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Background: Mutations of the transforming growth factor f (TGFB) receptor components ENDOGLIN and
ALK-1 cause the autosomal dominant vascular disorder hereditary haemorrhagic telangiectasia (HHT).
Heferozygous mutations of the type Il receptor BMPR2 underlie familial primary pulmonary hypertension.
Objective: To investigate kindreds presenting with both pulmonary hypertension and HHT.

Methods: Probands and families were identified by specialist pulmonary hypertension centres in five
countries. DNA sequence analysis of ALK-1, ENDOGLIN, and BMPR2 was undertaken. Cellular
localisation was investigated by heterologous overexpression of mutant constructs in both BAEC and Hela
cells. The impact of a novel sequence variant was assessed through comparative analysis and computer
modelling.

Results: Ig\o|ecu|0r analysis of 11 probands identified eight missense mutations of ALK-1, one of which was
observed in two families. Mutations were located within exons 5 to 10 of the ALK-1 gene. The maijority of
ALK-1 mutant constructs appeared to be retained within the cell cytoplasm, in the endoplasmic reticulum.
A novel GS domain mutation, when overexpressed, reached the cell surface but is predicted to disrupt
conformational changes owing to loss of a critical hydrogen bond. Two novel missense mutations were
identified in ENDOGLIN.

Conclusions: The association of pulmonary arterial hypertension and HHT identifies an important disease
complication and appears most common among subjects with defects in ALK-1 receptor signalling. Future
studies should focus on detailed molecular andlysis of the common cellular pathways disrupted by
mutations of ALK-T and BMPR2 that cause inherited pulmonary vascular disease.

somal dominant vascular dysplasia, is characterised
clinically by recurrent epistaxis, mucocutaneous telan-
giectases, and systemic arteriovenous malformations of the
lung, liver, and brain. Diverse heterozygous mutations in two
genes, ENDOGLIN (ENG) and activin receptor-like kinase 1
(ALK-1), cause HHTI (MIMI87300) and HHT2 (MIM
600376), respectively.' > Both ENG and ALK-1 encode receptor
members of the transforming growth factor B (TGFp)
signalling superfamily, ALK-1 a type I receptor’ and endoglin,
a so called accessory protein to the ligand receptor complex.*
Deleterious heterozygous mutations in the gene bone
morphogenetic receptor type 2 (BMPR2), encoding a type II
receptor member of the TGF family, have been identified in
the majority of familial and up to 26% of sporadic cases of
primary pulmonary hypertension (PPH-MIM 178600), a
disorder of pulmonary arterial remodelling,”” and have also
been reported in 9% of patients with pulmonary hypertension
related to appetite suppressant exposure.®
BMPR-II, endoglin, and ALK-1 are membrane bound
receptor members of the TGFP signalling superfamily, which
controls diverse cellular processes including cell differentia-
tion, proliferation, and apoptosis in embryonic and mature
tissues.” Activation of the TGFP pathway follows ligand
binding and complex formation with type I and type II serine/
threonine receptors at the cell surface. This process can be
facilitated by accessory receptors, such as endoglin, interact-
ing with the ligand-receptor complex, as occurs in ALK-1
heteromeric complex formation in endothelial cells.

I I creditary haemorrhagic telangiectasia (HHT), an auto-

Intracellular signalling is propagated by receptor com-
plexes phosphorylating specific groups of receptor regulated
Smads (R-Smads), which complex with the comediator
Smad 4 and are translocated to the nucleus to target
transcriptional regulation of a restricted range of genes, in
a cell type and context specific nature (reviewed by Shi and
Massague’).

Significant progress in understanding the structural and
functional requirements of the TGFP pathway has been
gained through the identification of human disease-causing
mutations in genes encoding these proteins, generating
hypotheses for the interplay between components of this
complex signalling pathway—for example, in the control,
development, and integrity of the vascular bed.’

The recent observation that pulmonary arterial hyperten-
sion, with clinical and histological features indistinguishable
from primary pulmonary hypertension, may develop in HHT
families supports the hypothesis that disruption of the TGF
pathway is central to the development of pulmonary
hypertension."®

In this paper we describe a cohort of 14 independently
ascertained probands, 13 of whom presented with clinical
features of pulmonary hypertension together with either a
personal or family history of HHT. We have undertaken
molecular analysis of the ALK-1, ENG, and BMPR2 genes, and
investigated the functional impact of mutations identified.
The findings show the importance of ALK-1 mediated
signalling in the maintenance of the pulmonary vasculature,
identify a novel molecular defect of type I TGFf signalling in
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disease, and establish pulmonary hypertension as an impor-
tant complication of HHT.

METHODS
Patients
Patients with a personal or family history of HHT and
pulmonary hypertension were recruited from centres specia-
lising in the treatment of this condition in England,
Germany, Australia, and the USA. Patients were classified
as having a probable or definite diagnosis of HHT according
to the Curagao criteria." In addition, a population based
cohort of 21 Finnish subjects diagnosed with primary
pulmonary hypertension was screened for mutations in
ALK-1, BMPR2, and ENG. Pulmonary hypertension was
defined by standard clinical methods, including cardiac
catheterisation (n=13), as described previously.” One
subject was investigated by echocardiography alone (see
table 1 for details).

All studies were done after informed consent had been
obtained and with the approval of the Trent multi-research
ethics committee or the relevant institutional review board.

DNA sequence analysis

The protein coding sequence of ALK-1 (exons 2-10, primers
as previously described?), ENG (exons 1-13, primers avail-
able on request), and BMPR2 (exons 1-13, primers available
on request) together with intron-exon boundaries were
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amplified from genomic DNA by polymerase chain reaction
(PCR). PCR products were purified using the QIAquick
purification kit (Qiagen) and sequenced with the Applied
Biosystems Big Dye terminator kit and the ABI PRISM 377.

Sequence variants that altered restriction enzyme sites
were confirmed by restriction digest of PCR amplified
products according to the manufacturer’s instructions, with
fragments visualised on 2% agarose gels containing ethidium
bromide.

Control chromosomes (n = 150) were examined for the
presence of the identified sequence variants. In view of its
distinct genetic heritage, a further 120 chromosomes, from
unrelated unaffected subjects from Finland, were also
examined specifically for the presence of the DI79A
mutation.

Structural modelling of ALK-1

Homology modelling techniques were used to generate the
three dimensional structure of the ALK-1 kinase and GS
domain, based on the crystal structure of the homologous
type I TGF receptor ALK-5, as described previously." The
SwissPDB program was used to examine the impact of D179A
missense mutation in the GS domain of ALK-1 on the model.
The respective amino acid side chains of D179 were altered to
correspond to those of A179, and potential alterations in the
hydrogen bonding scheme or the presence of induced steric
clashes were considered.

Table 1 Clinical details of patient cohort and identified ALK-1 mutations
Patient number
C1 Cc2 c3 7685 7340 7242 7253 8261 7682 8259 7252 7214 7684 8151
Sex F F F F F F F F F F F M M F
Status, age
(years} A8 D16 D, 65 D,54 A 56 A4d NK A4l D18 A2 A2 A4 A2 A b4
HHT FH Y Y Y N Y Y Y Y Y Y Y N Y Y
Epistaxis Y Y Y N Y Y Y Y N Y Y Y Y N
Telangiectasia Y Y Y N Y Y Y Y N Y Y Y Y Y
AVM N N N N N lung N N N N N N Lung Lung liver
PH age of
onset (years) 77 7 51 51 50 39 19 39 17 27 21 46 57 59
MPAP (mm Hg) 54 55 47 55 54 49 44 48 40 54 71 48 41
CO (I/min) 3.4 NK 4.8 2.5 5.9 4.2 4.9 1.8 3.1 NK 4.8 6.7 7.0
Cl (I/min/m?) 2.1 3.2 2.8 NK E 3.0 3.0 1.3 1.8 NK 2.5 3.8 4.0
PAWP (mm Hg) 11 8 10 10 12 10 10 NK 3.0 8 15 10 17
PVR (resistance
units) 12.4 20.3 7.7 18 7.1 9.3 6.9 NK 11.9 9.2 11.6 57 3.4
Vasodilator
response Y N N N N N N N N N N N ND
Treatment C,B C P P P, B P P S P, B T C B, S
Possible risk AS Repaired PE
factors ASD, FH-
PPH
Mutation
Gene ALK-1  ALK-1  ALK-T ALK-1 ALK-1  ALK-T ALK-1 ALK-1 ALK-1 ENG ENG
Exon 5 6 7 7 8 8 8 8 10 ) 10
Nucleotide ND ND ND 536 632 1031 1031 1120 1121 1196 1232 1460  del 682 delT
change —[no DNA) - (no DNA) — (no DNA) ASC ~ G>A  G>A G>A C>T G>A G>C G=A A>C -686 1334
Amino acid D179A G211D C344Y C344Y R374W R374Q W399S R411Q K487T S228fs+ M445fs
change 102AA  +44AA
331X 490X
Restriction Mscl  Bgll = = = = = Hpall Mboll - =
enzyme
Previous reports Novel Novel ' 2 s Novel 2" ™' Novel Novel Novel
A, patient alive; AS, appetite suppressant drug treatment; ASD, atrial septal defect; AVM, arteriovenous malformation (diagnosed AVMs listed though not all
patients fully screened for AVMs; details available on request); B, Bosentan; C, calcium channel antagonists; Cl, cardiac index (defined as cardiac output divided
by body surface area; normal range 2.5 to 4.0 |/m?); CO, cardiac output; D, age of death; E, catheterisation not done—echocardiography showed right
ventricular systolic pressure of 85 mm Hg; FH, family history of hereditary haemorrhagic telangiectasia; HHT, hereditary haemorrhagic telangiectasia; FH-PPH,
sibling of patient with PPH diagnosed with PPH; MPAP, mean pulmonary arfery pressure; N, no (not present in patient); ND, not done; NK, not known; P,
prostacyclin analogue; PAWP, pulmonary artery wedge pressure (normal range 4 to 12 mm Hg); PE, thromboembolic pulmonary embolism; PPH, primary
pulmonary hypertension; PVR, pulmonary vascular resistance (mean pulmonary artery pressure minus pulmonary wedge pressure divided by cardiac output;
normal range 1.0 to 2.5 resistance units; a vasodilator response is defined as >20% reduction in pulmonary vascular resistance); S, sildendfil; T, double lung
transplant; Y, yes (present in patient).
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Preparation of ALK-1 constructs

The pT7T3DPac I.M.A.G.E clone (ID 2345585)—which con-
tained all of the ALK-I coding sequence (1509 bp), 82 base
pairs (bp) of the 5" untranslated region (UTR), and 145 bp of
the 3" UTR—was inserted into pcDNA3 expression vector
using Hind III and EcoR 1. To generate the 3" GFP-ALK-1 wild
type construct, the stop codon and 3’ UTR were removed by
PCR using forward primer 5 CTA GCT GTG TCC GCG GCA
TGC GGC CTG 3’ (Sac I restriction site underlined) with
reverse primer 5 CAG AAT TCC GGA TCC GCT TGA ATC ACT
TTA GG 3’ (EcoR 1 and BamH 1 restriction sites bold and
underlined, respectively). The pcDNA3-ALK-1 and PCR
products were both digested with Sac II and EcoR I and
ligated. The entire coding region of ALK-1 (with its 5" UTR)
was then removed by digestion from pcDNA3 with Hind III
and BamH 1, and the 1591 bp fragment was inserted into
Hind 1II/BamH 1 digested pEGFPNI vector (Clontech). The
presence of a signal peptide in ALK-1 prevented the direct
GFP tagging of the 5’ end of the protein. Using PCR and a
three step cloning strategy (full details available on request) a
myc-tag was inserted between the signal peptide and the
mature protein.

Mutant constructs were generated by subjecting both wild
type constructs to site directed mutagenesis using the
Stratagene QuikChange protocol. The sequences of the wild
type and mutant constructs were confirmed by DNA
sequencing of the entire receptor with GFP or myc tag as
appropriate.

Subcellular localisation of ALK-1
Bovine aortic endothelial cells (BAEC) or HeLa cells were
sceded on glass coverslips in six-well plates at 2x10° or
4x10° cells per well, respectively, and grown for 24 hours in
DMEM/10% fetal calf serum. One microgram of wild type or
mutant construct was used to transiently transfect cells using
3 ul of the FuGene (Roche) transfection reagent system.
Transfectants were grown for another 48 hours, then fixed in
4% paraformaldehyde in phosphate buffered saline (PBS).
Cells were permeabilised with 0.4% (vol/vol) Triton-X for four
minutes before immunostaining of myc-tagged constructs or
endoplasmic reticulum. Myc tagged transfectants were
incubated with the anti-myc monoclonal primary antibody
(9E10) at a dilution of 1 in 250 in a 3% solution of bovine
serum albumin (BSA) for one hour. To visualise the
endoplasmic reticulum, cells were incubated with the KDEL
monoclonal primary antibody (Stressgen Biotechnologies) at
a dilution of 1 in 250 (vol/vol) in 3% BSA for one hour.
Subsequent incubations for both primary antibodies were
with biotinylated anti-mouse IgG antibody (Amersham) for
one hour at a 1 in 100 dilution in 3% BSA, followed by
Streptavidin Texas Red (Amersham) at a 1 in 200 dilution in
3% BSA for 45 minutes. Coverslips were mounted on
microscope slides in glycerol/PBS solution. Cells were viewed
and photographed using a fluorescent microscope (Zeiss) and
images captured using SmartCapture 2 software.
Transfection efficiency for GFP and myc-tagged constructs
was approximately 30% in HeLa cells, and 5% in BAEC.

RESULTS
Clinical details and investigative findings in the 14 probands
are summarised in table 1. Twelve subjects were recruited by
centres in England, Germany, Australia, and the USA. Two
further probands (7685 and 7682) were identified in a cohort
of Finnish patients with primary pulmonary hypertension,
with full details of this series described elsewhere (manu-
script submitted).

Twelve patients presented with haemodynamic evidence of
pulmonary arterial hypertension unexplained by a hyperdy-
namic circulation, a syndrome we now describe as HHT

867

related pulmonary arterial hypertension. For two of these
subjects, additional recognised risk factors for pulmonary
arterial hypertension were identified. Subject 8261 had an
atrial septal defect repaired before the onset of significantly
raised pulmonary artery pressures, and also had a sibling
diagnosed with primary pulmonary hypertension who had
plexogenic pulmonary vascular changes at necropsy. Patient
7340 gave a history of six months’ exposure to an appetite
suppressant, at least eight years before the onset of
symptoms.

In contrast, two further subjects with HHT and raised
pulmonary artery pressures had clear evidence of other
causes of pulmonary hypertension. In patient 8151, haemo-
dynamic studies reveal a raised mean pulmonary artery
pressure associated with a minimally raised pulmonary
vascular resistance, findings consistent with a hyperdynamic
circulation probably caused by extensive systemic arteriove-
nous malformations. Finally, subject 7684 developed pul-
monary hypertension following massive thromboembolic
disease. No material was available for DNA analysis in three
families presenting with clinical or histological features of
HHT related pulmonary arterial hypertension.

Molecular genetic analysis

A heterozygous mutation of ALK-1 was identified in nine
probands, each with HHT related pulmonary arterial hyper-
tension, of which the C344Y mutation was detected in two
independently ascertained probands (from Germany and the
USA) and has also been reported previously.”” Four of the
eight ALK-1 mutations are novel and each represents a
missense change (table 1). With one exception, each
substitution is located within the kinase domain and alters
an amino acid that is highly conserved across type I members
of the TGFP receptor family and between species for which
sequence is available (fig 1). The D179A substitution is
located within the GS region, a helix-loop-helix structure
proximal to the kinase domain. Heterozygous mutations of
ENG were identified in two subjects (7684 and 8151), each
representing a novel frameshift mutation and predicted to
lead to premature truncation of the transcript. None of the
mutations was identified among appropriate matched control
groups.

Structural modelling

The ALK-1 catalytic kinase domain is predicted to contain a
small N-lobe and a larger, mostly helical C-lobe. The aspartic
acid residue at position 179 is located in the aGS1 helix of the
GS domain of the small N-lobe (fig 2A). Substitution of
aspartic acid 179 by alanine replaces an acidic residue with a
neutral, weakly hydrophobic residue. One of the two
hydrogen bonds to Arg252 is destroyed (fig 2B).

2 3 4 5 6 7 8 9 1OI

RATIQ
RATTW*

L13fs(+1aa)* DI79A | 254delD*  [R374Q | R484W™*|Q490X*

R374W

[ Extracellular domain

[ Transmembrane

I GS domain

Il Kinase domain G211D C344Y W399S  K487T

Fi?ure 1 ALK-1 cDNA with mutations identified in patients with HHT
related pulmonary arterial hypertension; mutations previously reported™
indicated by an asterisk.
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) T G52 I «G52

Ala179

Asp179 Ala179
C Aspartic acid (D) 179Alanine(A)
ALK-1 human:  DLLDSDCTTGSGSGL
ALK-2 human:  DULDHSCTSGSGSGL
AlK-1 cow :  DUDHSCTSGSGSGL
ALK-1 mouse:  DFLDSDCTTGSGSGL

Figure 2 Potential disruption of the GS domain of ALK-1 resulting from
the substitution of aspartic acid residue 179 with alanine. (A) Aspartic
acid (Asp179 shown in red) forms two strong hydrogen bonds (H-bonds)
to arginine 252 (Arg 252). (B) Substitution of Asp179 with an
uncharged alanine residue (Ala179 shown in red) destroys one of these
two H-bonds (calculated using SwissPDB program). Carbon atoms are
represented by black bars, oxygen by white %ars, hydrogen by
turquoise, sulphur by yellow, nitrogen by blue, and strong H bonds are
shown in green. aGS1/2 denotes the oGS helices of the GS domain,
and oC the aC helix of the N lobe of the kinase domain. (C)
Conservation of amino acid residue Asp179.

Subcellular localisation of ALK-1

To investigate the impact of mutation of ALK-1 on protein
localisation, we carried out transient transfection of either
GFP (n=11) or myc (n=9) tagged mutant constructs. A
range of mutant constructs was designed to include muta-
tions of different classes from all known functional domains
of ALK-1, and hence includes mutations identified in this
and previous studies (table 2). Mutant constructs with myc
tags located in a 5’ position were used to investigate
truncating mutations and to confirm that the presence of
the large 3’ GFP tag did not impede protein trafficking. Both
GFP and myc-tagged wild type ALK-1 constructs reached the
cell surface (fig 3A). Only three ALK-1 mutations generated
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proteins capable of targeting the cell surface appropriately
when overexpressed (fig 3B). Two of these, D179A and
K487T, were characterised in subjects with pulmonary
hypertension. The 12 further ALK-1 mutations appeared to
be retained in the cell cytoplasm and colocalised with KDEL
staining of the endoplasmic reticulum (fig 3C, 3D, and 3E).

DISCUSSION

Hereditary haemorrhagic telangiectasia and familial primary
pulmonary hypertension represent inherited disorders of the
vascular system caused by mutation of components of the
TGFp receptor mediated signalling system. We have identi-
fied a cohort of 14 subjects with pulmonary hypertension of
whom 13 had a documented personal and/or family history
of HHT. Among 11 probands in whom molecular analysis was
possible, eight distinct mutations of the TGFp type I receptor
ALK-1 were identified in nine subjects. The two remaining
subjects were found to harbour novel heterozygous muta-
tions in the gene encoding the TGFP accessory protein
endoglin.

Clinical findings in these patients illustrate the complex
aetiology of pulmonary hypertension in individuals with
HHT. Pulmonary hypertension has typically been described in
HHT as a consequence of high blood flow through large
arteriovenous malformations leading to an increased cardiac
output, often with evidence of left ventricular failure.”® These
findings are illustrated by patient 8151 in the present series,
who was found to have a novel ENG mutation and in whom
hepatic blood flow through extensive liver arteriovenous
malformations was estimated to exceed four litres a minute.
However, most subjects in this cohort have HHT related
pulmonary arterial hypertension as we have previously
described.'” In this syndrome pulmonary hypertension is
characterised by a significantly raised pulmonary artery
pressure, with high pulmonary vascular resistance, normal
pulmonary artery wedge pressure, and a normal or low
cardiac output. Importantly, all patients fulfilling these
criteria were found to have ALK-1 mutations.

Of the eight ALK-1 mutations identified in this study, four
appear to be novel, bringing the total number of disease
causing defects reported in the ALK-I gene to 54.°' Taken
together with our initial report of HHT related pulmonary

Table 2 Range of ALK-1 mutant constructs transiently transfected into Hela and bovine
aortic endothelial cells, with subcellular localisation
Mutant ALK-1 Reported phenotype in present
constructs produced  series (*) or previous studies
ALK-1 Location of Myc GFP
mutation mutation tagged tagged  Phenotype Reporis Localisation
GA48E;A49Pt Extracellular 4 HHT only 2 Intracellular
domain
W50C Extracellular v v HHT only 2 Intracellular
domain
R67Q Extracellular v HHT only 013 Intracellular
domain
C77W Extracellular v 4 HHT only i Intracellular
domain
D179A GS domain v HHT with PAH  Novel* Cell surface
G211D Kinase domain v/ HHT with PAH  Novel* Intracellular
delS232 Kinase domain v/ v HHT only 2z Cell surface
delD254 Kinase domain v HHT with PAH ~ '° Intracellular
S3331 Kinase domain v HHT only 1213 ene Intracellular
C344Y Kinase domain v v/ HHT with PAH "> Intracellular
R374Q Kinase domain v HHT with PAH  '* Intracellular
P378L Kinase domain v/ HHT only 7 Intracellular
R411Q Kinase domain v HHT with PAH 2 13 14 1 Intracellular
K487T Kinase domain v/ v/ HHT with PAH  Novel* Cell surface
Q490X Kinase domain v/ HHT with PAH ~ ™° Intracellular
tMutation G48E;A49P results from nucleotide changes G143A substitution, deletion of G145, and insertion of
T147, converting adjacent amino acids glycine 48 to glutamic acid and alanine 49 to proline.

www.jmedgenet.com


http://jmg.bmj.com

ALK-1 defects in HHT-PAH

869

Figure 3 Immuofluorescence microscopr of Hela and BAEC cells transiently transfected with GFP tagged wild type mutant constructs. (A) Wild type

GFP tagged ALK-1 construct showing cel

surface localisation. (B) Representative of GFP tagged mutant constructs D179A, del 5232, K487T showing

cell surface localisation comparable to wild type. (C) Representative of GFP tagged ALK-1 mutant constructs G48E;A49P, W50C, R67Q, C77W,
G211D, delD254, S3331, C344Y, R374Q, P378L, R411Q, Q490X showing intracellular localisation. (D) Endoplasmic reticulum immunostained with
anti-KDEL antibody (red). (E) Superimposition of KDEL (red) and GFP signals clearly shows endoplasmic reficulum localisation of mislocalised mutants

(yellow).

arterial hypertension,' 13 ALK-I mutations (24%) have been
characterised in probands with HHT related arterial pulmon-
ary hypertension, emphasising the importance of this
complication in HHT2. All the mutations identified are
missense changes and were not detected among controls.
Seven of the eight ALK-1 mutations reported alter highly
conserved amino acids within the functional kinase domain
of the type I receptor.” Of these, two mutations (R374W and
R374Q) substitute arginine at codon 374 with tryptophan or
glutamine, respectively. The mutation R411Q, also in exon 8,
and the mutation R411W identified in the previous series,"
both replace arginine with glutamine or tryptophan. In all,
five mutations in exon 8 have been identified among subjects
with HHT related pulmonary arterial hypertension, more
than any other region of the ALK-1 gene. Identification of
recurrent sites of mutation within exon 8 identifies critical
regions for kinase activity mediating the ALK-1 receptor
cellular response in vascular development and repair. Of
interest, the ALK-1 mutation C344Y, which has previously
been reported to cause HHT, was detected in two probands
independently ascertained through centres in Germany and
the USA. Genealogical information failed to identify a
common ancestor, and relatives were not available for
conclusive haplotype analysis. The exon 10 mutation,
K487T, represents the most distal missense substitution thus
far identified and falls within the highly conserved COOH
domain of ALK-1. The region, from codons 479 to 489
contains a so called NANDOR BOX which appears to be
necessary for regulation of TGFp signalling.*” Taken together
with the previous report of the R484W mutation,' these
findings imply important structural requirements for this
domain and suggest that perturbation of these may critically
affect the NANDOR BOX activity, particularly with regard to
the pulmonary vasculature.

The D179A mutation (exon 5) identified in a patient with
primary pulmonary hypertension without known features of

HHT is of particular interest. The patient died recently in
Finland, aged 54 years, and retrospective analysis confirmed
the diagnosis of primary pulmonary hypertension, but no
mention was made in the case history or at necropsy of either
the symptoms (for example, epistaxis) or the pathological
features (arteriovenous malformations) of HHT. The muta-
tion was not detected among a further group of control
subjects (n = 60) recruited from the same region of Finland.
Parents or surviving relatives were not available for study.
The ALK-1 mutation leads to an amino acid substitution of
aspartic acid by alanine at codon 179 which is conserved
across species and type I receptors and lies within the so
called GS domain, a serine and threonine residue rich region
(fig 2C). The GS domain is critical for regulation of receptor
activity—for example, the immunophilin FKBP12 inhibits
TGFp signalling by competitive binding to unphosphorylated
GS residues of the type I receptor, which also maintains the
kinase domain in an inactive state.”” In contrast, phosphor-
ylation has been shown, at least for TBR1, to “switch” the GS
domain into a binding surface for R-Smads and significantly
increase the efficiency of receptor mediated phosphorylation
of C-terminal serine Smad residues.** Overexpression studies
of a GFP fusion protein for the DI179A mutation demon-
strated localisation to the cell surface, implying that the
mutation does not lead to significant protein misfolding.
Structural modelling, however, showed that the substitution
of aspartic acid (a polar acidic amino acid) for alanine (a non-
polar weakly hydrophobic amino acid) results in the loss of a
hydrogen bond formed with an arginine at position 252, a
residue critical for GS—kinase domain interaction (fig 2A and
2B). No disease related mutations of the GS region had
hitherto been reported.”' Thus the present findings suggest a
novel form of molecular defect in TGFf signalling associated
with the development of pulmonary hypertension.

The coexistence of HHT, a disorder characterised by
dilation of arteriovenous communications and pulmonary
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hypertension caused by occlusion and abnormal remodelling
of vessels specifically within the pulmonary vasculature, is
unexpected and suggests that a common molecular pathway
may underlie both disorders. To date, subjects with HHT
related pulmonary arterial hypertension have only been
shown to harbour ALK-I mutations, though it remains
unclear whether this reflects molecular specificity, as the
number of kindreds reported, in total 14, remains small." A
direct interaction between BMPR-II encoded by the gene
mutated in familial primary pulmonary hypertension, and
ALK-1 has yet to be identified, and they are not activated by
the same class of ligands.” In contrast, both receptors are
known to mediate intracellular signalling through the Smads
1, 5, and 8, and mutations identified in this and our previous
study are all likely to disrupt activation of this intracellular
pathway. There is extensive molecular heterogeneity for
disease causing mutations of ALK-1; however, most of the
defects leading to HHT related pulmonary arterial hyperten-
sion appear to be missense mutations and all affect discrete
cytoplasmic domains of the protein."

To investigate further the potential functional differences
between known pathogenic ALK-1 mutations, we undertook
heterologous overexpression studies of both ligand binding
and cytoplasmic domain mutations. We observed that the
majority of all mutations failed to reach the cell surface,
presumably as a result of significant protein misfolding.”
These findings were consistent when studied using myc or
GFP tagged mutant constructs. Thus initial functional
analysis provides no evidence to distinguish those ALK-I
mutations associated with pulmonary hypertension. Taken
together with a previous report of protein expression in vivo
in HUVEC samples from HHT2 families," these data support
haploinsufficiency as the inherited mechanism for this
disorder. Further functional analysis of downstream ALK-1
signalling is substantially hampered by difficulties in produ-
cing an adequate in vitro representation of its signalling
complex; hence we cannot rule out dominant negative effects
of some mutations, and in particular those shown to reach
the cell surface (D179A, delS232, and K487T).

Although marked clinical variability exists both within and
between families, current data show that clinical manifesta-
tions of ALK-1 mediated HHT are observed with high
penetrance by the age of 40 years." *°*” ALK-1 defects less
commonly lead to HHT related pulmonary arterial hyperten-
sion. In familial primary pulmonary hypertension, we know
that pathogenic mutations in BMPR2 are required but are not
sufficient for the development of disease, with many
instances of non-penetrance described.”® ** Taken together,
these data indicate a need for exposure to as yet unknown
“trigger”’ factors, in addition to a genetic susceptibility. In
this regard it is of interest that patient 7340 gave a history of
exposure to appetite suppressants, a known risk factor for the
development of pulmonary hypertension. It is unclear
whether exposure to appetite suppressants was causal of
disease in this patient. The molecular basis for an interaction
between appetite suppressant exposure and a genetic
susceptibility generated by defects in BMPR2 or ALK-1
requires further study.® A recent report of a patient
harbouring a pathogenic ENG mutation developing pulmon-
ary hypertension following documented fenfluramine expo-
sure (Soubrier F, personal communication) neither resolves
nor detracts from the hypothesis that such an interaction
may occur. It is of interest that among this present series,
selected on the basis of patient referral with HHT and
pulmonary hypertension, we only detected ENG mutations in
patients with causes for raised pulmonary artery pressures
that were distinct from pulmonary hypertension. Hence the
role of the accessory protein endoglin in predisposing to
pulmonary hypertension must await further assessment,
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including a search for subjects with ENG mutations and the
syndrome of HHT related pulmonary arterial hypertension, in
the absence of other recognised and potentially independent
risk factors.

It is clear that pulmonary hypertension is an important and
not infrequent complication of ALK-1 mediated disease. HHT
should also be considered, and may require screening for, in
patients presenting with apparent primary pulmonary hyper-
tension. For example, a girl (7682) with no personal history
of HHT but whose mother was affected developed severe
pulmonary hypertension at age 17 years and died within
12 months. Finally, and to further emphasise the complex
management issues in this group of disorders, patient 7684
was identified as having endoglin mediated HHT and
developed pulmonary hypertension secondary to massive
thromboembolic disease, showing that other causes of
pulmonary hypertension may also coexist in HHT patients.

The identification of human mutations in receptor compo-
nents of the TGEP receptor and vascular disease has provided
important targets for further investigation and understand-
ing of vasculogenesis and blood vessel response to injury.
Analysis of specific patient cohorts offers additional insight
into the functional requirements and specificity of these
pathways but also has important implications for the long
term management of families with such inherited disorders.

Note added in proof

A recent study® has reported a disease causing mutation in
the GS domain of BMPR1B—another type 1 receptor in the
TGFp pathway.
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