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Figure 2 | The impact of very-rare variants on genomic regions and functional categories, (a) The SFSs of intergenic region for SNVs of 1KIPN (blue) and
IKGP (red). (b) The numbers of SNVs observed in TKIPN and 1KGP are depicted as four functional categaries. The fraction of very-rare variants observed in
KIPN are depicted with 95% binomial confidence interval according to (c) genomic region, (d) probable consequences for coding regions,

(e) in noncoding regions and (F) for scaled C scores. Because the number of genotyped individuals in the confidence SNVs is different among sites because
of the individual depth filter, we applied a hypergeometric projecticn"s, which subsamples each variant down to a sample size of 963 (90% of 1,070

samples) to abtain the SFSs of the confidence SNVs for ac-f.

illustrate that this reported sequencing paradigm successfully
discovered biologically relevant SNVs, most of which are rare in
the Japanese population.

Structural variants. High-coverage sequencing data allowed us to
catalogue both novel and known deletions and insertions within
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1KJPN {Fig. 3a). The size-frequency spectrum showed that larger
indels were less abundant than smaller ones, consistent with
observations from both 1KGP® and Genome of the
Netherlands?®, Notably, most of the longer insertions (> 10bp)
detected in this pipeline®® were novel, which represents the
usefulness of this high-coverage sequencing strategy (see
Methods).
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We also constructed a genome-wide map of CNVs overlapping
with the genic region in IKJPN, in which 25923 CNV loci
were identified; precise copy numbers were quantified on the
basis of the alignment status and depth of coverage of sequence
reads on individual CNV loci (Fig. 3b, Methods and Supple-
mentary Data 1),

Among the revealed CNVs, we found that most Japanese
individuals have more than two diploid copies of the salivary
amylase gene (AMY1; Fig. 3¢). The mean diploid copy number of
AMY! within' 1KJPN was 8.27, which is significantly higher
than the number reported in populations who consume low
amounts of starch (mean 5.44, N=93)!%, This observation is
consistent with the higher copy number of AMY! reported in
high-starch populations, suggesting adaptation of an increased
copy number according to dietary habits'®, Interestingly, we
found that the copy-number unit of AMYI was two (that is, even
AMY1 diploid copy numbers), in which the closely linked
AMYIA and AMYIB loci duplicated together (Fig. 3¢). Indeed,
the diploid copy number of AMY1 is proportional to the copy
number of intermediate region between AMYIA and AMYIB
{designated by ‘Region X’ in the schematic diagram of the human
reference genome in Fig. 3c¢), in which the relationship can be
described as y=2n+2, as the diplotype model, where y is the
diploid copy number of AMY], and # is the diploid copy number
of Region X. We also performgd the digital PCR analysis to
validate the estimated copy numbers in 10 samples (Methods and
Supplementary Fig. 5). This means that two AMY1 gene loci,
AMY1A and AMYIB, and Region X are close to one another ona
chromosome, and this region as a whole is the copy unit of the
AMY! gene. We further confirmed that there is almost no
variation in copy number outside of the AMYI genes. For
example, diploid copy numbers of AMY2B and Region Y are
mostly two (Supplementary Fig. 6b). This observation is
consistent with the previously proposed haplotype model for
the salivary amylase gene, (AMYIA-AMY1B)n-AMY1C, Since
the copy number of CNV laci present in a sample (gene dosage)
is likely to affect the relative abundance of gene expression, this
information will be useful for finding association of genetic
variants with phenotypes or diseases in future follow-up
studies. The CNVs reported here can be used to investigate
assaciations with human disease phenotypes as previously
reported®”%, ‘

HLA types. Another important aspect of deep sequencing is the
ability to determine highly polymorphic gene alleles. Human
leucocyte antigen (HLA) genes are highly polymorphic in the
human genome, and their haplotype structures are different
among human populations®®, In this study, we have typed HLA
alleles of HLA-A, HLA-B and HLA-C loci of 1KJPN using newly
developed software called HLA-VBSeq®, The method is based on
the alignment of sequence reads to the genomic HLA allele
sequences registered in the IMGT/HLA database'l. We
successfully typed HLA-A alleles for most of the individuals in
1KJPN (2,063 out of 2,140 alleles) at full resolution (8-digit in
HLA nomenclature). We observed that the frequencies of HLA-A,
-B and ~C alleles at 4-digit resolution (nucleotide differences that
change amino-acid sequences) estimated in our study were very
similar to previously published frequencies (Fig. 3d and
Supplementary Fig. 6c,d), in which HLA types were determined
using PCR-SSOP among a different set of 1,018 Japanese
individuals®, Because HLA genes are crucial in determining the
outcome of organ transplantation and susceptibility to infectious
and autoimmune diseases®>*, this HLA typing will be
particularly important for GWAS® and clinical practice, such
as donor-recipient matching®6.

Haplotyping and imputation. Genome-wide. genotype imputa-
tion is a statistical technique to estimate untyped genotypes from
known haplotype information, which is cost-effective for GWAS
with SNP arrays when compared with exome sequencing and
WGS. We constructed a phased reference panel with high-sen-
sitive SNVs glus short insertions and deletions in 1KJPN using
HapMonster'” and ShapelT2 (ref. 48). The performance of
genotype imputation with the reference panel for 131 Japanese
individuals (who were not among the individuals used to compile
IKJPN and not cryptic relatives to them; estimated identity-by-
descent <0.125) was assessed by comparing their imputed
genotypes and those obtained with the same sequencing protocol
and variant calling pipeline that was used to generate 1KJPN. For
the imputation, genotypes at sites designed in Omni2.5 were used
(Supplementary Methods). We compared IKJPN and the
following three types of reference panels for genotype
imputation: (i) the 1,092 cosmopolitan samples in 1KGP,
(ii) the 89 JPT samples in IKGP and (iii) the 1KJPN plus
1KGP. From the comparison, the highest > value (the measure of
imputation accuracy) was achieved with IKJPN plus 1KGP,
especially in variants with MAF<5%; the mean r* values were
0.47 for very-rare SNVs, 0.66 for rare SNVs and 0.78 for low
frequency SNVs (Fig. 4a). The significant improvement of
imputation accuracy using the IKJPN data suggests the
importance of construction and examination of a population-
specific reference panel.

To illustrate the effectiveness of the genotype imputation
strategy in GWAS, we performed imputation from genotyped
data set in a case-control study of MMD* with 1KJPN
(Supplementary Methods). MMD is a progressive cerebro-
vascular disorder caused by blocked arteries at the base of the
brain and has unusually high prevalence among the Japanese. The
data set contains the genotypes with Illumina HumanOmnil-
Quad BeadChip for 72 Japanese MMD patients and 45 healthy
controls from HapMap JPT collection. We performed GWAS for
the imputed data sets with the same statistical parameters used in
the original study®. A synonymous SNP rs11870849 located at
the coding region of ENDOV {chr17:78,411,073) with a P value of
6.95 x 1079 (y>-test) was identified as the highest association
SNP (Fig. 4c top) from the original (non-imputed) data set
(Fig. 4b). In contrast, by the imputation employing 1KJPN

- (Fig. 4c bottom), a nionsynonymous SNP rs112735431 located in

RNF213 (chr17:78,358,945; MAF=0,0089 in IKJPN) was

identified as the highest association SNP with a P value of

807 x10 ! over a significance threshold of a P value
<506 x 10™7, This SNP was confirmed by fine mapping of
chromosome 174 ter locus with another set of SNPs followed by
targeted sequencing®®, which was suggested to be a major MMD
causal variant®®30, Thus, we have directly inferred the causal SNP
with our 1KJPN reference panel.

Functional variant load in individuals. We summarized the
number of disease-causing variants in autosomes per individual
for each derived allele frequency (Table 2 and Supplementary
Methods). On average, one individual has 11.2 disease-causing
alleles in terms of disease-causing mutation (DM) category of
HGMD?! (9.6 as heterozygous and 1.6 as homozygous in the
high-confidence SNVs). Similarly, we calculated the number of
nonsense (stop-gained) variants per individual on the high-
confidence SNVs. Each individual has on average 41.6
heterozygous and 12.1 homozygous stop-gained SNVs. These
estimates are reasonably consistent with those in East™ Asian
populations in LKGP (JPT, CHB and CHS). Although there are
reports  on  higher mutational loads in  founding
populations!®>231, " our analysis of mutational load did not
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Variant type Population Very-rare Rare (0.1-0.5%) low (0.5-5%) Common {>5%) Total
(<0.1%)
Mean sd.  Mean s.d.  Mean sd.  Mean s.d.  Mean s.d.
Heterozygous -
HGMD-DM*  TKIPN (1,070) high confidence  0.640 0.814 1.03¢ 1016 4757 2246 3178 1604 9.619 3032
TKIPN (1,070} high-sensitive 0.675 0.848 1107 1051 4505 2261 4388 1787 1074 3136
1KGP JPT (89) NA NA NA NA 6270 2503 4169 1829 10438 2969
IKGP CHB (97) NA NA NA NA 5536 238} 4.464 1921 10000 3218
KGP CHS (100) NA NA 1470 1359 4320 2049 3680 1803 9470 2798
Stop-gained’  TKIPN (1,070) high-confidence 2385 1550 1563 1294 8679 2486 29017 4327 41644 5358
TKIPN (1,070) high-sensitive 2.624 1616 1777 1376 6008 2402 42125 4878 52535 5795
KGP IPT (89) NA NA NA NA 8685 2987 39337 5261 48022 6166
TKGP CHB (97) NA NA NA NA 9742 3215 37845 5593 47588 6777
KGP CHS (100) NA NA 3860 2433 6580 3085 36070 4.860 46510 5947
Homozygous
HGMD-DM* TKJPN (1070) high-confidence 0.001 0.031 0003 0053 0.048 0230 1.570 1126 1621 1145
1KJPN (1,070) high-sensitive  0.000 0000 0.003 0053 0.050 0234 1862 1235 1914 1251
TKGP IPT (89) NA NA NA NA 0.022 0349 1899 1244 1821 1227
1KGP CHB (87 NA NA NA NA 0052 0222 2021 0989 2072 1003
TKGP CHS (100) NA NA 0000 0000 0000 0000 0000 0.000 2110 8
Stop-gained®  IKJPN (1,070) high-confidence  0.005 0.081 0004 0061 0753 0747 11303 2713 12064 2813
TKIPN (1,070) high-sensitive 0.008 0101 0008 0301 0099 0302 12101 2853 12217 2851
TKGP JPT (89) NA NA - NA NA 0067 0252 315 2.8%8 11382 2914
KGP CHB (97) NA NA NA NA 0052 0222 12093 2758 12144 2769
TKGP CHS €100) NA NA  0.000 0.000 0.070 0326 12900 3047 12970 3.096
CHB, Han Chmese in Qm;mg China; CHS , Han Chinese South, Ching; HGMD, Human Gene Mutation Database; JRT, Japanese in Tokyo, Japan: TKGF, 1000 Genomes Project; TKIPN, reference panel of
1,070 & idual; NA, not available; ORF, open reading frame; SNV, single-nucleotide variant,
SNV sites with reliable ancestral states were used,
*HGMD-DM (disease-causing) alieles were analysed if they are derived alleles and alternative (non-reference) alleles,
+We selected stop-gainad alleles if they are derived alleles and alternative {non-reference) alleles, We discarded stop-gained SNVs if the propartion of truncated ORF is less than 5%.

prevalent (1 in 4,000-5,000)%, Information of risk allele
frequencies among populations will be useful for estimating
penetrance and identifying additional causes of disease, such as
other pathogenic loci or environmental factors. Indeed, we found
significant differences of allele frequency for HGMD variants
between IKJPN and each of 14 populations in 1KGP. The 2, 638
SNVs in HGMD were significantly different (P value<10™
Fisher’s exact test) in at least one population of the IKGP, Among
them, 36 SNVs were annotated as disease-causing mutations. For
example, SNP rs1047781 at chromosome 19:49,206,631 {causing
an Lel29Phe change) in the FUT2 gene (encoding
fucosyltransferase 2) showed a drastic difference in the non-
reference allele frequency between the 1KJPN (0.38) and 1KGP
CEU (0.00). The FUT2 gene encodes an em'yme for secreting
ABH anngens, and the locus is known as a classic human secretor
locus®®, The frequency of homozygotes of this variant was 0.141
in 1KJPN, and this is consistent with the fact that ~15% of
Japanese individuals are FUT2 nonsecretors®, Recent studies
showed that this SNP rs1047781 was associated with the levels of
tumour biomarker and vitamin B12 (refs 56,57).

Discussion

From the high-coverage WGS data collected in the ToMMo
cohort project, we have constructed 1KJPN, a reference panel of
1,070 Japanese individuals. This panel includes a highly accurate
and comprehensive collection of 21.5 million SNVs ranging from

very-rare {observed MAF<0.1%) to common (>5%) variants.

Considering the demographic history of 1KJPN inferred from the
SFS of intergenic region, the data cover almost all SNVs (99.0%)
that exist in the Japanese population having a minor frequency of

0.1% or greater (Fig. 1d). Furthermore, we would find rarer
variants if additional samples will be sequenced. For instance,
while we have detected 60.5 % of SN'Vs with MAF>0,01% in this
study, it is expected that the detection rate will rise to 81.6 % and
96.2 % for the sample size 3,000 and 8,000, respectively (Fig. 1d).

Since most of very-rare variants likely arose within 5,000-10,000
years!?, they are essentially population-specific. Hence, most of
them would be difficult to be imputed from a reference panel that
was constructed from diverse genetic backgrounds. Indeed, we
showed here significantly improved imputation accuracy from
1KJPN data when compared with 1KGP (Fig. 4 and Supple-
mentary Fig. 7).

In 1KJPN, we found the signature of purifying selection on
SNVs in regulatory elements located in both coding ‘and
noncoding sequences. This observation illustrates that this SNV
set is expected to contain many very-rare variants that can be
associated with diseases, and thus should be useful in future
GWASs to fully capture causal variants,

This high-coverage strategy has also defined fine characteristics
of §Vs, CNVs and HLA types in a population scale. Although a
substantial number of novel SVs was discovered by the high-
coverage sequencing, we still had difficulty in discovering
insertions longer than 100bp because of the limitation of
sequence read lengths (162bp paired-end). In addition, simple
repeat regions and structurally complex regions (for example,
centromeric and telomeric sequences) were not covered in our SV
discovery. To build a more comprehensive reference panel with
SVs, alternative approaches, such as the use of longer sequence
reads, would be necessary.

Since the cost of WGS is gradually decreasing, population-wide
sequencing, as in the present study, will become a reasonable
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approach to discover the full spectrum of SNVs, SVs and CNVs
in a reliable manner. However, it remains challenging to sequence
more than tens of thousands of samples in cohort projects even
with the sophistication of current sequencing technologies. Thus,
a hybrid strategy that combines both sequencing and genotyping
with a customized SNP array optimized to 4 specific population
background, for example, Japonica Array’®, becomes highly
desirable. Our hope is that 1KJPN will foster basic research by
amalgamating more accurate genotype imputation in cohort
studies with medical information, and thereby aid in constructing
an advanced medical system to improve the quality of health-care
services,

Methods

‘The Supplementary Note in this manuseript lists details of samples, data
generation, selection protocols with the SNP array and also informs the
bicinformatics not covered in this section, for example, the estimation of HLA
types, imputation and simulation of population genetics,

Sample Information, This project was performed as part of the prospective cohort
study at the ToMMo, with the approval of the ethical committee of the Tohoku
University School of Medicine, The samples used here were from the cohort
participants, all of whom gave their written consent, In our informed consent to the
participants to our cohort project, whole-genome data including “sequenced data,
yariant calls and inferred genotypes” are securely controlled under the Materials
and Information Distribution Review Committee of Tohoku Medical Megabank
Project and the data sharing to researchers are discussed in cach research proposal
by the review committee. '

"The current status of our committee is to put the part of the SNP frequency
data as open data in the National Bioscience Database Center website
{http:t/humandbs.biosciencedbejp/ent). Every year, the data availability policy will
be updated with the review committee.

Whole-genome sequencing. To prevent sample mix-up, samples were handled in
96-well plates during the course of the library construction, The genomic DNA
samples were diluted to a concentration of 10ngl ™} using a laboratory atto-
mation system (Biomek NXP, Beckman), and fragmented using a 96-well plate
using the DNA sonication system (Covaris LE220, Covaris) to a target size of
550bp, on average. The sheared DNA was subjected to library construction with
the TruSeq DNA PCR-Free HT sample prep kit (Hllumina) using a Bravo liquid-
handling instrument {Agilent Technologies). Finally, the completed libraries were
transferred into 1.5 mi tubes that were labelled with a barcode, and were then
denatured and neutralized, and processed for library QC.

The library quantitation and QC were performed with quantitative MiSeq
{qMiSeq), & newly developed method for library quantitation. In this protocol,
8 or 10 pl of prepared libraries was denatured with an equal volume of 0.1 N NaOH
for 5 min at room temperature, and diluted with a 49-fold volume of ice-cold
Mumina HT1 buffer. Overall, 50 pl of 96 denatured libraries including three
control samples (those examined earlier on HiSeq) were pooled. Then, 60yl of the
pooled library was diluted with 540 ul of ice-cold Illumina HT1 buffer and analysed
with MiSeq using a 25-bp, paired-end protocol, We utilized the index ratio
determined by the MiSeq sequencer, as a relative concentration to determine the
run condition for the HiSeq run. To share the details of qMiSeq, we have published
a methodology paper®. In addition te qMiSeq, an clectrophoretic analysis using
the Fragment Analyzer (Advanced Analytical) software was performed as a part of
the library QC, i

'DNA libraries were analysed using the HiSeq 2500-sequencing system,
according to the manufacturer’s protocol. A TruSeq Rapid PE Cluster Kit
(tlumina), and one-and-a-half TruSeq Rapid $BS Kit (200 cycles, llumina), were
used to perform a 162-bp, paired-end read in Rapid-Run Mode. On the basis of the
gMiSeq results, the libraries had been diluted to the appropriate concentrations and
were used for on-board cluster generation (Illumina). We routinely checked the
cluster density at the first base report and decided whether to continue the analysis
depending on the density (~550-650 Kmm ™2),

SNV step 1 alignment and varfant ¢all for each sample. The sequence reads
from each sample were aligned to the reference human genome (GRCh37/hgt9)
with the decoy sequence (hs37d5), Two aligners, Bowtie2 (version 2.1.0) with the
*-X 2000" option, and BWA-MEM (ver, 0.7.5a-r403) with the default option; were
used. To call the SNV, the Beftools software (ver. 0.1.17-dev) and the Genome
Analysis Toolkit {GATK version 2.5-2) were, respectively, applied to each aligned
result (Step 1 in Supplementary Fig. 2). For-each sample, the read depth of each
SNV position was calculated for the downstream filtering steps (Supplementary
Fig. 2; middle-bottom in Step 1). Here the read depth represents the total number
of sequence reads aligned to the SNV paosition, with the mapping quality being
more than or equal to 5,

We compared the SNV calls and the genotyping results from the
HumanOmni2.5-8 BeadChip for the same samples to evaluate the precision and
the power { = recall) at designed positions in the SNF array. The precision, as
calculated using Bowtie2 with the Beftools variant caller (Bowtie2 + Bcftools), was
always better than that obtained using BWA-MEM with GATK. On the contrary,
the power obtained using BWA-MEM -+ GATK was always better than that
obtained with Bowtie2 + Beftools (Supplementary Data 2). These results are
consistent with a previously conducted analysis®. Thus, the SNVs obtained using
BWA — MEM + GATK were considered the result of highly sensitive SNV
detection (trying to find as many SNVs as possible), whereas the SNV that were
obtained using bowtie2 4 Beftools were used as the candidate of the high-
confidence SNVs to apply to the downstream filtering steps. Hereafter, the term
‘SNVs will refer to variants called using Bowtie2 + beftools,

SNV step 2 genotype depth filter for each individual. We filtered out the
genotype calls that had an extraordinarily low or high read depth. For each sample,
we determined the range of the read depth on the SNVs to be retained, according
to the precision and the recall from the comparison with the genotyping results of
the HumanOmni25~8 BeadChip. The SNVs were grouped by read depth of next
generation sequencing (NGS) (we only used the sequenced reads with o mapping
quality more than or equal to 5, fo avoid the reads being aligned to multiple
chromosomal locations), and then precision and recall were calculated for each
group (Fig. 1a and Supplementary Fig. 2; the middle plot in Step 2), The SNVs in
the groups with a precision value > 0.998 were extracted as reliable SNVs
(Supplementary Fig. 2 SNV Filter; the left plot and figure in Step 2). In this

step, 2.0% of the segregating sites were filtered out (Step 2 in Supplementary
Table 1).

SNV step 3 SNV depth filter for each locus, We then filtered out the SNV loci in

‘which more than 10 % of the samples were not genotyped because of the depth

filter applied in the previous step. For example, the SNV calls in such loci might
suffer from an extraordinarily high or low deptly, because of the read alignment to
repetitive sequences. The pass ratio of the SNV sites was calculated (Supplementary
Fig.'2; the middle figure in Stép 3). In this step, 4.99% of the SNV sites were filtered
out (Step 3.in Supplementary Table 1),

SNV step 4 genome complexity filter. It is difficult to call SNVs in low-com-
plexity genomic regions, such as short tandem repeats. The RepeatMasker pro-
gramme annotated 56% of genomic regions as low-complexity regions. The
precision of each annotated group was calculated and compared with the geno-
typed SNP array of the same sample (Supplementary Fig. 2; the left table in Step 4).
The precision of the SNV calls was calculated for each genomic region by com-
paring them with the genotype calls obtained with the HumanOmni2.5-8 Bead-

‘Chip. Then, the SNVs in the genomic regions whose precision was <0.997 were

removed (Supplementary Fig. 2; the right figure in Step 4), that is, Alu, ERVK,
Low_complexity, Satellite, Simple_repeat, TeMar-Mariner and others {more detail
in Supplementary Data 3). In this step, 14.22% of SNV were filtered out (Step 4 in
Supplementary Table 1). !

SNV step 5 toal bias filter. To control the bias of the tool used in Step 1, we only
retained the SNV sites that were also discovered using the other method. Thus, we
removed the SNVs that were not detected by BWA-MEM + GATK, that is, the
highly sensitive SNVs. At the top of the figure in Step 5 (Supplementary Fig. 2), the
leftmost variant was not detected using the other tool, and thus those SNVs were
not used in the downstream analysis, In this step, 0.57% of the SNVs were filtered
out {Step 5 in Supplementary Table 1). :

SNV step 6 population genetics filter, Finally, we filtered out the SNVs

with a HWE test P value< 105, using the genotype frequencies of the SNVs
determined in Step 5. This filter removed the SNV-genotype frequencies that are
not consistent with the HWE, Most of the SNV that were filtered out might be

‘artefacts from the incompleteness of the reference genome, or from systematic

alignment errors. In this step, 1.03% of the SNVs were filtered out, and in the end,
77.20% of the raw SNVs were mined through these filtering steps (Step 6 in
Supplementary Table 1}.

SNV validation. The autosomal SNVs with a MAF<0.5%, a MAF of 0.5-1%,

a MAF of 1-5% and a MAF > 5% were subjected to validation, For each frequency,
the MassARRAY design {Sequenom) was applied to 1,000 potential variants called
in at least one of the 12 representative samples, which were rndomly selected from
1,070 samples (in the MassArray experiments, as maxitnum 36 SNVs can be
evaluated at once. There are some limitations for the combination of SNVs,
Thus, we have started from enough 1,000 SNV candidates in the SNV validation),
Among the SNPs that passed an assay design step (809, 813, 832 and 819 sites for
each frequency, respectively), 322 sites (108, 70, 72 and 72 sites for each frequency,
respectively) were selected and analysed using the Sequenom MassARRAY
(Sequenom), The same sites were also analysed using amplicon-sequencing.
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The MassARRAY analyses were performed according to the manufacturer's
protocol. The design of the PCR and the extension primers was performed using
the Assay Design suite {Sequenom). The genomic regions containing potential
variants were amplified by multiplex PCR (35 or 36 sites for each region). The
single-base extension reaction was followed by alkaline phosphatase treatment, and
reaction mixtures were purified with resin and spotted on 96-well SpectreCHIPs
using a Nanodispenser. SpectroCHIPs were analysed using the MassARRAY
system. Variant calls were performed using the SpectroTyper software (ver. 4,0).
The Sequenom validation was applied to 94 samples (including the 12 validation
samples). If a variant was confirmed in at least one of the twelve validation
samples, the variant was marked as being true. In the event that the call
rate was less than 80%, or that a nonspecific, single-base extension was observed
in the n{lmempfate control, the assay was considered unreliable and was marked as
a no-call.

The genomic regions examined using the MassARRAY were amplified using a
two-step PCR to add IHumina sequencing adaptors. In total, 322 regions of the
12 samples were sequenced with 76 bp, paired-end reads using a MiSeq sequencer
with the MiSeq Reagent Kit v3. Index sequences {HHlumina D701-D712) were used
to distinguish the 12 validation samples, To validate the SNVs, we performed the
following data analysis. (1) For each SNV site, the nucleotide sequences comprising
both the 300 bp upstream and downstream of the reference allele, and of the
alternative allele, were prepared, (2} the sequence reads were aligned to these
reference sequences using BWA-MEMO®® and (3) based on the depth of coverage at
each site, the SNV call was validated. The regions of low coverage (less than 30 % )
were marked as a no-call. If a variant was confirmed in at least one of the
12 validation samples, it was marked as being true.

Sanger sequencing was performed using the BigDye terminator cycle
sequencing kit, v.3.1 {Applied Biosystems), in accordance with the manufacturer's
instructions. The SNVs that had discordant genotype calls between the HiSeq and
the MassARRAY analyses, or between the HiSeq and the amplicon-sequencing
analyses, were further validated using Sanger sequencing. The genomic DNA
fragments containing one of the SNV requiring validation were amplified by PCR,
and these fragments were then sequenced in both the 5’ and the 3’ directions. The
oligonucleotide sequences used for PCR and for sequencing are available on
request.

From the validated 322 sites, 262 sites were remained in the high-confidence
SNVs set. Finally, 62,124 and 96 SNVs were the validation targets in rare and very-
rare, low and common MAF class, respectively, If either the MassARRAY or the
amplicon-sequencing analysis turned out to yield a no-call, the SNV site was also
treated as a no-call. The SNV sites that were validated by both methads were
treated as true positives, If the two methods produced inconsistent genotypes, we
assumed that the genotypes determined by Sanger sequencing are true, The FDR
was calculated by dividing the number of false variants by the sum of the true and
false variants (Supplementary Table 2).

To validate the newly discovered SNVs in this study, we also conducted the
validation experiment using a custom Illumina BeadChip array. The custom array
contained probes of 25,317 novel SNVs that were arbitrarily picked from the novel
variants in the high-confidence SNV set. These SNVs include SNVs in intergenic
regions as well as in coding regions, some of which were of biological interest {for
example, nonsynonymous or stop-gained variants).

- The genotyping of 854 samples, which are part of the 1KJPN, was conducted
using this custom array with the same protocol used for the HumanOmni2.5-8
BeadChip genotyping described above. We validated the SNV discovery at the
designed sites, and calculated per site FDR of novel SNVs, If a SNV is discovered in
several samples and more than one samples could detect the same SNV among
these samples by using the SNP array, then the SNV is considered to be correctly
discovered and the SNV is counted as true, Otherwise, the SNV is counted as false.
Finally, the total FDR for each category {(common, low, rare and very-rare) in
Supplementary Table 3 was calculated as follows: overall per site FDR = (FDR of
known SNV} X fign + (FDR of novel SNV) % {1 ~ fupwndr Where figo is the
fraction of SNV listed in the single nucleotide polymorphism database (dbSNP)
and FDR of known SNV as 0.

Indel validation. Autosomal indels ranging in size from 1 to 30bp were subjected
to validation. The 150 potential indels called in at least one of the twelve repre-
 sentative samples, which were randomly selected from the total 1KJPN samples,
were applied to the MassARRAY design (Sequenom). Among the 98 indels that
passed the assay design step, 95 sites were randomly selected and analysed using
amplicon sequencing.

The 95 regions of the 12 samples were sequenced with 76-bp, paired-end reads
using a MiSeq sequencer with the MiSeq Reagent Kit, v3. Index sequences
(Hlumina D701-D712) were used to distinguish between the 12 validation samples.
To validate the indel calls, we performed the following data analysis: (i) for each
indel site, the nucleotide sequences comprising both the 300bp. upstream and
downstream of the reference allele, and of the alternative allele {either insertions or
deletions), were prepared, (ii) the sequence reads were aligned to these reference
sequences using BWA-MEM and (jif) based on the depth of coverage at each site,
the indel call was validated. The regions of low coverage (less than 100 x ) were
marked as no-calls. If an indel was confirmed in at Jeast oné of the twelve validation
samples, it was marked as being true.

If the amplicon-sequencing analysis turned out to yield a no-call, we tried to
determine the genotypes using Sanger sequencing. If Sanger sequencing could not
determine the genotypes; the variants were treated as a no-calls. The FDR was
calculated by dividing the number of false variants by the sum of the true and false
variants {Supplementary Table 2).

Varlant annotation. The effects of the coding and the intergenic variants were
predicted by the SnpEff software (ver. 3.3¢), based on the gene annotation model of
GENCODE version 17. The functional categories of synonymous, nonsynonymous,
intron, 5'-UTR and 3'-UTR were applied to the SNVs whose transcript label was
‘protein-coding’. For the insertion and the deletion variants, the variants on the
protein-coding region were labelled according to the impact record of the SnpEff
annotation, The category of ‘intergenic’ was applied for intergenic regions when no
annotation was assigned to the transcript label. The functional consequences of
nonsynonymous SNVs were retrieved from the PolyPhen-2 records of the dbNSFP
2.0 database®, The scaled Combined Annotation Dependent Depletion scores

(C scores)*® were added to each SNV by intersccting the list of the precomputed
C scores with all possible SNVs, The predictions of the chromatin state were
obtained from the ENCODE Project. The predictions were categorized into seven
chromatin states—TSS: predicted promoter region including TSS; PF: promoter-
flanking region; E: enhancer; WE: weak enhancer or open chromatin cis-regulatory
element; CTCF: CTCF-enriched element; T: transcribed region; and R: repressed or
low-activity region. The combined predictions of ChromHMM?* and Segway
segmentation®? in the GM12878 cell line were assigned to the respective SNVs, The
RNA regions (miRNA4, lincRNA (long intergenic non-coding RNA), small nuclear
RNA (snRNA) and snoRNA (small nucleolar RNA)) of the SNVs were annotated
from several sources, The annotations of miRNA and lincRNA were performed
according to the miRBase®? and the Human lincRNA Catalog®, respectively, Only
the mature parts of the miRNAs were used for annotation (Supplementary Fig. 4).
The annotation model of GENCODE!L7 was used for annotation of the snRNAs
and of the snoRNAs.

Site frequency spectrum. The SESs were analysed to assess the impact of natural
selection on each category of SNVs, The number of genotyped individuals to obtain
the high-confidence SNVs varies from one SNV to another because of the indi-
vidual depth filter (Step 2 in Supplementary Fig. 2). Thus, we applied the hyper-
geometric projection®”, in which each variant was downsampled to a uniform
sample size across all SNV sites. The downsampled size was 963, which was the
minimum number of genotyped individuals to obtain the high-confidence SNVs.
To directly compare the $FSs in the 1KGP with those in the 1K[PN, we also
downsampled the SNVs of the 1KGP to the uniform sample size of 963. The FVRV
was calculated by dividing the number of very-rare SNVs by the total number of
SNVs within the resampled SFS.

Structural variants. SVs were called using the BreakDancer® software (ver. 1.1),
the Pindel®” software (ver. 0.2.5a3) and the Haplotype Caller software implemented
in the Genome Analysis Toolkit® (version 2.5-2), from the binary of sequence
alignment/map (BAM) files constructed with BWA-MEM (version 0.7.52-1405).
For the insertions and deletions of a length < 100bp, calls from Haplotype Caller
were used. For the deletions of a length between 100 bp and 1 Mbp, calls from
Pindel {2 100bp) and BreakDancer {3z 1 kbp) were used, and merged into one
unified call set, as described in the integrated structural variation pipeline®, SV
calls that were overlapping by 2 80% were merged into one unified call. The start
and end positions of the merged call were defined as the mean of the start and the
end positions of the original calls, respectively. The novelty rates of 8V calls were
calculated based on the dbSNP 138 database and the Database of Genomic
Variants, as of 23 July 2013, The insertion calls whose nearest known insertion was
within 10bp, and the deletion calls that overlapped by 250% with a known
deletion, were regarded as known calls,

Whole-genome identification of genic CNVs. CNVs were called with the
CNVnator® software {ver. 0.3), using default options and a 100-bp bin size. We
filtered out calls when 90% of the bases of the called region were "N’ in the hgl9
reference genome, or if ‘cnvnatorP1™ or ‘cnvnaterP2" was 2 1. The CNV calls that
overlapped by > 80% were merged into one unified call, The start and the end
positions of the merged calls were defined as the mean of the start and the end
positions of the original calls, respectively. The autosomal CNVs whose biallelic
MAF was 2 1%, length was 2 1,000bp and positions were overlapping with 2
human gene annotation in Ensembl {release-75) were analysed. The copy numbers
of cach CNV call in the 1KJPN that overlapped with human gene loci are
summarized in Supplementary Data 3.

Diplold copy-number estimation and validation of the AMY7 genes, First, we
counted the number of reads that aligned to the following regions: AMY2B
(chrl:104096436-104122156), AMY1A (chr1:104,096,436-104,207,173), AMYIB
(chr1:104,230,036-104,239,502), AMYIC {chr1:104,293,027~104,301,312), Region
X {chr1:104,210,000-104,211,500), Region Y (chr1:104,350,000-104,400,000) and
Region Z (chr1:104,400,000-104,450,000), where the genomic coordinates (hgl9
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reference genome) are illustrated (see Fig, 3¢ and Supplementary Fig. 6ab). Region
Z was chosen on the basis of the mappability of the reference genome so that the
depth of coverage in each region across the whole genomie in each sample can be
determined on the basis of the average depth of this region, We then, normalized
read counts in these regions, by dividing them by half of the counts in Region Z, so
that the normalized counts became two in diploid regions. The sum of the
normalized counts in AMYIA, AMY18 and AMYIC, and the normalized counts in
Region X, were calculated for each sample (Fig. 3¢). Region X is located between
the AMY1A and AMY!B regions, and most of the reads were uniquely aligned to
this region. Three AMYI gene loci (AMY1A, AMYIB and AMYIC) in the reference
genome are very similar to each other (having more than 99.9% sequence identity),
and hence it is difficult to distinguish one locus from another. The normalized
coverages in AMY! and in Region X were highly correlated (Fig. 3¢), which
suggests that the locus that contains AMYIA and AMYIB is a copy unit of the
salivary amylase gene. While all samples had two diploid copies of Region Y, 17
samples had more than two diploid copies of AMY28.

Digital PCR was pesformed with the QuantStiidio 3D Digital PCR System (Life
‘Technologies) according to the manufacturer’s protocol, Diploid copy numbers of
the AMY1 gene in 10 samples (whose diploid copy numbers were predicted to be
six, seven or cight) were determined using predesigned TagMan Copy Number
Assay (Hs07226362_cn for AMY1A, AMYIB and AMYIC, Life Technologies) and
normalizing with TagMan Copy Number Reference Assay RNase P (Life
’I‘echnoiogxes) The PCR reaction mixture contained 12ng of Mspl-digested
genomic DNA, 7.5 ul of QS3D digital PCR Master Mix (Life Technologies), 0.75 il
of TaqMan Copy Number Assay and 0.75 i of TagMan Copy Number Reference
Assay in a final volume of 15 pl. The data were analysed with QuantStudio 3D
AnalysisSuite (Life Technologies), and the quantification of the target genomic
region was presented as the number of copies per microlitre of PCR mixture, The
estimated diploid copy numbers of AMYI with WGS were consistent with the
result obtained with the digital PCR analysis (Supplementary Fig. 5).
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Successful transcatheter closure of a congenital portsystemic shunt with
interlocking detachable coils in a 3-year-old girl

Shinichi Sato?, Masato Kimura?, Kengo Kawano", Motoshi Wada?
Kei Takase®, Osamu Sakamoto?, Shigeo Kure"
Department of Pediatrics” and Pediatric Surgery? and Diagnostic Radiology®, Tohoku University School of Medicine

kffﬂi}%ib‘s"zracfi~f; Congenital portsystemic shunts (CPSS) are rare vascular anomalies in which the portal
vein drains into a systemic vein, bypassing the liver through a partial or complete shunt. The clinical
expression of CPSS ranges from asymptomatic to the development of many complications such as
hepatic encephalopathy, mental retardation, hepatopulmonary syndrome, pulmonary hypertension,
and hepatic tumor. For symptomatic CPSS, surgical ligation or transcatheter embolization should be
undertaken with caution for portal hypertension.

We report a 3-year-old girl who presented hypergalactosemia in mass newborn screening.
Contrast enhanced abdominal CT scan showed an extrahepatic portsystemic shunt, which connected
to the portal vein via the inferior vena cava. Elevated plasma concentration of total bile acids
(TBA) continued for three years and she developed dysarthria. She was successfully treated by
transcatheter embolization with interlocking detachable coils. After embolization, plasma TBA fell
to normal and the high signal on T1-weighted image in globus pallidus on brain MRI disappeared.
Transcatheter embolization is effective for the treatment of extrahepatic portsystemic shunt. Early
detection and appropriate management are important to achieve a good outcome.

s | Congenital portsystemic shunts, Transcatheter embolization,
Hypergalactosemia, Mass newborn screening
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a:[EEES CTHMEIC THAMROEE 2589
b: &S CTERETMPR (multi-planar reformation) ‘{%L BWT I PIIRIEATEIRGE G

(EHPS) BTABR-ARESHERCARLTHIS
F7:, EROMRBEES A TOWEOY,
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EMEBIEFEEL T VB,
ERD 3.

IVC : inferior vena cava, EHPS : extrahepatic portosystemic shunt

SV : splenic vein.
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oz, e HICHET LA CT (Fig.1)
TR & 40l UF KR (%u)\”é‘%%?%ﬁﬂ

% BB K PERF S MR A TG BREAERE & BBl L /2.
ﬁ7ab—2%@ﬁ%ﬁxbm¢ﬁvab—zm
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BTHWL = 1575 HERCHET U 72 PI-IMP
REBMRME Y ~F2 9 7 1 (Fig.2) TEMIkK

Fig.2 "“I-IMPR#EBMRMAS > F557 4 —
FBEAOERIISANITE A g
BHHEID (KH). HE65HHBOEICSH
WTPIRBBIRERR (MOEE/FEO
ER+HOERE) 376% EEHE /-,

POERIERADY v v FRIZ6% TH Y, HHH
MRI (Fig.3a) TR TIRFIZ THRARICEE S,
Booh, vUHVYOWEESE- . AFNLE
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5 RE F%%M%ﬁﬁ#%bh&n b

55

— 360 —



112 HANREAHR 2 &M

Fig.3

| SHIEMR T1aG

SEELMR T1RBEGICT
AT (@) ILREER (KED)
LB AEEE 20
ERELUTHDEE
EEHDN -, BAtE1E

| B ) ICERSBTOSE

=% L Tk,
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Hb 12.0g/de AST 291U/ BUN 8.0mg/d¢
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MCH 28.5 pg GTP 14 1U/¢ TBA 83.7 umol/{
MCHC 33.4% ChE 288 1U/¢
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NP AT 22 L ko7 3mAEE - Z OB FRIHRICART 2 ERME 2D 72, I

G A & AUIEIRIREZ P B 5 2 1 FEEE OO AR IR & 28
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56

B oA FTIR E S oD [l 5

ENRNEET D o722, i

S MAEEFEOHREMRARIRD SNk h - 7.
AbRZEE
HNEEHIRT 70 —F12 X ) 2 7 5% MOIYAN

NI —

s 57 —F M (5Fr, 80cm, FA/ISIL—V

Fllnm, FHAFT s AT Ox 7Y, LHE) &
T, FFEIRE R OHFEFIREA L, RIZTFK

Fﬁ‘fﬂ

SERLE A & FURN DR MENFEA L, L

SERF DI IREE

MIBRERIR, BOSRIR, & Z-%ussmy
AYPE L 7= YR <O R 13
17mmHg Td - 7= 5 OGS TEEM IR

%741
FE13 20mmHg % “C“U)J:ﬁ e EE o7 BEECT L
LHFNPR 272, MERE TCLIRBRTES -
tﬂmm%ﬁéﬁ@% E BT, FOEIME 2T AR
RIZARTBEH A CHELTE D, BEERkE T

— 366 —



PREER B 5 Z L2 5 2 4 NEROBIR &ML 72,
TR 2 A L MBI OGS, IREHIRIC
2 5 & & 512 IDC™ Interlocking Detachable
Coil (¢14mm, 20cm, Boston Scientific, Natick,
MA) %7 v —& LCHER, ZOWEzIDC™
Interlocking Detachable Coil (¢9mm, 20 cm, Boston
Scientific, Natick, MA) (=il Z Interlock™ Fibered
IDC™ Occulusion System (#6mm, 10cm, ¢5mm,
15em % 14, Boston Scientific, Natick, MA) it
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L7 (Figd). 24 NERBOBHIZHEITL 72
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¥ UV REBICK BHERFARBEMTD > HBIE
(Neonatal Intrahepatic Cholestasis caused by Citrin Deficiency, NICCD)
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Cholestasis caused by Citrin Deficiency, NICCD)
BIURAHOY VY > ME TE (Citrulline-
mia type II, CTLN2) TH 3", Z Ol TR,
O bR RS - REBYH 5. Z RO
R - B A FTTDCD (Failure to thrive and
dyslipidemia caused by citrin deficiency) & WE&
BELH . AR TRDEBOBETH B
NICCDD 2l & RERIZ DWW TN 5.
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NICCD | [Ty | BAsi L —) | crine
BN ~FLIE WS - ARAEH 11~79:F
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He B Mg sk
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o ek (?) NH; T, Cit 1
R B e o s
, B g 55 1% JFASSTEMIET
NBSEGPE (Gal, Met) —
- Kb, R THBAR
ERILIE, TR LiRE2is

NICCD, neonatal intrahepatic cholestasis caused by citrin deficiency

CTLN2, Citrullinemia type 2

Cit, citrulline; Met, methionine; Gal, Galactose; NH;, ammonia;
NBS, newborn screening; ASS, argininosuccinate synthetase
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JEYE S > WAABET 5 AT HHB. FFEZE,
i N N = )i R UR A AN
TV FAERY a— VB (DL REER ) (5-
15mg/kg/H)
4) FEFERAEMEE, X I UKEE
FHH EERERYE, HERSH 2846 14
Hd 5.
A —SNEE 1A 2~5mg, 1H1EFFE
5) HFFeHE
a2y PO—NVTERWHAERH DEEILE
By 5.

2. NICCOICEBWSNBEHR= LY

OBERGREBILMCT Y #— 2 25 (HR721, TREH V)
O 2% HMCTICER SN, R OMRISILIE46%,

AN EHEEAR > T 5.
P:F:C=10:45:45, 71kcal/dl

@Ho 0 b—2ABET #— 27 BRI, HREHY)

P:F:C=12:37:51, 67.2kcal/dl

LR 100mL 2 MCT A A b 2midML 7256
ImlFL 7

CEHEMAKIEMCTE, (FKML-3)

P:F:C=9:51:40, 84kcal/di
P:F:C=10:45:45, 76kcal/dl

HEE O 74% HMCTIZ B &N, T[ASSHEE AEHBLEYI SR 5.

P:F:C=13:35:52, 70kecal/dl
(%) B3

P:F:C=7:49:44, 65kcal/dl

P:F:C, BHHE, BH, POKLHOBH 10 Y — Lk
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4. MBHMBOIDxO0-7y T ICDNT
1) fEp mm%ﬁwmﬁ
HEFLEIDARE, FEE BB,
ERURESHEOONE. 0 MERIARE
X, B TFEgn ) TERL, BOER
IETHBEEZONDLD, ThEBEL L
T B VMU RBREOREBHEILL
L EHEI T A - EY 5 =15
-25 1 40-50 : 30-40& R BT EAHSN TV S
(HAEAOBEFEO—BEIL15: 25 : 60). 4
HOBFENEEABRICEEL, oA
DTN a—)VERBHETH .
2) HEORZ2ZE LUHEES
L SRR I~2a HD S ILREORRE (B
B, k&), m#, —fEEomimyr 3/
B, 188, 7V E_TEF v ITH. RER
PAgixa~6h H O L ICEMRZE - AL i
T5. 0MBEEFEEOREESHIIBE,
B —EERT - 21T
RERD, BE - KEOEH, HHTBRONE,
M7 =T ¥ PVYfE ALF =
S AEO ERNRED SN GETEESY
ECHDH. RENEOFMET GEE BRI L -
TR WPRET 5.
3) BRI
SRR, FERNAR, FEE, &7 T
Z 7, ¥ MV MER ENWEL BN
G, LTFOBRELEET 5.
Qearrgr by oL GEHE
HEE N ONADHENAD 2 BT 5 Z
ZEHINICENLVECEF YT L 01-08y
ke HOBREN KA LN, KHOHEBLE
BWOEENRESNTHLEY.
OMCTA 1 )V
ORI BN THEMCTA A VA EH &
. OWMENHBY.
4) FW TN 0 — A
H&E R EB T 5 KI5E, B THRER S
AV BN 2 KAEENEAR L EERETH 0 E
URAaRn., COEETHRENAEEIC K-> 12
5, BDIERKEMEEHEBE TS L HIZT 5.
5 ER:@Aanl g, Br/UeUr &

mEE - wiElA

WEHAHS (Yt —noe@Ekld)

EIRE ORI A E ONADH/NAD* th &
EHEHU, HROBLIIORMNBEEZSNTY
590 RO RS, B RERE
BETCNICCOWERMIZH B o B EITE, (B
Hicks) @Ay —@mEeERLL0,

B

MY RBEXEREEHED S BE X
NT000ANDHEEFTREEND S, EEIZBH
ENBHCTLN2 I3 17100000 A Tdh b, KFEIE
BINFEETHEEZAON TV S, CTLN2RED
FRIIAHTH 505, BUEEIFEL ER O
MENDDE. T RAVTFTALARA AP Y-
TTORBEZS0,000TH LY, FHENS
BEDUATH D, FOh, £ OKREH GRFH
fE) DY MU URIBIENEETABDEEL DS
ns.

MU UREBREG R TAI LT, B
BRCTLN2ORBEZ THT5Z EHNARETH
5. FEAHOBHEATESE, FERICMAKRE
HWIMAR, B, KliEs EOEREET
HEVIGEBL 256 MU RIBEL S
KREREETRETHS 5. FELBREH
hOBZEN, BEEHTH 5.

I

AHFEO— S B G R EH R &
(HEaE R SRR (BRtR B PR
RRHEE)) HLOAERRMESEAZ Y —=
v URRICEIS L BB Fo A4 ofElEs
FUHIEIZ O % R oI mi) 1 RE
WroE (H26—#ERE (BE) ——M —047) OWFFR
LTI 1.
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