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Summary

Background—Type 3 von Willebrand disease (VWD) is the most severe form of the disease and
is classically inherited in an autosomal recessive fashion.

Objectives—The aim of the current study was to investigate the molecular pathogenesis of a
Canadian cohort of type 3 VWD patients.

Patients/Methods—34 families comprised of 100 individuals were investigated. Phenotypic
data, including bleeding scores (BS), von Willebrand factor (VWF) laboratory values, and anti-
VWEF inhibitor status were included as well as sequence analysis.

Results—We identified 31 different mutations (20 novel): 8 frameshift, 5 splice site, 9 nonsense,
1 gene conversion, 6 missense, and 2 partial gene deletion mutations. The majority of mutations
identified were in the propeptide (42%); index cases (IC) with these mutations exhibited more
severe bleeding (BS=22) than those with mutations elsewhere in VWF (BS=13). 62 of 68 (91%)
mutant alleles were identified. Twenty-nine IC (85%) had a VWF null genotype identified; 17
homozygous, 12 compound heterozygous. In five IC (15%), two mutant VWF alleles were not
identified to explain the type 3 VWD phenotype. In four ICs only one mutant VWF allele was
identified and in one IC no mutant VWWF alleles were identified.

Conclusions—We have investigated the molecular pathogenesis of a Canadian cohort of type 3
VWD patients. Obligate carriers are not phenotypically silent in the Canadian population; 48%
have been diagnosed with type 1 VWD. In ~50% of families in this study the inheritance pattern
for type 3 VWD is co-dominant and not recessive.
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Introduction

Von Willebrand disease (VWD) results from quantitative or qualitative deficiencies of von
Willebrand factor (VWF), a large, multimeric glycoprotein that plays a critical role in
primary and secondary hemostasis. Von Willebrand disease (VWD) is recognized as the
most common inherited bleeding disorder in humans, with symptomatic prevalence
estimates of approximately 1 in 1,000 (0.1%) [1]. Type 3 VWD is the most severe form of
the disease resulting from markedly decreased or undetectable VWF and reduced factor V1II
(FVIII) activity [2].

The prevalence of type 3 VWD varies between countries, ranging from 0.1-5.3 per million,
with increased prevalence in areas with more frequent consanguineous marriages [2].
Individuals with type 3 VWD present clinically with moderate to severe mucocutaneous
bleeding symptoms as well as muscle hematomas and hemarthroses. Classically, inheritance
of type 3 VWD follows an autosomal recessive pattern with affected individuals being
homozygous or compound heterozygous for null alleles and with obligate carriers (OC) of
the type 3 VWD mutations being phenotypically normal. More recently, however, it is
becoming clear that this is not always the case and co-dominance is observed, with OC
exhibiting low VWF levels and a bleeding diathesis. Castaman et al. (2006) showed that OC
of type 3 VWD report more bleeding symptoms than healthy controls, but are less
symptomatic than carriers of type 1 VWD [3]. A commentary written in the same issue of
the journal titled “When it comes to von Willebrand disease does 1+1=3?" further highlights
the need for additional studies looking at the differences between OC of type 3 VWD and
individuals with type 1 VWD in order for that question to be answered [4].

The majority of type 3 VWD mutations are small deletions and insertions, nonsense
mutations or other mutations, located throughout the VWF gene that interfere with VWF
synthesis and secretion [2]. This is in contrast to type 1 VWD in which the majority of
mutations are missense changes (70-75%), with only about 10-15% of mutations identified
which lead to null alleles [5-7]. There are presently 108 different reported type 3 VWD
mutations according to the International Society on Thrombosis and Haemostasis (ISTH)
SSC VWEF database (http://www.vwf.group.shef.ac.uk/, accessed May 131, 2012).

Partial and total VWF deletions have been reported previously including deletions of single
exons [8], multiple exons [9-13] and the entire VW gene [14-17]; these deletions however
only constitute approximately 10% of all reported type 3 VWD mutations (http://
www.group.shef.ac.uk/). Conventional sequencing of PCR-amplified DNA does not provide
an adequate strategy for the detection of all mutations, as partial/total deletions and large
duplications may not be apparent in the heterozygous state because the alternate normal
allele is amplified and masks the deletion or duplication present on the other allele.
Therefore, additional strategies are required in cases where no complete pathogenetic
explanation has been obtained through conventional methods. Multiplex ligation-dependant
probe amplification (MLPA) has been used recently to identify partial and large gene
deletions in VWD patients [18-20].

Identification of both mutant VWF alleles resulting in type 3 VWD has been reported in
~80-90% of cases. Importantly, the majority of type 3 VWD populations reported to date
have been homogeneous populations [12,21-24]. In contrast, the Canadian type 3 VWD
population is distinct, with areas of significant population homogeneity, as well as areas
with heterogeneous populations due to immigration in large Canadian urban centres.

In this paper we report the mutational spectrum of a cohort of Canadian type 3 VWD
patients. While a number of type 3 VWD studies have been previously reported, our report
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here of the Canadian type 3 VWD population represents one of the largest and most
thoroughly investigated cohorts of type 3 VWD patients and their family members. Our
paper also highlights distinct features of the Canadian population of type 3 VWD patients.

Patients, Materials and Methods

Patients

Eligible subjects were enrolled in the Canadian Type 3 VWD Study from the Inherited
Bleeding Disorders/Hemophilia Clinics of the Association of Hemophilia Clinic Directors of
Canada (AHCDC). Inclusion criteria included an index case (IC) with a documented history
of excessive mucocutaneous bleeding and plasma levels of VWF antigen (VWF:Ag) and/or
VWE ristocetin cofactor (VWF:RCo) < 0.05 IU/ml on at least two occasions and a factor
FVIII coagulant activity (FVI1II:C) of <0.10 IU/ml. A positive family history of bleeding was
not required for enrollment because of the recessive inheritance pattern of type 3 VWD.
When possible, samples from the IC and both parents were collected, as well as any
available siblings and/or other family members. VVenous blood samples were collected by
phlebotomy in both 3.2% sodium citrate (at a ratio of 9:1 vol/vol) and EDTA. All study
participants gave informed consent and study approval was obtained from the Research
Ethics Board of Queen’s University, Kingston, Canada and from each of the source
institutions.

Bleeding questionnaire

A standardized bleeding questionnaire was administered to IC and available family members
[25]. The occurrence, frequency and severity of various bleeding symptoms including
mucocutaneous symptoms as well as muscle hematomas and hemarthroses were assessed
using the questionnaires. Bleeding questionnaires were administered by an experienced
person and bleeding scores were generated by summing the score of all bleeding symptoms
for a given subject.

Coagulation Studies

Laboratory VWF and FVIII tests were conducted at the patients’ source clinics as per local
methods. In order to confirm the type 3 VWD diagnosis, all tests were repeated on frozen
plasma samples at the Clinical and Molecular Hemostasis Research Laboratory, Queen’s
University, Kingston, Canada. The values reported here are from the central laboratory in
Kingston.

Alloantibodies to VWF

A rare complication of type 3 VWD is the development of inhibitory antibodies to VWF
following replacement therapy (incidence of 7.5-9.5%) which can lead to ineffective
treatment and/or severe and life-threatening anaphylaxis [26]. To test for alloantibodies to
VWE in the type 3 patients (IC and type 3 VWD family members) an ELISA-based assay
was used. Briefly, plates were coated with either Humate-P®, Wilate®, or locally produced
recombinant human VWF (~0.7U/ml) and were run in parallel. The recombinant human
VWEF was produced by transient transfection into HEK293T cells and secretion into serum-
free media. Normal plasma pool (NPP) and “positive” anti-VWF antibody plasma, from an
individual with acquired VWD, were run as negative and positive controls respectively for
the anti-VWF antibody ELISA on each plate. We acknowledge that the use of an acquired
VWD patient sample as a positive control is not ideal, and a limitation of this methodology,
but we did not have access to an alloantibody positive control. Plasma samples were diluted
1:200. Anti-Human IgG peroxidase conjugate (Sigma A2290) diluted 1:5000 was used as a
secondary antibody.
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An assay negative cut off value was determined by taking the mean absorbance value plus
three standard deviations of the test samples. Any sample with absorbance values above this
cut-off were identified as inhibitor-positive and were further analyzed using mixing studies
with NPP and analysis by VWF functional assays. VWF:RCo was analyzed using a standard
agglutination test with fixed platelets. ELISA-based FVIII binding and collagen binding
assays were also conducted as per previously published methods [27,28].

DNA sequencing

Results

Patients

Blood samples from IC and available family members were collected and genomic DNA
was extracted from leukocytes using a salt-extraction method [29]. DNA analysis was
performed by direct sequencing of the VWF gene as previously reported [7], including exons
1-52 (including exon/introns boundaries and flanking intronic sequence) as well as
approximately 1.5 kb of the VW promoter region. Primer sequences are available upon
request. If a mutation was identified in an IC, an additional template was PCR amplified and
the opposite strand sequenced in order to confirm the sequence variation. All
chromatograms were reviewed by at least two experienced technologists and PCR samples
were re-run if there were any doubts in interpretation. Once a mutation was identified in an
IC then all enrolled family members were sequenced for that mutation in order to confirm
familial transmission.

IC for whom no complete pathogenic explanation could be elucidated through direct
sequencing were evaluated for partial/total gene deletions. As well, IC found to be
homozygous for a missense mutation through direct sequencing were also investigated to
rule out the possibility that the missense mutation was in ciswith a partial gene deletion.
The SALSA-MLPA VWEF assay was performed using the P011-B1 and P012-B2 VWF kit
(MRC-Holland, Amsterdam, the Netherlands) according to the manufacturer’s directions.
The amplification products were identified on the ABI 3130xI sequencer (Applied
Biosystems, Foster City, CA, USA) in the DNA Diagnostic Laboratory, Kingston General
Hospital, Kingston, ON, Canada. MLPA analysis spreadsheets (National Genetics Reference
Laboratory (NGRL), Manchester, UK) were then used to estimate the DNA dosage. Familial
transmission of an identified partial gene deletion was confirmed in available family
members by MLPA.

Thirty-five families comprised of 102 individuals were initially submitted to the study. After
phenotypic confirmation in the central laboratory, one family (one IC and one FM) was
excluded due to a FVIII level >0.10 IU/ml. Therefore, the study population includes 100
individuals: 42 type 3 VWD patients (34 I1C and 8 type 3 VWD siblings), 21 OC (defined as
either being the offspring of an individual with type 3 VWD or having offspring with type 3
VWD), 30 individuals diagnosed at their enrolling institution with type 1 VWD (19 OC and
11 siblings or other family members), and 7 unaffected family members (UFM).
Characteristics of all study participants are presented in Table 1. The majority of families are
comprised of two generations; however there are two 3-generation families and four single
IC represented in this study. The majority of IC were Caucasian (n=21, 62%), however the
remaining 1C were of a number of different ethnicities (South Asian 12%; Middle Eastern
6%; and Lebanese, Scottish/Jamaican, South American, Trinidad/Ethiopian, Asian East
Indian, West Asian, Hispanic ~ 3% each). Eighteen (53%) of the families have both
individuals diagnosed with type 1 VWD and individuals diagnosed with type 3 VWD.

J Thromb Haemost. Author manuscript; available in PMC 2014 March 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Bowman et al. Page 5

Bleeding questionnaire

Bleeding scores (BS) are reported in Table 1. The BS showed an overall inverse correlation
with plasma VWF:Ag, VWF:RCo and FVIII levels (p<0.001, Spearman’s rho = —0.746,
-0.739, and -0.721, respectively). The BS reported for the type 3 VWD patients in this
study (median BS=13: range=3-30) are similar to those reported in other type 3 VWD
populations [23,30]. Overall, the median BS were significantly different between the groups
(p<0.001, Kruskal-Wallis test), with the BS being higher in the type 3 VWD group
compared with each of the other three groups (Mann-Whitney U post hoc testing). OC of
type 3 VWD have similar BS compared to UFM (p = 0.394; median BS=1 versus median
BS=0). The OC of type 3 VWD had significantly lower median BS compared to the family
members diagnosed with type 1 VWD (p<0.001; median BS=1 compared to BS=4).

IC with mutations identified in the propeptide region of VWF (n=8) had a significantly
higher BS (median=22), compared to IC with mutations in other regions of VWF
(median=13) (p=0.012, Mann-Whitney U).

Phenotypic analyses

Table 1 summarizes the phenotypic data of all study participants. VWF:Ag, VWF:RCo and
FVIII levels were significantly different between all groups (p<0.001, one-way ANOVA
followed by Tukey’s post hoc testing). Post-hoc testing showed significant differences
between each of the groups for all parameters with the exception of FVIII levels, which
were not significantly different between OC and UFM.

Alloantibodies to VWF

The 42 type 3 patients (34 IC+ 8 type 3 VWD family members) were tested for
alloantibodies to VWF. One IC (T018) had absorbance levels greater than the assay negative
cut-off on all anti-VWF ELISA assays. When the plasma of T018 was mixed 50/50 with
NPP, VWF:RCo and FVIII binding function were restored to levels within the normal range.
However, collagen binding activity was only restored to 40% of normal upon mixing with
NPP.

Genotypic analyses

Mutations were identified in 33 (97%) IC. Sixty-two of 68 (91%) mutant alleles were
identified. Twenty-nine IC (85%) had two mutant VWF alleles identified; 17 were
homozygous, and 12 were compound heterozygous. Of note, these were not always null
mutations; three IC were homozygous for missense mutations and one 1C was compound
heterozygous for a null mutation and a missense mutation. For four 1C (12%) only one VWF
mutation was identified, all of which were null mutations. No VWF mutations were
identified in one IC.

A total of 31 different mutations (20 novel mutations) were identified, comprised of 8
frameshift, 5 splice site, 9 nonsense, 1 gene conversion, 6 missense, and 2 partial gene
deletion mutations. All VWF sequence variations identified, both putative and polymorphic,
are listed by IC in Table 2. Figure 1 shows the location of the mutations scattered throughout
the VWF gene. While mutations were identified throughout VWF, 42% of the non-splicing
mutations were located in the propeptide region. This is in contrast to only 7% of non-
splicing mutations being found in the propeptide region in the Canadian Type 1 VWD study

[71.

Four mutations (exon 18 ¢.2438dupG (p.Gly813fs), exon 30 ¢.5180 5181insTT
(p.Leul727fs), exon 43 ¢.7399C>T (p.GIn2467*), and exon 52 ¢.8418 8419insTCCC
(p-Ser2807fs)) were identified in more than one family. The most frequent mutation
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identified in this cohort was the frameshift mutation in exon 52, p.Ser2807fs, found in 12 IC
(35%), six of whom were homozygous and six heterozygous. Additionally, 14 family
members were found to be either homozygous (n=3) or heterozygous (n=11) for this
mutation. This frameshift mutation was previously identified and reported in two IC from
the Canadian type 1 VWD population [7]. The individuals with this mutation are from
Eastern Canada and can all be linked to a larger pedigree. The insertion of the four
nucleotides (TCCC) results in a frameshift, which abolishes the original stop codon and adds
16 amino acids prior to a new stop codon being created. The molecular pathogenesis of this
mutation is currently under further investigation. The Baltic founder mutation in exon 18, c.
2435delC (p.812Argfs* 31), identified in the original VWD family from the Aland Islands
[31], was not found in this population.

Missense mutations

A total of six missense mutations (19% of all mutations) were identified in this study; c.
1A>G (p.MetlVal), ¢.385C>A (p.Leul29Met), ¢.817T>C (p.Arg273Trp), ¢.1897T>C
(p.Cys633Arg), ¢.6709T>C (p.Cys2237Arg), and c.7906 A>T (p.Asn2636Tyr). Three IC
were found to be homozygous for missense mutations and had no other mutations identified
throughout VWF. The predicted impact of these mutations was examined using PolyPhen-2
and SIFT in silico programs (Table S1). These individuals were negative for partial gene
deletions.

The missense mutation p.Met1Val found in the heterozygous state in T086 replaces the
invariant initiator methionine with a valine. This substitution will inevitably result in a null
allele due to the marked suppression of VWF translation from the mutant transcript.

The missense mutation p.Arg273Trp, identified in the homozygous state in IC T141, has
been previously reported. Expression studies showed that this mutation was responsible for
the VWEF deficiencies noted in their patients and the aberrant multimer patterns observed
[32].

In IC TO76 the only mutation identified was a single homozygous nucleotide change in exon
15 resulting in an arginine residue replacing a cysteine at amino acid 633 (p.Cys633Arg).
Due to the location of this mutation in the propeptide region and the known importance of
cysteine molecules in VWF biosynthesis and the proper folding of VWEF, the molecular
pathogenesis of this mutation is currently under investigation.

A third IC (T093), was found to be homozygous for a different missense mutation which
again results in a cysteine residue being replaced by an arginine, this time at position 2237
(p.Cys2237Arg). This mutation is located in exon 38 which encodes part of the D4 domain;
the function of which is not well understood.

Partial/total gene deletions

We identified two different partial VWF deletions in two IC. One IC (T001) was identified
as being homozygous for the previously reported exon 4-5 deletion mutation (c.
221-977_532+7059del; p. Asp75_Gly178del) [13]. The deletions of exons 4 and 5 were
confirmed using the deletion-specific PCR described by Sutherland et al. (2009) and MLPA.
Two enrolled family members, a sibling and mother, diagnosed with type 1 VWD (T002 and
T156), were screened and determined to be heterozygous for this deletion. The haplotype of
these individuals was analyzed and found to be different than the common haplotype
reported in the UK population [13]. Similarly, no common haplotype was found between
individuals with the same mutations in the Canadian and European type 1 VWD studies
[6,7].
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TO058, for whom only a heterozygous frameshift mutation (p.Leul727fs) had been identified
after direct sequencing was also found to be heterozygous for a deletion of exons 19 and 20
(c.2443-?_2685+?del; p.Val815_GIn895). The deletion of exons 19 and 20 removes 81
amino acids and remains in-frame. The location of the breakpoints have yet to be
determined. Both mother and father were subsequently analyzed for this partial gene
deletion. The insertion mutation was inherited from the father (T060) and the partial gene
deletion from the mother (T059).

Gene Conversion

Gene conversions between VWF and its pseudogene have been previously reported [33].
One IC (T090) in this study was found to have a heterozygous gene conversion, a minimum
175 bp and maximum 395 bp in length, which included the nonsense mutation ¢.3931C>T
(p.GIN1311*), and the missense mutations ¢.4027A>G (p.11€1343Val), ¢.4079T>C
(p-Val1360Ala), and c.4105T>A (p.Phel369lle). Upon sequencing the family members, it
was determined that TO90 inherited the gene conversion from the father.

Phenotype-Genotype Correlations

The five individuals for whom incomplete pathogenic explanations could be elucidated had
similar VWF:Ag, VWF:RCo and FVIII levels compared to the 29 individuals for whom two
mutant VWF alleles were identified (p=ns, Mann-Whitney U testing). As well, these five IC
did not have significantly lower bleeding scores when compared to the other IC (p=0.119,
Mann-Whitney U test) (BS of the five ICs=13, 13, 18, 24, and 24).

Discussion

This report comprises one of the largest type 3 VWD studies to date, with information on 42
type 3 VWD patients from 34 different families in Canada. Type 3 VWD is classically
inherited in an autosomal recessive fashion with individuals homozygous or compound
heterozygous for null alleles. However, this is not always the case and interestingly, the
original type 3 VWD family from the Aland Islands did not exhibit recessive inheritance and
showed evidence of co-dominant inheritance. We have shown that in the Canadian type 3
VWD population as well this is not always the case, with 53% of the families reported in
this study having both type 1 VWD and type 3 VWD individuals. Many OC in this cohort
are not phenotypically silent, manifesting low VWEF levels and mucocutaneous bleeding
symptoms. The Canadian type 3 VWD population is comprised of a few homogeneous
populations with evidence of founder alleles, yet is also very heterogeneous in nature with
approximately 40% of IC from nine different ethnicities. This heterogeneity may account for
the distinct nature of this cohort.

Alloantibodies to VWF are a rare complication of type 3 VWD and are frequently associated
with homozygous large deletions [8,9,11,14-17], however a few cases of alloantibodies to
VWEF in patients with homozygous gene conversions [34] and homozygous nonsense
mutations [10,35] have also been reported. The one individual (T018) in this study that is
positive on the anti-VWF ELISA is compound heterozygous for our commonly reported
mutation, p.Ser2807fs, and the nonsense mutation p.Gln2467*. The inhibition of collagen
binding activity after mixing suggests that the alloantibody in this patient is affecting this
specific function of VWF, however further investigation is required to better define the
nature of this inhibitory influence. T018 is not on prophylactic treatment but has been
treated with Humate-P® (5000 1U) at times of nosebleeds, surgery or trauma. The patient
responds clinically to treatment and has not developed any anaphylactic reactions and/or
become refractory to replacement therapy.
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As with previous type 3 VWD studies we have identified a number of novel mutations
scattered throughout the VWF gene that result in null alleles. An important finding within
this study is the high prevalence of mutations located within the propeptide region of VWF
(42%). As well, we have shown that IC with mutations in the propeptide have higher BS
than IC with mutations in other areas of VWF. Futher Investigation of the contribution of
propeptide mutations to type 3 VWD is warranted and is under investigation by our group.

While the number of missense mutations (~19%) identified in this study is consistent with
other reported type 3 VWD populations [10] we believe the contribution of these missense
mutations warrants further investigation. Recently, other groups have begun to investigate
the contribution of missense mutations to type 3 VWD [36,37]. Investigations of the two
missense mutations that were found in the homozygous state are ongoing.

In the majority of type 3 VWD studies, pathogenic mutations are identified in 80-90% of
patients [12,21-24]. In this study we were able to identify both pathogenic mutations in 85%
of I1C (62 of 68 (91%) mutant alleles identified). In the remaining five 1C we were unable to
find two mutant VWF alleles that could explain their VWD disease state. A number of
possibilities may exist for this and warrant investigation. Pathogenic possibilities include
apparently silent sequence variations in the VWF gene located outside of consensus splice
sites that disrupt the normal VWF mRNA splicing, deep intronic mutations that may only be
identified through whole gene sequencing, and distant regulatory elements outside of VWF.

In conclusion, our study represents one of the largest and most comprehensive reports of
type 3 VWD patients and their family members. We have made important observations
regarding the contribution of mutations in the propeptide region to the type 3 VWD
phenotype including the increased severity of bleeding in these cases. As well, the
phenotype-genotype correlations made in this paper further highlight the differences
between OC of type 3 VWD and those diagnosed with type 1 VWD. We have also shown
that in the Canadian type 3 VWD population, 48% of OC of type 3 VWD are not
phenotypically silent and have been diagnosed with type 1 VWD. This Canadian type 3
VWD population further emphasizes that in a significant proportion of cases the genetic
transmission of the VWD phenotype is co-dominant in nature and not recessive.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Propeptide mutations D3,A1-A3 mutations B1-3,C1,C2,.CK
p.Asp75_Gly178del p.Arg373* p.GIn1311* mutations
p.Leu129Met p.GIn419* p.lle1343Val Gene p.GIn2467*

* . 3 . 1G>
D ars D Cirsed Sersgodelinsarg P VaI1360Ala [conversion cga;g;gﬁ_l';r
p-Arg273Trp p.Cys584_Ser589delinsArg |, pheq369ile P
c.874+5G>A p.Cys633Arg p.Arg1313* p.Arg2681fs
p-Ser293fs p.Trp642* p:Arg1336* p.Ser2807fs
p.His1472fs
COOH
NH2
— D1 ¢ D2 {0} D3 Ha1{a2}) a3~ Da Hefif:}CHlC2 K]
Exon12 310 117 1820 2028 28 28 28323334 3530 4042 4244 4548 4952
2813
proVWF VWF Monomer
22aa 741aa 2050aa
p.Met1Val D’, D3 mutations A3-D4 mutations
S-g:;‘;fg;s p.Leu1727fs
' c.5455+2T>C
p.Valg815_GIn695del o 28A2+1GoC
p-Cys1101* p.Cys2237Arg

€.3379+1G>A

Figurel.
Figure 1 shows the location of the 31 mutations identified in this study (HGVS
nomenclature; * represents a nonsense mutation).
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