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Wilson disease is associated with a defect in copper metabolism and caused by different mutations in ATP7B
gene. The aim of this study was to determine mutation frequency of ATP7B exons 8 and 14 in Wilson disease
patients from the south of Iran. The exons 8 and 14 of ATP7B gene were analyzed in 65 unrelated Wilson dis-
ease patients by Denaturing High Performance Liquid Chromatography, and samples with abnormal peak
profile were selected for direct DNA sequencing. Seven out of 65 (10.8%) patients had mutations at exon
14, including c.3061-1G>A in four and c.3207C>A in three patients. In addition, four different mutations
were identified at exon 8 of six patients (9.2%). Three of these mutations have been previously reported, in-
cluding c.2304delC in two patients, c.2293G>A and 2304dupC each in one patient. Furthermore, a novel mu-
tation, c.2335T>G (p.Trp779Gly), was identified in two unrelated patients. The patients with this novel
mutation demonstrated severe neuropsychiatric condition. All together, 13 out of 65 (20%) patients had mu-
tations within exons 8 and 14. We also identified a lower frequency of the most common mutations of exons
8 and 14 in the southern Iranian population.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Wilson disease (WD) (OMIM 277900) is a rare disorder with an
autosomal recessive inheritance pattern, resulting from different mu-
tations in the ATP7B gene. The hallmarks of WD are hepatobiliary,
neurologic, psychiatric and ophthalmologic (Kayser–Fleischer (KF)
rings) presentations (Compston, 2009; Ferenci, 2006). The worldwide
incidence of WD is in the range of 1 in 30,000 to 1 in 100,000 live
births (Compston, 2009); its incidence has not yet been reported in
Iranian population. WD is more common among young individuals al-
though people can be affected by WD at different decades of their
lives (Ala et al., 2005; Gow et al., 2001). Different mutations in the
ATP7B gene can cause WD. The WD gene contains 21 exons and
codes for a copper-transporting p-type 2 ATPase protein with 1465
amino acids (Farrer et al., 1991; Loudianos et al., 2002; Petrukhin et
eischer; TM, transmembrane;
, gene of copper-transporting
e Liquid Chromatography; CT,
imaging; T2WI, T2-weighted
minase; ATP-BD, ATP-binding
rmation; PD, phosphorylation
; N.A., not available.
tics, Shiraz University ofMedical
2349610.
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al., 1994). This protein is essential for biliary copper excretion and
copper incorporation into ceruloplasmin (Terada et al., 1998, 1999).
By contrast, defective ATP7B protein can lead to the accumulation of
copper in organs such as liver, brain, and kidney which often results
in damage to these organs (Sternlieb et al., 1973).

So far, more than 500 different types of mutations (database
maintained at the University of Alberta: www.wilsondisease.med.
ualberta.ca/search3.asp) have been found in ATP7B gene; which
makes it expensive and difficult to develop a molecular diagnostic
test for WD. The majority of these mutations occur within several
transmembrane (TM) domains and the ATP-binding loop of ATP7B
protein (Abdelghaffar et al., 2008; Davies et al., 2008; Gromadzka et
al., 2005; Margarit et al., 2005). Depending on the ethnical back-
ground and geographical location of the population, some mutations
are more common (Ferenci, 2006). The His1069Gln missense muta-
tion of exon 14, which is associated with neurological manifestation,
is the most frequent mutation with an allele frequency of 30%–60%
in patients of Eastern, Northern, and Central European origin (Caca
et al., 2001; Firneisz et al., 2002; Maier-Dobersberger et al., 1997).
However, the Arg778Leu mutation in exon 8, which is associated
with hepatic presentations, is the most common mutation with an al-
lele frequency of 12–39% in the East Asian population (Chuang et al.,
1996; Nanji et al., 1997; Park et al., 2007). Other common mutations
of exon 8 in patients of Asian and European origin are c.2304delC
and c.C2250G (Figus et al., 1995a; Thomas et al., 1995; Xu et al.,
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2001). These findings suggest that exons 8 and 14 may be the two hot
spots for the identification of ATP7Bmutations in many nations. Given
the fact that ATP7B mutations have not yet been studied in the south
of Iran, we made an attempt to identify mutations in two polymor-
phic exons, 8 and 14, of ATP7B gene in WD patients.

2. Material and methods

2.1. Patients

Sixty-five unrelated patients with WD from the south of Iran, 42
males and 23 females, were enrolled in this study. All the patients
gave informed consent before undergoing DNA test for ATP7B muta-
tion analysis based on the requirements of the ethics committee in
Shiraz University of Medical Sciences. All WD patients were diag-
nosed by a group of gastroenterology specialists in Namazi gastroen-
terology center on the basis of decreased serum ceruloplasmin
concentration (b20 mg/dl), an elevated 24 h urinary copper excre-
tion (>100 μg/day) or an elevated liver copper concentration
(>250 μg/g dry weight), clinical findings including hepatic distur-
bance, neurological manifestations, and the presence of KF rings.
The onset age of the disease was 5 to 32 years. Three milliliter
whole blood samples from the patients were collected into EDTA
tubes. In order to confirm the novel mutation, we recruited all first
degree family members of these two patients for this study.

2.2. Preparation of genomic DNA

Genomic DNA was extracted from the peripheral blood lympho-
cytes by AccuPrep® Genomic DNA Extraction Kit (Bioneer, Korea)
according to the manufacturer's instructions. The genomic DNA con-
centration was measured by NanoDrop (ND1000, USA) and stored
at −20 °C until use.

2.3. PCR and Denaturing High-Performance Liquid Chromatography
(DHPLC) analysis

Exons 8 and 14 of ATP7B gene in 65 WD patients and one normal
control were amplified by the previously reported PCR primers
(Panichareon et al., 2011) with a slight modification in annealing
temperatures, 59 °C and 65 °C for exons 8 and 14, respectively. The
total volume of the PCR was 50 μl containing 1 μl of each primer
(20 pmol/μl), 5 μl DNA template (50–200 ng), 5 μl ViBuffer A
(Vivantis), 0.5 μl dNTPs (10 mM), 1.5 μl MgCl2 (50 mM, Vivantis),
0.2 μl Pfu DNA polymerase (5 U/μl, Vivantis), and 35.8 μl dH2O. The
PCR reactions were carried out by Mastercycler gradient (Germany)
according to Pfu DNA polymerase protocol. Ten microliters of the
PCR products was visualized on 2% agarose gel containing ethidium
bromide and the concentration of DNA samples was measured.

DHPLC was performed on the WAVE fragment analysis system
(Transgenomic Inc., USA) to detect the variants in the two exons
8 and 14 of ATP7B gene. In order to generate the hetero- and
homoduplexes, an equal amount of the PCR products from patients
and the wild type were mixed and heteroduplex formation step was
performed by Mastercycler gradient under the following program:
heating at 95 °C for 5 min, 95 °C for 22 s and re-annealing by de-
creasing 1 °C every 22 s until the temperature reached 25 °C. Eight
to ten microliters of cooled PCR products was automatically injected
by DHPLC instrument into the DNA Sep column and the eluted DNA
fragments were detected with UV absorption at wavelength
260 nm. The optimal melting temperature for each PCR product was
determined by the WAVE utility software (Matyas et al., 2002;
Narayanaswami and Taylor, 2001; Wagner et al., 1999; Xiao and
Oefner, 2001). The optimal column temperatures for resolution of
PCR products were 61 °C and 62.4 °C for exon 8 and 59.7 °C, 63 °C,
and 64 °C for exon 14. The gradient of DHPLC buffer B was 56.2–
65.2% for exon 8 and 55.6–64.6% for exon 14.

We used the Low Range Mutation Standard (Transgenomic Inc.,
USA) and a mutation positive control to confirm the appropriate con-
ditions of the instrument, buffer A (consists of 0.1 mM TEAA in H2O,
pH 7), and buffer B (consists of 0.1 mM TEAA in dH2O, 25% acetoni-
trile). We also used a normal DNA control for each exon to confirm
the positive and negative results.

T-coffee multiple sequence alignment program (http://www.ebi.
ac.uk/Tools/msa/tcoffee/) was used to compare the amino acid se-
quence of human ATP7B protein with copper and copper/silver
transporting ATPase across all Kingdoms.

2.4. DNA sequencing

To confirm the abnormal DHPLC peak patterns, the positive sam-
ples were subjected to purification and DNA sequencing using both
forward and reverse primers (Bioneer, Korea). In order to confirm
the novel mutation, the PCR products of all exons and exon–intron
boundaries of ATP7B gene in the patients with novel mutation and
the PCR products of exon 8 of all their first degree family members
were also analyzed by DNA sequencing.

3. Results

A total of 65 patients with WD (the mean age of the onset of the
disease was 10 years; range 5–32; 42 males (64.6%) and 23 females
(35.4%)) and presenting with liver diseases were studied for exons
8 and 14 mutations. In addition to hepatic disorders, some WD pa-
tients had suffered from neuropsychiatric and behavioral disorders,
Coombs-negative hemolytic anemia and KF rings. Totally, 13 out of
65 (20%) WD patients had mutations within these two exons. Seven
out of 65 (10.8%) unrelated WD patients had mutations at exon 14,
including c.3061-1G>A splice site mutation in four families (6.2%)
and c.3207C>A (p.H1069Q) missense mutation in three families
(4.6%). For each mutation, one patient was heterozygote and the
rest were homozygote. Four different homozygous mutations in
exon 8 of ATP7B gene in 6 out of 65 (9.2%) were also identified in
this study. Three of these mutations have been previously reported,
including c.2304delC in two patients (3.1%), c.2293G>A and
c.2304dupC each in one patient (1.5%). A novel missense mutation,
c.2335T>G (p.Trp779Gly), in the conserved TM4 of ATP7B was also
identified in two unrelated patients (3.1%), patients 3 and 16
(Table 1). Comparison of the amino acid sequence of human ATP7B
protein with copper and copper/silver transporting ATPase across all
Kingdoms also showed that the W779 residue was highly conserved
among the most eukaryotes and prokaryotes (Fig. 1). Abnormal
DHPLC peak profiles of the patients with novel mutation are given
in Fig. 2A. Using DNA sequencing, in the family of patient 3, one indi-
vidual with this homozygous mutation and three carriers of heterozy-
gous mutations including his parents were identified (Fig. 2B). All
family members of patient 16 were also heterozygous carriers
(Fig. 2C). Patients 3 and 16 had suffered from severe neuropsychiatric
disorders at the onset age of the disease. All clinical and laboratory
findings in these patients with the novel mutation were as follows.

Patient 3 with the homozygous novel c.2335T>G mutation
manifested moderate splenomegaly, elevated liver enzymes, com-
pensated liver cirrhosis, movement disorders, dysphagia, dysarthria,
drooling, impaired school performance, and KF-rings. Also, the pa-
tient had a positive history of headache and jaundice, and a positive
family history ofWilson disease. Positive laboratory findings consisted
of an elevated 24 h urinary copper value (400 μg, normal: b75 μg) and
decreased serum copper (28 mg/dl, normal: 70–150 μg/dl). The patient
had also a hypochromic anemiawith anisopoikilocytosis and thrombocy-
topenia. Brain CT scan showed a positivefinding ofWilson's basal ganglia.
Furthermore, magnetic resonance imaging (MRI) showed an increased
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Table 1
Molecular and clinical findings of patients with mutation in exons 8 and 14 of ATP7B gene.

Patient
ID/sex

Onset
age
years

Affected organ Mutation Exon Affected
protein
domain

Liver Brain Eyesa Mutation type Nucleotide change Amino acid change Nucleotide sequence change

60/F 10 + − − Missense c.2293G>A p.Asp765Asn GAC→AAC 8 TM4
2/F 9 + − − Nonsense (premstop)b c.2304delC p.Met769CysfsX38 CCCCCCATG→CCCCCATG 8 TM4
64/M 8 + − + Nonsense (premstop) c.2304delC p.Met769CysfsX38 CCCCCCATG→CCCCCATG 8 TM4
55/F 6 + − + Nonsense (premstop) c.2304dupC p.Met769HisfsX26 CCCCCCATG→CCCCCCCATG 8 TM4
3c/M 10 + + + Missense c.2335T>G p.Trp779Gly TGG→GGG 8 TM4
16c/M 8 + + + Missense c.2335T>G p.Trp779Gly TGG→GGG 8 TM4
42e/M 32 + − − Splice c.3061-1G>A – AGA→AAA 14 PDd

48/M 8 + − + Splice c.3061-1G>A – AGA→AAA 14 PD
22/M 9 + − − Splice c.3061-1G>A – AGA→AAA 14 PD
23/F 12 + − + Splice c.3061-1G>A – AGA→AAA 14 PD
40/M 12 + − − Missense c.3207C>A p.His1069Gln CAC→CAA 14 ATP LOOP
38/F 8 + − + Missense c.3207C>A p.His1069Gln CAC→CAA 14 ATP LOOP
63e/M 12 + − + Missense c.3207C>A p.His1069Gln CAC→CAA 14 ATP LOOP
Total

a KF rings.
b Premstop — premature stop codon.
c Patient with novel mutation.
d PD — Phosphorylation domain.
e Patient with compound heterozygote mutation.
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signal intensity in T2WI and a decreased signal in T1WI in the lentiform
nucleus, thalami, red nucleus, and substantia nigra in the brain stem,
which could be a metabolic cause ofWilson disease. Extra-axial hemato-
ma was also found. The patient had also weakness in bulbar muscle and
impaired finger to nose movement (intention tremor). Liver showed an
increased parenchymal echogenicity with an irregular border.

Patient 16 with the homozygous novel c.2335T>G mutation
manifested advanced chronic liver disease, ascites, edema, movement
disorders, dysarthria, impulsive behavior, and KF-rings. Laboratory
findings consisted of an elevated 24 h urinary copper value (279 μg),
and high levels of aspartate transaminase (AST) (475 units/l, normal:
7–27 units/l), and alanine transaminase (ALT) (255 units/l, normal:
1–21 units/l). Our results showed that novel missense mutation
Fig. 1. The comparative alignment of amino acids of human ATP7B protein with amino acids o
highly conserved during evolution. The conserved tryptophan residue is in bold. Protein sequen
amino acids; (:) — just similar amino acids.
might be associated with severe neurological manifestations. Some
positive clinical and laboratory findings in other patients with identi-
fied mutations in the present study are shown in Table 2.

4. Discussion

Mutation screening of the ATP7B exons 8 and 14 in 65 unrelated
WD patients from the south of Iran revealed six different mutations,
including a novel missense mutation. It was found that the splice
site mutation, c.3061-1G>A, at exon 14 with the mutation frequency
of 6.2%, and c.2304delC and c.2335T>G mutations at exon 8 with the
same frequency (3.1%) were more common mutations of these two
exons in our WD patients. Although the H1069Q and R778L are the
f copper and copper/silver transporting ATPase across all Kingdoms. The W779 residue is
ceswere obtained fromNational Center for Biotechnology (NCBI). Symbols: (*)— identical



Fig. 2. Chromatograms and pedigree of patients 3 and 16. A. DHPLC analysis in normal control, patients 3 and 16. Both patients show abnormal DHPLC peak patterns with two peaks
in comparison to normal control. B. Sequencing data in patient 3 and his family members. C. Sequencing data in patient 16 and his family members.
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most common mutations in some parts of the world, we detected a
low frequency of the H1069Qmutation (4.6%) and no R778L mutation
in the WD patients from the south of Iran.

ATP7B gene is expressed inmany tissues including liver, kidney, pla-
centa, brain, heart, lung, muscle, and pancreas, with the highest expres-
sion in liver (Bull et al., 1993; Petrukhin et al., 1994; Tanzi et al., 1993).
Human copper p-type ATPase 2 is a large membrane transporter pro-
tein and its many domains are conserved in numerous eukaryotes and
prokaryotes including six copper binding domains, a transduction do-
main, an ATP-binding domain which contains phosphorylation domain
(P domain) and the nucleotide-binding domain (N-domain), and
8 transmembrane domains (TM1–8). Intra-membrane copper binding
sites of the TMs are involved in the delivery of copper from the cytosol.
Table 2
Positive clinical and laboratory findings in patients with identified mutations in this study.

Patient
ID

Liver enzymes
(AST, ALT)

Serum
ceruloplasmin

24 h urine
copper

Clinical mani

60 ↑ ↓ ↑ Icterus, abdom
2 ↑ ↓ ↑ A positive fam
64 ↑ Na ↑ Jaundice, icte
55 ↑ ↓ ↑ Ascites, icteru

shifting dulln
42 ↑ ↓ ↑ Biopsy for the

about 90% of t
48 ↑ ↓ ↑ Abdominal pr

positive famil
22 ↑ ↓ ↑ N.A.b

23 ↑ N ↑ Ascites, acute h
(RUQ) tendern

40 ↑ ↓ ↑ N.A.b

38 ↑ ↓ ↑ KF rings, posi
63 ↑ ↓ ↑ Cirrhosis, sple

a Normal.
b Not available.
TMs (TM1–8) of ATP7B are essential for optimal folding and function of
the protein. In all P-type ATPases, TM4–TM8 form a part of a conserved
functional core and several substitutions of glycine in TM2 and TM4
have been predicted to disrupt these domains (Bissig et al., 2001;
Forbes and Cox, 1998; Gu et al., 2003; Kuhlbrandt et al., 1998; Mandal
and Arguello, 2003; Okada et al., 2000; Yoo, 2002). Location of the
ATP-binding domain (ATP-BD) with several critical conserved motifs
for catalytic activity of the protein is between TMs6 and TMs7 and
its conserved motifs include DKTGT, TGDN, and GDGXXD. In all
Cu-ATPase, the residues of the ATP binding pocket are highly conserved
(in ATP7B protein, one of these residues is H1069) (Lutsenko et al.,
2008). More than half of all the mutations are missense mutations
and occur in exon 8 (TM4 domain) and exon 14 (ATP-binding domain)
festations and family history

inal protrusion, positive family history of Wilson disease
ily history of Wilson disease

ric sclera, edema, mild ascites, headache, epistatia, mild splenomegaly, and KF rings
s, developed abdominal protrusion, mild yellowish sclera, anorexia, splenomegaly,
ess, trace edema, hepatomegaly, icteric sclera, and KF rings
liver showed parenchyma damage, macrovesicular steatosis (fatty change) containing
he parenchyma with no steatohepatitis, positive family history of Wilson disease
otrusion, mild epigastric pain, drowsiness, mild jaundice, hepatomegaly, and KF rings,
y history of Wilson disease

epatitis, developed jaundice, anorexia, epigastric pain, pitting edema, right-upper-quadrant
ess, positive history of fever and bilious vomiting, and KF rings

tive family history of Wilson disease
nomegaly, and KF rings

image of Fig.�2
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of ATP7B gene, and several mutations reported in ATP7B gene are locat-
ed in these conserved domains (Abdelghaffar et al., 2008; Davies et al.,
2008; Gromadzka et al., 2005; Margarit et al., 2005; Thomas et al.,
1995). Although themajority of ATP7B genemutations are found in sin-
gle families, some mutations are more common in some specific
populations, such as Arg778Leu mutation of exon 8 in far Eastern re-
gions, and His1069Gln mutation of exon 14 in patients of Eastern,
Northern, and Central European origin (Ferenci, 2006).

In the present study, two different mutations in exon 14 and four
different mutations in exon 8 of ATP7B gene were identified in the
WD patients from the south of Iran. The c.2293G>A (p.Asp765Asn)
missense mutation in the TM4 domain disrupts cation channel. This
mutation, which is a rare mutation identified among the Italian pop-
ulation (Figus et al., 1995b), was also found at a low frequency (1.5%)
in WD patients from the south of Iran. It has been reported that
ATP7B protein containing Asp765Asn mutation has normal copper
transport activity in yeast, but has predominantly aberrant localiza-
tion throughout the cell. This variant protein has no optimal capacity
to redistribute to cytoplasmic vesicle when stimulated by copper.
Therefore, this variant has a significant role in WD pathobiology
(Forbes and Cox, 1998, 2000; Huster et al., 2003). This mutation
was identified in a homozygous state in one patient from the south
of Iran.

The frameshift mutation c.2304delC (p.Met769CysfsX38) in the
TM4 domain of ATP7B protein, which alters the reading frame, results
in truncated protein. The c.2304delC mutation, which occurs in a
stretch of six cytosines (nucleotides 2299–2304), was previously
reported in few population with a low frequency (Kim et al., 1998;
Mak et al., 2006). This mutation was identified in a homozygous
state, c.2304delC/c.2304delC, in two patients from the south of Iran.

The frameshift mutation c.2304dupC (p.Met769HisfsX26) in the
TM4 domain of ATP7B protein, which alters the reading frame, results
in truncated protein. This insertion of a single cytosine, which occurs
in a stretch of six cytosines (nucleotides 2299–2304), was previously
reported in several populations in a low frequency (Wilson disease
database at the University of Alberta). It has been shown to have a
frequency of 3% in the Brazilian (Deguti et al., 2004) and 2.6% in the
US patients (Shah et al., 1997). This mutation was identified in a ho-
mozygous state, c.2304dupC/c.2304dupC, in one patient from the
south of Iran.

The c.2335T>G (p.W779G) missense mutation in exon 8 was a
novel variation, which caused a substitution from tryptophan amino
acid with an aromatic side chain (at position 779) to glycine amino
acid with a nonpolar and small hydrogen side chain (p.W779G).
This residue is in the TM4 of WD gene, which is predicted to be func-
tionally essential for appropriate functioning of ATP7B protein and
conserved in the evolution of eukaryotes and prokaryotes (Fig. 1). Se-
quencing data of all exons and exon/intron boundaries of ATP7B gene
in the patients with novel mutation showed only the c.2335T>G var-
iant in exon 8. Based on the evidence obtained, we assume that this
novel p.W779G mutation in TM4 of ATP7B is a real mutation and
plays a pathogenic role for the new mutation.

The c.3061-1G>A mutation in the phosphorylation domain of
ATP7B protein results in abnormal splicing. The c.3061-1G>A muta-
tion was found with moderate frequency, 6.2% (4/65), in exon 14 of
ATP7B in WD patients from the south of Iran. This mutation was pre-
viously reported only in Mediterranean patients (Loudianos et al.,
1996). The c.3061-1G>A was found in a homozygous state
c.3061-1G>A/c.3061-1G>A in three patients and in a compound het-
erozygous, c.3061-1G>A/-, state in one patient from the south of Iran.

The c.3207C>A (H1069Q) missense mutation is in the ATP loop
domain (SEPHL-motif), which disrupts ATP binding domain and ex-
tremely decreases nucleotide affinities, indicating the probable role
of histidine residue in nucleotide coordination. The c.3207C>A muta-
tion results in the aberrant localization of ATP7B in hepatocytes
(Huster et al., 2003; Morgan et al., 2004; Payne et al., 1998). In the
present study, this mutation was identified in a homozygous state,
c.3207C>A/c.3207C>A, in two patients and in a compound heterozy-
gous state, c.3207C>A/-, in one patient.

5. Conclusions

We identified a novel missense mutation, c.2335T>G, in exon 8 of
ATP7B gene in two unrelated patients with severe neuropsychiatric
illness in the south of Iran. Overall, the patients with WD in the
south of Iran appear to have the lowest allele frequency of common
mutations in exons 14 and 8 of ATP7B gene. All detected mutations
in these two exons of the ATP7B gene account for 20% (9.2% for
exon 8 and 10.8% for exon 14) of our WD patients.
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