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Abstract

Incidence rates of Mendelian diseases vary among ethnic groups, and frequencies of variant types of causative genes also
vary among human populations. In this study, we examined to what extent we can predict population frequencies of recessive
disorders from genomic data, and explored better strategies for variant interpretation and classification. We used a whole-
genome reference panel from 3552 general Japanese individuals constructed by the Tohoku Medical Megabank Organization
(ToMMo). Focusing on 32 genes for 17 congenital metabolic disorders included in newborn screening (NBS) in Japan, we
identified reported and predicted pathogenic variants through variant annotation, interpretation, and multiple ways of clas-
sifications. The estimated carrier frequencies were compared with those from the Japanese NBS data based on 1,949,987
newborns from a previous study. The estimated carrier frequency based on genomic data with a recent guideline of variant
interpretation for the PAH gene, in which defects cause hyperphenylalaninemia (HPA) and phenylketonuria (PKU), provided
a closer estimate to that by the observed incidence than the other methods. In contrast, the estimated carrier frequencies for
SLC25A13, which causes citrin deficiency, were much higher compared with the incidence rate. The results varied greatly
among the 11 NBS diseases with single responsible genes; the possible reasons for departures from the carrier frequencies
by reported incidence rates were discussed. Of note, (1) the number of pathogenic variants increases by including additional
lines of evidence, (2) common variants with mild effects also contribute to the actual frequency of patients, and (3) penetrance
of each variant remains unclear.

Introduction

Mendelian diseases, which show distinct inheritance pat-
terns due to genetic changes in a single gene, and many of
them manifest serious conditions at early ages. Although
the prevalence is generally very low for recessive diseases,
carrier frequency is relatively high. Causative variants
exist at low frequencies in human populations; therefore,
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clarifying the type and frequency of causative variants
in a population is not simple. Rates of incidence and the
types of genetic variant causing Mendelian diseases vary
among ethnic groups. Information on variant frequencies
for Mendelian diseases is not well known for the Japanese
population.

In the 1950s and 1960s, amount of recessive mutations
in the human genome was estimated by analyzing the rate
of early infant deaths caused by consanguineous marriages
in target populations (Morton et al. 1956). Since the 1960s,
genetic polymorphisms of enzyme loci have been exam-
ined with electrophoresis, and the rates of null mutations
of the enzymes, which were critical for genetic diseases,
have been reported (Hamilton et al. 1961; Satoh et al.
1983). Since the 1980s, many causative genes for Mende-
lian diseases have been identified, and genetic variations in
those genes have been examined. However, until recently,
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patient genomes were examined mainly to identify causa-
tive variants for a genetic disease. Identified causative
variants have been reported in scientific articles, and were
curated in mutation databases, such as the Human Gene
Mutation Database (HGMD) (Cooper et al. 1998; Stenson
et al. 2003) or ClinVar database (Landrum et al. 2016).
However, frequencies of these causative variants in the
general population are largely unknown. One reason is
that each causative variant exists at a low frequency in the
general population, and it usually requires the genomes
of a large number of individuals to be sequenced, which
is costly. Therefore, previous reports on the frequency of
recessive diseases focused on limited numbers of diseases
and genomic sites (Chong et al. 2012; Song et al. 2012).
Owing to technical progress and decreasing costs (Fuji-
moto et al. 2010; Levy et al. 2007; Roach et al. 2010),
sequencing an individual’s entire genome or exome has
become feasible, and is a powerful approach in medical
genomics(Bell et al. 2011; Yang et al. 2013).

These days, genome cohort studies are ongoing in many
countries to expedite genomic research for personalized
medicine, prevention, and healthcare. These studies uti-
lizing whole-genome sequencing (WGS) or whole-exome
sequencing (WES) provide huge genomic datasets for a
given population, providing the opportunity to detect low-
frequency variants and allow for estimating frequencies
of those variants (UK 10K Consortium et al. 2015; Gudb-
jartsson et al. 2015; Lek et al. 2016), including pathogenic
variants (Amendola et al. 2015; Dorschner et al. 2013;
Tabor et al. 2014; Xue et al. 2012).

However, it is not easy to identify real pathogenic vari-
ants, even with the use of a good panel of WGS or WES
and the latest databases of pathogenic variants (Rehm et al.
2015; Stenson et al. 2003). For example, the use of reported
pathogenic variants from databases may include false posi-
tives, and therefore, the relationship between variant and
disease needs to be evaluated (Yamaguchi-Kabata et al.
2018). Furthermore, genomic variants among non-Euro-
pean populations are underrepresented in the databases of
reported pathogenic variants (Kessler et al. 2016). In addi-
tion, real causative variants may exist, which have not been
reported yet. A recent guideline of variant interpretation by
the American College of Medical Genetics and Genomics
and the Association for Molecular Pathology (ACMG-AMP)
(Richards et al. 2015) proposed criteria to classify variants
into five classes (pathogenic, likely pathogenic, variants of
uncertain significance, likely benign, and benign) in a gradi-
ent from benign to pathogenic. This guideline enables us to
detect possible pathogenic variants, including unreported
variants as pathogenic.

Studies on recessive genetic effects in the Japanese pop-
ulation started as estimations of mutational damages as a
result of consanguineous marriages, focusing on Nagasaki
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and Hiroshima through a collaboration with the Atomic
Bomb Causality Commission (ABCC) after World War 11
(Neel and Schull 1962; Schull et al. 1968, 1970; Yamaguchi
et al. 1970). Since 1980s, genetic variations in the Japanese
population have been investigated at the DNA level from
the standpoint of human history (Hammer and Horai 1995;
Horai et al. 1996; Japanese Archipelago Human Popula-
tion Genetics Consortium et al. 2012) and a high-quality
SNP catalogue based on gene-based SNP discovery lead
early success of genome-wide association studies (Haga
et al. 2002; Hirakawa et al. 2002). The Japanese main-
land (Hondo) has a relatively homogeneous population, as
genetic differentiations among local regions are very small
(Yamaguchi-Kabata et al. 2008). It has been reported that
incidence rates of congenital metabolic disorders are lower
in the Japanese than in Caucasians (Yamaguchi 2008). On
the other hand, there are Japanese-specific diseases, such as
Nakajo-Nishimura syndrome (MIM: 256040) (Nakajo 1939;
Nishimura 1950), and diseases showing higher incidence
rates in the Japanese population, such as APRT deficiency
(MIM: 614723) (Mimori et al. 1991; Kamatani et al. 1990)
and moyamoya disease (MIM: 617151) (Kamada et al.
2011). Therefore, clarifying pathogenic variant allele fre-
quencies that account for incidence rates of genetic diseases
are desired.

The Tohoku University Medical Megabank Organiza-
tion (ToMMo) along with Iwate Medical University started
genome cohort studies with a biobank that integrated medi-
cal and genomic information of cohort participants with
the general population (Kuriyama et al. 2016). We used
whole-genome sequences of Japanese individuals to con-
struct a whole-genome reference panel to expedite medical
genomics research (Kawai et al. 2015; Minari et al. 2018;
Nagasaki et al. 2015; Yamaguchi-Kabata et al. 2015; Yasuda
et al. 2018). Recently, we constructed the whole-genome
reference panel (3.5KJPNv2), which contains approximately
47 million autosomal genomic variants (di-allelic SNVs and
short indels, filtered by VQSR), including abundant low-
frequency variants.

In this study, focusing on congenital metabolic disorders,
as targets for newborn screening (NBS) in Japan (Kitagawa
2012; Yamaguchi 2012), we (1) examined to what extent
we can predict the frequency of recessive disorders from
genomic data, and (2) explored better strategies of vari-
ant interpretation and classification, using the 3.5 KJPNv2
whole-genome reference panel. We identified pathogenic
variants for congenital metabolic disorders through NBS
disease genes by annotation, interpretation, and classifica-
tion by multiple methods. Then, we estimated carrier fre-
quencies for specific NBS genes, and compared them to
the observed incidence rates reported NBS study. This is a
precious opportunity to examine the relationship between
genomic variations and disease incidence rates.
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Materials and methods

This project was performed as a part of prospective cohort
studies at ToMMo with the approval of the Ethical Com-
mittee at the Tohoku University School of Medicine and
ToMMo. Samples were obtained from the cohort partici-
pants, all of whom gave their written consent. Under the
terms of the informed consent provided by the partici-
pants in our cohort project, whole-genome data, including
sequenced data, variant calls, and inferred genotypes were
securely controlled under the Materials and Information Dis-
tribution Review Committee of Tohoku Medical Megabank
Project. Sharing of data with other researchers was discussed
in each research proposal by the review committee.

Data source

We used the 3.5KJPNv2 whole-genome reference panel
(Tadaka et al. 2019), which was constructed based on
sequencing the whole genome of 3552 healthy Japanese
individuals from the Tohoku Medical Megabank Project.
Genomic DNA extracted from peripheral blood samples of
the 3552 individuals were subjected to paired-end sequenc-
ing using the Illumina HiSeq 2500 platform as previously
described (Nagasaki et al. 2015). This 3.5KJPNv2 panel was
constructed through an approach based on GATK Best Prac-
tices. Data on allele frequencies for 3.5KJPNv2 variants are
publicly available through the portal site, Japanese Multi
Omics Reference Panel (https://jmorp.megabank.tohoku.ac.
jp/) (Tadaka et al. 2018) or NBDC Human Database with
accession number humO0015 (https://humandbs.bioscience
dbc.jp/en/hum0015-v3). Di-allelic variants (after VQSR
filtering) were used for further analysis.

Variant annotation and primary interpretation

An initial step of variant interpretation was conducted using
InterVar (Li and Wang 2017) (version 0.1.7), which is based
on ACMG-AMP guidelines of variant interpretation (Rich-
ards et al. 2015) and variant annotation by Annovar (Wang
et al. 2010). Annovar annotation output included gene-based
functional annotation, predicted pathogenicity by several
methods, ClinVar (Landrum et al. 2016) (2016.3), and allele
frequencies of other populations from external population
databases. Among the 28 criteria distinguishing pathogenic
from benign variants in the ACMG-AMP guidelines, 18 cri-
teria (PVS1, PS1, PS4, PM1, PM2, PM4, PM5, PP2, PP3,
PP5, BA1, BS1, BS2, BP1, BP3, BP4, BP6, and BP7) were
implemented in InterVar for automatic interpretation using
variant annotation with open data. Using InterVar as an ini-
tial step of variant interpretation, approximately 47 M vari-
ants in 3.5KJPNv2 (after VQSR filtering) were classified

into five classes: pathogenic (P), likely pathogenic (LP),
variants of uncertain significance (VUS), likely benign (LB),
and benign (B). In addition, overlaps between variants in
the Human Gene Mutation Database (HGMD) professional
(2017.4) (Cooper et al. 1998) and 3.5KJPNv2 were exam-
ined based on genomic coordinates and on the consistency
of the allele bases.

Genes for newborn screening (NBS)

Information on NBS diseases and their responsible genes
was obtained from the Genetic Home Reference website
(https://ghr.nlm.nih.gov/), and obtained a list of 79 autoso-
mal genes, after excluding X-linked genes. In this study, we
focused on 32 genes for 17 congenital metabolic disorders
examined at a higher priority due to medical actionability
in NBS tests in Japan (Kitagawa 2012; Yamaguchi 2012)
(Table 1). We analyzed the allele frequencies of the reported
pathogenic variants in the genes responsible for the congeni-
tal metabolic disorders. Incidence rate data (x) for these dis-
eases were obtained from the domestic report (Yamaguchi
2012), based on 1,949,987 newborns. Confidence intervals
(95%) of the incidences were calculated based on a binomial
distribution (Table 1). If there were no affected individuals
detected through the NBS, the upper limit was calculated
based on Poisson distribution. For diseases with a single
responsible gene, carrier frequency was estimated. Assum-
ing a recessive disorder, the frequency of a chromosome
with any risk allele in a population (Q) was estimated by the
square root of the incidence rate (Q = square root of (x)). The
frequency of carriers was estimated by 2*Q*(1-0).

Classification of pathological variants

Using the primary annotation output for 3.5KJPNv2, vari-
ants in 32 NBS genes were selected for analysis by includ-
ing 1 kb upstream and downstream regions. Starting with
the output of variant interpretation by InterVar (five classes:
P, LP, VUS, LB, and B), we classified variants based on
(1) filtering by allele frequency in 3.5KJPNv2 (allele fre-
quency < 0.03) (Tabor et al. 2014), (2) if the variant was
previously reported in ClinVar (classes P and LP), and (3)
seeking for additional reported pathogenic variants in class
VUS (Fig. 1). For variants categorized into class P or LP,
they were divided into “previously reported” or “interpreted
(predicted)” based on if the variant corresponded to ClinVar
variants (class P or LP). Among class VUS variants, we
sought additional candidates for pathogenic variants [Clin-
Var variants and HGMD-DM (disease-causing mutations)
variants].

An estimation of the frequencies of risk alleles and carri-
ers in the population was conducted four ways of including
pathogenic variants (Fig. 1). First, conservatively selecting
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Table 1 Congenital metabolic disorders for Japanese newborn screening and reported incidence rates

Disease MIM# Incidence rate in a previous NBS study Expected Gene
No. of case* Incid % Lower limit (x) Upper limit (x) 1/ carier fie-
o. of case* Incidence (x) ower limit (x) Upper limit (x) 1/x quency**
Phenylketonuria/ 261600 37 1.9E-05 1.3E-05 2.5E-05 39,859.0 0.00867 PAH
hyperphenylala-
ninemia
Argininosuccinic 207900 2 1.0E-06 — 4.0E-07 2.4E-06 408,642.6 0.00202 ASL
aciduria
Citrullinemia 215700 6 3.1E-06 6.1E-07 5.5E-06 180,537.9 0.00350 ASS1
type 1
Citrin defi- 605814 23 1.2E-05 7.0E-06 2.0E-05 84,782.0 0.00685 SLC25A13
ciency***
Maple syrup urine 248600 1 5.1E-07 — 4.9E-07 1.5E-06 658,779.4 BCKDHA
disease BCKDHB
DBT
DLD
Homocystinuria ~ 236200; 236270; 3 1.5E-06 — 2.0E-07 3.3E-06 304,932.7 CBS
250940; 236250 MMADHC
MTHFR
MTR
MTRR
Glutaric acidemia 231670 7 3.6E—-06 9.3E-07 6.2E-06 160,023.0 0.00378 GCDH
type 1
Multiple carboxy- 253270; 253260 3 1.5E-06 —2.0E-07 3.3E-06 304,932.7 BTD
lase synthetase HLCS
deficiency
Lsovaleric aci- 243500 3 1.5E-06 — 2.0E-07 3.3E-06 304,932.7 0.00248 IVD
demia
3-Hydroxy- 246450 0 0.0E+00 NA 2.6E—08 NA HMGCL
3-methylglu-
taryl-CoA lyase
deficiency****
3-Methylcrotonyl- 210200; 210210 13 6.7E—06 3.0E-06 1.0E-05 97,174.5 McCcCCl
CoA carboxy- MCCC2
lase deficiency
Propionic aci- 606054 43 2.2E-05 1.5E-05 2.9E-05 74,100.2 PCCA
demia PCCB
Methylmalonic 251000; 277400; 18 9.2E-06 5.0E-06 1.3E-05 74,100.2 MCEE
acidemia 251100; 251110 MMAA
MMAB
MUT
Medium-chain 201450 18 9.2E-06 5.0E-06 1.3E-05 74,100.2  0.00606 ACADM
acyl-CoA
dehydrogenase
deficiency
Very long-chain 201475 12 6.2E—06 2.7E-06 9.6E—-06 103,780.0 0.00495 ACADVL
acyl-CoA
dehydrogenase
deficiency
Carnitine palmi- 255120 5 2.6E-06 3.2E-07 4.8E-06 207,828.2 0.00320 CPTIA
toyltransferase I
deficiency
Carnitine palmi- 600649 7 3.6E—06 9.3E-07 6.2E—06 160,023.0 0.00378 CPT2

toyltransferase I1
deficiency***
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Table 1 (continued)

Disease MIM#

Incidence rate in a previous NBS study

Expected Gene

No. of case* Incidence (x)* Lower limit (x) Upper limit (x) 1/x

carrier fre-
quency**

Mitochondrial
trifunctional
protein defi-
ciency

609015 2 1.0E-06

—4.0E-07

2.4E-06 408,642.6 HADHA

HADHB

*These statistics were from a domestic NBS report (Yamaguchi 2012) based on 1,949,987 newborns. Confidence intervals (95% CI) of incidence

rates were calculated

**Calculated based on the reported incidence rates and recessive mode for diseases with single responsible gene

***Disease as the second target in Japanese NBS. SLC25A13 is also responsible for citrullinemia type 2. CPT2 is included in our analysis
because we suspected that the frequency of carriers in Japan is higher than that of CPT1A

*%%*Only upper limit was calculated based on Poisson distribution

pathogenic variants, we used variants interpreted as class P
or LP. In the most conservative set of pathogenic variants,
we used class P and LP variants corresponding to ClinVar
variants as P or LP (Set 1). The second set included all class
P and LP variants (Set 2). To utilize additional pathogenic
variants reported among class VUS, the third set consisted
of Set 2 variants and ClinVar variants (P or LP) in class VUS
(Set 3). The fourth group included disease-causing mutation
(DM) variants in HGMD as well as the variants in Set 3 (Set
4). For each set of pathogenic variants, the sum of risk allele
frequencies (as population frequency of risk alleles), and
the expected frequency of heterozygous individuals were
estimated for each class (see below).

Estimation of population frequency of risk alleles
and expected carriers

Suppose there are n genomic sites of pathogenic variants for
a disease gene. First, we calculated the sum of frequencies of
risk alleles for n sites, as an estimated population frequency
of pathogenic alleles of the gene (Q):

Q= Z q;-

i=1

We assumed that a haploid genome in the population
has any risk allele for the disease with the probability Q,
and does not have any risk allele with the probability, 1-0Q.
Then, we calculated the expected carrier frequency by
2*(1 — Q)*Q based on the Hardy—Weinberg equilibrium.

Results
Genomic variants in 3.5KJPNv2 (46,873,740 di-allelic

variants after variant quality score recalibration filtering)
were tentatively classified into pathogenic (n=1624), likely

pathogenic (n =3388), variants of uncertain significance
(n=40,163,877), likely benign (n =162,587), and benign
(n=6,542,264) based on variant annotation and variant
interpretation using InterVar (Li and Wang 2017) based
on 18 of the 28 criteria of the ACMG-AMP guidelines of
variant interpretation (Richards et al. 2015) (See methods
and Table S1). Then 73,787 variants in 79 NBS genes (see
Materials and Methods), including 5’ and 3’ 1000-bp flank-
ing regions, were selected for further analysis. Starting with
the output of primary interpretation (mentioned above), we
selected possible pathogenic variants in these genes by
four methods, from conservative criteria to broad selection
including candidates (Fig. 1), based on filtering by minor
allele frequency (MAF) of <0.03, the output of InterVar,
and matching with variants in ClinVar/HGMD (Table S2).
Here, we focus on 32 genes for 17 diseases, as primary tar-
gets for NBS in Japan (Kitagawa 2012; Yamaguchi 2012),
and variants for the 32 genes were used for further analysis
(Table 2, see Table S3 for an integrated form of Tables 1, 2).
Except for the MMAB gene, at least one selected pathogenic
variant was found for 31 NBS genes in Set 4.

The total number of variants classified as P or LP by
InterVar was 88 for the 32 NBS genes. In Set 1, the most
conservative selection, the only reported variants in ClinVar
were included, and 41 of the 88 variants were detected. In
Set 2, 23 of the 32 genes had additional variants interpreted.
The number of selected pathogenic variants increased in 11
genes in Set 3 compared to Set 2. This increase was due to
the inclusion of ClinVar variants that did not have sufficient
score in the 18 criteria for being interpreted as class P or LP.
Comparing the results of Set 4, which included the use of
HGMD to Set 3, 19 genes had additional pathogenic variant
candidates, while 12 genes did not.

The number of selected pathogenic variants varied among
the 32 genes. In Set 2, the genes showing the highest allele
counts were SLC25A13 (n=71), ACADVL (n=21), PAH
(n=20), and GCDH (n=18). However, in Set 4, the genes
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Primary Additional filtering
interpretation and classification
Output by Allele Clinvar
InterVar frequency annotation

Fig. 1 Classification of variants from the 3.5KJPNv2 panel and selec-
tion of pathogenic variants for newborn screening genes. 3.5KJPNv2
(Tadaka et al. 2019) di-allelic genomic variants (after VQSR filter-
ing) were annotated for primary variant interpretation using InterVar
based on Annovar annotation. Variant interpretation was based on
18 out of 28 criteria in ACMG-AMP guidelines (2015) and the vari-
ants were divided into five classes; pathogenic (P), likely pathogenic
(LP), variants of uncertain significance (VUS), likely benign (LB)
and benign (B). Output of annotation and interpretation from InterVar
for classes P, LP, and VUS was filtered by allele frequency (<3%)

showing the largest allele counts were PCCA (n=169) and
SLC25A13 (n=109), while these genes had fewer numbers
in Set 2. Although GCDH had the largest number of patho-
genic variants (n=13) in Sets 2—4, the total frequency of
pathogenic variants was not the largest because this gene
had only low-frequency pathogenic variants. The number of
pathogenic variants in GCDH did not increase in Set 3 and
Set 4 compared to Set 2. All the 13 variants were detected
by InterVar.

The number of individuals having at least 1 of the
selected pathogenic variants were 153 (4.3%), 211 (5.9%),
319 (9.0%), and 605 (17.0%) for Sets 1-4, respectively.
A small fraction of these individuals had more than one
pathogenic allele. The number of individuals which had
2 pathogenic variants in different NBS genes were 2, 5,
and 14 for Sets 1-3, respectively. In Set 4, there was 1
individual having 3 pathogenic variants in different genes
and 40 individuals had 2 variants. There was one possible
compound heterozygous individual for SLC25A13, who
had an intronic variant, ¢.1311+ 1G> A, and a synony-
mous variant, p.Lys5Lys, reported in ClinVar and HGMD.
However, after manual inspection and literature survey,
p.Lys5Lys was not found in the original article, and we
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and variants that passed were used for further classification. For P
and LP groups, we checked whether a variant was already reported
in ClinVar (clinical significance=P or LP). The variants were divided
into either “reported” or “interpreted”. The variants in the VUS group
were used to seek additional pathogenic variants by matching to Clin-
Var or HGMD disease-causing mutation (DM) variants. We obtained
four sets (1-4) of pathogenic variants from the conservative selection
(Set 1) and the broad selection, including candidates of pathogenic
variants suggested in ClinVar and HGMD (Sets 3 and 4)

believe, this was not a real pathogenic variant. There were
two 1-bp insertions at adjacent genomic positions in BTD,
which were identified in one chromosome (cis) in only one
individual. Therefore, these two insertions may be due to
a single mutational event.

Using the allele frequencies for the selected variants,
the population frequencies of risk alleles were estimated
(Table 2. Table S3), and carrier frequencies were estimated
based on the Hardy—Weinberg equilibrium. Then, focusing
on diseases with only one responsible gene, the estimated
carrier frequencies were compared with the observed
incidence rates from the NBS data in Japan based on
1,949,987 individuals (Fig. 2).

PAH

Phenylalanine hydroxylase (PAH) is involved in the con-
version of phenylalanine to tyrosine, and functional defects
cause hyperphenylalaninemia (HPA) (MIM: 261,600)
and phenylketonuria (PKU), which are recessively inher-
ited congenital metabolic diseases (Knox and Messinger
1958; Woo 1989; Woo et al. 1983). The incidence rates
of HPA (including PKU) in Japan were estimated to be
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approximately 1 in 70,000, which is lower than other coun-
tries. In a recent report on NBS in Japan, 37 cases were
detected among 1,949,987 newborns, making the incidence
rate 1 in 52,702 (confidence interval =39,859-77,757)
individuals and the expected carrier frequency is approxi-
mately 1/115 (0.87%) (Table 1). We identified pathogenic
variants in the PAH gene in 3.5KJPNv2. Seven variants
(p-Arg241Cys, p.Arg243Gln, p.Arg252Trp, p.Tyr356%,
p-Thr380Met, c.536delA:p.Lys179fs, and c.344_347del:p.
Lys115fs) were interpreted as pathogenic or likely patho-
genic (Table 3), and they were included in Set 2. Five of
the seven variants were reported missense or nonsense vari-
ants in ClinVar, the other two were frameshifting indels
and predicted to likely be pathogenic due to their effects on
translation. A pathogenic nonsense variant (p.Tyr356%), a
reported variant in ClinVar, was detected in one heterozy-
gote. Four missense variants, p.Arg252Trp, p.Arg241Cys,
p-Arg243Gln, and p.Thr380Met, interpreted as likely patho-
genic were detected in two, six, three, and four individuals,

V' Based on disease incidence rate

0.030 I:l (with lower and upper limits) i

Set 1: P and LP (reported only)

0.025 Set 2: P and LP (reported and predicted) -

Set 4: Set 3 + HGMD DM variants from VUS
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Fig.2 Comparison of carrier frequencies estimated from genomic
variants for newborn screening diseases. Estimated carrier frequen-
cies are shown for 11 NBS diseases with single responsible gene
(ACADM for MACD deficiency; ACADVL for VLCAD deficiency;
ASL for argininosuccinic aciduria; ASS/ for citrullinemia type 1;
CPTIA for CPT1 deficiency; CPT2 for CPT2 deficiency; GCDH for
glutaric acidemia type 1; HMGCL for HMG-CoA lyase deficiency;
IVD for isovaleric academia; PAH for PKU/PAH; SLC25A13 for cit-
rin deficiency). Carrier frequencies were estimated from the selected
pathogenic variants by four methods, and are shown by the colored
symbols (violet circle, magenta diamond, orange triangle, and green
circle) for the four Sets (1-4) of pathogenic variants. Open squares
show the estimated carrier frequency with lower and upper limits
(open triangles) based on the observed incidence rates by a domestic
NBS report (Yamaguchi 2012)

@ Springer

respectively, as heterozygous. In addition, two short dele-
tions, ¢.344_347del:p.Lys115fs and c¢.551delA:p.Lys184fs,
were detected in two individuals as heterozygous for each
type. Furthermore, among VUS variants by initial interpreta-
tion, there was one ClinVar variant, p.Arg413Pro, detected
in seven individuals as heterozygotes (AF=0.00099). This
variant was reported as frequently found among PKU/HPA
patients in Japan (approximately 30%) (Okano et al. 1998,
2011). The amino acid residue p.Arg413 is located between
the catalytic domain and tetramerization domain, and sus-
pected to affect tetramer formation (Erlandsen and Stevens
1999). Recently, the missense variant, p.Arg413Pro, was
reported to increase the levels of phenylalanine in heterozy-
gous individuals according to metabolomics analysis of our
cohort participants (Koshiba et al. 2016). Using HGMD,
11 additional HGMD-DM variants were found in the VUS
group (Table 2, see Table S3 for an integrated form of
Tables 1, 2). Among them, a missense variant, p.His170Gln,
was most frequent in 3.5KJPNv2 (found in ten individuals
as heterozygous). Another missense variant, p.Val379Ala
(Okano et al. 2011), was found in four individuals as het-
erozygous. This variant was located close to the catalytic
site and was reported to increase the levels of phenylalanine
in heterozygous individuals according to the metabolomics
analysis of our cohort participants (Koshiba et al. 2016). The
carrier frequency was estimated for the four sets of patho-
genic variants to be 0.00450, 0.00562, 0.00758, and 0.0198
for Sets 1-4, respectively (Table 2; Fig. 2). The carrier fre-
quency estimated by Set 3 (0.00758) was the closest to the
estimated carrier frequency of the disease incidence (0.0087)
than the methods of including pathogenic variants (Fig. 2).
On the other hand, using only reported pathogenic variants
in ClinVar resulted in a lower estimate, and including all
HGMD disease-causing mutation (DM) variants resulted in
a much higher estimate. In addition to low-frequency vari-
ants with strong effects, there exists a common missense
variant, p.Arg53His (rs118092776) in 3.5KJPNv2, at the
frequency of 0.052 (detected in 348 as heterozygous and
10 individuals as homozygous). In our previous study, this
variant increased phenylalanine levels by 19% in the blood
of heterozygous individuals (Koshiba et al. 2016). Although
this variant was discarded by filtering based on allele fre-
quency, and was not interpreted as pathogenic, it was found
in PKU/HPA patients as compound heterozygotes with other
pathogenic variants (Lee et al. 2004). Allele frequencies
of this variant were very low in other ethnic groups, such
as European Americans in the Exome Sequencing Project
(AF=0.009).

ASS1 and SLC25A13

Citrullinemia, an inherited disorder, causes an increased
concentration of ammonia and citrulline in the blood. Two
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types of citrullinemia, type 1 and 2 (CTLN1 and CTLN2),
with different responsible genes, have been described. Clini-
cally, CTLN1 and CTLN2 are associated with a wide spec-
trum of phenotypes, ranging from life-threatening neonatal
hyperammonemia to late-onset forms (Diez-Fernandez et al.
2017). CTNLI1 presents an acute neonatal form, which typi-
cally appears normal at birth. Shortly thereafter, hyperam-
monemia develops and the neonate becomes progressively
lethargic, feeds poorly, often vomits, and may develop signs
of increased intracranial pressure. The late-onset form may
be milder than the acute neonatal form. However, women
with the onset of severe symptoms during pregnancy or in
the postpartum period have been reported (Gao et al. 2003).
CTLN?2 is characterized by recurring episodes of hyper-
ammonemia and neurologic and psychotic symptoms that
closely resemble those of hepatic encephalopathy or genetic
urea cycle disorders. Misdiagnosed or mistreated CTLN2
patients usually have poor outcomes, often resulting in death
due to hyperammonemic encephalopathy.

Argininosuccinate synthetase (ASS1) is involved in the
urea cycle, and its gene product synthesizes argininosuc-
cinic acid from citrulline and aspartic acid. Impairment of
ASS1 function leads to citrullinemia type 1 (CTLN1), an
autosomal recessive inborn error of the urea cycle (Beau-
det et al. 1986). In Japan, the incidence of CTNLI is esti-
mated to be approximately 1 in 530,000 (Nagata et al. 1991),
while it is estimated to be 1 in 250,000, in the United States,
and is the third most frequent urea cycle disorder (Sum-
mar et al. 2013). There were five pathogenic variants in
the ASSI gene in 3.5KJPNv2 (p.Arg86His, c.421-2A>G,
p.Alal92Val, c.773 +49C>T, and p.Arg304Trp) interpreted
as pathogenic or likely pathogenic (Table 3). Two of the
five variants, c.421-2A>G (AF=0.00070) and p.Arg304Trp
(AF=0.00042), were annotated to be pathogenic variants
in ClinVar. Variant c.421-2A > G was observed in over
50% of Japanese CTLN1 patients (Kobayashi et al. 1995), a
high frequency in Japan and also in Korea, but not in Cau-
casian populations (Gao et al. 2003). A missense variant,
p-Arg304Trp, found in patients from the Indian subconti-
nent, Turkey, Germany, and Japan, was present in 40% of
Japanese patients (Diez-Fernandez et al. 2017). The other
three variants, p.Arg86His (AF=0.00014), p.Ala192Val
(AF=0.00014), and ¢.7734+49C >T (AF=0.00014) were
annotated to be disease-causing mutations in the HGMD.
The estimated carrier frequency of ASS/ was estimated
to be 0.00225 (Set 1-3) with two variants (c.421-2A >G
and p.Arg304Trp) that were reported in ClinVar. The esti-
mated carrier frequency was 0.00309 in Set 4, including
additional three HGMD variants; p.Arg86His, p.Alal92Val,
and ¢.773+49C >T (Table 2, Table S3), which was closest
to that based on the incidence rate (0.0035).

The SLC25A13 gene encodes a protein called citrin, a
member of the mitochondrial carrier family. This protein

*QOutput of 5-tier classification of pathogenicity of variant, using InterVar based on 18 of 28 criteria of ACMG-AMP guideline (2015) of variant interpretation

**See “Materials and methods” and Fig. 1

Table 3 (continued)

@ Springer



400

Human Genetics (2019) 138:389-409

is localized in the mitochondrial inner membrane, active
chiefly in the liver, kidneys, and heart. Within the cells of
these organs, citrin is involved in transporting molecules into
and out of energy-producing structures. Citrin deficiency
can manifest in newborns or infants as neonatal intrahepatic
cholestasis, and in adults as recurrent hyperammonemia
with neuropsychiatric symptoms in citrullinemia type II
(CTLN2). The incidence of CTNL?2 is estimated to be 1 in
100,000 in Japan (Kobayashi et al. 1993), whereas estimated
frequency of homozygotes from the carrier frequency (1/69
in Japan) in a previous study was 1/19,000 (Tabata et al.
2008).

We examined pathogenic variants in SLC25A13 in
3.5KJPNv2, and there were 13 variants (p.MetlThr,
p-Lys5Lys, c.212+1G > A, p.Tyr148Cys, c.615+1G>C,
p-Ser225%, p.Val264lle, p.Arg284fs, c.1177+ 1G> A,
c.1311+ 1G> A, p.Gly531Asp, p.Ala554fs, p.Glu601%*)
interpreted as pathogenic, likely pathogenic, or possible
candidates of pathogenic variants (Table 3). Nine of these
variants, p.Glu601* (AF=0.00028), frameshifting insertion
p-A554fs (AF=0.00028), p.Gly531Asp (AF=0.00042),
c.1311+1G>A (AF=0.00169), c.1177+ 1G> A
(AF =0.00422), frameshifting deletion p.Arg284fs
(AF=0.00225), p.Ser225* (AF=0.00056), c.615+1G>C
(AF=0.00014), and synonymous variant p.Lys5Lys
(AF=0.00014) were annotated to be pathogenic variants in
ClinVar. A variant affecting splicing, c.1177+ 1G> A, was
detected in 12 individuals in 3.5KJPNv2, causing a G> A
substitution at the 5’ end of intron 13, resulting in abnormal
splicing and deletion of 27 aa (codons 411-437) between
predicted transmembrane 2 and 3 (Kobayashi et al. 1999).
Another variant affecting splicing, c.1177+ 1G> A, was
detected in 30 individuals in 3.5KJPNv2, causing a G> A
substitution at the 5’ end of intron 11, resulting in abnormal
splicing and deletion of exon 11 in mRNA (Kobayashi et al.
1999). This variant was also found in one individual as het-
erozygous among school children, who showed specific food
preferences in our questionnaire for detecting citrin defi-
ciency (Miyashita et al. 2017). Further investigation in epi-
demiology and omics concerning these careers would clarify
how this variant affects lifestyle and physiologic function.
Five of the 13 variants, p.Arg553GIn (AF=0.00310),
p-Val2641le (AF=0.00056), p.Tyr148Cys (AF=0.00028),
splicing variant c.212+ 1G> A (AF=0.00014), and
p-Met1Thr (AF=0.00436) were annotated to be disease-
causing mutations in the HGMD. p.Met1Thr was detected
in 31 individuals in 3.5KJPNv2. This variant was found
to have a carrier frequency of 1 in 18 in a Thai popula-
tion (Wongkittichote et al. 2013a), and functional studies
in yeast found the variant expresses a truncated nonfunc-
tional protein (Wongkittichote et al. 2013b). Among 3552
individuals, we found 1 individual who had 2 pathogenic
variants (c.13114+ 1G> A and p.Lys5Lys) as a compound

@ Springer

heterozygote. However, we did not find any description for
p-Lys5Lys in the original article (Tabata et al. 2008), and
this variant might have been mistakenly registered in the
database. The estimated carrier frequency of SLC25A13 was
estimated to be 0.01951, 0.01979, 0.02007, and 0.03022 for
Sets 1-4 (Table 2, Table S3). All of the four estimations
were much higher than the estimated carrier frequency based
on the observed incidence rate (0.00685) (Fig. 2).

HLCS and BTD

Multiple carboxylase deficiency (MCD) is caused by either
a deficiency of holocarboxylase synthetase (HCS) (MIM:
253270) or biotinidase (MIM: 253260). In Japan, the inci-
dence rates of both diseases were estimated to be very low.
In a domestic NBS study, the incidence rate of MCD was
estimated to be 1 in 650,000, based on the observation of 3
cases among 1,949,987 newborns (Table 1). An estimation
of the incidence rate of HCS deficiency was lower than 1
in 1,000,000, based on the fact that there were a total of 28
cases of HCS deficiency over 30 years (1982-2011). Biotini-
dase deficiency is even rarer among Japanese people, having
only several case reports in Japan, while the incidence rate
was estimated to be 1 in 60,000 in Caucasians. In Japan,
most MCD cases are due to HCS deficiency.

In HLCS, missense variant p.Leu237Pro and a 1-bp dele-
tion, c.782delG, were found in three and six heterozygotes,
respectively, in 3.5KJPNv2 (Table 3). These two variants,
p-Leu237Pro and c.782delG (described as 780delG in the
original article due to a repeat of G nucleotide), are fre-
quently found variants in Japanese patients (Suzuki et al.
1994, 2005). They are used in the diagnosis of this dis-
ease. Based on allele frequencies of these 2 variants in
3.5KJPNvV2, frequency of risk alleles in the population was
estimated to be 0.00127, and the proportion of individuals
who have risk alleles on 2 chromosomes (homozygous or
compound heterozygous) was estimated to be approximately
1 in 620,000.

In BTD, two missense variants, p.Arg79His and
p-Arg211Cys, were identified in one heterozygote, were
reported in ClinVar, and were classified as likely patho-
genic (Table 3). In addition, two frameshifting 1-bp
insertions, ¢.216_217insT and c¢.217_218insT, located
at adjacent nucleotides, were found in one chromosome
in a single individual, and classified as pathogenic due to
their frameshifting effects. These variants in cis could be
treated as one variant, and we expect that its translational
effect is frameshifting. Furthermore, additional candidates
of pathogenic variants found from ClinVar and HGMD
were p.Pro369Leu (singleton), p.Tyr428* (singleton),
p-Gly480Glu (five heterozygotes), and p.Asn489Thr (three
heterozygotes).
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The number of carriers of pathogenic variants in BTD was
smaller than for HLCS for Set 2 (interpreted as pathogenic or
likely pathogenic); however, this number became higher for
BTD in Sets 3—4 when additional HGMD-DM and ClinVar
variants were included. Further evaluation will be needed
to clarify the clinical significance for reported pathogenic
variants in HGMD and ClinVar which do not satisfy criteria
for pathogenic or likely pathogenic in variant interpretation.

CPT1A and CPT2

When long-chain fatty acids are oxidized in the mitochon-
drial matrix to be utilized as fuel, they are conjugated to
carnitine to be translocated from the cytoplasm into the
mitochondrial matrix. The acyl group is transferred from
coenzyme A (CoA) to carnitine to form acyl carnitine. This
reaction is catalyzed by carnitine palmitoyltransferase 1
(CPT1) in the outer mitochondrial membrane. Thereafter,
acyl carnitine translocase carries acyl carnitine across the
inner mitochondrial membrane, and the acyl group is trans-
ferred to CoA on the matrix side of the membrane. This
reaction is catalyzed by carnitine palmitoyltransferase 2
(CPT2). As these carnitine palmitoyltransferases play criti-
cal roles in long-chain fatty acid oxidation, deficiency of
CPTs impair long-chain fatty acid oxidation and causes
metabolic abnormalities (Bonnefont et al. 2004).

Deficiency of CPT1A, a liver isoform of CPT1, influ-
ences fatty-acid metabolic abnormalities. In 3.5KJPNv2,
missense variant p.Pro479Leu was found in only one indi-
vidual as heterozygous (AF=0.00014) (Table 3). It has
been reported that this variant causes mild decreases in
the catalytic activity of CPT and resistance to inhibition by
malonyl-CoA derived from glucose products (Brown et al.
2001). In fact, this variant is rarely found in East Asian and
other human populations (Song et al. 2015). However, mis-
sense variant p.Pro479Leu exists at very high frequencies in
indigenous populations in the northern territories of Canada
(e.g., AF=0.77 in Nuvavut) (Collins et al. 2010) where the
traditional diet contains high fat, moderate protein, and low
carbohydrates. Although the association of this variant and
sudden unexpected death in infancy (SUDI) was suspected,
arecent review (Fohner et al. 2017) concluded that the data
were not sufficient and further research is needed to clarify
the causal association. In addition to this reported variant,
3.5KJPNv2 had two variants, exon6:¢c.693 + 1G> A (one
heterozygote) and exon17:c.2136delT:p.Phe712fs (one het-
erozygote), which were predicted to be pathogenic or likely
pathogenic (Table 3). The sum of the allele frequencies for
these three variants was 0.00042, and the carrier frequency
was estimated to be 0.00085 (Table 2, Table S3). This was
lower than the expected carrier frequency observed in the
NBS study in Japan (0.0032) (Fig. 2).

CPT?2 deficiency presents three clinical phenotypes,
including adult form, infantile form, and neonatal form
(Bonnefont et al. 2004). In an adult form patient, the
clinical symptoms are mild. In contrast, the symptoms
are severe in the infantile and neonatal forms. Although
there was no variant in 3.5KJPNv2 described as patho-
genic that satisfied the criteria of variant guidelines, we
observed the following variants reported in ClinVar or
HGMD: p.Serl13Leu (AF=0.0017) (Taroni et al. 1992),
p-Glul74Lys (AF=0.0017)(Yamamoto et al. 1996),
p-Phe383Tyr (AF=0.0014) (Yamamoto et al. 1996),
p-Gly497Ser (AF=0.00014), p.Val605Leu (AF=0.00028),
and p.Arg631Cys (AF=0.00028) (Taroni et al. 1992).
Among them, two missense variants, p.Serl13Leu and
p-Glul74Lys, were previously reported to be found in the
adult form of CPT2 deficiency and p.Arg631Cys was found
in a severe infantile form of CPT2 deficiency as homozy-
gous. The estimate carrier frequency of CPT2 was estimated
to be 0.00394 (set 3) and this was closest to that by the inci-
dence rates than other sets (1, 2, and 4) (Table 2, Table S3,
and Fig. 2). In addition, it is reported that CPT2 deficiency
is related to SUDI as p.Phe383Tyr was found in a case of
SUDI (Yamamoto et al. 2015). In addition to low-frequency
variants with possible pathogenic effects, we found com-
mon missense variants of CPT2 p.Phe352Cys (AF=0.18)
and p.Val368lle (AF=0.69) in 3.5KJPNv2 (Table S4). The
combination of heterozygous p.Phe352Cys and homozygous
p-Val368lle was found in an additional case of SUDI (Taka-
hashi et al. 2016). Therefore, sequencing of CTP2 may be
useful for screening of CPT2 deficiency to decrease the risk
of SUDI.

MTHFR

Methylenetetrahydrofolate reductase (MTHFR) is involved
in folate-mediated one-carbon metabolism. Deficiency of
MTHEFR increases homocysteine levels and causes hyperho-
mocysteinemia with homocystinuria (MIM: 236,250), mild
hyperhomocysteinemia, and is also involved in other dis-
eases, such as vascular disease, neural tube defects, cancer,
and developmental delay (Frosst et al. 1995; Lange et al.
2010; Larsson et al. 2006). Additional causative genes of
hyperhomocysteinemia with homocystinuria are CBS, MTR,
MTRR, and MMADHC. Human MTHEFR protein acts as a
homodimer, consisting of an N-terminal catalytic domain
(residue numbers 1-356), a linker region (357-362), and a
C-terminal regulatory region (363-656)(Froese et al. 2016;
Guenther et al. 1999).

In 3.5KJPNvV2, there are four possible pathogenic variants
(Table 3). First, missense variant p.Arg82Trp, which was
classified as likely pathogenic and has been reported in Clin-
Var and HGMD, was found in one individual as heterozy-
gous (AF=0.00014). On the other hand, nonsense variant
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p. Trp421* in the regulatory domain, was unreported, inter-
preted as pathogenic and was found in one heterozygous
individual. In addition to the above two variants satisfying
the variant guidelines, there were two missense variants,
p-Arg46Trp and p.Arg345Cys, that did not satisfy criteria
for classes P or LP. However, they were reported in ClinVar
or HGMD. Missense variants p.Arg46Trp, p.Arg82Trp, and
p-Arg345Cys were originally found in families with severe
MTHEFR deficiency (Burda et al. 2015; Froese et al. 2016),
and are located in the N-terminal catalytic domain. The
estimated carrier frequency of MTHFR was estimated to be
0.00618 (Set3) (Table 2, Table S3), although this gene is one
of five causative genes for homocystinuria. In addition to
rare variants affecting Mendelian diseases, there are reports
on other variants that mildly or severely affect MTHFR
activities and/or metabolic profiles in the blood (Frosst et al.
1995; Koshiba et al. 2016; Weisberg et al. 2001). For exam-
ple, missense variant p.Ala222Val (rs1801133, ¢.665C > T,
also described as 677C>T in previous studies) is found in
1674 individuals as heterozygous and 522 individuals as
homozygous (AF=0.383) in 3.5KJPNv2 (Table S4). This
variant exists at high frequencies in other populations, and
is associated with various types of diseases, such as neural
tube defects, age-related hearing loss, anencephaly, heart
diseases, stroke, and hypertension. Individuals having this
variant as homozygous have decreased enzyme activity
(approximately 30% of the normal enzyme activity) (Frosst
et al. 1995). In fact, our previous study showed association
of this variant with the concentration of plasma formate by
analyzing blood metabolites in the cohort samples (Koshiba
et al. 2016).

Discussion

Understanding the relationship between genomic variants in
a population and disease incidence rates is very important.
Herein, we have conducted the first comprehensive study
on detecting genomic pathogenic variants and estimation
of carrier frequencies for 17 congenital metabolic disor-
ders included in Japanese NBS using data based on whole-
genome sequencing of individual genomes. The estimated
carrier frequency was compared to the reported incidence
rates from a domestic NBS report (Yamaguchi 2012). Since
an automatic and efficient method for variant interpretation
has not yet been established, we looked at multiple crite-
ria for selecting pathogenic variants and detected reported
and predicted pathogenic variants. An estimated carrier fre-
quency, based on genomic data with recent variant inter-
pretation guidelines, for the PAH gene, which causes PKU/
HPA, gave a closer estimate to the observed incidence than
the other methods (Fig. 2). However, results varied greatly
among diseases with a single responsible gene. For example,
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in citrin deficiency, the estimated carrier frequencies for
SLC25A13 by all four methods of detecting pathogenic vari-
ants were higher than the observed incidence rate (Fig. 2).
On the other hand, for CPTIA, the cause of CPT1 deficiency,
the selected pathogenic variants were not enough to explain
the observed incidence rate (Fig. 2).

Departures in the estimated carrier frequency by the
selected pathogenic variants compared with that based on
the observed incidence rate may be due to several factors
(Table 4). Overestimation of carrier frequency by genomic
data may be due to (1) assuming complete penetrance of
the selected pathogenic variants, or (2) selected pathogenic
variants include false positives or variants with mild effects.
On the other hand, underestimation of carrier frequency may
occur when other responsible gene(s) exist (Wada et al.
2018) or other causative variants are present in the focused
gene (Table 4). First, the number of pathogenic variants may
increase by including additional lines of evidence in the vari-
ant interpretation. Second, common variants, as well as rare
variants, may also contribute to pathogenesis in heterozy-
gous with another pathogenic variant. In addition, there may
exist causative larger insertions or deletions not included
in the WGS panel or not detected in variant call in whole-
genome sequencing. Another reason for underestimation
may be that the observed disease incidence rate was slightly
higher than expected by the Hardy—Weinberg equilibrium,
possibly due to genomic imbalance, such as uniparental dis-
omy (UPD) (Table 4). It was reported that the incidence of
UPD of any chromosome is estimated to be approximately 1
in 3500 live births (Robinson 2000) and that recessive condi-
tions for enzyme deficiency were manifested by UPD. Fur-
ther study is needed to clarify how frequently UPD affects
congenital metabolic disorders.

Another aim of this study was to explore better strategies
of identifying pathogenic variants. Although the results of
comparing estimated carrier frequencies were very different
among the 11 diseases and there are unsolved issues, let us
discuss this to some extent with the 10 diseases, excluding
SLC25A13 showing much higher carrier frequencies with
genomic data compared with that by the incidence rate. In
PAH and CPT2, the estimated carrier frequencies based
on Set 3 were closer to those by the incidence rates than
the other sets (Fig. 2). With the selected variants in Set 3,
the difference in estimated carrier frequency between the
genomic data and the incidence rate was not larger than
other sets in ASL, CPTIA, GCDH, HMGCL, and IVD. If we
assume that Set 3 is better than the others in selecting patho-
genic variants accounting for the reported incidence rate,
exceptions are ACADM, ACADVL and ASS1 (in which Set 1
or 4 gave the closest estimations of carrier frequency to that
by the incidence rate). However, we should be careful to the
possibility that one factor (Table 4) elevated the estimated
carrier frequency, and another factor (Table 4) lowered the
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Table 4 Possible reasons for the departure of the estimated carrier frequency by genomic variants and the observed incidence rates

Reason

Direction of departure Example

Incomplete penetrance, variants with mild effects, and
false positives

Existence of other variants or loci that affect pathogenesis

Disease incidence rate is higher than expected by H-W
principle

Diagnosis Both

Overestimation

Underestimation

Underestimation

Assuming complete penetrance of pathogenic variants,
while not all the selected pathogenic variants have 100%
penetrance

Selected pathogenic variants include false positives or vari-
ants with mild effects

The VUS group contains additional pathogenic variants,
which do not have enough evidence yet or their evidences
are not yet utilized for automatic analysis

Common variants (>3%) also contribute to pathogenesis,
possibly in heterozygotes with another pathogenic variant

Some causative variants (e.g., indels or other types of vari-
ants) were not included in the WGS panel, possibly due
to a no call in NGS or exclusion in the quality-control
process

Frequency of homozygote risk alleles in somatic cells might
be higher than expected by Hardy—Weinberg principle
due to some mechanism, such as genomic imbalance (e.g.,
uniparental disomy)

Possible false positives or true negatives

estimation in a single disease, and that Set 3 gave closer
estimations in appearance in several diseases. Furthermore,
increase of reported pathogenic variants in ClinVar in the
near future will elevate the estimated carrier frequency in
Set 3. Therefore, we cannot draw clear conclusion at present,
however, an appropriate strategy of variant interpretation
based on multiple lines of evidence, which are currently
increasing, would enable us to identify pathogenic variants.

Currently there are unsolved reasons for departures in
carrier frequency, further examination of the relationship
between variant frequencies of risk alleles and incidence
rates of diseases with updated data and revised analysis
would clarify the relationship between genomic variants and
disease incidence rates. Variant annotation and interpretation
presented in this study can be improved by including experi-
mental or medical evidence and curation by medical experts.
Furthermore, there could be false positives and false nega-
tives in diagnoses (Table 4) (Holtzman et al. 1986; McCabe
and McCabe 2002; Zaffanello et al. 2003), and thereby
affecting the observed incidence rates. If there is any differ-
ence in the estimated carrier frequency based on genomes
and the reported incidence for a disease, the direction and
degree of the differences between the genomic data and the
incidence should be utilized to suspect possible reasons for
the departures (e.g., additional responsible genomic loci or
variant, and environmental factors).

It was previously reported that the Japanese population
has a lower incidence rate of congenital metabolic disorders
compared with Caucasians, and PKU/PHA is one example.
It was also reported that the variant types in patients with
PKU/PHA were different among East Asians and Europeans.

We found the previous frequently reported pathogenic
variants in the PAH gene, p.Arg413Pro and p.His170Gln,
in Japanese patients. On the contrary, missense variant
p-Arg408Trp was a frequently found variant among Cauca-
sian patients (Eisensmith et al. 1995; Konecki and Lichter-
Konecki 1991), existing at the frequency of 0.0017 in 4300
European American individuals in Exome Sequencing Pro-
ject (ESP) data (Fu et al. 2013) (allele count=15 out of
8600), while it was not detected in 3.5KJPNv2. A previous
report suggested that there was a founder effect in transmit-
ting responsible variants for PKU/HPA to East Asia from
other areas of the world (Wang et al. 1991) because variant
types detected in the patients were limited to East Asia. It
remains unclear whether limited types of variants explain
lower incidence rates in Japan for other congenital metabolic
disorders, and further study is required to examine the rela-
tionship between inter-ethnic incidence rate differences and
inter-ethnic genomic differences [e.g., genetic basis of a very
low incidence rate of cystic fibrosis in Japan (Yamashiro
et al. 1997)]. Our results also showed genes with relatively
higher carrier frequencies, such as SLC25A13 for citrin defi-
ciency and PCCA for propionic academia.

The first report estimating the carrier frequency of a
recessive disorder for the Japanese population at the molecu-
lar level (protein polymorphisms) was seen in early 1960s
for acatalasemia (MIM: 614,097) (Hamilton et al. 1961;
Takahara et al. 1960), for which the responsible gene is
CAT (MIM: 115,500). They showed that the carrier fre-
quency varied among local populations in Japan at that time.
Regional differences in the incidence rates for recessive dis-
orders may still exist in the current Japanese population,
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as seen in a recent report on higher PKU rates in Nagasaki
(Dateki et al. 2016), located at the west end of Japan. In fact,
higher rates of PKU are found in China than Japan, and it
would be interesting to infer how genomic variants for PKU
have been transmitted to Japan. As we expand the whole
reference panel by including individuals from other parts of
Japan, the estimated allele frequency becomes closer to the
average frequency in the Japanese population. However, pos-
sible regional differences in frequency of pathogenic vari-
ants may need clarification by further studies using genomic
data from larger numbers of individuals in each geographic
area.

Our results showed that the proportion of individuals
having at least 1 risk allele for the 17 diseases for NBS was
5.9% as a conservative estimate and could be more than
10% if all HGMD-DM variants are included. Identifying
variant carriers for congenital metabolic disorders would
be important for not only for estimating disease prevalence
for public health, but also individual precision medicine
(Punj et al. 2018). Reports on the effects of heterozygous
states at the omics level (e.g., metabolomics) or based on
population genetic analysis are increasing (Cassa et al.
2017; Koshiba et al. 2018; Long et al. 2017). Taking an
example of the MTHFR gene, there existed a common var-
iant (p.Ala222Val) in 3.5KJPNv2, which was previously
shown to be associated with plasma formate concentration
(Koshiba et al. 2016), as well as low frequency reported
pathogenic variants. Further studies on genomic variations
using omics data and cohort data would clarify genomic
variants affecting the biochemical and physiological status
of the human body.

It has been difficult to directly estimate disease preva-
lence rates in a general population for many genetic dis-
eases. Although the number of patients is usually avail-
able from the hospitals, it was not easy to estimate the
denominator, how many general residents were examined.
In rare diseases, such as MCD, it is difficult to appropri-
ately estimate the frequency of patients in a country with-
out a nationwide system for epidemiological statistics. It
would be quite useful to estimate the frequency of poten-
tial patients by analyzing genomic variations for congeni-
tal metabolic disorders. This study on estimating carrier
frequencies from WGS data with variant annotation and
interpretation would (1) improve the frequency estima-
tions of potential patients with genetic diseases and (2)
expedite further understanding of the relationships among
genomic variants, individual biochemical status, and dis-
eases. Although this study has an impact on genetic epi-
demiology and public health in Japan, it would be highly
useful for precision medicine for infants. A recent study
showed that precision medicine based on rapid WGS
(Farnaes et al. 2018) decreased cost and the period of
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hospitalization. Such a strategy is feasible in many facili-
ties in the near future. It would be quite important to pre-
vent sudden death or serious conditions of infants through
genome-based precision medicine. This type of study will
provide information about how frequently each genetic
disease may be observed in newborns in Japan, through
estimated probabilities of genetic defects in each disease
gene in the Japanese population and a better bioinformat-
ics strategy assisting efficient variant interpretation.
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