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Carrier frequency of Wilson’s disease in the Korean
population: a DNA-based approach

Ja-Hyun Jang1,2, Taeheon Lee1, Sunghee Bang1, Young-Eun Kim1,2 and Eun-Hae Cho1

Wilson’s disease (WD) is an autosomal recessive disorder caused by ATP7B gene mutation. The frequency of WD is about 1 in

30 000 worldwide. In the present study, we screened 14 835 dried blood spots (DBSs) from asymptomatic Korean neonates and

retrospectively reviewed massively parallel sequencing of 1090 control individuals to estimate carrier frequency. TaqMan

real-time PCR assays were conducted to detect six mutations that account for 58.3% of mutations in Korean WD patients:

c.2333G4T (p.Arg778Leu), c.2621C4T (p.Ala874Val), c.3086C4T (p.Thr1029Ile), c.3247C4T (p.Leu1083Phe),

c.3556G4A (p.Gly1186Ser) and c.3809A4G (p.Asn1270Ser). We also retrospectively reviewed data from 1090 individuals

with various indications other than WD for whom whole-exome or panel sequencing data were available. Mutant allele

frequency based on the six most common mutations was 0.0067 among the total of 14 835 DBSs screened. Given that

these six mutations account for 58.3% of mutations in Korean WD patients, the corrected mutant allele frequency is 0.0115

(95% confidence interval (CI): 0.0103–0.0128). Corresponding incidence (q2) and carrier frequency (2pq) were estimated to be

1:7561 and 1:44, respectively. In retrospective data analysis of 1090 control individuals, allele frequency of pathogenic or likely

pathogenic variants was 0.0096 (95% CI: 0.0063–0.0146). Corresponding carrier frequency was estimated to be 1:53.

Estimated allele and carrier frequencies based on DNA screening were relatively higher than those reported previously based on

clinical ascertainment.
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INTRODUCTION

Wilson’s disease (WD) is an autosomal recessive disorder caused by
mutation of the ATP7B gene, which encodes a protein called copper-
transporting ATPase 2. The defect results in copper accumulation in the
liver due to reduced excretion of copper into bile. WD can manifest as
hepatic, neurologic or psychiatric symptoms. However, most patients do
not have all of these findings. Manifestations are often nonspecific for
clinical suspicion of WD. The presence of Kayser–Fleisher rings, caused
by deposition of copper in the periphery of the cornea, highly suggests
WD. However, this symptom is observed in only 50–60% of patients
with liver disease, although ~90% of individuals with either neurologic
or psychiatric disturbance have Kayser–Fleisher rings. Therefore, some
WD patients might not be correctly diagnosed.
About 760 unique ATP7B mutations have been reported

(Human Gene Mutation Database), with mutations dispersed across
exons. Recurrent mutations are found in some populations; the
H1069Q mutation is the most common allele in patients of
European descent,1 whereas deletion of a 5′-untranslated region
(−441/− 427 del) is common in WD patients of Sardinian descent.2

The R778L mutation is the most prevalent in Koreans3–5 and
Chinese,6 whereas 2871delC or 2874delC mutations are recurrent
mutations in the Japanese population.7,8 Some studies have estimated
carrier frequency using recurrent mutations.9 Because WD is thought
to be one of the most prevalent autosomal recessive diseases in

Koreans, the carrier frequencies of certain ATP7B mutations in the
Korean population have been studied previously using DNA-based
approaches. However, these studies were based on a limited number of
samples.10–12 In the present study, we developed a robust DNA-based
screening for WD based on the TaqMan real-time PCR method that is
applicable to dried blood spots (DBSs). Based on this method, we
screened 14 835 DBSs from asymptomatic Korean neonates and
estimated the carrier frequency of WD in this population. In addition,
we retrospectively reviewed massively parallel sequencing (MPS) data
from 1090 individuals to estimate carrier frequency based on whole
exons of the ATP7B gene.

MATERIALS AND METHODS

Patients
Samples were referred from obstetric hospitals for WD screening from

December 2014 to April 2016. Information was given to the parents regarding

WD and the genetic screening test. The test was conducted at the parents’

initiative on a self-pay basis. For the genetic screening test, DBSs were obtained

from the neonate. If the neonate was found to have one pathogenic variant

among the tested loci, the parents were counseled about the residual risk of

having pathogenic variants in untested regions of the ATP7B gene. The parents

were given the further option of whole exon sequencing either by direct

sequencing or MPS.
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Mutation screening by TaqMan real-time PCR
Genomic DNA was extracted from the DBSs using the GeneAll DNA Extraction
Kit (GeneAll Biotechnologies, Seoul, Korea) according to the manufacturer’s
instructions. Three to five disks with a 1.5 mm diameter were manually
punched out per sample. TaqMan real-time PCR assays were performed to
detect six mutations: c.2333G4T (p.Arg778Leu), c.2621C4T (p.Ala874Val),
c.3086C4T (p.Thr1029Ile), c.3247C4T (p.Leu1083Phe), c.3556G4A
(p.Gly1186Ser) and c.3809A4G (p.Asn1270Ser). Selection of the mutations
was based on previous knowledge about the prevalence of pathogenic variants
in Korean WD patients.5,10,12 We estimated that analysis of these six mutations
would cover 58.3% of pathogenic variants in the Korean population. Primers
and probes were ready-made (Thermo Fisher Scientific, Waltham, MA, USA)
or customized according to the literature. PCR was performed on a CFX96
(Bio-Rad, Hercules, CA, USA), and cycle conditions were as follows: an initial
denaturation step of 95 °C for 1 min, followed by 40 cycles of denaturation at
95 °C for 15 s and primer annealing and extension at 60 °C for 30 s.

Retrospective data review
We retrospectively reviewed anonymized data from 1090 individuals with
various indications other than WD for whom whole-exome or panel
sequencing had been conducted. Whole-exome sequencing data
from 300 individuals and panel sequencing data from 790 individuals
were included. Whole-exome sequencing was performed with SureSelect
(Agilent Technologies, Santa Clara, CA, USA), and panel sequencing was
performed with TruSight One Sequencing Panel (Illumina, San Diego,
CA, USA), which captures 4813 genes with oligonucleotide probes. MPS was
performed using 2× 150 bp in the paired-end mode of the NextSeq platform
(Illumina). Sequence reads were aligned with the Burrow-Wheeler Aligner
(version 0.7.5). After duplicated reads were removed with Picard, local
realignment and recalibration were performed with the Genome Analysis Tool
Kit (GATK, version 1.6). Variant calling was conducted with GATK,
and variants were annotated with the human mutation database, SNP
databases (dbSNP, 1000 Genomes Project, ESP 6500, ExAC) and
Korean Reference Genome Database, which is a whole-genome sequencing
data set from 622 Korean individuals released by the Korean National
Research Institute of Health. Among the variants, minor alleles with
a frequency exceeding 1% were excluded. For variants to be classified
as pathogenic, they had to be classified as disease-causing mutations in
the Human Gene Mutation Database or be truncating or splice site
mutations. Novel missense variants were classified based on in silico analysis
(SIFT, PolyPhen-2) and the conservation score (GERP). If the predictions
of the two missense prediction tools were consistent and the DNA sequence
was conserved (GERP++ RS 44.4),13 the variant was classified as
likely pathogenic. Variants with a minimum depth of 25× with a frequency
of heterozygous variants ranging from 0.25 to 0.75 were included,
and visual inspection of variants was performed. The study was conducted
in accordance with the Declaration of Helsinki of 1975, as revised in
2013.

Statistical analysis
For the calculation of 95% confidence interval (CI) of the mutant
allele frequency, the online software was used (http://www.vassarstats.net/
prop1.html).

RESULTS

Allele frequency of six mutations based on TaqMan real-time PCR
A total of 14 835 DBSs were analyzed for six mutations. The most
common mutation was R778L, with an allele frequency of 0.0033. The
allele frequency of all six mutations was 0.0067. Allele frequencies of
individual mutations are shown in Table 1.
Because the six mutations account for 58.3% of mutations in

Korean WD patients according to a previous study,5 the allele
frequency of these six mutations is effectively 0.0115 (95% CI:
0.0103–0.0128). Corresponding incidence (q2) and carrier frequency
(2pq) were estimated to be 1:7561 (0.00013225) and 1:44 (0.0227355),
respectively.

Retrospective data set
Among 1090 control individuals, a total of 87 variants were present in
the ATP7B gene. After filtering based on a minor allele frequency of
1% using the public database and Korean-specific genome database,
27 unique variants remained. Among these, five of six mutations
included in the TaqMan real-time PCR were detected in 11
individuals; seven individuals were heterozygous for p.R778L, whereas
p.A874V, p.T1029I, p.L1083F and p.N1270S were detected only once
each. p.G1186S was not detected in this data set. The allele frequency
of these six mutations was 0.005. In addition, six other
known mutations and one novel mutation were detected once in
a heterozygous form (Table 2). Therefore, the allele frequency of
definitely pathogenic variants was 0.0083 (18/2,180). The p.Val1106Ile
variant, which is classified as a likely pathogenic variant in the Human
Gene Mutation Database, was suggested to be a polymorphism by an
in vitro functional study,5 and the p.Ala476Thr variant is classified
as a likely benign variant in the ClinVar database (assessed on
26 December 2016). Among the remaining 12 unique variants, one
(p.Glu316Lys) found in three individuals was predicted to be
deleterious by in silico analysis. The mutant allele frequency increased
to 0.0096 (95% CI: 0.0063–0.0146) when likely pathogenic variants
supported by in silico analysis were included.

DISCUSSION

The allele frequency of the six most common WD mutations in the
Korean population was estimated to be 0.0067 based on screening of
14 835 DBSs; this result is similar to that of Song et al.12 (Table 1).

Table 1 Mutant allele frequency of six common mutations in the Korean population

Base change AA change

Present study Song et al.12 Park et al.11 Kim et al.10

29 670 alleles 6114 alleles 1000 alleles 952 alleles

c.2333G4T p.R778L 0.0033 0.0026 0.0060 0.0011

c.2621C4T p.A874V 0.0013 0.0011 0.0020 0.0021

c.3086C4T p.T1029I 0.0003 0.0003 NT NT

c.3247C4T p.L1083F 0.0006 0.0007 NT 0%

c.3556G4A p.G1186S 0.0002 ND NT NT

c.3809A4G p.N1270S 0.0010 0.0013 0.0020 ND

Mutant allele frequency 0.0067 0.006 0.01 0.0032

Proportion of included mutations in Korean Wilson’s disease patients 58.3% 58.3% 54.2% 55.4%

Abbreviations: ND, not detected; NT, not tested.

Carrier frequency of Wilson’s disease
J-H Jang et al

816

Journal of Human Genetics

http://www.vassarstats.net/prop1.html
http://www.vassarstats.net/prop1.html


Although previous studies reported allele frequencies of 0.0032 and
0.01 based on the analysis of three mutations (p.R778L, p.A874V and
p.N1270S),10,11 these data may be biased by the small number of
subjects included in those previous studies. Considering that the six
mutations screened for in DBSs account for 58.3% of mutations
detected in Korean WD patients, we converted the mutant allele
frequency and carrier frequency to 0.0115 and 1:44 (0.0227355),
respectively. Therefore, the frequency of WD is 1:7561 (0.00013225).
In our retrospective data set that included whole coding exons of the
ATP7B gene, the allele frequency of pathogenic or likely pathogenic
variants was 0.0096, and the corresponding carrier frequency was
1:53 (0.01901568). Our data are comparable to those of a recent study
that performed whole coding exon sequence analysis of 1000
DNA samples. In that study, the carrier frequency was reported to
be 1/42 (0.024), and the calculated frequency of individuals carrying
two pathogenic variants was 1:7026.14 This is significantly different
from the carrier frequency of 1/90 individuals calculated using
Hardy–Weinburg equilibrium based on the known WD frequency
of 1/30 000 individuals.15 This suggests that WD might be
underdiagnosed.
Early detection of WD can benefit the patient because avoiding

foods containing high levels of copper and taking copper-chelating
agents can prevent irreversible damage. The biomarker currently used
for screening is ceruloplasmin level, either in blood or urine; however,
some symptomatic patients have normal ceruloplasmin level. For
early detection of WD, screening tests targeting high-risk populations
such as those with liver disease or mass screening have been
attempted.16–19 Other studies have screened for WD using DBSs in
populations ranging from newborns to adolescents,16,18 and one WD
patient was detected among 3667 individuals screened. However,
determination of ceruloplasmin by enzyme-linked immunosorbent
assay has the limitations of low repeatability or reproducibility;18

only 10% of samples that had a low ceruloplasmin level in the

first test were consistently abnormal in the second test.16 In addition, a
low level of ceruloplasmin can be found in some WD carriers (~10%)
and in diseases other than WD such as copper deficiency, Menkes
disease and hereditary aceruloplasminemia. Ceruloplasmin level
can also be elevated by inflammatory conditions as an acute-phase
reactant. This has led to increased interest in DNA-based screening
tests.20

Population screening based on recurrent mutations has been
suggested. Whole exon sequencing should be performed to screen
positive samples to determine the presence of second mutations to
discriminate between heterozygous carriers and affected patients.
Recently, MPS has been used for diagnosis and/or screening purposes
in newborns. For neonatal testing, robust and minimally invasive
specimens, such as DBSs, are required. Some data have applied MPS
to DBSs to detect various diseases21 as well as WD.22 The approach of
DNA-based screening of recurrent mutations followed by whole exon
sequencing of ATP7B using MPS can therefore be used to screen high-
risk or general populations. However, patients carrying mutations
other than these recurrent mutations could be missed. Because of the
rapid decline in the cost of sequencing in recent years, coding exon
sequencing by MPS as a first tier screening test may be possible in the
near future.
In summary, targeted screening of ATP7B in DBS samples revealed

a higher mutant allele frequency than reported previously.
Retrospective review of sequencing data of all ATP7B coding
exons supported this finding. The discrepancy in disease prevalence
between DNA-based estimation and clinical ascertainment suggests
underdiagnosis of WD. Considering the limitations of diagnosing
WD based on ceruloplasmin level, a tiered approach of screening
of recurrent mutations followed by MPS could be a viable
screening option for high-risk populations or for mass population
screening.

Table 2 ATP7B rare variants detected by retrospective review of sequencing data from 1090 individualsa

DNA Protein RSID Count HGMD SIFT PolyPhen-2 (HumVar) GERP++_RS

c.4187C4T p.Thr1396Met Rs528603867 1 Damaging (0.03) Possibly damaging (0.776) −2.91

c.3886G4A p.Asp1296Asn Rs199821556 1 DM Damaging (0.01) Probably damaging (1.0) 4.73

c.3688A4G p.Ile1230Val Rs200911496 1 DM Tolerated (0.24) Possibly damaging (0.836) 5.15

c.3671G4A p.Arg1224Gln Rs532177115 1 Tolerated (0.08) Possibly damaging (0.830) 4.3

c.3353G4A p.Arg1118His Rs202233544 1 Tolerated (0.14) Benign (0.002) −4.04

c.3316G4A p.Val1106Ile Rs541208827 6 DM? Tolerated (0.15) Probably damaging (0.931) 4.76

c.2827G4A p.Gly943Ser Rs28942076 1 DM Tolerated (0.16) Probably damaging (1.000) 6.06

c.2567T4G p.Leu856Arg None 1 DM Damaging (0) Probably damaging (0.939) 5.73

c.2407G4A p.Ala803Thr None 1 DM Damaging (0) Probably damaging (1.000) 5.05

c.2029G4A p.Glu677Lys Rs2277447 1 Tolerated (0.9) Benign (0.001) −3.21

c.1850delA p.Asp617Valfsa31 None 1 Not applicable Not applicable

c.1426G4A p.Ala476Thr Rs139289704 14 Tolerated (0.63) Benign (0.002) −7.52

c.946G4A p.Glu316Lys Rs768818151 3 Damaging (0.04) Probably damaging (0.957) 6.02

c.814G4A p.Val272Ile Rs771501259 1 Damaging (0.04) Benign (0.327) 4.32

c.748G4A p.Gly250Arg Rs192444554 1 Tolerated (0.51) Benign (0.004) 4.96

c.449A4G p.Glu150Gly None 1 Tolerated (0.25) Possibly damaging (0.819) 5.79

c.373A4G p.Ile125Val None 1 Tolerated (1) Benign (0.001) −8.39

c.368C4A p.Ala123Asp None 1 Damaging (0.01) Benign (0.135) 4.94

c.347T4C p.Ile116Thr Rs199773340 1 DM Damaging (0) Possibly damaging (0.672) 5.79

c.281A4G p.Glu94Gly None 1 Tolerated (0.37) Benign (0.143) 5.41

c.173C4T p.Ala58Val None 1 Tolerated (0.33) Benign (0.001) −0.419

Abbreviations: DM, disease-causing mutation; DM?, likely disease causing; HGMD, Human Gene Mutation Database.
aThe frequencies of the six common mutations (p.Arg778Leu, p.Ala874Val, p.Thr1029Ile, p.Leu1083Phe, p.Gly1186Ser, p.Asn1270Ser) were not included in the table. Known or novel mutations
and likely pathogenic variants supported by in silico analysis are indicated in bold.
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