterious -
Heterozygous probably damaging -
ABCB11  ¢.3904G>T Pathogenic DM - Patemnal
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 probably damaging 8.92e-06
NCU25*  F Unknown without ~ ABCC2  ¢.298C>T Pathogenic M - Paternal
complications p.R100Ter NA 1.16e-04
Heterozygous NA 2.66e-05
ABCG2.  £.2439+2T>0 Pathogenic DM 2.72e-03 Maternal
i Splice site disruption NA 1.16e-04
) N Heterozygous NA 8.8%e-06
NCU26° M Unknown without  ~ABCCZ  ¢.298C>T Pathogenic DM - Paternal
complications - p.Rio0Ter NA 1.16e-04
Heterozygous NA 2.66e-05
ABCC2  £.2439+2T>C Pathogenic DM 2.72e-03 Maternal
: Splice-site disruption NA 1.16e-04
Heterozygous NA 8.89e-06
(continued)
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MAF
Nucleotide change HGMD HGVB
Clinical Affected Predicted amino acid change SIFT EXAG (ESA) Parental
Subjects  Sex diagnosis gene Zygosity Classification* PolyPhen EXAC (Non-ESA)  origin
NCu27 F Unknown without ABCCZ  ¢.1967+2T>C Pathogenic DM 1.37e-03 ND
complications Splice-site disruption NA -
Heterozygous NA -
ABCC2  ¢.2302C>T Pathogenic DM 2.52e-03 ND
p.R768W Deleterious 3.47e-04
Heterozygous probably damaging 5,33e-05
NCU28 F Unknown without  SLC25A13  ¢.15G>A Pathogenic DM - Maternal
complications Splice-site disruption NA -
Heterozygous NA -
SLC25A18  c1177+1G>A Pathogenic o™ 3.18e-03 Paternal
Splice-site disruption NA 1.04e-03
q Heterozygous . NA - ]

DM, disease-causing mutation; EXAC (FSA), Exome Aggregation Consortium {East Asian); EXAC (Mon-£5A), Exome Aggregation Consortium (Non-East Asian); £, female; HGMD, Human Gene Mutation
Database; M, male; N4, not applicable; ND, not determined; PolyPhen, Polymorphism Phenotyping; SIFT, Sorting Intolerant From Tolerant; -, no registration data.

Accession number: JAGT, NM_000214.2; NOTCH2, NM_024408.3; ABCC2, NM_000392.3; 8L025A13 NM_014251 2 ATP8B1 NV 005603 4; ABCB11, NM_003742.2.

*According to the American College of Medical Genetics and Genomics interpretation guidelines.'®

$The mutation in NCU-13 was predicted as a “Broken WT Donor Site” by Human Splicing Finder.

1Sibling.

Molecular Genetic Dissection and Neonatal/Infantile Intrahepatic Cholestasis Using Targeted Next-Generation 7.e4
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Rare variant discovery by deep whole-genome
sequencing of 1,070 Japanese mdmduals

Masao Nagasaki*23*, Jun Yasuda‘z* Fumiki Katsuoka"2*, Naoki Nariai', Kaname Ko,uma1 2 Yosuke Kawaﬂz
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James Douglas Engel®, Kengo Kinoshita'3®, Shigeo Kure'2, Nobuo Yaegashi'2, ToMMo Japanese Reference
Panel Project” & Masayuki Yamamoto'?2

The Tohoku Medical Megabank Organization reports the whole-genome sequences of 1,070
healthy Japanese individuals and ‘construction of a Japanese pbpulatiori reference panel
(IKJPN). Here we identify through this high-coverage sequencing (32.4 x on average), 21.2
million, including 12 million knovei, singte»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
TKIPN 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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