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Germline mutations in genes encoding members of the transforming
growth factor-p (TGF-B)/bone morphogenetic protein (BMP) superfamily
are causal for two hereditary vascular disorders, hereditary hemorrhagic
telangiectasia (HHT) and heritable pulmonary arterial hypertension (PAH).
When the two diseases coexist, activin A receptor type II-like kinase-1
(ACVRLI) gene mutations are usually identified. We report a remarkable
ACVRLI germinal and somatic mosaicism characterized by the presence
of two distinct mutant alleles and a non-mutant ACVRLI allele in a
woman diagnosed with PAH at the age 40. She also met the Curagcao
diagnostic criteria for HHT based on additional findings of telangiectases,
epistaxis and arteriovenous malformations. Mutation analysis of ACVRLI
identified two adjacent heterozygous deleterious mutations within exon 10:
c.1388del (p.Gly463fsX2) and c.1390del (p.Leud464X) in a region enriched
by mutation-associated DNA motifs. The mother transmitted the c.1388del
to one child and the ¢.1390del to two children confirming germinal
mosaicism. Allele-specific polymerase chain reaction analysis showed that
c.1388del is the predominant mutation in lymphocytes of the index case.
Haplotype analysis revealed that both mutant alleles have a common
chromosomal origin which is distinct from that of the mother’s non-mutant
ACVRLI allele. These distinct mutant alleles in tissues and germline could
have arisen by DNA structure-mediated events occurring in the early
stages of the mother’s embryogenesis, prior to the segregation of her
germline, which ultimately led to the independent transmission of each
allele. These highlight the complexity of genomic events occurring during
early embryogenesis and the consequences of mutational mosaicism upon
pathogenic variability.
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Pulmonary arterial hypertension (PAH) and hered-
itary hemorrhagic telangiectasia (HHT) are distinct
clinical entities caused by germline heterozy-
gous mutations in genes encoding members of
the TGF-B/BMP superfamily: BMPR2 in PAH
and ACVRLI, ENG, or SMAD4 in HHT. HHT
is characterized by mucocutaneous telangiectases,
recurrent epistaxis, and macroscopic arteriovenous
malformations, particularly in the pulmonary, hep-
atic, and cerebral circulation (1). PAH is a severe
disease affecting small pulmonary arteries, with
progressive remodeling leading to elevated pul-
monary vascular resistance and right ventricu-
lar failure (2). Genetic predisposition to PAH has
been shown to be linked to mutations of BMPR2,
which are responsible for heritable forms of PAH,
transmitted as an autosomal dominant trait with
low penetrance. When PAH complicates HHT,
ACVRLI mutation are the prevailing cause of the
disease (3, 4).

Here, we report a remarkable ACVRLI germi-
nal and somatic mosaicism characterized by the
presence of two mutant alleles in the same patient
diagnosed with HHT and PAH, those arose on the
same haplotype and were independently transmit-
ted to the offspring.

Materials and methods
DNA extraction

Genomic DNA was isolated from peripheral
lymphocytes using an automatized Extragene
extractor (Genomic Industry, Archamps, France)
with a DNA extraction kit Wizard Genomic
DNA (Promega, Charbonnieres-les-Bains, France)
according to the manufacturer’s standard proto-
col. Extraction from buccal swab used FTA®
(WHATMAN, Maidstone Kent, UK). DNA extrac-
tion from urine sediments, hair roots and skin used
DNA mini Kit Qiagen (QIAGEN, Courtaboeuf,
France) according to the manufacturer’s standard
protocol.

Mutation screening

All coding exons and flanking splice sites of
ACVRLI (GenBank accession number NM_0000
20.2) were bidirectionally sequenced as described
before (4). Nucleotide numbering reflects cDNA
numbering with 41 corresponding to the A of the
ATG translation initiation codon in the reference
sequence, according to Human Genome Variation
Society guidelines (www.hgvs.org/mutnomen). All
coding exons and flanking splice sites of ENG
(GenBank accession number NM_004612) were
also sequenced.

2

Genotyping and linkage analysis

Seven informative microsatellite markers (D12S85,
D12S2196, DI12S1677, DI12S1712, D12S262,
D12S1724, and D12S90) were selected for link-
age analysis at the locus 12q13.13 (ACVRLI).
Polymerase chain reaction (PCR) primer sequences
and amplification conditions were obtained from
the University of California Santa Cruz (UCSC)
database. Genotypes were analyzed with GENE-
MAPPER 3.5 software.

Quantitative allele-specific PCR

Experimental conditions for the allele-specific
real-time PCR assays were derived from the
mismatch amplification mutation assay (Taq-
MAMA) (5). Primer pairs specific for the two
mutations were designed using PRIMEREXPRESSI.5
such that one primer had the mutation at the
3’-end preceded by a mismatch at position n — 1
(underlined): primer forward c¢.1390 del: 5'-CCC
CCAGGTCCTCTCAGGAT-3"; primer forward
c.1388del: 5-CCCCCAGGTCCTCTCAGCAT-3;
primer reverse: 5'-GGCTTCTCTGGACTGTTGC
TAATT-3'.

Specific and quantitative amplification was
ensured using serial dilutions of DNA from a
control individual in which 75%, 50%, 25%, or
12.5% of the DNA is from the patient bearing
the mutation of interest. All real-time PCR exper-
iments were performed using 10 ng of genomic
DNA, 0.4 uM of each primer and 12.5 pl of
Sybr Green PCR master mix (Applied Biosystems,
Life Technologies SAS, Courtaboeuf, France) in
a total volume of 25 pul. The RNAse P (RNAse
P control assay from Applied Biosystems) was
used as the reference amplicon. Each sample
was run in triplicate on an ABI PRISM 7700
Detection system (Applied Biosystems) and three
different experiments were used for final quantifi-
cation. Relative ratios were calculated using the
formula r = 2722 with AACt = (Ctymutation —
CtRNAseP)ind tested — (CtMutation - CtRNAseP) (6) The
level of mosaicism was assessed on blood DNA.
In the case of buccal cells, hair, urine, or skin,
there was insufficient DNA from theses samples to
perform allele-specific assays, but there was no dif-
ference between peak height of sequencing scans
from blood DNA and other DNA samples.

Results
Case

A 40-year-old Caucasian woman (Fig. 1a, II-3),
diagnosed with HHT at 38 years, was referred to
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Fig. 1. Molecular analysis of the ACVRLI gene. (a) Pedigree
of the family. Affected subjects are in black symbols. (b)
Detection of ACVRLI mutations by direct sequencing of DNA
extracted from lymphocytes of the index case (II-1) and her
three children (III-1, III-2 and III-3).

the French Reference Centre for Severe Pulmonary
Hypertension with a 6-month history of progres-
sive dyspnea. She reported recurrent epistaxes
since childhood and she presented with typi-
cal telangiectases of the skin, nasal and buccal
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cavities. She had multiple liver arteriovenous mal-
formations with a nodular pseudohyperplastic focal
aspect and a splenic artery aneurysm. On diagnosis
of PAH, the patient was in New York Heart Asso-
ciation (6) functional class III, and the 6-min walk
distance was 455 m. Right heart catheterization
confirmed severe precapillary pulmonary hyperten-
sion with a mean pulmonary artery pressure of 51
mmHg, a pulmonary capillary wedge pressure of
10 mmHg, a right atrial pressure of 4 mmHg and a
cardiac index of 6.0 I/min/m?. Routine evaluation
excluded other conditions associated with precap-
illary pulmonary hypertension. Thus, specific PAH
therapy with (7) oral sildenafil and bosentan was
initiated and the patient was alive 69 months after
the diagnosis of PAH.

The parents of the patient were deceased. They
did not show any signs of HHT or PAH, nor did
any of the four sisters of the index case. DNAs
were not available for either of the parents or the
sisters. The patient has three children from two
different fathers. The three children aged 24, 18,
and 7 years at examination presented with typical
symptoms of HHT with varying degrees accord-
ing to age. Blood was collected from the patient
and her three children for DNA testing. Case 1I-3
was previously described in a series of ACVRLI
mutation-associated PAH patients (4) before the
children phenotypes and genotypes were avail-
able and enabled the elucidation of the molecular
findings.

Molecular analysis

Sequencing of the complete coding sequence of the
ACVRLI gene in the index case initially identified
one heterozygous deleterious mutation: c.1388del,
p-Gly463AlafsX2 within exon 10 of ACVRLI. Tar-
geted genetic testing was performed for her three
children. The c.1388del mutation was identified
for one child and, surprisingly, a different muta-
tion was identified for the two other children,
c.1390del, p.Leu464X (Fig. 1b). We then rean-
alyzed sequences of the index case and identi-
fied the c.1390del mutation on the reverse strand
of the DNA sequence (Fig. 1b). The independent
transmission of the mutation to the three children
showed germinal mosaicism in the mother. Both
mutant alleles were detected by direct sequenc-
ing in lymphocytes, buccal swab, urine sediments
and hair roots of the index patient, indicating
a mosaicism affecting ectoderm and mesoderm
derivatives. Allelic peak intensities are similar in
all tissues tested (data not shown).

To quantify the amount of each mutant allele in
the lymphocyte DNA extracted from the index case
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Fig. 2. Allele-specific polymerase chain reaction assay. (a) Primers used for allele-specific amplification introduced a two or three
nucleotides mismatch preventing amplification of the wild-type allele and of the mutated allele not specific of the primer used.
(b) The y-axis indicates the ratio of the mutated allele in each patient with respect to patient III-1 for the ¢.1390del mutation and
patient III-2 for the c.1388delG mutation who have one copy of the mutated allele. Columns from 75% to 0% show a dilution
curve for each allele obtained by mixing DNA from III.3 and III.1 with the wild-type DNA.

(I1-3), we developed a real-time PCR procedure,
derived from the mismatch amplification mutation
assay (TagMAMA) that specifically amplified the
c.1388del or the c.1390del mutations (Fig. 2a).
This quantitative analysis revealed that about
60% of lymphocytes of the patient expressed the
c.1388del allele and 40% expressed the c.1390del
allele (Fig. 2b).

To determine whether the mutants ACVRLI
alleles c.1388del and c.1390del originated from
the same chromosome background, we analyzed
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haplotype transmission using seven microsatellite
markers surrounding the ACVRLI gene. Using the
highly polymorphic markers D12S85, D1252196,
DI12S1677, DI12S1712, DI12S262, DI12S1724,
D12S90 on chromosome 12q13.13, we showed
that the three affected children inherited the same
maternal haplotype (Fig. 3). This and the indepen-
dent inheritance of the c.1388del and c.1390del
mutations show that the two distinct mutations
occurred independently on the same chromosome
transmitted by the mother.
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Fig. 3. Haplotype analysis. The inherited haplotypes of the mother spanning the seven microsatellite markers flanking the ACVRLI
gene are shown together with the two different mutated haplotypes segregating in the offspring.

Discussion

Here, we report a remarkable case of ACVRLI
germline mosaicism characterized by the presence
of two different mutant alleles derived from the
same haplotype and responsible for HHT asso-
ciated with PAH. The fact that the two mutant
alleles segregate independently in the offspring
(III-1, II-2, and III-3) is a clear indication of
germinal mosaicism in the heterozygous mutant
mother (II-3). Furthermore, as there was somatic
and germline mosaicism for both mutations in
the index parent II-3 on the same chromosome,
they likely occurred while she was an embryo
in utero in I-2 prior to germline segregation (8).
Both c¢.1388del and c.1390del deletions are likely
the consequences of a unique mutational event
that might have occurred at an early stage of
embryogenesis of II-3; such mutations occur-
ring prior to germline segregation can lead to
genetic mosaicism in both somatic and germline
tissues (8). Mutation events that occur follow-
ing germline segregation would result in germinal
mosaicism but not somatic mosaicism (9). Indeed,
the index case (II-3) carries three different hap-
lotypes in her germline and somatic cells, among

them two carry different mutations which emerged
from the same haplotype and which were inde-
pendently transmitted to the offspring. However,
the unique precursor genetic event was no longer
detectable.

The DNA sequence surrounding both ACVRLI
deletions includes many motifs that are frequently
associated with microdeletions/microinsertions,
including topoisomerase cleavage sites, repeats,
immunoglobin mutation motifs, the fragile
X-deletion hotspot motif and DNA structure-
forming motifs (Fig. 4) (10—12). This is a strik-
ingly high number of these mutation motifs for a
given locus. Also present are several polypurine/
polyprimidine tracts and palindromic (inverted
repeat) sequences that are capable of form-
ing triple-stranded DNA structures and hairpin/
cruciform structures — both of which have been
associated with mutations (10—12). Interestingly,
both the c.1388del and the c.1390del mutations are
located within the stem region of the putative cru-
ciform/hairpin structure. Upon deletion of either
the G or the C, the ability for this cruciform/hairpin
would be lost (Fig. 4). We can speculate a template
switching model that can arise by paused replica-
tion fork or arrested DNA repair synthesis, induced
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Fig. 4. Mutation analysis. Sequence motifs previously associated with microinsertions and microdeletions (10) and their association
with the deletion mutations in the ACVRLI gene. The hairpin formation in the wild-type allele has a free energy of —1.78 kcal/mol.
The same hairpin structure was not able to form in either of the mutant allele in silico using MFOLD (http://mfold.rna.albany.edu/).

by secondary structures, followed by restarted
synthesis mediated by a strand/template switching
process which can provoke the loss of bases. The
high number of mutation motifs associated with
this region of the ACVRLI coupled with the fact
that this individual has incurred a complex genetic
event at this site suggests that this may well be
a mutation hotspot, and several ACVRLI muta-
tions have been described in this area of the gene,
including microdeletion/microinsertions (13, 14).
PAH is a rare complication of ACVRLI mutation
carriers (2—4). ACVRLI mutation carriers were
shown to have a younger age at PAH diagno-
sis and a worse prognosis when compared with
PAH patients carrying a BMPR2 mutation, the
major predisposing gene to PAH, or patients with-
out mutation identified (4). PAH is in particular
observed in early childhood in ACVRLI muta-
tion carriers and the poor prognosis of these HHT
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and PAH-associated ACVRLI mutations precludes
their transmission. Inversely, mosaicism can atten-
uate HHT and PAH phenotypes in subjects carry-
ing a de novo mutation in the ACVRLI gene (15,
16). However, in the case reported here, occur-
rence of the mutation during early embryogenesis
conferred a complete phenotype with symptoms
starting in childhood.

The case of germinal mosaicism described here
illustrates the complexity of transmission of the
mutation in progeny and might explain pseudo-
revertant cases of mutation transmission, which
indeed can be due to germinal mosaicism.
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