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Hereditary hemorrhagic telangiectasia is an autoso-
mal dominant disease caused by mutations in the
ACVRLI and ENG genes characterized by arterio-ve-
nous malformations and telangiectases. Over 700 mu-
tations have been described in these two genes, and
missense mutations are common. We describe 10
cases in which more than one potentially pathogenic
mutation was identified. We report that 8 novel mis-
sense mutations, as well as previously reported
pathogenic missense mutations, were seen in combi-
nation with a second mutation, which raises ques-
tions with regards to their respective pathogenicity.
Our data and discussion indicate the challenges of
classifying missense mutations as pathogenic or be-
nign and the value of co-segregation studies, as well
as suggest that there may be hereditary hemorrhagic
telangiectasia gene mutations that have only mild
phenotypic effects. We present evidence to suggest
that four missense mutations (ENG p.G331S, ENG
p-L8P, ENG p.P452L and ACVRL1 p.C344R) are patho-
genic, two novel mutations (ACVRLI p.A311T and
ENG p.S576G) are neutral, and two previously re-
ported disease-causing mutations are benign or have
suspected benign variants ACVRLI p.A482V and ENG
P.V504M). We conclude that for the purpose of estab-
lishing a causative hereditary hemorrhagic telangiec-
tasia mutation in a family proband, all exons and
intron/exon borders of both genes should be se-
quenced and deletion/duplication analysis should be
performed unless a mutation that is well-proven to be
pathogenic is identified. (7 Mol Diagn 2009, 11:569-575;
DOI: 10.2353/jmoldx.2009.080148)

Telangiectases and arteriovenous malformations (AVMs)
are the characteristic phenotypic manifestations of he-
reditary hemorrhagic telangiectasia (HHT), a heteroge-
neous autosomal dominant disorder. Recurring nosebleeds
are the most common complication of telangiectases in
patients with HHT, but can be mild and infrequent when
they begin, typically in late childhood or early teens.’
AVMs that occur in the lungs, brain, or gastrointestinal
tract are usually congenital lesions and can cause sud-
den, life-threatening complications secondary to either
hemorrhage or the shunting of blood through these ab-
normal blood vessels. Oral and dermal telangiectasia,
which can be seen by careful examination, often do not
appear until the third or fourth decade of life. Although the
penetrance approaches 100% by age 40, clinical expres-
sion is extremely variable and age-dependent, making
HHT often a difficult diagnosis to make based on clinical
examination alone.? Yet all patients with HHT should be
screened for internal AVMs, which can usually be effec-
tively removed or permanently occluded. To allow for
early diagnosis and prevention of severe complications in
HHT families, determination of the family’s disease caus-
ing mutation is important.

Five molecular subtypes of HHT have been described
to date and cannot be distinguished on a clinical basis.
Although AVMs in certain organs have been shown to be
relatively more common in one molecular type versus
another (i.e., pulmonary AVMs are more common in HHT1
and hepatic AVMs more common in HHT2), the gene
involved cannot be reliable predicted based on clinical
presentation.®> HHT1 is caused by mutations in the En-
doglin gene (9933-g34.1)* and HHT2 by mutations in the
ACVRL1 gene (12g11-q14).° Detectable mutations in
these two genes account for approximately 85% of the
HHT cases reported.®” Two HHT families have been
published that show linkage to 5931.3-32 (HHT3)® and
chromosome 7p14 (HHT4).® Mutations in SMAD4 cause a
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combined syndrome of HHT and juvenile polyposis, but
probably represent less than 3% of families diagnosed
with HHT."© It is unknown whether additional loci for HHT
exist and there is little data regarding possible regulatory
region mutations for the ACVRLT and ENG genes.

Clinical molecular genetic testing for SMAD4 has only
recently become available and mutation analysis for
HHT3 and HHT4 is not possible until specific genes are
identified. Sequence analysis to look for mutations in the
ENG and ACVRL1T has been clinically available since
2003. There are no common mutations in these two
genes, the majority of mutations identified in family pro-
bands are novel, and de novo mutations are rare. Al-
though a dominant-negative mechanism is not ruled out
for all mutations, evidence suggests that haploinsuffi-
ciency is the main mechanism leading to HHT.? No af-
fected individual has been reported to date with two
deleterious mutations. In ENG, approximately 15% of se-
quence variants are nonsense, 38% are small deletions/
duplications, 7% are large deletions/duplications, 12%
are splice site mutations, and 27% are missense muta-
tions. In ACVRL1 approximately 15% are nonsense, 14%
are small deletions/duplications, 7% are large deletions/
duplications, 2% are splice site mutations, and 62% are
missense mutations.” Thus, a significant percentage of
the sequence variants/mutations identified in affected
family probands are novel and missense.®”""

Here we describe ten cases in which two possibly
pathogenic mutations were detected in either ACVRLT or
ENG in families with HHT clinically confirmed according
to published criteria.’® These cases demonstrate the
challenge clinical labs face when interpreting the signif-
icance of missense mutations, including the limitations in
the clinical laboratory setting of prediction programs,
such as SIFT and PolyPhen. Our analysis suggests that
previously published assumptions regarding the effect of
some missense mutations are incorrect or uncertain.

Materials and Methods

Since 2004 individuals from approximately 400 families
have had molecular diagnostic testing for HHT at Associ-
ated Regional and University Pathologists Laboratories.
Coding regions, exon-intron boundaries, and parts of the
untranslated regions of both ENG and ACVRLT genes were
sequenced bidirectionally. Our general approach to the
evaluation of the clinical significance of missense mutations
has been previously reported’® and is in accordance with
recently published American College of Medical Genetics
guidelines.™ Coding regions and exon/intron boundaries of
both genes were sequenced in 100 healthy individuals to
help interpret novel sequence changes found in our labo-
ratory. None of the mutations listed in this study were found
in 100 healthy controls. A missense mutation is initially clas-
sified as of uncertain significance if it has not been previ-
ously reported in more than one HHT family in our labora-
tory, the published literature and/or the International HHT
Mutation Database (hhtmutation.org). Multiplex ligation-de-
pendent probe amplification analysis of both genes is per-
formed using the MRC-Holland (Amsterdam, the Nether-

lands) kit according to manufacturer’s instructions to rule
out a large deletion or duplication. As is recommended by
the American College of Medical Genetics, family co-seg-
regation studies are offered at no charge to families in which
novel missense mutations, or other mutations considered to
be of uncertain clinical significance, are identified. Family
co-segregation studies are accomplished using an Institu-
tional Review Board approved protocol (#12259) at the
University of Utah. Effort is made to include the most distant
affected relative(s) possible to increase the power of the
co-segregation study. Lastly, prediction programs, SIFT,
and PolyPhen,'®'® are consulted to aide in the assessment
of the amino acid substitution effect. Exon Splice Enhancer
(ESE 3.0) Finder was used to evaluate splice site alterations.

Results

Mutation results for ten cases and our interpretation of the
clinical significance are shown in Table 1. Figure 1 shows
mutation results with clinical findings in the ten cases and
family members. Co-segregation information is detailed
in the text below.

Case 1

The proband (lI-1) was reported to have epistaxis, pul-
monary AVM, and a first degree relative with HHT. The
two mutations identified were p.G331S in ENG and
p.A311T in ACVRL1. The ENG mutation had been re-
ported twice previously as deleterious, and the ACVRL1
mutation is novel. The ENG mutation was present in the
affected father, whereas the ACVRLT mutation was found
in the unaffected mother.

Case 2

This proband (II-1) was reported to have epistaxis, telan-
giectases, and a pulmonary AVM. Two mutations were
detected that had previously been classified as deleteri-
ous, p.G331S in ENG and p.A482V in ACVRL1. No family
members were available for segregation studies.

Case 3

The proband (lll-1) was 11 years of age and reported to
have longstanding epistaxis (approximately 3 to 4 times
per week), one equivocal telangiectasia and a father
affected with HHT who was unavailable for molecular
study. A previously reported mutation in ENG (p.R571H)
and a previously unreported mutation in ACVRLT (p.H87D)
were detected in the proband. Samples on additional
family members were analyzed for co-segregation. Nei-
ther mutation was identified in the proband’s unaffected
mother. The ACVRLT mutation was identified in the re-
portedly affected paternal grandmother. The ENG muta-
tion was identified in the asymptomatic paternal grand-
father and the proband’s 8-year-old brother who, like the
proband, was reported to have a history of nosebleeds 3
to 4 times per week since 1 year of age.



Multiple Sequence Variants in HHT 571
JMD November 2009, Vol. 11, No. 6

Table 1. Mutation Results for Ten Cases and Our Interpretation of the Clinical Significance
Amino As
Nucleotide acid previously SIFT result Polyphen result  Co-segregation Our
Case Gene change change Effect reported References  Cis/trans (P value)  (PSIC score)  (variant found in) interpretation
1 ENG c.991G>A p.G331S Splice, Pathogenic [19] N/A NT (0.00) B (1.192) Affected father Pathogenic
missense
ACVRL1 ¢.931G>A p.A311T* Missense N/A (novel) Novel N/A T(0.14) B (0.477) Unaffected mother Benign
2 ENG c.991G>A p.G331S Splice, Pathogenic [19] N/A NT (0.00) B (1.192) Not performed Pathogenic
missense
ACVRL1 c.1445C>T p.A482V Missense Pathogenic [19, 20, 21, 22] N/A NT (0.00) B (0.853) Benign
3 ACVRL1 ¢.250C>G p.H87D  Missense N/A (novel) Novel N/A T(0.18) Prob D (2.170) Affected VUsS
grandparent
ENG c.1712G>A p.R571H Missense N/A (novel) Novel N/A NT (0.00) Poss D (1.852) Unaffected VUS
grandparent
and sib with
recurrent
epistaxis
4 ENG c.23T>C p.L8P Missense Pathogenic [21] Cis T(0.07) B (0.225) Affected father Pathogenic
ENG c.1712G>A p.R571H Missense N/A (novel) Novel Cis NT (0.00) Poss D (1.852) Affected father VUS
5 ENG c.23T>C p.L8P Missense Pathogenic [21] Cis T(0.07) B (0.225) Affected father Pathogenic
and sibling
ENG c.1712G>A p.R571H Missense N/A (novel) Novel Cis NT (0.00) Poss D (1.852) Affected father VUS
and sibling
6 ENG c.23T>C p.L8P Missense Pathogenic [21] Trans T(0.07) B (0.225) Affected nephew, Pathogenic
symptomatic
mother
ENG c.1510G>A p.V504M Missense Pathogenic [21, 23] Trans NT (0.00) B (1.154) Unaffected brother Suspected
benign
7 ENG c.726C>A p.C242X Nonsense  N/A (novel) Novel Trans N/A N/A Affected pat uncle Pathogenic
ENG Cc.674C>T p.P225L Missense N/A (novel) Novel Trans NT (0.03) Prob D (2.130) Mother with Possible mild
recurrent effect
epistaxis
8 ACVRL1T c.1355C>T p.P452L Missense Pathogenic [6,17] N/A T(0.17) Poss D (1.886) Proband Pathogenic
ENG c.1726A>G p.S576G Missense N/A (novel) Novel N/A T(0.4) PossD (1.528) Unaffected father Benign
9 ACVRL1 ¢.698C>T p.S233L Missense Pathogenic [24] N/A NT (0.00) Prob D (2.326) Not performed Suspected
Pathogenic
ENG c.593C>T p.P198L Missense N/A (novel) Novel N/A NT (0.03) Poss D (1.858) VUS
10 ACVRL1 ¢.890A>G p.H297R Missense Pathogenic [18] Unknown T (0.56) B (0.745) Unaffected 6" VUS
relative
ACVRL1 ¢.1030T>C p.C344R Missense Pathogenic [6, 3" Unknown NT (0.00) Prob D (3.925) Affected mother, Pathogenic
grandfather

For SIFT result: NT, not tolerated; T, tolerated.

PSIC: position specific independent count provides a numeric prediction score, with a higher score indicating more confidence in the prediction. B,

benign; Prob D, probably damaging; Poss D, possibly damaging.
VUS, variant uncertain significance; N/A, not applicable.

*The ESE Finder Program predicts that A311T changes a SF2/ASF binding site in the ACVRLT gene. The SR protein SF2/ASF has been initially
characterized as a splicing factor but has also been shown to mediate post-splicing activities such as mRNA export and translation. Since an
unaffected individual carries A311T, this is not likely to be a common splicing mechanism for the ACVRLT gene.

TThis is the same family.

Case 4

The proband (II-1). is reported to have epistaxis, multiple
oral and dermal telangiectases, pulmonary AVM, and a
family history of HHT. Two mutations were identified in
ENG; p.L8P, previously published as a deleterious muta-
tion, and p.R571H, previously listed in the HHT interna-
tional database in an affected individual. Study of paren-
tal samples revealed that both mutations were inherited
from the proband’s symptomatic father and are therefore
on the same chromosome (cis).

Case 5

The proband (lI-2), reported to have epistaxis, telangiec-
tases, and pulmonary AVM and a family history of HHT,

had the same two mutations in ENG as Case 4, p.L8P and
p.R571H. A family co-segregation study identified both
mutations in the proband’s affected father and sibling,
and identified neither mutation in the mother or the unaf-
fected sibling. The families are not known to be related;
however, haplotype analysis with seven STR markers
showed that these two families share at least 4 Mb
around the ENG locus (data not shown).

Case 6

The proband (II-1), reported to have characteristic telan-
giectases, pulmonary AVM, and a family history of HHT,
was determined to have two mutations in ENG: p.L8P
(also seen in cases 4 and 5) and p.V504M. Both had
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Figure 1. Pedigrees of cases studied. Individuals who were tested for mutations have their test results shown.

been previously published as deleterious mutations in

Case 7

affected individuals. Haplotype analysis using the 7 STR

markers described above showed a different pattern,
suggesting the p.L8P mutation in this patient is an
independent event. The proband’s symptomatic mother
and nephew were shown to have the p.L8P mutation
only. The reportedly unaffected brother was shown to
have p.V504M.

The proband (lI-1), a 24-year-old woman, is reported to
have epistaxis and telangiectases typical for HHT at her
age. She and her affected paternal uncle (I-1) have the
nonsense mutation p.C242X in ENG. Her clinically af-
fected father was not available for testing but is pre-
sumed to have the ENG p.C242X mutation. In addition,



the proband had a novel missense mutation p.P225L in
ENG, which was also detected in her mother (I-3). Her
mother reports longstanding spontaneous nosebleeds
that have required no medical attention but occur often at
a frequency of 1 to 3 per week. The mother has not been
examined but has no other medical or family history
suspicious for HHT.

Case 8

The proband (II-2), with epistaxis, oral and dermal telan-
giectasia, and a pulmonary AVM, was shown to have
ACVRL1 p.P452L, previously reported twice in individuals
with HHT®'” and ENG p. S576G, which was novel. The
patient’s affected mother and brother were deceased
and unavailable for study, but her unaffected father was
shown to have ENG p.S576G.

Case 9

The proband (lI-1) is reported to have epistaxis, telangi-
ectases, and a pulmonary AVM, as well as a family history
of HHT. The following mutations were identified: p.S233L
in ACVRL1 (previously published in affected individuals-
see Figure 1) and p.P198L in ENG (novel). No family
members were available for segregation studies.

Case 10

Targeted sequencing of exon 7 of ACVRL1 was per-
formed on an 11 year-old (V-1) with daily epistaxis since
p.C344R had previously been identified in his symptom-
atic mother, grandfather, aunt and also an affected sixth
degree relative. In the process of sequencing this single
exon, an additional mutation, p.H297R, was also de-
tected in exon 7 of the 11-year-old. Although p.H297R is
predicted to be tolerated or benign by SIFT and Poly-
phen, it has been previously reported in seven affected
members of a family with HHT."® We have not tested the
11-year-old’s father to distinguish paternal vs. de novo
origin of p.H297R in this 11-year-old. The father’s history
with regards to manifestations of HHT is not known.

Discussion

Our clinical laboratory has performed genetics testing for
HHT on approximately 400 probands since early 2004.
Approximately 35% of affected patients are determined
to have at least one missense mutation in either the
Endoglin or ACVRL1 gene.? We report here ten cases in
which more than one possibly deleterious mutation was
found. Functional studies could help classify these mu-
tations, but the difficulties of these studies prevent them
from being routinely used by a clinical laboratory. To help
classify mutations as either pathogenic or benign, family
co-segregation studies were performed when feasible, in
addition to a review of previous case reports and SIFT/
Polyphen analyses (Table 1). Our results allow classification
of the significance of several novel mutations and, in several
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cases, change the interpretation of the clinical significance
of mutations previously reported as pathogenic.

In Case 1, the presence of ACVRLT p.A311T in the
proband’s unaffected mother, and ENG p.G331S in the
affected father, as well as a previous published report of
p.G331S in an affected individual provide strong evi-
dence that ENG p.G331S is pathogenic and ACVRL1
p.A311T is a benign variant.® This information helped to
clarify the interpretation in Case 2, previously published
by our group, in which ENG p.G331S as well as ACVRL1
p.A482V were identified and no family samples were
available for study.'" ACVRL1 p.A482V is listed in the
HHT mutation database with the following list of cita-
tions.'®~22 Review of these papers clarifies that D’Abronzo
reports this mutation in one of 64 patients with pituitary
gland tumors who were screened for mutations in
ACVRL1.2° This patient had no symptoms or family his-
tory of HHT. Lesca®' and Schulte®® each report ACVRL1
p.A482V as the sole mutation detected in an affected
individual. But it is possible that an additional mutation
might have been identified in these cases by full gene
sequencing and/or deletion/duplication analysis.?'"22
Letteboer'® reports two unrelated affected individuals in
which ACVRLT p.A482V was found, but as in our case a
second missense mutation (ACVRLT p.P424L and ENG
p.W261R respectively) was also identified in these indi-
viduals. ENG p.W261R was reported in seven additional
probands in this paper, but ACVRLT p.P424L has been
reported only in this one case.'® This collective evidence
suggests that ACVRLT p.A482V is a benign variant.

In Case 3, the presence of ACVRLT p.H87D in the
proband’s reportedly affected grandmother and of ENG
p.R571H in the asymptomatic 60-year-old grandfather,
seemed to implicate the novel ACVRLT mutation as caus-
ing HHT in this family. But ENG p.R571H is listed as a
mutation in the HHT mutation database, without clinical
information. It also has high score from SIFT/Polyphen
analysis, which supports it being deleterious. And we
also identified ENG p.R571H in the proband’s 8-year-old
brother who is reported to have 3 to 4 nosebleeds per
week since age 1. In this case it was of note that the
proband, although suspicious for HHT, did not meet pub-
lished diagnostic criteria for HHT (Figure 1, case 3). Thus,
the reported affected individuals in this family (grand-
mother and father of proband) have been identified to
have ACVRL1 p.H87D alone, and p.H87D combined with
p.R571H, respectively. We concluded that based on this
evidence we cannot rule out ENG p.R571H as having
some deleterious effect on the protein. We currently con-
sider both mutations to be of uncertain clinical signifi-
cance for the sake of reporting and medical management
in the family.

ENG p.R571H was also seen in both Cases 4 and 5,
along with ENG p.L8P. In Case 6 ENG p.L8P was seen in
combination with ENG p.V504V and the co-segregation
study performed in family 6 helped to interpret Cases 4
and 5. First, co-segregation analysis in Cases 4 and 5
allowed confirmation that the mutations were cis-in both
families. ENG p.L8P is reported to segregate with disease
in one family by Lesca®' but the number and relatedness
of the affected family members is not mentioned.
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In Case 6, co-segregation analysis suggests that ENG
p.L8P is pathogenic and ENG p.V504M is not. This al-
lowed us to resolve that ENG p.L8P is a pathogenic
mutation in Cases 4 and 5 as well. But ENG p.V504M is
previously reported in two affected individuals by groups
doing mutation scanning only,2"2® and the reportedly
unaffected brother with ENG p.V504M in family 6 has not
been formally evaluated. We thus felt we could not rule
out a pathogenic effect for this mutation. Likewise, the
evidence does not allow a pathogenic effect to be ruled
out for ENG p.R571H, seen in Cases 3, 4, and 5.

Case 7 is the only case in this series in which one of the
two detected mutations was a nonsense mutation. What
makes this case of interest is that although the clearly
affected uncle of the proband (and by inference the
untested, affected father) also carried the nonsense mu-
tation, the proband’s 51 year-old mother also reported
having longstanding nosebleeds, sometimes as often as
3 to 4 times per week. The mother has not been exam-
ined, but reports no other manifestations of HHT or sus-
picious family history. Thus, we could not rule out the
possibility of at least a mild effect on the protein by the ENG
p.P225L missense mutation detected in both the proband
and her mother. There are not published examples of hy-
pomorphic alleles in HHT, but this case and Case 3 sug-
gests the possibility that mutations that cause subtle
protein alteration and produce mild manifestations of
HHT may exist for these genes. However, this disorder is
characterized by such significant variability in clinical
expression, even between family members with the same
mutation, that evaluating potential genotype/phenotype
associations for a particular mutation is difficult.

In Case 8, a mutation (ACVRL7 p.P452L), previously
reported twice in an affected individual was seen in com-
bination with a novel missense mutation (ENG p.S576G).
Both are predicted by SIFT to be tolerated, and by Poly-
Phen to be possibly damaging. The co-segregation study
in which we proved ENG p.S576G to be inherited from the
proband’s unaffected father allowed us to conclude that
this mutation is benign and adds evidence for the patho-
genicity of ACVRL1 p.P452L.

Case 9 is similar to Case 1 in that a novel mutation
(ENG p.P198L) was identified in combination with a pre-
viously reported missense mutation (ACVRLT p.S233L).
Co-segregation analysis has not been possible to date.
There is only one previous report of an individual with
HHT and ACVRL17 p.S233L and a large deletion or dupli-
cation was not ruled out in this case.?* Although com-
bined SIFT and Polyphen results make it more likely that
the ACVRL1T mutation causes HHT in family 9, we have
recommended a family co-segregation study to reach
sufficient certainty for the purposes of diagnostic testing
of at risk family members.

The co-segregation study strongly suggests pathoge-
nicity for p.C344R in ACVRL1 identified in Case 10. We
were able to include a quite distant affected relative in the
family co-segregation, which increased the power signif-
icantly. SIFT and Polyphen suggest that p.C344R, rather
than p.H297R is pathogenic. However, it is hard to ex-
plain seven affected individuals in one family'® with this
mutation (p.H297R) unless the mutation is either patho-

genic, or linked to a mutation that is. We were not able to
test the proband’s father (V-1) to determine whether
these mutations are on the same allele.

As a group, these cases demonstrate the limitations of
amino acid change and conservation analyses for a clin-
ical laboratory when interpreting the clinical significance
of missense mutations. SIFT and Polyphen results can be
disparate with each other as was the case for ENG
p.G331S and ACVRL1 p.H87D. They can also be in con-
flict with genetic evidence as in Cases 1, 2, and 6. Thus,
clinical laboratories should not rely solely on programs or
tools such as SIFT and Polyphen to interpret the clinical
significance of missense mutations.

The HHT Mutation Database is a helpful tool for gath-
ering previously reported cases for a particular mutation,
but users should review the cited paper(s) for details and
confirmation of mutation report. We report here 3 cases
(Cases 2, 6, and 10) in which two missense mutations,
both previously reported as pathogenic, were detected in
an affected individual. These cases argue for caution in
assigning a benign interpretation when a novel missense
mutation is found in combination with a previously re-
ported missense mutation, or assigning a pathogenic
interpretation based on one or two previous reports in
affected individuals.

These cases illustrate why molecular analysis should
not stop at mutation scanning when a single missense
mutation is found, unless evidence for disease causation
includes multiple previous reports in affected individuals
and/or co-segregation analysis with significant power.
This point was also made by a recently published report
of an infant with severe symptoms of HHT whose grand-
mother had previously been shown to have a missense
mutation in Endoglin. It was assumed to be the cause of
HHT in the family and deletion/duplication analysis was
not performed at that time. Later, when an affected new-
born was shown not to have this missense mutation pre-
viously identified in the family, analysis was done for large
gene deletions/duplications and an exon 1 deletion was
detected in both infant and grandmother.?®

Both of the common HHT genes (ACVRLT and ENG)
have high missense mutation rates and very little informa-
tion exists from functional studies about these mutations.
Currently to classify a novel missense mutation as deleteri-
ous in our laboratory, we require a co-segregation study
that provides at least an 8 to 1 likelihood ratio that the given
mutation is associated with disease in the family, in addition
to analysis of amino acid substitution severity. Particularly,
diagnostic laboratories performing reflex/sequential HHT
testing should be cautious. We believe sequential molecu-
lar testing for this disease can easily be misleading. For
diagnostic purposes, unless a mutation with a well-known
pathogenic effect is identified in a family proband, both
genes should be sequenced to completion and deletion/
duplication analysis should be also performed.
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