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Abstract. Wilson disease (WD) is a rare autosomal recessive 
genetic disorder that causes abnormal copper metabolism, 
resulting in pathological accumulation of copper in the liver, 
brain and other organs. Mutations in the ATPase copper 
transporter 7B (ATP7B) gene, which encodes a membrane 
P‑type adenosine triphosphatase, have been identified as being 
responsible for WD. The present study analyzed clinical data 
and collected DNA samples from a pediatric patient with WD 
and her healthy parents. Mutation screening for ATP7B was 
performed using direct sequencing, multiplex ligation‑depen-
dent probe amplification(MLPA), next‑generation sequencing 
(NGS) and Sanger sequencing of the breakpoint junction 
sequence. The patient (age, 2.7 years) presented with early‑onset 
hepatic disease. The present study identified compound 
heterozygous mutations of ATP7B, including a heterozygous 
mutation (p.Arg1,041Trp) and a novel heterozygous gross 
deletion of a 57,771 bp fragment (chr13: 52490972‑52548742) 
(GRCh37) from partial exon2‑ exon21 to external ATP7B 
sequence (15.833bp) in the patient. Analysis of the family 
members of the patient showed that the missense mutation and 
the gross deletion mutation were inherited from her mother 
and father, respectively. Microhomology and inverted repeat 
sequences, which may mediate the deletion mutation, were 
identified through sequence analysis on both sides of the 
breakpoints of this deletion. The present study provided addi-
tional information on the genotypic spectrum of the ATP7B 
gene, particularly with regard to early onset hepatic disease, 

as observed in the present patient with WD. The identification 
of the precise breakpoint junction sequence warrants further 
investigation of DNA break and recombination mechanisms. 
In detecting precise deletions, the NGS associated with Sanger 
sequencing of breakpoint junction sequence have been found 
to have more advantages than MLPA.

Introduction

Wilson disease (WD; OMIM 27790) is a rare autosomal 
recessive disorder affecting copper transport, characterized 
by decreased biliary copper excretion and reduced copper 
incorporation into ceruloplasmin  (1). The worldwide inci-
dence is ~30 per million individuals, with a gene frequency of 
0.56% and a carrier frequency of 1/90 (2). The main clinical 
features are hepatic, neurologic and psychiatric disorders 
and, Kayser‑Fleischer (KF) rings  (3). Defects the ATPase 
copper transporter 7B (ATP7B) gene, which encodes for a 
membrane P‑type ATPase, at 13q14.3 have been identified to 
be responsible for WD (4). The gene spans ~80 kb and consists 
of 21 exons. ATP7B encodes a protein with 1,465 amino acid 
that consists of six copper binding domains, eight transmem-
brane domains and one ATP loop that transports copper into 
bile (5). The present study identified a heterozygous missense 
mutation, which, to the best of our knowledge, has not been 
previously identified in the Chinese population. In addition, 
the present analysis identified a novel heterozygous gross 
deletion mutation in the ATP7B locus in a Chinese pediatric 
patient with WD. Additionally, the sequence of the precise 
breakpoint junction was validated. Analysis of the family 
members showed that the missense mutation and the novel 
gross deletion mutation were inherited from the mother and 
father, respectively.

Subjects and methods

Subjects. The proband was hospitalized at the department 
of Pediatrics of the Affiliated Hospital of Guizhou Medical 
University (Guiyang, China) due to anorexia in March 2015. 
The present study was approved by the Ethics Committees of 
Affiliated Hospital of Guizhou Medical University (approval 
no. 201011). Written informed consent was obtained from 
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the parents of the patient. Peripheral venous blood samples 
(3 ml), were collected from each subject. In addition, the 
following parameters of hospital routine examination 
were analyzed: Alanine transaminase (ALT), aspartate 
transaminase (AST), ceruloplasmin (CER), creatine kinase, 
myocardial band isoenzyme of creatine kinase, lactate 
dehydrogenase, ammonia, total bilirubin, lactic acid, α 
fetal protein, blood urea nitrogen, blood routine, urine 
routine, antibody to hepatitis viruses A‑E, Epstein‑Barr 
virus IgM, toxoplasmosis, rubella, cytomegalovirus and 
herpes simplex virus screening, and autoimmune hepatitis 
antibodies and antinuclear antibody spectrum. Brain MRI 
and abdominal CT were performed on the patient. In total, 
three people were enrolled; a female patient with WD (age, 
2.7 years) and her father and mother (aged 29 and 28 years, 
respectively).

Genetic analysis. Blood samples (3 ml) were collected from 
every family member after informed consent was obtained, 
including from the parents of the patient. Genomic DNA was 
then isolated from peripheral blood lymphocytes using the 
Tianamp Genomic DNA kit (DP304; Tiangen Biotech Co., 
Ltd.) according to the manufacturer's recommendations.

Sanger‑method sequencing. All of the coding exons and 
exon‑intron boundaries of ATP7B were amplified by PCR 
using the same primers as previously described amplifica-
tion conditions (6). The PCR products were sequenced using 
ABI PRISM 3730XL DNA automated sequencer (Applied 
Biosystems; Thermo Fisher Scientific, Inc.)

Multiplex ligation‑dependent probe amplification (MLPA). 
The DNA in which two mutations in the ATP7B gene could 
not be identified by sequencing was subsequently tested for 
partial exon deletions/duplications using the ATP7B MLPA 
assay (SALSA MLPA kit Wilson disease; MRC‑Holland BV) 
including primers and enzymes according to the manufac-
turer's protocol. The thermocycling conditions included initial 
denaturation at 98˚C for 5 min, pause at 25˚C, hybridisation 
reaction at 95˚C for 1 min, 60˚C for 16 h, ligation reaction at 
54˚C for 15 min, 98˚C for 5 min, pause at 20˚C, followed by 
35 cycles of 95˚C for 30 sec, 60˚C for 30 sec, 72˚C for 60 sec, 
and an extension at 72˚C for 20 min.

Next‑generation sequencing (NGS). The DNA in which 
precise heterozygous deletions in the ATP7B gene could not 
be identified by MLPA was subsequently tested with NGS. 
The genomic DNA sample was sheared by sonication. A xGen 
Exome Research Panel v1.0 kit (Integrated DNA Technologies, 
Inc.) was used to capture exons; the full length of all exons was 
of 35.58 Mb. The samples were then sequenced on an Illumina 
Hiseq2500 System (Illumina, Inc.). The sequencing reads 
were aligned to the human reference genome (GRCH37/hg19) 
using Burrows‑Wheeler Aligner (ver. 0.7.12, http://bio‑bwa.
sourceforge.net/). Single nucleotide variations, insertions and 
deletions were analyzed with Samtools and indel software 
(https://sourceforge.net/projects/samtools/files/). Selected 
variants were checked in relevant variant frequency data-
bases( (Exome sequencing project (http://evs.gs.washington.
edu/EVS/), dbSNP (http://www.ncbi.nlm.nih.gov/SNP/), 

1000Genomes (http://www.1000genomes.org/), ClinVar 
(https://www.ncbi.nlm.nih.gov/clinvar/) and Human gene 
mutation database (http://www.hgmd.cf.ac.uk/ac/index.php)). 
Pathogenicity prediction tools (Polyphen 2 (http://genetics.
bwh.harvard.edu/pph2/); SIFT (http://sift.jcvi.org/); Mutation 
Taster (http://www.mutationtaster.org/)) were additionally 
used.

Junction sequence confirmed by Sanger‑method sequencing. 
The possible region deleted in ATP7B was detected by NGS. 
The suspected breakpoint junction sequence was amplified 
using PCR. Specific primers were designed on both sides of 
the breakpoints. The following primers were used: F: 5'‑GCC​
AGA​GAA​GCT​GGG​ATG​TT‑3' and R: 5'‑GAC​TGA​CCC​
AGC​CCT​CTT​TC‑3'. DNA polymerase was provided by the 
Tianamp Genomic DNA kit (ET105; Tiangen Biotech Co., 
Ltd.).

The thermocycling conditions were: Initial denaturation 
at 95˚C for 5 min, followed by 30 cycles of 95˚C for 30 sec, 
62˚C for 30 sec, 72˚C for 30 sec, and a final extension at 72˚C 
for 10 min. The amplification product of the gel extraction 
purification was sequenced using ABI PRISM 3730XL DNA 

Table I. Clinical data of the proband.

Clinical data	 Patient	N ormal range

ALT	 126.4 U/l	 7‑40 U/l 
AST	 86.5 U/l	 13‑35 U/l 
CER	 9.77 mg/dl	 22‑58 mg/dl 
CK	 179.2 U/l	 26‑140 U/l 
LDH	 301.1 U/l	 109‑245 U/l 
AMM	 80 µmol/l	 18‑72 µmol/l 
CKMB	 22.49 U/l	 0.0‑25 U/l
TBIL	 5.96 µmol/l	 3.4‑17 µmol/l
LACT	 1.93 mmol/l	 0.6‑2.2 mmol/l
AFP	 3.1 ng/ml	 0.0‑8.1 ng/ml 
BUN	 3.61 mmol/l	 1.78‑7.14 mmol/l
Blood routine	‑	
Urine routine	‑	
Antibody to hepatitis	‑	
viruses A‑E
Epstein‑Barr virus IgM	‑	
TORCH	 ‑	
Autoimmune hepatitis	‑	
antibodies
ANA antibody spectrum	 negative	
Brain MRI	N ormal	N ormal
Abdominal CT	A bnormal	N ormal

ALT, alanine transaminase; AST, aspartate transaminase; CER, ceru-
loplasmin; CK, creatine kinase; LDH, lactate dehydrogenase; AMM, 
ammonia; CKMB, myocardial band isoenzyme of creatine kinase; 
TBIL, total bilirubin; LACT, lactic acid; AFP, α fetal protein; BUN, 
blood urea nitrogen; TORCH, toxoplasmosis, rubella, cytomegalo-
virus, herpes simplex virus; ANA antibody spectrum, antinuclear 
antibody spectrum.
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automated sequencer (Applied Biosystems; Thermo Fisher 
Scientific, Inc.).

Bioinformatics analysis. Bioinformatics analysis of the 
2,000 bp sequence surrounding the two breakpoints using the 
RepeatMasker program 4.0.7 (http://www.repeatmasker.org/) 
showed special elements. The secondary structures of nucleo-
tides for the 1,000 bp sequence in the vicinity of proximal and 
distal breakpoints were predicted using the UNAFold v3.8 suite 
(http://unafold.rna.albany.edu/?q=mfold/DNA‑Folding‑Form).

Results

The patient was a 2.7‑year‑old Chinese girl, born (weight, 3 kg) 
to non‑consanguineous parents as their only child following 
a pregnancy of normal duration. The patient presented with 
two‑month history of anorexia, which was the only presenting 
symptom. The physical examination of the patient showed 
that her liver was palpable ~4 cm under the low processus 
xiphoideus, and ~3 cm under the right lowest rib. The texture 
was soft, the edge was blunt and there was no tenderness. 
The spleen was impalpable. KF rings were not observed. The 
patient had no neurological or psychological symptoms.

The clinical data collected from the patient on admission 
are presented in Table I. The laboratory tests identified a low 
level of serum CER, and high levels of ALT and AST. The 
MRI results of the brain were normal. The abdominal CT 

showed increased liver volume. The mean CT value of liver 
was ~35 HU (Hounsfield units), with spleen parenchymal CT 
values on the same plane of ~50 HU. The decreased density of 
the liver had been proposed because the CT value of the liver 
was less than the spleen on basis of the literature report (7) 
(Fig. 1A and B). The parents of the patient were asymptomatic 
and so no laboratory tests, CT scans or MRI examinations 
were performed. Liver function of the patient was normal after 
treatment with penicillamine and zinc sulfate.

Mutation analysis of ATP7B showed that the proband was 
compound heterozygous for c.3121C>T (p. Arg1041Trp) in 
exon 14, as assessed by Sanger sequencing (Fig. 1C) and had 
a large deletion of exons 3‑21 detected via MLPA (Fig. 2A). 
The confirmed known missense mutation c.3121C>T in 
exon 14 causes a substitution from arginine to tryptophan 
at position 1041, and occurs in the ATP loop of the copper 
transporting P type ATPase (8). The mutation was inherited 
from the mother, who did not present any signs of WD 
(Fig. 1D). For the mutant site, her mother was heterozygous, 
whereas her father presented a wild‑type allele (Fig. 1E). 
Suggesting that the patient presented a heterozygous and not a 
homozygous mutation. ATP7B deletion/duplication detection 
using MLPA was therefore performed, and MLPA results 
showed that the proband and her father have a heterozygous 
gross deletion (Fig. 2). In order to accurately identify the 
deletions, NGS analysis was performed. A heterozygous 
deletion of exons 2‑21 in the proband was found by NGS. This 

Figure 1. CT scans of the patient and a heterozygous missense mutation analysis in the family. (A) Coronal CT of the abdomen of the patient. (B) Axial CT 
of the abdomen of the patient. Abdominal CT of the patient with WD showed an increased volume and decreased density of the liver. (C) Direct sequencing 
showed a heterozygous mutation (c.3121C>T; p.Arg1,041Trp) in exon 14 of ATP7B gene. c.3121 is indicated by arrows. (D) c.3121C>T mutation was inherited 
from the mother of the patient. (E) The father of the patient did not have the heterozygous mutation.
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mutation was identified as a novel gross deletion mutation in 
the ATP7B gene sequence, which has never been previously 
reported. The large deletion was inherited from her father 
who was asymptomatic. There is a single copy exons 2‑21 
of ATP7B in the patient. The gross deletion mutation is 
predicted to cause the loss of almost all functional domains, 
including copper binding domains, transmembrane domains 

and the ATP loop  (5). The present study found that the 
pathogenic mutations p.Arg1,041Trp and the gross deletion 
were compound heterozygous on two chromosomes in the 
proband, which were inherited separately from her mother 
and father. The sequencing analysis of the 868 bp band of the 
amplified breakpoint junction showed a deletion of a 57,771 bp 
fragment (chr13: 52490972‑52548742)(GRCh37) from partial 
exons 2‑21 to external ATP7B sequence (15.833 bp), without 
including additional genes (Fig.  3). The sequence of the 
breakpoint junction was confirmed in the proband and her 
father (Fig. 4A‑C). The probe sequence (5'‑GTC​ATG​TGT​
GAA​GTC​CAT​TGA​GGA‑3') of MLPA for exon 2 of ATP7B 
binds within the remaining 562 bp of exon 2 (Fig. 4A), and for 
this reason MLPA failed to detect the deletion of exon 2 in the 
ATP7B gene.

The sequence analysis of both sides of the breakpoints 
identified microhomology of one base (G) next to inverted 
repeat sequences CATG‑GTAC (Fig. 4A).

Bioinformatics analysis of the 2,000  bp sequence 
surrounding the two breakpoints showed no consequential 
elements. The secondary structures of nucleotides for the 
1,000 bp sequence in the vicinity of proximal and distal break-
points were predicted that the proximal breakpoint was found 
in the proximity of a hairpin structure (Fig. 4D and E).

The deletion may be caused by the inverted repeat 
sequences CATG‑GTAC, which may lead to genomic insta-
bility, and by the microhomology sequence of one base (G) 
at the proximal breakpoint, which may interact with the 
base C on the complementary strand in the proximity of the 
distal breakpoint, mediating non‑homologous end joining 
repair. The same heterozygous deletion and breakpoint junc-
tion sequence were also present in the father of the proband 
(Fig. 4C), suggesting that the deletion event occurred in the 
family of the father of the proband.

Discussion

Wilson disease (WD) is a rare autosomal recessive genetic 
disorder that causes abnormal copper metabolism, which 
may result in a pathological accumulation of copper in the 
liver, brain and other organs (9). Diagnostic criteria are based 
on symptoms, biochemical testing and the presence of KF 
rings (10). Patients with cirrhosis, neurological manifestations 

Figure 3. Putative breakpoint junction sequence was amplified by PCR. The 
868 bp band corresponding to the breakpoint junction sequence in the patient 
is presented in the second lane.

Figure 2. A heterozygous deletion analysis in the patient and her father using 
MLPA. (A) MLPA result of the patient with WD showing a heterozygous 
deletion of the exons 3‑21 of the ATP7B gene, as assessed by RPA ratios 
of 0.3‑0.75. (Normal RPA ratio, 0.85‑1.25 according to the manufacturer's 
recommendations). (B) The heterozygous gross deletion was inherited from 
the father of the patient. RPA, relative peak area; •represents the probe detec-
tion value.
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and KF rings are diagnosed with classic WD. The type of clin-
ical symptoms can be highly variable in pediatric patients with 
WD, as hepatic symptoms usually appear in late childhood 
and vary from asymptomatic, exhibiting only biochemical 
abnormalities, to acute, presenting liver failure and neuro-
logical or psychiatric manifestations that generally occur in 
the second or third decade of life (11‑13). Laboratory diagnosis 
is based on low serum CER, increased 24‑h urine copper 
excretion and elevated liver copper levels (10). The presence 
of KF rings reflects copper deposition in the brain (11). KF 
rings are usually absent in pediatric patients with WD with 

liver disease in the earlier period of the disease, and are not 
found in all patients with WD. KF rings are not specific to 
WD, and have also been seen in other forms of chronic liver 
diseases (14). When symptoms are mild in the early stages of 
WD, genetic investigation of ATP7B mutations can be valu-
able in confirming a diagnosis of WD (11). Early diagnosis and 
treatment can effectively prevent excessive copper accumula-
tion and tissue damage (15).

In the present study, a pediatric patient presented with 
early‑onset hepatic disease. The patient did not present neuro-
logical or psychiatric manifestations, or KF rings. Laboratory 

Figure 4. Analysis of the breakpoints. (A) Sequence characteristics around the breakpoints. Nucleotides underlined by a dotted line in exon 2 are targeted by 
the probe used for multiplex ligation‑dependent probe amplification. Underlined nucleotides represent the Microhomology part. Bold nucleotides are inverted 
repeat sequences. Small case letters indicate the extremities of the deleted sequence. (B) Direct sequencing showed the breakpoint junction sequence in the 
patient. Breakpoint junction is indicated by an arrow. (C) The father presented the same breakpoint junction, indicated by an arrow. (D) DNA secondary 
structure in the vicinity of the proximal breakpoint was predicted using bioinformatic tools. The breakpoint was predicted to be in the proximity of a hairpin 
structure and is indicated by an arrow. (E) Magnification of the proximal breakpoint, which is indicated by an arrow.
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tests showed a low level of serum CER, and high levels of ALT 
and AST. Biochemical investigations, including 24‑h urine 
copper excretion and hepatic biopsy, were not carried out due 
to technical limitations. The early diagnosis of the patient with 
WD was made by testing for ATP7B mutations. The early 
diagnosis of WD allowed a timely treatment.

Previous molecular genetic analyses identified >1,000 
distinct mutations associated with WD worldwide, the 
most common mutations are the point mutations, and other 
type of mutations are rare (http://www.wilsondisease.med.
ualberta.ca/database.asp). The distribution of mutations in 
the ATP7B gene for WD are associated with ethnicity or 
geographic origin (11). The most prevalent mutation of the 
ATP7B among Europeans and US Caucasian is p.H1069Q 
in exon 14 (16,17), whereas the mutation p.R778L in exon 8 
is most common in East Asia including China, South Korea 
and Japan (18‑20).

The present study identified a previously described hetero-
zygous mutation (p.Arg1,041Trp) and a heterozygous gross 
deletion including exons 2‑21. The Arg1,041Trp mutation was 
first reported in an Italian patient in 1998 (8), and has never 
been reported previously in China, whereas, according to our 
knowledge, the heterozygous gross deletion including exons 
2‑21 of the ATP7B gene has not been previously reported. In 
the present study, the mutations p.Arg1,041Trp and the gross 
deletion including exons 2‑21 could alter the conformation 
of the ATP loop domain and all functional domains, respec-
tively  (5); thus resulting in a severe impairment of P‑type 
ATPase function. The gross deletion mutation in the patient 
may be classified as a severe mutation, causing early hepatic 
disease onset. In the present study, the pediatric patient lacked 
the typical symptoms of WD and presented indeterminate 
biochemical results, which made early diagnosis more difficult. 
Therefore, molecular analysis of ATP7B mutations may facili-
tate an early diagnosis of WD. A missense mutation was found 
in the homozygous state, due to the large heterozygous gene 
deletion on its corresponding allele, but no homologous muta-
tions were inherited from the parents of the patient. Molecular 
diagnosis of WD in the patient was carried out using a combi-
nation of direct sequencing, MLPA and NGS. MLPA and NGS 
were used for the detection of exonic deletions/duplications 
of genomic DNA sequences. This analysis is of particular 
importance when ≤1 mutation is detected in a patient with 
clinical symptoms of WD, as the limitations of traditional 
Sanger sequencing mean large deletions/duplications cannot 
be detected. MLPA can only detect exon deletions/duplica-
tions because of restricted location of probes. However, in the 
present study, NGS in combination with Sanger sequencing 
was more effective than MLPA in detecting precise deletions.

Microhomology sequences that are closely asso-
ciated with deletion mutations in the vicinity of 
deletion breakpoints have previously been reported in 
the ATP7B gene, including c.51 + 384_1708‑953del  (21), 
c.1870‑45_2355 + 189del (22), c.4021 + 87_4125‑2del (23), c.3556 
+ 281_4001del, c.3134_3556 + 689del (24), c.532_574del (25), 
c.52‑9329_1286‑11del, c.2447 + 1612_2730 + 31delins12bp 
and c.3700‑592_*409del (26). Alu repeat elements related to 
deletion events have also been discovered in the ATP7B gene 
[c.3134_3556 + 689del (24) and c.52‑2671_368del (27)]. In 
addition, sequence analysis surrounding the breakpoints of 

the deletion identified microhomology and inverted repeat 
sequences in the patient enrolled in the present study, which 
may also mediate deletion mutations in the ATP7B gene.

The present study reported the clinical and molecular 
characterization of one Chinese pediatric patient with early 
onset WD, with liver disease as the presenting feature. In 
the patient, a heterozygous mutation (p. Arg1041Trp) and a 
heterozygous gross deletion of a 57,771 bp fragment (chr13: 
52490972‑52548742) from partial exons 2‑21 to external ATP7B 
sequence (15.833bp) were identified through direct sequencing 
and NGS. Microhomology and inverted repeat sequences were 
found in the proband, which warrants further investigation of 
DNA break and recombination mechanisms. To the best of our 
knowledge, the Arg1041Trp mutation has not been previously 
reported in Chinese patients, and the novel heterozygous gross 
deletion mutation has not previously been identified, expanding 
the mutational spectrum of the ATP7B gene. The present results 
suggested that the NGS assay in combination with Sanger 
sequencing of the breakpoint junctions may be more efficient 
than MLPA in detecting precise deletions.
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