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Hereditary hemorrhagic telangiectasia: An overview
of diagnosis and management in the molecular era

for clinicians

Pinar Bayrak-Toydemir, MD, PhD"?, Rong Mao, MD’, Susan Lewin, MD’, and Jamie McDonald, MS, CGC>*

Hereditary hemorrhagic telangiectasia (Osler-Weber-Rendu syndrome) is a relatively common, underdiagnosed

autosomal-dominant disorder of arteriovenous malformations and telangiectases. DNA testing for hereditary

hemorrhagic telangiectasia has recently become available in North America, making presymptomatic screening

available to relatives with a positive molecular diagnosis. This now enables practitioners to prevent catastrophic

complications of undiagnosed pulmonary and CNS arteriovenous malformations and eliminates the need to

radiographically screen all at-risk relatives shown to be unaffected by molecular testing. We review the clinical

aspects of hereditary hemorrhagic telangiectasia, describe the indications, benefits, and limitations of molecular

diagnostic testing for hereditary hemorrhagic telangiectasia, and provide a molecular genetics summary to
facilitate genetic counseling before and after DNA testing for this complex disorder. Genet Med 2004:6(4):175-

191.
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Hereditary hemorrhagic telangiectasia (HHT) is a multisys-
tem vascular dysplasia characterized by solid organ arterio-
venous malformations (AVMs) as well as telangiectases of the
dermis and mucous membranes. The reported prevalence of
HHT varies but has been found to be more than 1/10,000 in
well-studied populations, making it a common genetic disor-
der.! It has a wide ethnic and geographic distribution.'-*

The external, visible signs (dermal telangiectases and fre-
quent nose bleeding) often do not manifest until the second or
third decade of life. Yet internal AVMs in the brain, spinal
cord, and lungs are thought to be largely congenital lesions and
may present suddenly and with serious complication soon af-
ter birth or at an early age.>® If recognized, the underlying
AVM is usually treatable.

Presymptomatic molecular diagnosis allows for signifi-
cantly improved care for individuals at risk for HHT. Because
the initial clinical presentation of the disorder can be a cata-
strophic pulmonary or CNS event,>#-1° presymptomatic diag-
nosis for relatives of individuals with HHT offers an opportu-
nity for prevention of serious or lethal complications.
Individuals shown to be unaffected can be spared unnecessary
and costly medical screening.
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DESCRIPTION OF HHT

HHT is a characterized by telangiectases and arteriovenous
malformations with direct artery-to-vein connections predis-
posing to shunting and hemorrhage (Fig. 1). Lesions may be
small (telangiectases) or large (AVMs) and are located nonran-
domly in the body. Telangiectases are found predominantly in
the oral and nasal mucosa, tongue, lips, nose, fingertips, and
gastrointestinal (GI) mucosa, predominantly of the stomach
and small bowel. AVMs occur mostly in the lungs, central ner-
vous system, upper gastrointestinal tract, and liver. The num-
ber and location of telangiectases and AVMs vary widely be-
tween individuals and within the same family, suggesting that
as yet unidentified epigenetic factors and/or modifying genes
have a role in their development.

To date, mutations in either one of two genes cause HHT
and account for most but not all clinical cases. Mutations can
occur in the endoglin (ENG) gene on chromosome 9, giving
rise to HHT1, or in the activin receptor like kinase 1 (ALK1)
gene on chromosome 12 causing HHT 2. Some families do not
map to either of these loci, suggesting at least one more gene
causing HHT"'! (also unpublished data, 2003).

Diagnostic criteria

HHT is diagnosed in an individual who meets three or more
of the following diagnostic criteria.'> The diagnosis is consid-
ered possible or suspected when two are present and unlikely
when fewer than two are present:

e Spontaneous, recurrent epistaxis; nocturnal nosebleeds
heighten concern for HHT
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NORMAL
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TELANGIECTASIA OR ARTERIOVENOUS MALFORMATION (AVM)

Fig. 1. Diagram of normal blood vessel (top) and telangiectasia/AVM (bottom).

e Mucocutaneous telangiectases, especially on tongue, lips,
oral cavity, fingers, and nose

e Internal AVM(s) (pulmonary, cerebral, hepatic, gastroin-
testinal, spinal)

o First degree relative with HHT according to these criteria

Physical findings
Telangiectasia

Nosebleeds are the most common, usually the earliest and
often the most troublesome aspect of HHT. As many as 95% of
affected individuals eventually experience recurrent epistaxis,
with a mean age of onset of about 12 years and mean frequency
of 18 episodes per month. Approximately one half of diag-
nosed individuals report having onset by age 10 years and 80%
to 90% by age 21 years.!? Nosebleeds are spontaneous or start
with minimal provocation and frequently occur at night. Al-
though there seems to be a general tendency for nosebleed
frequency and severity to increase with age, this is not uni-
formly the case. Many patients report no particular change in
their nosebleeds over time and some even an improve-
ment.!'41> Although nosebleeds may cause chronic anemia and
require transfusion in some patients, many do not have nose-
bleeds that are frequent or severe enough to result in medical
treatment or consultation.

Multiple telangiectases of the hands, face, and oral cavity
(Fig. 2) occur in a similar percentage of patients but the age of
onset is generally 5 to 30 years later than for epistaxis.'+!> It is
common for patients to report having first noticed telangiec-
tases in the decade of their 30s. Telangiectases in these loca-
tions are often clinically silent but can be sites of bleeding.

Telangiectases in the GI tract occur anywhere but most com-
monly in the stomach and upper duodenum. About 25% of
individuals over age 60 will have gastrointestinal bleeding, usu-
ally presenting with melena or anemia. Bleeding tends to be
slow but persistent and may increase in severity with age.'¢

Arteriovenous malformations

In contrast to the smaller telangiectases, the symptoms of
AVMs are often not secondary to hemorrhage. Symptoms
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Fig. 2. Patient with oral telangiectases.

of AVMs most often occur as a result of shunting of blood,
thrombosis, or embolus.

AVMs in the lungs are thought to be congenital but may en-
large over time.!” They occur in approximately 30% of individuals
with HHT.!®1° They may be asymptomatic for many years and
may present insidiously or dramatically with respiratory symp-
toms such as exercise intolerance, cyanosis or pulmonary hemor-
rhage, migraine headaches, polycythemia, and clubbing.20-23
However, about 30% to 40% of individuals with pulmonary
AVMs (PAVMs) will have a central nervous system presentation
with thrombotic and embolic events such as stroke, brain abscess,
or transient ischemic attacks in the presence of near normal pul-
monary arterial oxygen tension.?* Several adverse events typically
occur before the PAVM is identified as the source of the CNS
events.?> Pregnant women with untreated PAVMs are at high risk
for pulmonary hemorrhage.2¢

Central nervous system AVMs are thought to be congenital
too, and new lesions do not appear to develop after birth. Ce-
rebral AVMs (CAVMs) occur in at least 10% of individuals
with HHT'$27 and may present at any age as seizure, headache,
stroke, or intracranial hemorrhage.?82° They may present neo-
natally, in infancy, and in childhood in otherwise asymptom-
atic children® (Fig. 3). Reports to date of CAVMs in HHT are
likely to underestimate their frequency and contribution to mor-
tality in HHT as those who have a fatal intracranial hemorrhage as
the first symptom are rarely diagnosed as having HHT.

Spinal AVMs are rare, occurring in about 1% of individuals
with HHT. They may manifest as subarachnoid hemorrhage,
progressive myelopathy, radicular pain, or sphincter distur-
bance.?® They are often unsuspected, and it may take months
or years from onset of symptoms to diagnosis.

Although often clinically silent, hepatic vascular shunts can
present as high-output heart failure, portal hypertension, bili-
ary disease, and portosystemic encephalopathy.?'-3¢ Hepatic
vascular lesions include intrahepatic shunts of different types
and disseminated intraparenchymal telangiectases.>? Hepatic
involvement may be more common in women.3>3¢ [t is not yet
clear whether hepatic vascular lesions in HHT are congenital
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Fig. 3. Brain MRI showing CAVM in 9-month-old patient.

and simply present later in life or whether they develop over
time. The prevalence of hepatic involvement in HHT is un-
known but probably higher than previously recognized. In one
study hepatic vascular abnormalities were identified by multi-
detector row helical CT in 78% of consecutive HHT patients.??
Most remain asymptomatic.

AVMs have been described rarely in other locations includ-
ing coronary arteries®”-3% and vessels of eye,**° spleen,*! uri-
nary tract,*? and vagina.*?

MANAGEMENT OF HHT

Many types of specialists care for patients with HHT, thus mul-
tidisciplinary HHT specialty centers have evolved nationwide and
internationally. Although providing care in the organ system of
their expertise, HHT center clinicians are also part of a team
knowledgeable about the intricacies of HHT. Ideally, the multi-
disciplinary team includes an ENT surgeon, interventional radi-
ologist, pulmonologist, neuroradiologist, neurosurgeon, medical
geneticist, genetic counselor, cardiologist and echocardiographer,
gastroenterologist, hepatologist, and hematologist. Neurologists
and pediatricians also play a role in the team.

Individuals with HHT should receive an initial workup at
diagnosis and then preventive care and surveillance. Definitive
treatment should be provided if needed. Individuals at risk for
HHT should undergo evaluation to determine if they are af-
fected. A list of multidisciplinary specialty clinics for HHT can
be found on the web site of the HHT Foundation International
(http://www.hht.org).

Surveillance and screening

It is recommended that individuals with HHT have the
following:
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e CBC and hematocrit, to be repeated if indicated. Testing
will be more frequent in individuals with severe epistaxis
and/or GI bleeding.

e Evaluation for occult blood in stool, especially in middle-
aged adults

e Brain MRI with and without gadolinium to screen for
CAVMs once at any age?”

e Contrast echocardiography to screen for pulmonary
shunting at least once4-4¢

e If shunting is found, chest CT with 3-mm cuts is done to
characterize PAVMs.#7 PAVMs may grow in size over
time, so individuals with smaller PAVMs need to be fol-
lowed.'” Lifelong periodic surveillance for PAVMs is rec-
ommended, but frequency and method depend on age of
patient and the clinical situation. AVMs with a feeder ves-
sel of over 3 mm should be treated.*®

e Pulmonary screening recommendations in the first de-
cade are not as well defined. Contrast echocardiography is
recommended at about 10 years. Before age 10, a mini-
mum of finger oximetry in supine and sitting positions is
recommended every 1 to 2 years. (Because most PAVMs
are in the lower lobes, many individuals with PAVMs have
higher oxygen saturation when lying than when sitting
due to effect of gravity.) Oxygen saturations below 97%
should be followed with a contrast echocardiogram.'©

e Patients with evidence of pulmonary shunting by echo-
cardiogram are placed on the prophylactic antibiotic reg-
imen of the American Heart Association for prevention of
infected emboli.?4:4%-50

e Screening for liver involvement is not currently per-
formed on a routine basis in most North America HHT
clinics except by listening for bruits.

Treatment

e Mild epistaxis is best managed conservatively. Humidifi-
cation and the daily application of nasal lubricants by the
patient are often helpful. Few randomized clinical trials
have evaluated the various treatments used for nosebleeds
in HHT. Careful laser ablation may be the most effective
treatment for control of moderate nosebleeds.>"5> Most
otolaryngologists experienced with HHT recommend
avoiding electric and chemical cautery and transcatheter
embolotherapy for treatment of recurrent nosebleeds.
Otolaryngologists adept at septal dermoplasty using split
thickness skin grafts have reported good results in indi-
viduals with severe epistaxis.>?

e Skin lesions usually require no treatment, but if they bleed
or the patient wishes it for cosmetic reasons, may be
treated by laser.

e Anemia due to nosebleeds or gastrointestinal bleeding
can be controlled with oral or parenteral iron. In some
individuals, blood transfusion may be necessary.

e Gastrointestinal bleeding can be treated medically includ-
ing iron therapy, ethinyl estradiol/norethindrone, dana-
zol, and aminocaproic acid. If severe, bleeding spots can
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be localized by endoscopy or angiography, and treated by
endoscopic application of a heater probe, bicap, or laser.>*
PAVMs are safely treated using transcatheter emboliza-
tion (Fig. 4), by an interventional radiologist who regu-
larly treats HHT patients and is familiar with the risks
associated with these high-flow lesions and their treat-
ment.24*° PAVMs should be embolized before pregnancy,
but if not diagnosed early enough, can be treated during
the second trimester.>>

Techniques currently used to treat CNS AVMs include
transcatheter embolization, resection, and stereotactic ra-
diosurgery, often in combination.5%-57 The most effective
management of AVMs in children remains controversial;
however, the long-term risks of hemorrhage, neurological
deficits, or death when treated conservatively are consid-
ered unacceptable.”>¢

Symptomatic liver involvement is difficult to treat, with
embolization resulting in a high mortality due to liver
infarction.?5%5% At present, the treatment of choice is
liver transplantation.®®

Medications that interfere with normal coagulation such
as aspirin and ibuprofen should be avoided.

AP RT LUNG
POST EMBQ;

Fig. 4. Angiogram showing PAVM preembolization (A) and postembolization (B).
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PATHOGENESIS OF HHT

HHT is an autosomal-dominant disorder presently linked to
two loci. Mutations of the ENG, localized to the long arm of chro-
mosome 9 (9933-q34.1), cause HHT1 (OMIM: 187300),61-63
whereas HHT2 (OMIM: 600376) is caused by mutations of the
gene encoding activin A receptor, type II-like kinase 1 (ACVRLI;
also called activin receptor-like kinase 1, ALK1), localized on the
long arm of chromosome 12 (12q11-q14).54-% ENG has 14 exons
and occupies 30 kb,%” whereas the 10 exons of the ALK gene span
more than 15 kb of genomic DNA.68

ENG and ALKI encode receptor proteins, which are mem-
bers of the transforming growth factor-B8 (TGFB) superfam-
ily.99=7! Thus, HHT is caused by a disturbance in the TGFf3
signaling pathway. TGF@ signaling is important in the regula-
tion of many cellular processes such as proliferation, differen-
tiation, adhesion, and migration.”? However, the exact mech-
anism of how a disturbance of this pathway leads to HHT
remains unclear.

Various ligands of the TGFf3 superfamily bind to TGFf3 re-
ceptors and form a heteromeric structure. ALKI encodes a type
I TGEB receptor (TBR1, SwissProt: P37023), which is ex-
pressed in endothelial cells (ECs) and highly vascularized tis-
sues such as lung and placenta.®®737¢ Endoglin (also called
CD105, SwissProt: P17813) is a homodimeric transmembrane
glycoprotein. Its expression is high in ECs, syncytiotropho-
blasts, activated monocytes, and tissue macrophages.”>7¢ Al-
though there is some controversy, endoglin is also known as
TBRIII because of its 71% similarity to betaglycan, a TBRIII
protein.”%77

TGEFP signaling occurs through the phosphorylation of the
Gly/Ser-rich domain (GS domain) of TBRI by TBRII, which
then activates downstream signaling via phosphorylation of
Smads.®*78-81 Upon activation, Smad4 and its cell type—spe-
cific DNA binding partner move into the nucleus, and regulate
transcription of the target gene(s).8"-82 Interestingly, in a recent
article, a few families with a combined syndrome of juvenile
polyposis and HHT have been described.8? This condition is
caused by mutations in the MADH4 (SMAD4) gene, suggest-
ing the importance of different components of the TGFS sig-
naling pathway in HHT pathogenesis.

Endoglin is known to bind the heteromeric TBRI and TSRII
complex. Because binding of ENG is not necessary for the
phosphorylation or the function of the heteromeric complex,
it is suggested that ENG modulates the downstream signaling
pathway, i.e., Smad signaling.””

A fine balance between ALK1 and ALKS5, both of which are
TBRI molecules, plays an important role in angiogenesis. Al-
though TGF@ signaling is through ALKS5 in many cell types, in
ECs, both ALK1 and ALKS are utilized.8485 ALK1 is a positive
regulator of angiogenesis, whereas ALKS5 inhibits proliferation
and migration of ECs.858 ENG regulates the ALK1/ALKS5 bal-
ance by favoring ALK1 in ECs.#4-8¢ Hence, mutations in either
ENG or ALK cause similar findings.

Based on the predominance of mutations leading to prema-
ture stop codons and truncation of the ENG protein, a domi-
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nant-negative model was initially proposed as the mechanism
of disease for HHT.6777 In this model, the truncated proteins
were predicted to interfere with TGFf signaling either by bind-
ing to normal endoglin or by being secreted and sequestering
extracellular TGFf.87 Subsequently, in an expression study of a
splice site mutation leading to an inframe deletion of exon 3,
ENG expression on the surface of both endothelial cells and
monocytes was found to be 50% of controls.®® This result sug-
gests that mutant forms of ENG, when expressed, do not het-
erodimerize with wild-type or homodimerize and are probably
degraded intracelularly.®® The dominant haploinsufficiency
(or null allele) mechanism assumed from this study was sup-
ported by other independent studies.®8-°° In expression studies
with six different missense mutations, mutant proteins were
not detected at the cell surface, possibly due to misfolding of
the protein. However, when these missense mutations were
coexpressed with normal ENG, the normal and mutant pro-
teins were able to dimerize and were trafficked to the cell sur-
face.®! Similar studies with two truncation mutations yielded
discrepant results, supporting both the haploinsufficiency and
the dominant-negative mechanisms.?93

Using a novel polyclonal antibody, ALK1 protein levels were
shown to be reduced in HHT2 patients.®* In addition, some
mutations appear to result in undetectable transcript levels,
indicating they result in functionally null alleles.®%24°5 The lack
of surface expression of the mutant proteins suggests that these
mutations lead to structural alterations resulting in misfolding
and intracellular degradation of the proteins.®>96:7

In summary, although dominant-negative mechanism can-
not be ruled out for some ENG mutations, haploinsufficiency
is considered to be the main mechanism leading to HHT.

Animal models of HHT

After the identification of ALKI and ENG mutations in
HHT patients, several research groups established HHT mod-
els by gene targeting in mice and zebrafish.

Complete absence of the endoglin gene in the mouse (Eng™'™)
is embryonic lethal due to profound cardiovascular defects in the
yolk sac vasculature.”® The early steps of vessel formation appear
normal in these mice, suggesting that endoglin has a role in angio-
genesis rather than vasculogenesis.®228-10 [n heterozygous mice
(Eng™’™), development of disease manifestations depends on the
genetic background of the mouse, suggesting the role of modifier
genes. When present, HHT symptoms show age-dependent man-
ifestations and variable expression. Lack of clinical symptoms in
heterozygous mice followed for more than a year suggests a mu-
tant endoglin allele is apparently necessary but not sufficient to
cause disease.

Although the targeted disruption of Alkl in mouse
(Alk17'7) is embryonic lethal, death occurs at a later stage
compared to Eng~'~ mice. The Alk1 ™'~ mice exhibit defective
endothelial remodeling. Heterozygous mice (AlkI™'™) mani-
fest symptoms similar to those seen in HHT patients.!01-102

The knock-in Alkl model showed that the Alkl protein is
preferentially expressed in the endothelium of arteries in early
embryogenesis and throughout development.!03 AlkI expres-
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sion was diminished in blood vessels of the adult mice, but was
induced in the neovascular endothelium during wound heal-
ing, tumor growth, and in the arteries corresponding to in-
creased blood flow.

Recently, zebrafish models of HHT with Eng and Alkl mu-
tations have been generated that further support that HHT is
caused by the haploinsufficiency of either Eng or AlkI
genes.104,105

Human ENG mutations

To date, 114 different mutations in the ENG gene have been
reported (Table 1). Only 16 of these mutations were reported
in more than one family (14.03%). There are 24 missense mu-
tations (21.05%), 13 nonsense mutations (11.40%), 39 small
(< 40 bp) deletions (34.22%), 6 large (>100 bp) deletions,
insertions or duplications (5.26%), 15 small insertions
(13.16%), 14 splice site mutations (12.28%), and 3 small dele-
tions/insertions (2.63%). The distribution of these mutations
in the gene is shown in Fig. 5. These mutations are spread over
the first 12 exons and there is no mutation “hot spot.” The
g.IVS+1G>A and ¢.1238G>T mutations, which seem to be
frequent, have all been found in the small islands of the Neth-
erlands Antilles with a reported HHT prevalence of at least
1/1300." This is thought to be the result of a “founder effect,”
with these mutations having been introduced into the African
slave population by early Dutch colonists.!¢

Human ALK1 mutations

Of the 80 different ALKI mutations reported to date there
are 44 missense mutations (55%), 16 deletions (20%), 9 non-
sense mutations (11.25%), 7 insertions (8.75%), one duplica-
tion (1.25%), one insertion/deletion (1.25%), one insertion/
deletion/ missense mutation (1.25%), and one splice site
mutation (1.25%) (Table 2, Fig. 6). Only 20 of these mutations
have been reported in more than one family (25%). In general,
ALK]I mutations are distributed over the entire coding region,
with exons 3, 7, and 8 being most frequently affected (20%,
22.5%, and 25%, respectively; Table 2). Although the
c.1111_1112insG mutation was observed in 18 patients not
known to be related, they were all from the same region and 17
of them shared the same haplotype.'%” Interestingly, no muta-
tions associated with HHT have been reported in exon 5, which
encodes the GS domain of ALK1 protein important for phos-
phorylation. To date, the only mutation in exon 5 (g.536A>C,
D179A) was reported in a patient with primary pulmonary
hypertension without features of HHT.%

The most frequent mutations in the ALK1 gene are missense
mutations (55%), whereas frameshift mutations (50%) are
commonly observed in the ENG gene. Unlike ENG, large dele-
tions/insertions/duplications have not been reported in the
ALK gene. Furthermore, splice site mutations have been re-
ported only once in ALK1,'°7 whereas they account for 12% of
ENG mutations.
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Table 1
ENG mutations
Mutation Cases
No. type Location Nucleotide change Effect on protein reported AVM Other References
1 Missense Exon 1 c.2T>C MIT 2 NA 107,116, 117
2 Missense Exon 1 c.23T>C L8P 1 NA 107
3 Deletion Exon 1 c.63delC P21fsX42 1 PAVM+ 118
4 Splice site Intron 1 c.68G>A(c.68-1G>A)" Unknown 1 NA 107
5 Splice site Intron 1 gIVSI+1G>A 7 PAVM+ 106
6 Deletion Intron 1 c.68_219del Exon 2 skip 1 PAVM+ 93
7 Missense Exon 2 c.95T>G L32R 1 CAVM + 90
8 Deletion Exon 2 c.115delA R39fsX42 1 PAVM+ GIT+ 112
9 Nonsense Exon 2 c.121G>T E41X 1 PAVM+ 112
10 Missense Exon 2 c.145G>T V9F 1 NA 107
11 Missense Exon 2 c.155G>T G52V 1 PAVM+ 89, 106
CAVM+
12 Missense Exon 2 c.155G>A G52D 1 PAVM+ 90
13 Missense Exon 2 c.157T>C C53R 2 PAVM+ 89,116,117,
CAVM+ unpublished 2003
14 Insertion Exon 2 c.195_196insT Ho65fsX148 1 NA 107
15 Splice site Intron 2 g.IVS2+5G>A (c.68_219del)* exon 2 skip, 1 PAVM+ 112
S23£sX107
16 Nonsense Exon 3 c.229C>T Q77X 1 PAVM 118
17 Duplication  Exon 3 Duplication of exons 3-8, due 1 PAVM+ 92
to an intronic mutation CAVM +
18 Nonsense Exon 3 c.277C>T R93X 1 PAVM + 117
19 Missense Exon 3 c.320T>G L107R 1 NA 107
20 Splice site Intron 3 gIVS3+1G>A Exon 3 skip, 2 PAVM+ 88, 117, unpublished
G74_Y120del 2003
21 Splice site Intron 3 gIVS3+1G>C Exon 3 skip 2 PAVM+ 4
G74_Y120del HAVM +
22 Splice site Intron 3 g.IVS3+4A>G Exon 3 skip 1 PAVM+ 93
G74_Y120del
23 Missense Exon 4 c.374T>A V125D 1 PAVM+ 90
24 Missense Exon 4 c.392C>T P131L 1 PAVM— 112
25 Missense Exon 4 c.447G>C W149C 1 PAVM+ 89,92, 116
CAVM +
26 Deletion Exon 4 c.461delG G154£sX162 1 NA 107
27 Missense Exon 4 c.479C>A A160D 2 PAVM+ 90, 119
28 Missense Exon 4 c.494C>T P165L 1 PAVM + 112
29 Deletion Exon 4 c.496delG Q166fsX221 3 NA 107
30 Nonsense Exon 4 c.511C>T R171X 5 PAVM+ 93, 107, unpublished
2003
31 Splice site Exon 4 c.523G>C, ¢.361_523del N121fsX167 1 PAVM+ 112
32 Splice site Intron 4 g.IVS4-2A>G Exon 5 skip 2 NA 116, unpublished 2003
N121£sX130
33 Deletion Intron 4 g.IVS4?_IVS5? (c.524_689del) A175fs 1 PAVM+ 112
34 Insertion Exon 5 ¢.562_563insC Q188fsX333 1 PAVM+ GIT+ 112
35 Deletion Exon 5 ¢.576_596del21bp R192_P198del 1 PAVM+ 93
Continued
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Table 1
ENG mutations
Mutation Cases
No. type Location Nucleotide change Effect on protein reported AVM Other References
36 Missense Exon 5 c.581T>C L194P 1 PAVM + 112
37 Insertion Exon 5 ¢.574insGACA R192fsX334 1 PAVM+ 117
(193fs)”
38 Missense Exon 5 ¢.586T>C WI196R 1 NA Unpublished 2003
39 Nonsense Exon 5 c.587G>A W196X 1 PAVM + 87,116
40 Nonsense Exon 5 c.588G>A W196X 1 PAVM+ 112
41 Deletion Exon 5 ¢.591_619del29bp R197£sX323 1 PAVM+ 118
42 Insertion Exon 5 ¢.596_597insCG R199fsX222 1 NA Unpublished 2003
43 Deletion Exon 5 €.619_621delTGC C207del 1 NA 107
44 Deletion Exon 5 c.640_644delGGCC G214£sX220 1 NA Unpublished 2003
45 Deletion Exon 5 c.657_658delCA H219£sX332 1 92
46 Missense Exon 5 €.662T>C L221P 1 PAVM+ 89
47 Deletion Exon 5 €.682_686delTCGGC S228fsX331 1 PAVM+ PH 96
48 Splice site Intron 5 gIVS5+2T>C Exon skipping 1 NA 107
49 Splice site Intron 5 g.IVS5-2A>T Exon 6 skip 1 PAVM + 117
(Intron G230£sX306 CAVM +
6)*
50 Deletion Exon 6 c.694_699del CGGACG R232_T233del 1 NA 107
51 Deletion Exon 6 c.736delG D246fsX358 1 PAVM+ 112
52 Insertion Exon 6 c.772_773insC Y258fsX331 1 NA 107
53 Nonsense Exon 6 c.782G>A W261X (260X)“ 1 PAVM+ 90
CAVM+

54 Deletion Exon 6 ¢.785_789delTCATC 1262fsX331 1 NA 107
55 Deletion Exon 6 c.787_789delATC 1263del 1 NA 107
56 Missense Exon 6 c.788T>C 1263T 1 NA 107
57 InDels Intron 6 g.IVS6+140_IVS8+20>TAACC T273_A378del 1 PAVM+ 112

(c.817_1977del)
58 InDels Exon 7 c.820_826del ACTGGAG T274£sX364 1 NA 117

insTTGAAGGTCTTTCCAG (273fs)"

AGAAAAAC
59 Insertion Exon 7 ¢.828_829insA Y277sX333 2 PAVM + 4
60 Nonsense Exon 7 c.831C>G Y277X 1 PAVM+ 67,116
61 Deletion Exon 7 ¢.882_920del39bp T295_N307del 1 NA 67,87,116
62 Deletion Exon 7 c.893delG G298£sX358 1 NA 107
63 Insertion Exon 7 ¢.904_905insGG E302fsX359 1 PAVM + 112
64 Deletion Exon 7 €.909_929del21bp R303_I310del 1 NA 118
65 Missense Exon 7 c917T>C L306P 1 NA 116
66 Insertion Exon 7 c.967_968insT V323£sX333 1 NA Unpublished 2003
67 Deletion Intron 7 Intron7?_exon8? del 1.5Kb 1 PAVM + 93
68 Deletion Exon 8 ¢.993-25_1120del152 G331£sX380 1 NA 107
69 Insertion Exon 8 ¢.1048_1049insTT T349fsX359 1 NA 107
70 Nonsense Exon 8 c.1050T>A C350X 1 PAVM+ 87, 88
71 Deletion Exon 8 ¢.1078_1081delCAGA Q360fsX367 1 PAVM+ 116
72 Missense Exon 8 c.1088G>A C363Y 1 PAVM+ 90

Continued
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Table 1
ENG mutations
Mutation Cases
No. type Location Nucleotide change Effect on protein reported AVM Other References
73 Deletion Exon 8 ¢.1089_1090delTG C363fs394X 1 PAVM+ 117
CAVM+
74 Insertion Exon 8 c.1111_1112insG V371£sX395 1 PAVM+ 87,88,116,117
(370fs)”
75 Deletion Exon 8 c.1111_1133del V371£sX388 1 NA 107
(Splice (Intron (c.11334+3_1103+8del)” (Splice defect)®
site)® 8)"
76 Deletion Exon 8 c.1120_1123delAAAG K374£sX379 1 PAVM+ 4
77 Insertion Exon 8 c.1122_1123insA E375£sX395 1 PAVM + 112
(R375fs)”
78 Splice site Intron 8 gIVS8+1G>A Exon 8 skip 2 PAVM + 93
G331_H379del
79 Deletion Intron 8 Intron8?_Exon14?del H379_A658del 1 PAVM + 93,112
(c.1135_1977 del)
80 Missense Exon 9a c.1146C>G C382W 1 NA Unpublished 2003
81 Deletion Exon 9a c.1186delG E395fsX420 1 PAVM+ 117
CAVM+
82 Deletion Exon 9a c.1195delA R399fsX420 1 NA Unpublished 2003
83 Deletion Exon 9a ¢.1199delG G400fsX420 2 PAVM + 107,112
84 Deletion Exon 9a c.1206delG K402fsX420 1 PAVM+ 116
85 Insertion Exon 9a ¢.1213_1214ins11 L405fsX424 1 NA 107
86 Missense Exon 9a c.1220G>A S407N (S407Q)“ 1 CAVM+ 90
87 Deletion Exon 9a ¢.1231_1233delAGC S411del 1 PAVM + 90
88 Missense Exon 9a c.1234T>A C412S 1 NA 107
89 Missense Exon 9a c.1238G>T G413V 3 PAVM+ 106
90 Deletion Exon 9a c.1267delA N423£sX490 1 PAVM+ 116
91 Splice site Exon 9b c.1311G>C 1 NA 116
92 Splice site Intron g.IVS9b+2T>A Exon 9b skip 1 PAVM+ 117
9b CAVM+
93 Deletion Exon 10 c.1334delT M445£sX490 1 PAVM+ PH 96
HAVM+
94 Deletion Exon 10 c.1346_1347delCT S$449fsX499 3 CAVM+ 107, 112, unpublished
2003
95 Deletion Exon 10 c.1347_1350delTTTC S$449fsX489 1 NA 120
96 Insertion Exon 10 c.1361_1362insT L454£sX500 1 NA 107
97 Insertion Exon 10 ¢.1392_1393insC N465£sX500 1 NA 107
98 Deletion Exon 10 ¢.1410delG G470fsX490 1 NA 107
99 Nonsense Exon 10 c.1414C>T Q472X 2 PAVM+ 87, 88, 116, unpublished
2003
100 InDels Exon 10 c.1415_1417del AGAiInsGT Q472£sX490 1 PAVM+ 90, 117
(471fs)" CAVM+
101 Splice site Exon 10 c.1428G>A Exon Skipping 1 NA 107
102 Deletion Exon 11 c.1432_1433delAG R478£sX499 1 PAVM + 116
103 Nonsense Exon 11 c.1469T>G L490X 1 NA 107
104 Insertion Exon 11 ¢.1470_1471insA D491£sX500 2 PAVM+ 4,90, 117
(490fs)” CAVM+
105 Missense Exon 11 c.1510G>A V504M 1 NA 107
Continued
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Table 1
ENG mutations
Mutation Cases
No. type Location Nucleotide change Effect on protein reported AVM Other References
106 Nonsense Exon 11 c.1522C>T Q508X 1 NA 107
107 Deletion Exon 11 ¢.1550_1551delTG V517fsX526 1 PAVM+ 87,116
108 Deletion Exon 11 ¢.1553_1554delGC S518fsX526 1 PAVM + 67, 87,90, 117
(517fs)" CAVM+
109 Deletion Exon 11 c.1609delT T537fsX551 1 NA 107
110 Insertion Exon 11 c.1623_1624insA P542£sX566 1 NA 107
111 Deletion Exon 11 ¢.1655delC A552fsX572 1 PAVM+ 87,116
112 Deletion Exon 11 c.1672del 13bp G558fsX568 1 CAVM+ 90
(557fs)”
113 Deletion Exon 12 c.1689_1699del AGTCCATAGGA E563fsX574 1 CAVM+ 117
(562fs)*
114 Nonsense Exon 12 c.1715T>A L572X 1 PAVM+ 90
CAVM+

Mutations and their effects on the protein are based on the NCBI sequence (NM_000118). PAVM, Pulmonary arteriovenous malformation; CAVM, Cerebral
arteriovenous malformation; HAVM, Hepatic arteriovenous malformation; GIT, Gastrointestinal telangiectasia; PH, Pulmonary hypertension; NA, Not available.

“ Mutations as described in the original articles are written in parentheses.

Mutation frequency

A total of 114 different mutations were observed in ENG,
compared to 80 mutations in ALKI. When the possible
founder effects are excluded, the percentage of ENG and ALK1
mutations thus far reported as causing HHT is almost the same
(53% and 47%, respectively). It should be noted, however, that
most affected individuals genotyped to date presented to HHT
specialty clinics worldwide. Ascertainment bias related to the
morbidity associated with pulmonary involvement cannot be
ruled out and would favor the identification of HHT1.

It is difficult to assess the new mutation frequency in HHT.
To date, only 4 de novo mutations have been reported in
HHT1 patients, with no such reports for HHT2. The age-de-
pendent expression of HHT'4!> might result in underestima-
tion of the mutation frequency. DNA samples analyzed to date
have been from either HHT patients or HHT relatives. It is
likely that some patients with de novo mutations would be
missed due to lack of family history of HHT or not having
developed the symptoms to bring them to medical attention.

CLINICAL MOLECULAR ASPECTS OF HHT

Genotype/phenotype correlations

Although some reports indicate that PAVMs!98:19% are more
frequent in HHT1 and hepatic involvement may be more com-
mon in HHT2,3%36:110 HHT is clinically very heterogeneous.
Significant intrafamilial as well as interfamilial variations are
observed in HHT families. It is not possible to diagnose sub-
types of HHT, i.e., HHT1 or HHT2, based on the clinical pre-
sentation. All reported manifestations of HHT have been seen
in both types. There are individuals in HHT?2 families with
early and severe presentation of pulmonary AVM, epistaxis,
and telangiectases. There are individuals with HHT1 and liver
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involvement. Therefore, the gene involved cannot be predicted
accurately by clinical symptoms.3&11!

This has two major implications for molecular diagnosis in
HHT and counseling regarding subsequent results. First, the
decision to test only the ALKI or ENG gene in a particular
family based on clinical findings will result in the HHT-causing
mutation being missed in a substantial number of families.
Initial genetic diagnosis in a family should thus usually include
analysis of both genes. Secondly, families and individuals with
both types of HHT should be counseled regarding their risk for
all the vascular lesions and associated symptoms that have been
reported in HHT patients.

Neither specific ENG nor specific ALKI mutations seem to
correlate with the severity of the phenotype. The types or the
positions of the mutations cannot be used to predict the man-
ifestations or the severity of HHT in an individual.

Molecular diagnostic testing

Molecular diagnosis of HHT is primarily based on sequenc-
ing of the entire coding regions of the ALKI and ENG genes.
The lack of common alleles or mutational types in both genes
makes the development of simpler and more reliable diagnos-
tic approaches difficult. Sequencing may be targeted following
the use of a mutation scanning technology, or may involve
sequencing the entire coding region of the endoglin and ALK1
genes.

Mutation detection rate via sequencing is ~80% to 90%.!12
One possible reason for this < 100% rate is the limitation of
sequencing in detection of big deletions, insertions, and dupli-
cations. Such alterations have been reported in ENG. Cymer-
man et al.!'2 reported using quantitative multiplex PCR (QM-
PCR) in which an unrelated gene, whose copy number is
known, was used as an internal control to determine the copy
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Fig. 5. Schematic of genomic structure of ENG (not drawn to scale), indicating the locations of mutations identified to date.

number of ENG. However, some large insertions, large dele-
tions, or duplications can still remain undetected after use of
QM-PCR. Application of other molecular diagnostic tech-
niques such as detecting loss of heterozygosity, long PCRs,
quantitative Southern blots, or a combination of several diag-
nostic techniques might increase the mutation detection rate.

Additionally, mutations in the 5' and 3' untranslated regions
can account for some of the mutations undetected by sequenc-
ing. However, because noncoding regions are not routinely
screened by sequencing, mutations in these regions remain
undetected.

Locus heterogeneity and existence of another, yet to be iden-
tified HHT gene might be another reason for the reduced mu-
tation detection rate. Rare HHT families are apparently not
linked to either ALKI or ENG."' However, linkage data can be
affected by the incorrect assignment of affected versus unaf-
fected status because manifestations of HHT sometimes do not
present until middle or later adulthood. Also, symptoms (usu-
ally recurrent epistaxis) suggestive of HHT can occur in unaf-
fected individuals in HHT families. In fact, a mutation in ALK
was described in a family previously reported as nonlinked to
HHT?2 locus.!'3 Therefore, the existence of a third locus re-
mains unclear.

Another challenge in genetic diagnosis for HHT is that the
detection of a novel missense mutation is very common. Mis-
sense mutations, most of them novel, constitute 21% of all
mutations identified in the ENG gene and 54% of the muta-
tions identified in the ALK gene to date (Tables 1 and 2). It is
difficult to determine with certainty that the identified se-
quence variation is truly disease-causing rather than a benign
variant. Family studies, population studies, or expression anal-
yses can be helpful in interpreting these results, but in general,
these studies are not practical to perform in a clinical labora-
tory in the evaluation of a specific case.

Testing protocol and results

Molecular diagnosis of HHT requires a stepwise, family
based approach. An individual who meets diagnostic criteria
for HHT should be tested first in each family to determine
whether the family’s HHT mutation can even be detected.
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Confirmation of HHT in a relative, who will serve as the index
case for the purposes of genetic testing, requires a careful fam-
ily and medical history by a clinician familiar with HHT. A
family history consistent with HHT is one of the most useful
clinical diagnostic criteria.

Following American College of Medical Genetics guidelines
(ACMG 2000),"# the interpretation of the possible test results
from sequencing the coding regions of ENG and ALKI in an
affected relative include the following:

1. Sequence variation is previously reported and is a rec-
ognized cause of the disorder.

2. Sequence variation is previously unreported and is of
the type that is expected to cause the disorder.

3. Sequence variation is previously unreported and is of
the type that may or may not be causative of the
disorder.

4. Sequence variation is previously unreported and is
probably not causative of disease.

5. Sequence variation is previously reported and is a rec-
ognized neutral variant.

Molecular diagnostic testing for HHT in other relatives is
not indicated unless the interpretation of the test result in the
family’s index case was either 1 or 2.

Once a causative mutation has been identified in an affected
relative, the chance of a conclusive result is much higher and
the cost of the analysis much less, given its targeted nature. The
cost to test the initial affected relative will typically exceed
$1000, whereas the cost to test subsequent relatives for an al-
ready identified mutation is typically about several hundred
dollars in clinical genetics laboratories.

Fora person being tested for a mutation already identified in
an affected family member, there are two possible test results:
(1) Positive for the family mutation. This person has inherited
the DNA sequence variation causing HHT in their family; i.e.,
this person has HHT. (2) Negative for the family mutation.
This person has not inherited the DNA sequence variation
causing HHT in their family; i.e., this person does not have
HHT.
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Table 2
ALKI mutations
Mutation Effect on Cases
No. type Location Nucleotide change protein reported AVM Other References
1 Deletion Exon 2 c.37delC L13fsX14 2 PAVM+ GIT— 107, 121
CAVM — uterine
HAVM + PH
2 Deletion Exon 3 c.86delG G29fsX32 1 PAVM+ GIT+ 97,111
CAVM +
HAVM+
3 Missense Exon 3 c.142G>A G48R 1 NA 107
4 Mis/Del/Ins Exon 3 c.143G>A, 145delG, 146_147insT G48E, A49L 1 NA 94
5 Insertion Exon 3 c.144_145insG (c.139_140insG)* A49fsX168 2 HAVM — 95,110
(X167)°
6 Deletion Exon 3 c.145delG A49fsX53 1 HAVM— 110
(fsX53)®
7 Missense Exon 3 c.150G>T W50C 2 PAVM+ GIT+ 68,94, 111
CAVM +
HAVM +
8 Missense Exon 3 c.152G>A C51Y 2 HAVM— 95,116
9 Nonsense Exon 3 c.172G>T E58X 1 HAVM + 110
10 Missense Exon 3 c.199C>T R67W 2 HAVM + 110
11 Missense Exon 3 c.200G>A R67Q 1 NA 68
12 Missense Exon 3 c.231C>G C77TW 1 NA 95
13 Insertion Exon 3 €.237_238insG (insG238)" R80fsX168 1 PAVM + GIT— 97
(G79£sX168)" CAVM—
HAVM —
14 Insertion Exon 3 c.243_244insC T82£sX122 1 NA 107
15 Missense Exon 3 c.286A>G N96D 1 NA 95
16 Deletion Exon 3 c.289_294delCACAAC H97_N98del 2 HAVM+ 110
17 Deletion Exon 3 ¢.301_307del L101fsX121 2 NA 107
18 Deletion Exon 4 ¢.400delG A134fsX164 1 NA 95
19 Deletion Exon 4 ¢.406_409delGGTG G136fsX164 1 NA 95
20 Nonsense Exon 4 c.423G>A W141X 2 PAVM — GIT+ 68,97
CAVM —
HAVM+
21 Nonsense Exon 4 c.430C>T R144X 4 PAVM— 97, 107
CAVM —
HAVM —
22 Nonsense Exon 4 c.475G>T E159X 1 NA 68
23 Deletion Exon 4 c.510delC G170fsX257 1 NA 107
24 Missense Exon 6 c.632G>A G211D 1 PAVM— PH 96,
CAVM— unpublished
HAVM— 2003
25 Missense Exon 6 c.643G>A E215K 1 NA 107
26 Deletion Exon 6 c.664_668delCACGG H222X 1 NA 107
27 Missense Exon 6 c.667G>C G223R 1 NA 107
28 Deletion Exon 6 c.682delG V228£sX257 1 NA 107
29 Missense Exon 6 Cc.686A>G K229R 1 NA 107
30 Deletion Exon 6 c.696_698delCTC $233del 2 NA 68, 74, 107
31 Deletion Exon 6 c.704delA D235£sX257 1 NA 107
Continued
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Table 2
ALKI mutations
Mutation Effect on Cases
No. type Location Nucleotide change protein reported AVM Other References
32 Deletion Exon 6 c.759_761delCGA D254del 1 PAVM+ GIT— 121
CAVM — PH
HAVM—
33 Splice Site Intron6 c.773-2A>G Unknown 1 NA 107
34 Deletion Exon 7 ¢.810_822del CACGCAGCTGTGG S2711sX296 1 HAVM — 110
(c.809_821delCACGCAGCTGTGG)"  (£sX297)"
35 Missense Exon 7 c.853C>T L285F 1 NA 107
36 Nonsense Exon 7 c.858C>A Y286X 1 HAVM— 110
37 Insertion Exon 7 ¢.864_865insT (InsT865)” L289fsX391 1 NA 68
38 Missense Exon 7 c.916G>C A306P 1 NA 107
39 Nonsense Exon 7 c.924C>A C308X 1 NA 68
40 Missense Exon 7 c.940C>T H314Y 1 NA 107
41 Deletion Exon 7 c.972delA P324£sX353 1 NA 107
42 Missense Exon 7 c.986G>A R329H 1 PAVM + GIT— 97
CAVM+
HAVM—
43 Missense Exon 7 c.988G>T D330Y 1 HAVM— 110
44 Missense Exon 7 c.998G>T S3311 1 PAVM+ GIT+ 36, 68,97
CAVM+
HAVM+
45 Ins/Del Exon 7 ¢.1000_1005del CGCAATinsG R334£sX389 1 NA Unpublished
2003
46 Missense Exon 7 c.1010T>C H314Y 1 NA 107
47 Missense Exon 7 ¢.1023C>G N341K 1 NA Unpublished
2003
48 Missense Exon 7 c.1031G>A C344Y 3 PAVM+ PH 94, 96
CAVM—
HAVM—
49 Missense Exon 7 c.1031G>T C344F 1 HAVM— 110, 120
50 Missense Exon 7 ¢.1039G>C A347P 1 NA 107
51 Missense Exon 7 c.1054G>C A352P 1 HAVM— 110
52 Duplication Exon 8 ¢.1062_1080dupl GCACTCACAGGG  Y361X397 1 HAVM+ 110
CAGCGAT
(c.1080_1099duplGCACTCACAGGG
CAGCGAT)?
53 Insertion Exon 8 ¢.1112_1113insG (InsG1113)® G371£sX390 18 PAVM+, GIT+ 98,107,110
CAVM —,
HAVM—
54 Missense Exon 8 c.1120C>T R374W 5 PAVM+ GIT+ 68,97, 122
PH
55 Missense Exon 8 c.1121G>A R374Q 4 (2 has PAVM+ GIT+ 97,107, 111
same CAVM+
ancestor?) HAVM+
56 Missense Exon 8 c.1123T>C Y375H 1 PAVM+ GIT— 97,111
CAVM+
HAVM—
57 Insertion Exon 8 ¢.1125_1126insGTAC M376fsX392 1 NA 107
58 Missense Exon 8 c.1126A>G M376V 1 NA 107
59 Missense Exon 8 c.1127T>G M376R 1 NA 68, 74
Continued
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ALKI mutations
Mutation Effect on Cases
No. type Location Nucleotide change protein reported AVM Other References
60 Missense Exon 8 c.1133C>T P378L 1 PAVM — 110
CAVM —
HAVM+
61 Missense Exon 8 c.1135G>A E379K 1 NA 107
62 Nonsense Exon 8 c.1171G>T E391X 1 PAVM— GIT— 97
CAVM —
HAVM—
63 Missense Exon 8 c.1193T>A [398N 1 PAVM+ GIT+ 122
64 Missense Exon 8 c.1196G>C W399S 1 PAVM — GIT—, 96
CAVM — PH
HAVM—
65 Missense Exon 8 c.1199C>A A400D 1 HAVM— 110
66 Missense Exon 8 c.1204G>A G402S 1 NA Unpublished
2003
67 Missense Exon 8 c.1221G>T E407D 1 PAVM+ GIT+ 94,111
CAVM +
HAVM+
68 Missense Exon 8 c.1231C>T R411W 9 PAVM+ GIT+ 97,111, 121
CAVM+ PH
HAVM+
69 Missense Exon 8 c.1232G>C R411P 2 NA 107
70 Missense Exon 8 c.1232G>A R411Q 6 PAVM+ GIT+ 74,96, 97,
CAVM+ PH 111
HAVM+
71 Missense Exon 8 c.1270C>A P424T 1 NA 68
72 Missense Exon 9 c.1275C>G F425L 1 NA 107
73 Deletion Exon 9 ¢.1299delC S434£sX438 1 PAVM+ GIT— 97,111
(P433£sX438)" CAVM+
HAVM+
74 Insertion Exon 10 c.1428_1429insC S477fsX493 1 NA 107
75 Nonsense Exon 10 c.1435C>T R479X 3 NA 107
76 Missense Exon 10 c.1436G>T R479L 1 NA 107
77 Missense® Exon 10 c.1445C>T A482V 2 NA 107
78 Missense Exon 10 c.1450C>T R484W 2 PAVM — PH 121
CAVM—
HAVM—
79 Missense Exon 10 c.1460A>C K487T 1 PAVM — PH 96
CAVM —
HAVM—
80 Nonsense Exon 10 c.1468C>T Q490X 1 PAVM— PH 121
CAVM—
HAVM—

Mutations and their effects on the protein are based on the NCBI sequence (NM_000020). PAVM, Pulmonary arteriovenous malformation; CAVM, Cerebral
arteriovenous malformation; HAVM, Hepatic arteriovenous malformation; GIT, Gastrointestinal telangiectasia; PH, Pulmonary hypertension; NA, Not available.

“ Different nomenclature was used in two articles for the same mutation.
¥ Mutations as described in the original articles are written in parentheses.

¢ This mutation was also found in a patient with a pituitary tumor without HHT findings (D’Abronzo et al).

The three clinical genetics laboratories in North America
that currently offer testing for HHT recommend that molecu-
lar diagnostic testing be coordinated and ordered through one
of the HHT Specialty Centers, listed on the HHT Foundation
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International web site (http://www.hht.org), or a genetics pro-
fessional. This recommendation is due to the family-based,
multiple-step approach required for testing and the complex-
ity of the results and their significance. Primary care physicians

187



Bayrak-Toydemir et al.

& R O &
o o o o m o o o oD oo o
M A ﬁ‘.‘A A MAMNM AA A A A A A AM A
a oo o0 o8 B oco 0o oooseo oooles ouooco oB8o ool 0ol o
ﬁ % T & & i\
§§ o
] 2 3 4 5 6 7 \ 13| 14
T & \\\ N BES
@ Frameshift Mutations % T
0O Nonsene Mutations
A Missense Mutations < Drsmerpnorsns

Fig. 6.

often lack the expertise to appropriately order and interpret
sequencing-based genetic tests.!!> Involvement of a specialist
also helps ensure optimal medical management based on the
genetic test results.

Genetic counseling considerations

The medical and genetic aspects of HHT and its molecular
diagnosis are complex. However, compared with many genetic
disorders, the ethical issues surrounding genetic testing for
HHT are less complex. The disorder is very difficult to diag-
nose based on clinical examination and medical history in the
first few decades of life, and there is no “nongenetic” diagnostic
laboratory test. Yet there are treatable congenital internal le-
sions that cannot be found on external examination that can
present suddenly and catastrophically.

In general, the benefits of genetic testing are assumed to
outweigh the risks if current medical management would be
changed as a result of testing. Based on the criterion of early,
preventable risks, it is reasonable to offer molecular genetic
diagnosis for HHT early in life for individuals who are at 50%
risk. For example, in a family with an identified HHT muta-
tion, sending umbilical cord blood for mutation analysis on an
at-risk newborn infant is indicated.

Usual concerns related to presymptomatic genetic testing
and genetic testing in childhood are not significant issues in
HHT molecular diagnosis. It can be argued that “presymptom-
atic testing” as it is usually thought of, does not exist in this
disorder. The absence of manifestations or symptoms detect-
able by clinical examination and history in a 1-month-old
whose parent has HHT offers almost no reassurance that he/
she is unaffected and without risk from a CAVM.

An individual who is to serve as the “known affected,” index
case for molecular diagnosis in a family should understand that
this analysis of their sample will not significantly alter their
course or care, but will most likely confirm their clinical diag-
nosis. A major purpose of testing him/her is to determine
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Schematic of genomic structure of ALK (not drawn to scale), indicating the locations of mutations identified to date.

whether genetic diagnosis will be possible in other at-risk rel-
atives. The purpose of the testing, and thus the content of pre-
test genetic counseling, is very different for the index case than
for the other relatives who are subsequently tested. The index
cases should also understand the range of possible test results
from sequencing-based genetic testing. These include a possi-
ble “negative” result despite a clinical diagnosis of HHT and
identification of a sequence variation of uncertain significance.
In either case, the result of their testing would not allow for the
desired accurate molecular genetic diagnostics for at-risk
relatives.

Potential risks of genetic testing are emotional and practical
in nature. Risks of an emotional nature include negative feel-
ings about being labeled as having a genetic disorder, fear of the
future, or in the case of a parent, guilt about having passed a
hereditary condition to a child. Possible practical risks include
noninsurability once the diagnosis of a genetic disorder has
been confirmed. Many states have enacted genetic nondis-
crimination legislation, but the laws are quite varied in their
focus and scope. Professional genetics organizations support
federal legislation to assure individuals and families that nei-
ther health care coverage nor employment status will be jeop-
ardized by genetic test results.

SUMMARY

HHT is inherited as an autosomal-dominant condition with
high penetrance and extremely variable age-dependent expres-
sion. Locus heterogeneity exists with 2 molecular forms de-
scribed to date. Although there are likely overall differences
between HHT1 and HHT? in frequency and severity of certain
manifestations, they are not distinct enough to alter clinical
management based on the specific genetic form of HHT.

Molecular genetic diagnosis for HHT is complex. There is a
substantial chance that genetic testing, even in a clearly affected
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individual, will result in a “negative” result or “sequence vari-
ation of uncertain significance.”

Despite its complexities and limitations, molecular diagnos-
tic testing for HHT is available and indicated for individuals
with symptoms strongly suggestive of HHT, as well as asymp-
tomatic individuals with an affected first-degree relative. Af-
fected individuals of any age, even those currently asymptom-
atic for HHT based on clinical examination and medical
history, may benefit from having their diagnosis confirmed by
molecular genetic testing. Testing in any particular family
should begin with a clinically confirmed affected individual,
not one in whom the diagnosis is in question. This requires a
multigenerational, family-based approach to HHT molecular
diagnosis.!16-123
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