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Wilson disease (WD) is an autosomal recessive disorder caused by a defective function of the copper-transporting
ATP7B protein. This results in progressive copper overload and consequent liver, brain, and kidney damage.
Approximately 300 WD-causing mutations have been described to date. Missense mutations are largely prevalent,
while splice-site mutations are rarer. Of these, only a minority are detected in splicing consensus sequences.
Further, few splicing mutations have been studied at the RNA level. In this study we report the RNA molecular
characterization of three consensus splice-site mutations identified by DNA analysis in WD patients. One of them,
c.51+4 A — T, resides in the consensus sequence of the donor splice site of intron 1; the second, c. 2121 +3 A —» G,
occurred in position + 3 of intron 7; and the ¢.2447 +5 G — A is localized in the consensus sequence of the donor
splice site of intron 9. Analysis revealed predominantly abnormal splicing in the samples carrying mutations
compared to the normal controls. These results strongly suggest that consensus sequence splice-site mutations
result in disease by interfering with the production of the normal WD protein. Our data contribute to under-

standing the mutational spectrum that affect splicing and improve our capability in WD diagnosis.

Introduction

WILSON DISEASE (WD; MIM# 277900) is an autosomal
recessive disorder of copper transport, characterized
by decreased biliary copper excretion and reduced copper
incorporation into ceruloplasmin (Danks, 1989). The WD
gene ATP7B (MIM# 606882; GenBank L25591), which maps
on chromosome 13q14.3, has been cloned and found to en-
code a copper-transporting P-type ATPase (Bull et al., 1993;
Tanzi et al., 1993; Yamaguchi ef al., 1993). Approximately 300
disease-causing mutations have been defined to date, a large
part of which in populations of Mediterranean origin (http://
uofa-medical-genetics.org/Wilson/index.html). Missense mu-
tations are largely prevalent, while splice-site mutations are
rarer. Among them, only a minority are detected in splicing
consensus sequences. Further, only a few splicing mutations
have been studied at the RN A level (Shimizu ef al., 1995; Shah
et al., 1997; Loudianos et al., 2002; Deguti et al., 2004). In this
study, we report the characterization of the RNA transcript of
three consensus splice-site mutations identified in WD pa-
tients by DNA analysis of ATP7B gene.

Materials and Methods
Patients

The study was carried out in six unrelated WD families
of Italian origin coming predominantly from the region of
Campania. The diagnosis of WD was based on low ceru-
loplasmin and copper serum concentrations, increased uri-
nary copper excretion, and high liver copper concentration
(Table 1).

DNA analysis

Genomic DNA was extracted from peripheral lymphocytes
by standard methods. Mutation detection was performed by
single strand conformation polymorphism (SSCP) analysis of
the 21 amplified exons of the ATP7B gene (Lepori et al., 2007).
Sequencing was performed using dGTP technology and the
ABI 3100 analyzer (Applied Biosystems—Perkin-Elmer, Nor-
walk, CT) according to the manufacturer’s recommendations.
The sequence software package (version 4.2; GeneCodes, Ann
Arbor, MI) was used for sequence analysis.
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RNA ANALYSIS FOR THE DIAGNOSIS OF WILSON DISEASE 187
TABLE 2. RT-PCR PRIMERS
Primer name Sequence 5'-3' CDNA bases-exon Direction
WD-1 TGCGCAGCTCACCTGCCC —517/-500 5'UTR Forward
WD-2 GAAATCCTGTCCTCAATGGAC 242-222 Ex 2 Reverse
WD-3 TTCCCGGACCCCTGTTTGCT —162/-143 5'UTR Forward
WD-4 TCCCAGGCAGGGGTAGGCAAAG 89-68 Ex 2 Reverse
WD-5 TCCACGGGATATTATCAAAA 1842-1861 Ex 5 Forward
WD-6 CTGGCTAAACTCATGTCT 2374-2391 Ex 9 Reverse
WD-7 ATTGGCTTTCATGCTTCCC 1873-1891 Ex 6 Forward
WD-8 GACACAGGTCAGCCAACATG 2168-2187 Ex 8 Reverse
WD-9 ACCGATTACAATCCATACC 2832-2814 Ex 12 Reverse
WD-10 CAACGCTCATCACTTGGACCA 1911-1931 Ex 6 Forward
WD-11 GGTAGCTTTAATGGGCACA 2667-2649 Ex 11 Reverse

For the evaluation of the novel mutations we used the
Human Splicing Finder (HSF) (http: /www.umd.be/HSF/).

RNA analysis

To assess the pathogenicity of the detected splicing muta-
tions, we carried out RNA analysis from peripheral lympho-
cytes. Total RNA was extracted from peripheral lymphoblasts
and from normal controls (lymphoblasts and liver). RNA
extraction was performed using the Ultraspec™A Reagent
(Biotecx, Houston, TX) according to manufacturer recom-
mendations. RT-PCR was carried out with the GeneAmpRNA
PCR Core kit (Perkin Elmer, Branchburg, NJ) according to
manufacturer instructions. First round RT-PCR was per-
formed in 100 pL volumes on 300 ng of total RNA. A second
round of PCR was carried out using 2pL of the first PCR
reaction product as template and appropriate nested primers
(Table 2). In all experiments PCR-grade water was used as a
DNA-free negative control to exclude any contamination
during the PCR process. These controls contained all the
necessary components for PCR except template DNA.

The amplified products were separated on 2% agarose gel,
and the fragments were cut and purified using QIA Quick
columns (Qiagen, Hilden, Germany) gel extraction Kkits, ac-
cording to the manufacturer’s protocol. Sequencing was per-
formed as described above.

Results and Discussion
DNA analysis

Using the SSCP followed by direct sequencing, we identi-
fied three consensus splice mutations in our sample. The
c51+4 A - T, occurring in the consensus sequence of the
donor splice site of intron 1, was detected in the homozygous
state in one Italian family and in compound heterozygosity in
two more Italian families, in one associated with the
p-T1220M (c.3659 C — T) mutation and in the second with the
p-T858A mutation (Lepori et al., 2007). All families harboring
these mutations came from the same region (Campania).

The 2121 +3 A — G mutation, localized in the consensus
sequence of the donor splice site of intron 7, was detected in
the compound heterozygous state with the p.G591D (c.1772
G — A) mutation in a WD patient from the Apulia region.

The mutation ¢.2447 +5 G — A, localized in the consensus
sequence of the donor splice site of intron 9, was identified in
the homozygous state in a family with three affected siblings
and in compound heterozygosity with C72X(c.276 T — A)

mutation (Lepori ef al., 2007) in another family, both of which
from the Campania region.

In all families splice-site mutations segregated with the
disease.

A screening of 100 normal chromosomes from 50 healthy
people from Campania and Apulia failed to detect these
consensus splice-site mutations.

Using the HSF (http: /www.umd.be/HSF/) program, we
evaluated the novel mutations.

The mutation ¢.2447 +5 G — A resulted in the creation of
two exonic splicing enhancer (ESE) motifs (SC35 and 9GS8),
while a Sironi splicing silencer motif (motif 2) (Sironi et al.,
2004) site was destroyed. The existing donor splice site was
also weakened by 12.31%.

The mutation ¢.2121+3 A — G in intron 7 resulted in the
creation of one ESE motif (SRp55), while three predicted pu-
tative exonic splicing silencer (PESS) octamer silencer sites were
broken. Additionally, a Sironi Motifl silencer site was created,
and hnRNPA1, which is a modulator of splice-site selection,
had its site weakened by 3.91% (Pozzoli and Sironi, 2005). The
existing donor splice site was also weakened by 1.47%.

The mutation c.51 4+ 4A > G located in intron 1 resulted in
the destruction of two predicted PESS octamer silencer sites
(Zhang and Chasin, 2004). Additionally, a Sironi Motifl si-
lencer site was created, while a Sironi Motif2 silencer site
showed a gain of function by 26.26% and hnRNPA1 had its
site weakened by 4.11%. The existing donor splice site was
weakened by 9.55%.

RNA analysis

RNA studies were performed on total RNA extracted from
peripheral lymphocytes, the only easily accessible cells, as liver
biopsies were not available. Illegitimate transcription (Chelly
et al., 1989) results in the presence of transcripts in these cells,
albeit often in low amounts, thus allowing RNA studies by RT-
PCR method. Using an RT-PCR method and appropriate pairs
of primers, we characterized the RNA products for each de-
tected mutation. The presence of contamination was excluded
in all experiments; no RT-PCR products were observed in the
negative control (data not shown).

c.51+4 T— A. Characterization of the effect of the
c.51+4 T — A substitution on mRNA was carried out in a
homozygote and in two compound heterozygotes for this
mutation and the p.T1220M (c.3659 C — T) mutation, both
of the heterozygous subjects were of Italian origin. Gel
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FIG. 1. RT-PCR analysis of  [A
the 51+ 4 AT substitution. (A)
Genomic structure of the ana-
lyzed region of exon 1. Pri-
mers used for RNA studies are
WD1, WD3, WD4, and WD2.
Arrow indicates the intronic
position of the T — A substi-
tution. In bold is the gt cryptic B
donor splice site at the 370 nt
position and the STOP codon
at the 87 aa position. (B) Gel
electrophoresis of nested PCR
fragments obtained using
WD1 and WD2 for the first
PCR and WD3 and WD4 for
the nested PCR from one ho-
mozygote (H), two heterozy-
gote (Ht) patients, and normal
controls from lymphocytes
(Ly) and liver tissue (Li). RT-

VCF.87aa
5 UTR Exi

dX H Ht

wo1 wps Ins369bpint
s — '

- - - — ] otgtgtttt...tga...atcgaggtectg ... tittag |

Ht Ly Li

wD2

Cc
Ht Ly

PCR products from normal controls and heterozygotes show only the normal 89 bp band. RT-PCR products from the
homozygote show only an abnormal 458 bp band resulting from the insertion of a 369 bp intronic sequence. (C) Gel elec-
trophoresis of the nested PCR fragments (using primers WD3 and WD2 from the first round PCR and WD3 and WD4 for the
nested PCR) from the same subjects and a normal control from lymphocytes. RT-PCR products from normal controls and
heterozygotes show only the normal 89 bp band. RT-PCR products from the homozygote show in addition to the normal

89bp band also the abnormal 458 bp spliced product.

electrophoresis of RT-PCR products amplified using for the
first-round PCR primers WD1 and WD2 and for the nested
PCR WD3 sense primer and WD4 antisense primer (mapping
in the 5 untranslated region [UTR] and in exon 2, respec-
tively) showed an abnormal band of 458 bp in the homozy-
gous sample and an 89 bp normal band in both heterozygotes
for the ¢.51+4 A — T and normal controls. (Table 2 and Fig.
1A, B). However, when first round PCR was performed using
the WD3 and WD2 primers, and the nested PCR using WD3
and WD4 primers, the RT-PCR product from the normal
controls and heterozygotes showed the same electrophoretic
pattern as reported above (the 89 bp band), while the RT-PCR
product from the homozygote, in addition to the abnormal
458 bp band, also showed the normal 89 bp band (Table 2 and
Fig. 1A, Q).

Sequence analysis of the abnormal PCR product revealed
the presence of a 369 bp insertion from intron 1 resulting from
the use of a cryptic GT donor splice site at the nucleotide
position 370 of intron 1. The predicted amino acid sequence
contained 20 amino acids coded by exon 1 followed by 88
amino acids and a STOP codon coded by the inserted intron
sequence, and hence the protein is most likely not functional
(Fig. 1A). Based on these data, we speculate that in the case of
the homozygous sample, this discrepancy can be explained by
the fact that nested PCR was carried out on a first-round PCR
product obtained using a sense primer spanning positions
from —517 to —499 in the 5" UTR region of the ATP7B gene. In
this way, only RNA transcripts initiating upstream of this
region could be amplified (Loudianos et al., 1999). In our case,
these transcripts contained only the abnormal product. The
second nested PCR was carried out using a first PCR product
obtained using a sense primer spanning nt positions from 1 to
20 and probably amplifying additional RNA transcripts such
as those previously described as initiating at positions —335,
—284, —256, and —204 (Nanji et al., 1997; Oh et al., 1999) and

containing both normal and abnormal products. The normal
transcript is present in a larger amount compared to the ab-
normal one, most likely because short transcripts are prefer-
entially amplified at the expense of the longer transcript
resulting from the insertion of a 369bp intronic sequence.
Alternatively, it could be the effect of nonsense-mediated
decay because the intron retention results in a STOP codon
(Dietz, 1997). Only normal PCR products were present in
the samples heterozygous for ¢.51 +4 T — A even though the
splice-site mutation occurs on the same haplotype in both the
homozygous and heterozygous individuals. The same results
were observed in a previous study (Deguti et al., 2004), in-
ducing the authors to consider the ¢.51 +4 T — A substitution
“potential splicing mutation not resulting in an alternatively
spliced product by RT-PCR analysis.” Analog observations
were carried out during RNA analysis of another mutation,
¢.2731-2 A - G, occurring in the invariant AG acceptor splice
site of exon 12 and detected in both homozygosity and het-
erozygosity (Shah et al., 1997). In this case, RNA studies de-
tected only the abnormal splicing product in the homozygous
sample. These data could be due to the fact that an in trans
competition for transcription factors occurs and the wild-type
sequence is greatly preferred to the mutant sequence. Alter-
natively, in heterozygous individuals, the chromosome with
the splice-site mutation may harbor additional polymor-
phisms that reduce the efficiency of the cryptic splice-site se-
quences so that intron retention is not favored (Shah et al.,
1997). No detailed clinical documentation was available from
the homozygote for ¢.51+4 A —T. The only information
obtained is that disease presentation was at the age of 41 years
with hemolytic anemia due to liver failure. He underwent
orthotopic liver transplantation. Pathologic findings of the
resected patient’s liver tissues and increased liver copper
concentrations in combination with biochemical tests estab-
lished the diagnosis of WD. Patient 1, a compound hetero-
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A
WD-5  WD-7 WD-8 WD-6
— — ol il hill
--- H HA lotata 71 /- —--1 FIG.2. RT-PCR analysis of
matic representation of the
analyzed genomic region. An
Lymphocytes arrow shows the position of

the mutation. Primers are
WD5 and WD in the first
round and WD7 and WD8 in
the nested PCR. (B) Gel elec-
trophoresis of nested PCR
products, in analyzed mem-
bers of the family. Sample
from the proband (WD) and
mother (M) presents both the
314 bp full-length and the

139 bp spliced of exon 7 band. Both are heterozygotes for the 2121 + 3 A — G mutation. Father (F) only presents the full-length

band. HD, heteroduplex.

zygote for ¢.51+4 A —» T and p.T858A mutation, presented
neurological manifestation at the age of 17 years (Table 1).
Two sibling compound heterozygotes for ¢.51+4 A — T and
p- T1220M mutations, asymptomatic, were diagnosed after
coincidental findings of elevated aminotransferase activity
was detected in patient 2 and by DNA family screening in
patient 3 at the ages of 6, 7/12 years and 2, 5/12 years, re-
spectively (Table 1).

The 51+4 A —» T was already detected in two different
populations (Deguti et al., 2004; Margarit ef al., 2005). In one
case the analyzed RNA did not show abnormal bands (Deguti
et al., 2004). In the second case the mutation was found in
heterozygosity in a WD patient of Spanish origin. Because it
was also found in 13% of chromosomes in a normal popula-
tion, it was considered a normal variant. According to recent

information obtained (E. Margarit, personal communication)
51+4 A - T mutation was found only on WD chromosome
and not in the normal population. The detection in normal
chromosomes reported was the result of misinterpretation of
SSCP patterns obtained during the screening of normal con-
trols (E. Margarit, personal communication). In our cases,
51+4 A - T was detected only on WD chromosomes in pa-
tients diagnosed on the basis of clinical and biochemical data to
be affected by WD; it segregates with the disease within the
analyzed families and was absent in the control population.

c.2121+3 A— G. RNA analysis for 2121 +3 A — G was
carried out in the proband and both parents. Agarose gel
electrophoresis of the nested PCR products using the sense
primer localized on exon 5 and the antisense primer localized

WD10 FIG. 3. RT-PCR analysis of
— WD11 the 2447 +5 G —» A mutation.
WD7 — WDg (A) Schematic representation
— i .« of the analyzed genomic re-
- - — /A | 7 LA atgagee /4] /4] /4] }--4 gion. An arrow shows the
position of the mutation. Pri-
Ex 6 Ex7 Ex 8 Fx9 Ex 10 Ex 11 Ex 12 mers used are WD7 and WD9
in the first round PCR and
WD10 and WD11 in the nes-
®X H H Ht Ly L ted PCR. (B) Gel electropho-
resis of nested PCR products
from two homozygotes (H),
one heterozygote (Ht), and the
NSB

normal control from lympho-

757 bp (full lenght)

-
| 523bp(-Ex8)

8 g 1D

—— 257 bp (-Ex7,8,9)
+—— 220 bp (- Ex 7,8, 10}

cytes (Ly) and from liver tis-
sue (Li). Both normal controls
present two bands: a 757 bp
band (not well visible in sam-
ple 4) corresponding to the
full-length product and a

523 bp band corresponding to
a transcript lacking exon 8.
Control from lymphocytes

also shows a 220 bp band that corresponds to a skipped transcript of exons 7, 8, and 10, in addition to the 757 and 523 bp
bands. RT-PCR products from two homozygotes show only a 257 bp band that corresponds to transcript that skips exons 7, 8,
and 9. RT-PCR products from heterozygote show both the 220 and 257 bp bands. NSB, nonspecific band; HD, heteroduplex.
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on exon 8 showed a full-length major product in all family
members and a minor product in the proband and the mother:
both carriers of the 2121 + 3 A — G mutation (Table 2 and Fig.
2A, B). Sequence analysis of the minor product revealed
skipping of exon 7, which creates a frameshift at codon 664,
resulting in a truncated, nonfunctional protein.

The patient with 2121 43 A — G/p.G591D mutations is an
asymptomatic WD patient in whom low ceruloplasmin and
serum copper levels, increased urine copper, and liver biopsy
and increased liver copper content established the clinical
diagnosis of WD.

€.2447 +5 G —> A. RNA analysis for the ¢.2447+5G - A
mutation was carried out in two homozygotes from one
family as well as in a compound heterozygote c.2447 +5
G- A/p.C72x(c.276 T — A) from another family. Agarose
gel electrophoresis of the nested PCR products obtained using
the WD-10 sense primer localized on exon 6, and the WD-11
antisense primer mapping on exon 11 showed a major prod-
uct of 757 bp in both normal liver cells and in a small amount
of normal lymphocytes (Table 2 and Fig. 3A). Sequence
analysis revealed that the 757 bp band corresponds to the full-
length fragment. A second transcript of 523 bp was detected
only in normal controls and in a very small amount (barely
visible) in the lymphocytes of heterozygotes for c.2447 +5
G — A mutation that by sequencing was found to correspond
to a transcript with an in frame deletion of exon 8. A third
transcript of 257 bp was present only in both the homozygotes
and compound heterozygotes for the mutation and resulted,
by sequence analysis, to correspond to a transcript with the in
frame deletion of exons 7, 8, and 9 (Fig. 3B). Another PCR
product of 220bp, which was present only in both the het-
erozygotes for c.2447 +5 G — A and normal lymphocytes,
corresponds to a transcript with the deletion of exons 7, 8, and
10. Similar data have already been described in previous re-
ports, suggesting that alternative splicing of the ATP7B gene
is present and differentially regulated in normal tissues (Pet-
rukhin ef al., 1994; Thomas et al., 1995; Loudianos et al., 2002).
The presence of a consistent amount of normal transcript in
the normal liver as compared with the lymphocytes (Fig. 2B)
suggests that besides the presence of the two abnormal
splicing products, for the normal controls, in the liver there is
a different regulatory mechanism that permits the production
of sufficient amounts of normal transcripts, thus maintaining
the liver copper balance (Loudianos et al., 2002).

The abnormal transcript of 257 bp corresponding to a tran-
script with the in frame deletion of exons 7, 8, and 9 RNAs was
present only in both the homozygotes and compound hetero-
zygote RNAs but not in normal controls. The existence of this
additional alternative transcript produced by the c.2447 +5
G — A substitution may result in an imbalance in the relevant
protein isoforms normally present and probably in alterations
of cell biochemistry resulting in the disease phenotype (Pagani
and Baralle, 2004). These data suggest that the c.2447 +5
G — A substitution results in the prevalent production of an
exon 7, 8, and 9-lacking mRNA producing a protein lacking
Tm1-Tm4 regions that is predicted to be functionless (Fig. 3B).
Clinical data were available from three homozygotes siblings
of one analyzed family and the compound heterozygote pa-
tient from the second family. Two subjects were diagnosed as
WD patients at the age of 6 and 4 years, respectively, after

LOVICU ET AL.

coincidental findings of elevated aminotransferase activity
(Table 1). WD diagnosis was carried out in their 1-year-old
sibling using DNA sequence-based family screening. Similarly,
the compound heterozygote patient from the second family
was diagnosed at the age of 26 years after coincidental finding
of elevated aminotransferase activity.

Because of the limited number of clinical observations re-
ported and the presence of compound heterozygosity in the
analyzed cases, these data do not allow genotype-phenotype
considerations.

The results of this study are obtained from illegitimate
transcriptional products of peripheral lymphocytes rather
than on liver RNA. Nevertheless, they suggest that mutations
residing in the consensus sequence of ATP7B gene splice sites
are disease causing probably by interfering with the produc-
tion of the normal protein. Documentation of pathogenic
mutations is important for the accurate diagnosis of WD, and
it will be pertinent to screen for the presence of these novel
mutations in a larger population group from southern Italy.

Acknowledgments

This work was supported by grants from Assessorato Ig-
iene e Sanita Regione Sardegna-L.R. (11.30.04.1990) and pro-
gramma di Educazione Sanitaria (DGR 1380/98-60% and
40%-97) to Antonio Cao.

Disclosure Statement

There is no conflict of interest, real or perceived.

References

Bull PC, Thomas GR, Rommens JM, et al. (1993) The Wilson
disease gene is a putative copper transporting P-type ATPase
similar to the Menkes gene. Nat Genet 5:327-335.

Chelly J, Concordet JP, Kaplan JC, Kahn A (1989) Illegitimate
transcription: transcription of any gene in any cell type. Proc
Natl Acad Sci USA 86:2167-2621.

Danks DM (1989) Disorders of copper transport. In: Scriver CR,
Beaudet AL, Sly WS, Valle D (eds) The Metabolic Basis of
Inherited Diseases, volume 1, 6th edition. Mac Graw-Hill,
New York, pp 1416-1422.

Deguti MB, Genschel J, Cancado ELR, ef al. (2004) Wilson dis-
ease: novel mutations in the ATP7B gene and clinical corre-
lation in Brasilian patients. Hum Mutat 23:398.

Dietz HC (1997) Nonsense mutations and altered spice-site se-
lection. Am J Hum Genet 60:729-730.

Lepori MB, Lovicu M, Dessi V, et al. (2007) Twenty-four novel
mutations in Wilson disease patients of predominantly Italian
origin. Genet Test 11:328-332.

Loudianos G, Dessi V, Lovicu M, et al. (1999) Molecular char-
acterization of Wilson disease in the Sardinian population—
evidence of a founder effect. Hum Mutat 14:294-303.

Loudianos G, Lovicu M, Dessi V, et al. (2002) Abnormal splicing
resulting from consensus sequence splicing mutations of
ATP7B. Hum Mutat 20:260-266.

Margarit E, Bach V, Gomez D, et al. (2005) Mutation analysis of
Wilson disease in the Spanish population. Identification of a
prevalent substitution and eight novel mutations in the ATP7B
gene. Clin Genet 68:61-68.

Nanji MS, Nguyen VTT, Kawasoe JH, et al. (1997) Haplotype and
mutation analysis in Japanese patients with Wilson disease.

Am T Hum Genet 98:1423-1429.



RNA ANALYSIS FOR THE DIAGNOSIS OF WILSON DISEASE

Oh WJ, Kim EK, Park KD, ef al. (1999) Cloning and character-
ization of the promoter region of the Wilson disease gene.
Biochem Biophys Res Commun 259:206-211.

Pagani F, Baralle FE (2004) Genomic variants in exons and in-
trons: identifying the splicing spoilers. Nat Rev 5:390-396.
Petrukhin K, Lutsenko S, Chernov I, et al. (1994) Characteriza-
tion of the Wilson disease gene encoding a P-type copper
transporting ATPase: genomic organization, alternative splic-
ing, and structure/function predictions. Hum Mol Gepet

3:1647-1656.

Pozzoli U, Sironi M (2005) Silencers regulate both constitutive
and alternative splicing events in mammals. Cell Mol Life Sci
62:1579-1604.

Shah AB, Chernov I, Zhang HT, et al. (1997) Identification and
analysis of mutations in the Wilson disease gene (ATP7B):
population frequencies, genotype-phenotype correlation and
functional analyses. Am I Hum Genet 61:317-328.

Shimizu N, Kawase C, Nakazono H, et al. (1995) A novel RNA
splicing mutation in Japanese patients with Wilson disease.
Biochem Biophys Res Commun 217:16-20.

Sironi M, Menozzi G, Riva L, et al. (2004) Silencer elements as
possible inhibitors of pseudoexon splicing. Nucleic Acids Res
32:1783-1791.

191

Tanzi RE, Petrukhin K, Chernov I, et al. (1993) The Wilson dis-
ease gene is a copper transporting ATPase with homology to
the Menkes disease gene. Nat Genet 5:344-550.

Thomas RT, Jennson O, Gudmundsson G, et al. (1995) Wilson
disease in Iceland: a clinical and genetic study. Am ] Hum
Genet 56:1140-1146.

Yamaguchi Y, Heiny ME, Gitlin JD (1993) Isolation and char-
acterization of a human liver cDNA as a candidate gene for
Wilson disease. Rigshoiieiioiliitanaoeteaiiaag 107:271-277.

Zhang XH, Chasin LA (2004) Computational definition of se-
quence motifs governing constitutive exon splicing. Genes
Dev 18:1241-1250.

Address reprint requests to:
Georgios Loudianos, M.D.
Ospedale Regionale Microcitemie
ASL 8, Cagliari

Via Jenner s/n

09121 Cagliari

Italy

E-mail: gloudian@mcweb.unica.it






