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Summary

We analyzed mutations and defined the chromosomal
haplotype in 127 patients of Mediterranean descent who
were affected by Wilson disease (WD), 39 Sardinians,
49 Italians, 33 Turks, and 6 Albanians. Haplotypes were
derived by use of the microsatellite markers D135301,
D135296, D13S297, and D13S298, which are linked to
the WD locus. There were five common haplotypes in
Sardinians, three in Italians, and two in Turks, which
accounted for 85%, 32%, and 30% of the WD chromo-
somes, respectively. We identified 16 novel mutations:
8 frameshifts, 7 missense mutations, and 1 splicing de-
fect. In addition, we detected the previously described
mutations: 2302insC, 3404delC, Arg1320ter, Gly944-
Ser, and His1070Gin. Of the new mutations detected,
two, the 1515insT on haplotype I and 2464delC on
haplotype XVI, accounted for 6% and 13%, respec-
tively, of the mutations in WD chromosomes in the Sar-
dinian population. Mutations H1070Q, 2302insC, and
2533delA represented 13%, 8%, and 8%, respectively,
of the mutations in WD chromosomes in other Mediter-
ranean populations. The remaining mutations were rare
and limited to one or two patients from different popula-
tions. Thus, WD results from some frequent mutations
and many rare defects.
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Introduction

Wilson disease (WD) is an autosomal recessive disorder
of copper transport that is characterized by a reduced
incorporation of copper into ceruloplasmin and by de-
creased biliary excretion. This leads to copper accumula-
tion in the liver and, consequently, to progressive liver
damage. Subsequent overflow of copper determines its
accumulation in other organs, mainly in the brain, kid-
neys, and cornea (Danks 1989). The worldwide preva-
lence of the disease is estimated in the order of 30 per
1 million, with a gene frequency of 0.56 % and a carrier
frequency of 1 in 90 (Scheiberg and Sternlieb 1984).
Higher prevalence of WD seems to exist in Sardinia,
where ~10-12 new cases per year are identified. Treat-
ment is based on the removal of copper excess by chelat-
ing agents such as penicillamine, trientine (Scheinberg
et al. 1987), or tetrathiomolybdate (Walshe 1986;
Brewer et al. 1994) or by blocking the intestinal copper
absorption with zinc salts (Hoogenraad et al. 1983).
The WD locus was assigned to chromosome 13 by
the tight linkage with red-blood-cell enzyme esterase D
locus (Frydman et al. 1985). Subsequent linkage analysis
detected the disease locus in a genomic region limited
by DNA markers loci D13S31 and D13S59 (Bowcock
et al. 1987; Stewart et al. 1993). Linkage disequilibrium
mapping and haplotype analysis with microsatellite
markers spanning the WD region refined the position of
the disease locus (Bull and Cox 1993; Kooy et al. 1993;
Petrukhin et al. 1993; Thomas et al. 1993, 1994; Bow-
cock et al. 1994). The WD gene has been subsequently
cloned on the basis of homology with the Menkes dis-
ease gene by using YACs mapping on 13q14.3 (Bull et
al. 1993) or from a brain ¢cDNA library during a search
for genes encoding metal binding proteins (Tanzi et al.
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1993). The WD gene contains 22 exons spanning a DNA
region of ~100 Kb (Petrukhin et al. 1994; Thomas et
al. 1995).

The protein product belongs to the group of cation-
transporting P-type ATPase (ATP7B) and shows a high
degree of homology to the Menkes disease protein
(ATP7A) (Chelly et al. 1993; Vulpe et al. 1993) and to
bacterial heavy metal ion—transporting ATPase (Silver
and Walderhaug 1992; Odermatt et al. 1993). More
recently, the exon-intron boundaries of the WD gene
have been characterized, and tissue-specific alternative
splicing has been detected, (Petrukhin et al. 1994). Mu-
tation screening in WD patients led so far to detect 25
specific disease-causing mutations, some of which ap-
pear to be population specific and some common to
many populations (Tanzi et al. 1993; Bull et al. 1993;
Thomas et al. 1995). This study reports the results of
haplotype analysis and mutation screening carried out
in patients of Mediterranean descent with WD.

Subjects, Material, and Methods

Subjects

This study includes 127 unrelated WD patients, of
whom 39 were Sardinian, 49 continental Italian, 33
Turkish, and 6 Albanian. In all cases, the parents were
available for linkage studies. Diagnosis of WD was
based on low ceruloplasmin and copper serum level,
high urinary copper elimination, and high hepatic cop-
per content.

Haplotype Analysis

Haplotypes were derived by using four microsatellite
markers (D13S301, D13S296,D135297, and D135298)
flanking the WD locus. These markers have been found,
in a previously published study (Petrukhin et al. 1993)
and in this study, to be linked to the WD gene. The
D13S301 marker is proximal and <40 Kb from the WD
gene (Petrukhin et al. 1993; Thomas et al. 1995). The
remaining markers are distal to the WD gene, being
D135296, the closest, and D135298, the farthest, within
a region of ~1 Mbp (Petrukhin et al. 1993). The ampli-
fication of these markers was carried out by using pairs
of specific primers according to the method of Petrukhin
et al. (1993). The analysis was performed by PCR in 25
ul total volume containing 25 ng of genomic DNA, 12
pmol of each primer, 1 pmol of one of the primers radio-
actively labeled by the activity of T4 Kinase with
M32P]ATP, 0.5 U Taq polymerase, 50 mM KCL, 10
mM Tris-HCI pH 8.3, 1.5 mM MgCl,, and 0.01% gela-
tin. One-twentieth of the reaction was loaded on a se-
quencing gel (6% polyacrilamide, 8 M urea, 100 mM
Tris Borate, and 10 mM EDTA). After electrophoresis
at 70 W, the gel was dried on Whatman 3M paper and
exposed to X-ray films (X-Omat; Kodak).
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Detection of Mutation

Each individual exon was amplified by using primers
complementary to the DNA sequences flanking the
exon-intron boundaries, which were defined by the di-
rect sequencing of overlapping P1 and cosmid clones
containing the WD gene (data not shown). The “Long
PCR” (Cheng et al. 1994) led us to determine the size
of introns that resulted that were identical in both P1
clone and genomic DNA. Incidentally, the size of intron
2, according to our estimate, is much higher than previ-
ous estimate (4 vs. 0.9 Kb) (Petrukhin et al. 1994;
Thomas et al. 1995). This was confirmed on 10 genomic
DNA samples and both P1 and cosmid clones. “Long
PCR” was carried out using a commercial kit (XL PCR;
Perkin-Elmer) according to the manufacturer’s protocol.

Mutation screening was performed on two-to-four
WD chromosomes carrying each specific haplotype by
using two different strategies. In Sardinian patients car-
rying the two most common haplotypes, the exons from
1 to 21 and their flanking regions were sequenced. In
the remaining Sardinian patients and in all the other
Mediterranean patients, we have carried out SSCP anal-
ysis of amplified exons from 1 to 21 of the coding region,
followed by direct sequencing of shifted exons.

After mutation identification, all DNA samples with
the same haplotype were tested for the specific mutation
by either Dot Blot analysis or SSCP. The PCR conditions
are as described for the analysis of the microsatellite
markers.

For SSCP analysis, 2 pl of the PCR product was mixed
with 8 ul of a solution containing 95% formamide, 20
mM EDTA, 0.05% xilene cyanol, 1 N NaOH. The sam-
ples were denatured at 95°C, cooled on ice, and then
applied on a 6% polyacrylamide gel containing 10%
glycerol, 90 mM Tris Borate, and 10 mM EDTA. Elec-
trophoresis was performed with a sequencing apparatus
(model S2; Gibco-BRL, Life Technologies) at a constant
temperature of 20°C and at constant power of 50 W for
7 h. After electrophoresis, the gels were either silver-
stained (Silver Stain Plus; Bio-Rad) (Berry and Samuel
1982; Goldman and Merril 1982) or dried and exposed
to X-ray film in case **P-labeled PCR product had been
used. In most of the cases, heterozygosity for a mutation/
polymorphism, suggested by the presence of abnormal
single-stranded conformers, was confirmed by the detec-
tion of heteroduplex in the lower part of the gel. Se-
quence analysis of each shifted exon was performed by
the dideoxy chain-termination method of Sanger by us-
ing the Sequenase version 2.0 polymerase (USB).

Statistical Analysis

In all populations examined, the differences in the
overall distribution of the alleles among normal and WD
chromosomes were evaluated by a % test with a 2 X K
contingency table, where K is the marker allele number
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Table |

Haplotypes of Wilson Disease Chromosomes

Am. J. Hum. Genet. 57:1318-1324, 1995

POPULATION?
Loci S C T
D13S A
WD N WD N WD N WD
HAPLOTYPE 301 296 297 298 (78) (53) (98) (76) (66) (43) (12)
2 5 4 3 5 e
3 6 6 N 2 1 - 1
3 10 6 3 ... e 3 1 1
4 10 4 3 ... ... 3 2 1
5 N 3 3 4 1 . 1
5 5 4 3 3 2
5 N 6 3 4 5 ...
N 9 4 3 12 2 11 e
5 10 3 3 43 2 7 1 1 4 1
5 10 4 3 5 2 10 7 9
6 10 3 3 1 3 1 e
6 10 4 3 2 4 2 3
7 10 4 3 3 5 ...
8 6 6 3 e 4 ... ...
9 10 4 5 e - 10 1 3 1 1
10 5 7 7 10 1
Chromosome® (%) 85 12 58 43 54 21 33

NOTE.—We characterized the haplotypes in all the WD and normal chromosomes investigated, the number of which is reported in parentheses.
In the table are reported only those haplotypes found in more than one individual within the same or different populations.

2 Populations investigated are: S, Sardinian, C, continental Italian; T, Turkish, and A, Albanian. Part of the results of the Sardinian population
were described elsewhere (Petrukhin et al. 1993). Alleles of each locus are numbered according to Petrukhin et al. (1993).

b Chromosome = number of haplotype-associated chromosomes showed in the table as percentage of the total number of chromosomes

studied.

present in the sample. Significant association of the allele
with the largest positive deviation between the observed
and the expected frequency under no association hy-
pothesis was tested with a 2 X 2 table by a one-side x*
test, corrected for multiple testing by using Buonfer-
roni’s correction (by multiplying the P-value by the num-
ber of alleles observed in that marker). For each popula-
tion studied, the normal chromosomes, used to compare
the marker allele frequency with that of the WD chro-
mosomes, were derived by segregation analysis of the
WD families with the four microsatellites.

Results

Linkage Disequilibrium and Haplotype Analysis

Linkage disequilibrium was detected at D13S301 (P
=.01), D135296 (P = .0001), D135297 (P = .01), and
D135298 (P = .001) loci in the Sardinian population
and only at the D135298 locus in the Turkish one. No
recombination between these markers and the WD locus
was observed. Haplotypes, derived from the study of
these four microsatellites, were characterized in all the
normal and WD chromosomes (table 1). In the Sardinian
population, we detected 16 different haplotypes associ-

ated with WD chromosomes. Of these, a single haplo-
type, IX, is very common, being observed in 55% of the
WD chromosomes. In this population other relatively
frequent haplotypes were XVI, X, I, and V, which were
detected in 13%, 6%, 6%, and 5% of the chromosomes,
respectively. On the whole, these five haplotypes ac-
count for 85% of the WD chromosomes. In WD patients
of continental Italian and Turkish origin, we found 46
and 41 different haplotypes, respectively. In both these
populations, two haplotypes, VIII and X, were common
and accounted for 22% and 30% of the WD chromo-
somes, respectively. In Italians, we found also a third
common haplotype, haplotype XV, which was observed
in 10% of the chromosomes.

Mutation Screening

WD mutations—We have identified 21 mutations, of
which 16 are novel and 5 have been described elsewhere
(Tanzi et al. 1993; Thomas et al. 1995) (table 2). The
mutations already reported are 3043delC, 2302insC,
Arg1320ter, His1070Gln, and Gly944Ser. Of the novel
mutations, eight are frameshifts, one is a splice-site alter-
ation, and seven are missense mutations. An example of
mutation analysis is shown in figure 1.
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Table 2

Mutations Detected in Wilson Disease Chromosomes
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Mutations N® Exon Domain Haplotype Groups
Frameshift:
214delAT ..cooeeevenennen 1 2 Cul Sardinian
1515insT ..... 5 3 Cus I Sardinian
1785delT ..... 1 5 Cu 6 ... Continental Italian
1886delAT .. 1 6 Tm 1 VI Turkish
2302insC® ... 14 8 Tm 4 X, II, various Sardinian, continental Italian, Turkish, Albanian
2464delC .... 10 10 Td XVI Sardinian
2533delA ... 14 10 Td XV Continental Italian, Turkish, Albanian
3403delC® .......cceueeee. 1 15 ATP loop e Continental Italian
3085delAGA—G ......... 2 14 Ph Rare Continental Italian
3855del24 ................... 1 18 ATP Sardinian
Splicing:
3907-2A-G ..ceeueennen 1 19 Continental Italian
Nonsense:
Arg1320ter® ................ 2 19 ATP Tm 7 Various Continental Italian
Missense:
Gly627Ala ........cceucueee 6 6 Tm 1 Various Sardinian, continental Italian, Turkish
Asp766Asn .. 3 8 Tm 4 Various Continental Italian
Arg779Gly ...... 4 8 Tm 4 X, III Turkish
Ileu858Thr ...... 2 10 Td X Continental Italian, Turkish
Gly944Ser® ...... 1 12 Tm $ ... Continental Italian
Arg970Gln ...... 4 13 Tm 6 Rare Continental Italian, Turkish
Glu1065Lys .... 2 14 Tm 7 Rare Turkish
His1070GIn® ... . 23 14 SEHPL VIII Continental Italian, Turkish, Albanian
Asn1271Ser .....cccueunuee. 3 18 ATP Various Continental Italian, Turkish

* Number of chromosomes in which the specific mutation has been detected.

® Mutations described elsewhere; see text.

The frameshift mutation alters the reading frame and
most likely disrupts the function of the WD gene re-
sulting either in the absence of the protein product or
in the production of a shortened functionless protein.
The splicing mutation 3907-2A—G lies within the con-
sensus sequences of a splice-donor site. According to
the other gene system, this mutation may lead to exon
skipping or to the use of alternative splice sites that
result in premature termination of translation. This
leads to the production of a shortened protein product
lacking the terminal end, which most likely modifies the
protein conformation or adversely affects its stability.

Of the novel missense mutations, five reside in the
transmembrane regions 1, 4, 6, and 7. All these muta-
tions are nonconservative and changing an acidic with
a neutral polar residue (Asp766Asn), a basic with a neu-
tral polar residue (Arg779Gly, Arg 970GIn), an acidic
with a basic residue (Glu1065Lys), or a neutral polar
with a neutral hydrophobic residue (Gly627Ala). These
mutations most likely disrupt the structure of a trans-
membrane domain. The Ileu858Thr mutation resides in
a phosphatase domain. The mutation is not conservative
and changes a neutral and hydrophobic amino acid with
a polar residue. Furthermore, the isoleucine at position

858 is a part of the ITGEA sequence that is highly con-
served in both Menkes disease and WD proteins.

To assess the possibility that missense substitutions
might be polymorphisms, we systematically tested for
their presence in a control population of the same origin.
None of these mutations was seen among 100 normal
chromosomes analyzed.

DNA polymorphisms—We have identified 13 sequence
changes in the WD gene that do not modify the amino
acid sequence of the protein product or result in noncon-
servative changes in nonessential residues of the protein
or are detected in normal chromosomes of the same
population or in chromosomes with defined disease-
causing mutation (table 3). These variants, of which four
have been described elsewhere (Tanzi et al. 1993;
Thomas et al. 1995), have been considered “polymor-
phisms.”

Haplotype association and population distribution of WD mu-
tations.—The large majority of the patients investigated
are compound heterozygotes for the mutations detected
in this study and an unknown mutation. Homozy-
gotes were detected only for the following muta-
tions: 1515insT, 2464delC, Arg970GIn, Glu1065Lys,
3085del AGA—G.
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Mutations were usually linked to a single spe-
cific haplotype. However, several mutations, includ-
ing 2302insC, Argl320ter, Gly627Ala, Asp766Asn,
Arg779Gly, and Asn1271Ser, were found in different
haplotypes.

A few mutations are common, being detected in more
than five chromosomes. The common mutations are
1515insT and 2464delC in Sardinians, in which they
account for 6% and 13% of the WD chromosomes,
and 2302insC, 2533delA, and His1070GlIn in the other
Mediterranean populations, in which their frequency is
8%, 8%, and 13%, respectively, and the Gly627Ala,
which has been detected in Sardinians, Turkish, and
continental Italian populations.

Discussion

In this study, we have characterized the mutations
and defined the respective haplotype association in a
large number of patients of Mediterranean descent af-
fected by WD. Haplotype analysis showed a relative
homogeneity among the Sardinian population compared
to the continental Italian and Turkish ones. In the Sar-
dinian population, we have indeed detected 16 haplo-
types, of which 1 is very common (IX) and 4 are rela-
tively frequent (XVI, I, X, and V), accounting for 55%,
13%, 6%, 6%, and 5% of the WD chromosomes, re-
spectively. By contrast, in Turkish and continental Ital-
ian WD patients, we characterized 46 and 41 haplo-
types, respectively. Among them, we detected two and
three common haplotypes, respectively, representing
30% and 32% of the WD chromosomes in these two
populations. In spite of the large haplotype heterogene-
ity in the Turkish population, the number of WD pa-
tients homozygous for different haplotypes was much

WD NORMAL
N N WD ACGT ACGT
. s B "
i ""’"

Figure | Detection of the WD mutation 2464delC. Left, SSCP
analysis of exon 10. From left to right, normal subject (N) homozygous
for lysine at position 833; normal subject (N) homozygous for arginine
at position 833 (Lys833Arg is a common polymorphism); WD patient
(WD) homozygous for 2464delC. Two SSCP conformers can be de-
tected in our experimental conditions. Right, Sequence of exon 10
from the WD patient and a normal control. Arrow in the normal
sequence indicates cytosine, which is deleted in the WD sample.

Am. |. Hum. Genet. 57:1318-1324, 1995

Table 3

DNA Polymorphisms Detected in Wilson Disease
Chromosomes

Polymorphisms Exon Domain
—74A-C ..o 1
—26insCGCCG ......... 1 ...
Ala407Ser® .....cceevenvenes 2 Cu 4
Leu457Val ................. 3 Cu 4/Cu 5
2447-25G~A . . 9 ...
Lys833Arg ..... . 10 Td
Arg953Lys® ....coeuenenee 12 Tm §
Thr992Thr ................ 13 Ch/Tm 6
Ala1004Ala ............... 13 Ch/Tm 6
LeulO16Leu .............. 13 Ph
Val1098Val ... 15 Tm 7
Alal141Val® .. 16 ATP loop

19 ...

3906 +6T—C*

2 Polymorphisms described elsewhere; see text.

higher than expected (28% vs. 1%; P < .05). This may
reflect the high consanguinity in the Turkish population.
When one assumes the existence at the WD locus of an
association between haplotypes and specific mutations,
as detected in other genes, these data suggest the pres-
ence, in Sardinians, of five common mutations, of which
one is largely prevalent, and a limited number of rare
mutations. In continental Italian and Turkish patients,
WD seems to be more heterogeneous at the molecular
level. Most likely, in these populations the disorder re-
sults from two or three relatively common mutations
and a large number of more rare mutants.

The relative homogeneity of WD in Sardinians is most
likely related to the relative isolation of this population.
In Sardinians, a similar homogeneity has been detected
in other genetic disorders; for instance in the B-globin
gene defects, in which a single mutation (nonsense at
codon 39) accounts for >95% of the B-thalassemia
chromosomes (Rosatelli et al. 1992).

Linkage disequilibrium among the microsatellites
studied and the WD locus was evident for all four micro-
satellites in the Sardinian population and only for
D135298 in the Turkish population. These data indicate
again the relative homogeneity of the Sardinian sample.

The mutation analysis detected 21 different muta-
tions, of which 16 are novel and 5 have been described
elsewhere in WD patients mostly from northern or east-
ern European populations (Tanzi et al. 1993; Thomas
et al. 1995). The novel mutations include eight
frameshift, one splice alteration, and seven missense mu-
tations. The frameshift and splicing mutations most
likely led to the production of a functionless protein.
Evidence for the morbidity of the missense mutations
came from several sources: their relative high incidence
among WD patients, the failure to observe these muta-
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tions in control chromosomes, the nonconservative na-
ture of the substitution, and the occurrence of mutations
at evolutionary conserved residues in regions of docu-
mented functional importance.

For the B779G mutation, the conclusion in favor of a
disease-causing defect is supported by the recent descrip-
tion of another amino acid substitution, B779L, at the
same position in a patient of Chinese descent (Thomas
et al. 1995). These findings indicate the critical role of
Arginine at position 779 for the function of Tm 4.

In the Sardinian population we have so far detected
two common mutations 1515insT linked to haplotype
I and 2464delC associated with haplotype XVI, which
represent 6% and 13%, respectively, of the mutations
in WD chromosomes. Direct sequencing of the coding
sequence and restriction-enzyme analysis of the “Long
PCR” products of the WD gene, however, failed to de-
tect the mutation in those WD chromosomes associated
to the most common haplotype IX. This mutation,
which most likely derives from a single event occurring
in haplotype IX, may reside either in the promoter re-
gion or within introns or in a remote DNA region con-
trolling the function of the WD gene. Studies are in
progress to define this common mutation. In Sardinia,
we have so far defined the 24% of the mutations of the
WD chromosomes screened.

In the other Mediterranean populations, including
continental Italians, Turks, and Albanians, we have
identified three common mutations, His1070GIn,
2302insC, and 2533delA. The H1070Q mutation has
been previously detected in populations of eastern and
northern European ancestry, where it accounts for
~30% of the WD chromosomes (Petrukhin et al. 1993).
In all these populations, as well in the Mediterranean
one, the H1070Q mutation is associated with an identi-
cal haplotype (VIII). These findings indicate that the
H1070Q mutation is most likely the most common mo-
lecular defect of the WD gene and suggest that it arose
as a single and very ancient mutational event. The
2302insC, which was found in all the Mediterranean
populations investigated in this study, has been else-
where described in two patients, one of Italian and one
of British origin (Thomas et al. 1995). The 2302insC
resides in several haplotypes, including X, II, and other
rare ones, indicating most likely a multiple origin of the
mutation. The cytosine insertion occurred in a stretch
of six cytosine, which could be a hotspot for mutation.
The third common mutation detected in this study in
Mediterranean population is the 2533delA mutation,
which is present in all cases on haplotype XV, suggesting
it originated as a single mutational event. The 2533delA
mutation is most likely a Mediterranean-specific muta-
tion. The other mutations detected in this study from
data so far available appear to be less common and are
most likely limited to a single or a few populations.
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From the data collected so far, WD seems to result
from a limited number of frequent mutations, both com-
mon and population specific, and from a large number
of rare mutations. The characterization of the mutations
in 101 (40%) of 254 chromosomes may lead in combi-
nation with linkage analysis to improve our capability
of genetic counseling in WD families of Mediterranean
origin.
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