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A B S T R A C T   

Hereditary hemorrhagic telangiectasia (HHT), also known as Rendu-Osler-Weber disease, is a dominant inherited 
vascular disorder. The clinical diagnosis is based on the Curaçao criteria and pathogenic variants in the ENG and 
ACVRL1 genes are responsible for most cases of HHT. 

Four families with a negative targeted gene panel and selected by a multidisciplinary team were selected and 
whole-genome sequencing was performed according to the recommendations of the French National Plan for 
Genomic Medicine. Structural variations were confirmed by standard molecular cytogenetic analysis (FISH). 

In two families with a definite diagnosis of HHT, we identified two different paracentric inversions of chro
mosome 9, both disrupting the ENG gene. These inversions are considered as pathogenic and causative for the 
HHT phenotype of the patients. 

This is the first time structural variations are reported to cause HHT. As such balanced events are often missed 
by exon-based sequencing (panel, exome), structural variations may be an under-recognized cause of HHT. 
Genome sequencing for the detection of these events could be suggested for patients with a definite diagnosis of 
HHT and in whom no causative pathogenic variant was identified.   

1. Introduction 

HHT (hereditary hemorrhagic telangiectasia), also called Rendu- 
Osler-Weber disease is an autosomal dominant vascular disease char
acterized by mucocutaneous telangiectases and frequent epistaxis. 
Visceral complications may include pulmonary, hepatic, or central 
nervous system arteriovenous malformations. The penetrance is high 
and the expressivity is highly variable. 

The clinical diagnosis, as defined by the Curaçao criteria (Shovlin 
et al., 2000), is based on the following four criteria: family history (at 
least a first-degree relative diagnosed with HHT based on these criteria), 

recurrent and spontaneous epistaxis, characteristic mucocutaneous tel
angiectases, and visceral arteriovenous malformations. The diagnosis is 
considered definite, possible or unlikely, if respectively three, two or less 
than two criteria are present. 

Disease-causing variations of ENG, which encodes endoglin (OMIM 
#187300), and ACVRL1, which encodes ALK1 (OMIM #600376), are 
responsible for around 80–90% of all cases (Lesca et al., 2006). Besides, 
SMAD4 that encodes smad4 was also associated with HHT but appeared 
to be rarely causal (less than 2%) (Gallione et al., 2004) and responsible 
for a slightly different phenotype of juvenile polyposis/HHT overlap 
syndrome (JP-HHT, OMIM #175050). Finally, GDF2 was published in 
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2013 as a new genetic cause of HHT, but considering the few reports 
ever since, its prevalence in HHT cohort is probably rare (Balachandar 
et al., 2022; Topiwala et al., 2020). 

Accordingly, the strategy for genetic analysis includes a targeted 
gene panel analysis as a first line. Diagnostic performance of such panels 
is high and strongly influenced by clinical, as more than 97% of patients 
with a definite clinical diagnosis have a causal or likely causal variant in 
ENG, ACVRL1, or SMAD4 (McDonald et al., 2020). For years, in-depth 
analysis of these genes has led to additional rare variants identified in 
ENG promoter or in introns with splicing impact (Damjanovich et al., 
2011; Ruiz-Llorente et al., 2019; Albiñana et al., 2017; Wood
erchak-Donahue et al., 2018). New sequencing technologies such as 
genome sequencing (GS) could be used to further investigate these genes 
concerning complex structural variants. 

In France and since 2020, patients with a negative targeted gene 
panel and selected by a multidisciplinary team have access to genomic 
sequencing as part of the French National Plan for Genomic Medicine 
(PFMG). Four families have thus benefited from clinical genome 
sequencing, revealing in two of them a structural variation (SV) dis
rupting the ENG gene and explaining the HHT phenotype. 

2. Materials and methods 

2.1. Patients 

Each year in France, more than 250 probands with an unlikely, 
possible or definite diagnosis of HHT according to the Curaçao criteria 
are tested for HHT with a targeted gene panel and approximately half of 
them receive a molecular diagnosis. 

Four families were selected at a national level by a multidisciplinary 
team to benefit from genome sequencing in the AURAGEN laboratory 
(South and Est of France) or in the SeqOIA laboratory (North and North- 
West). All families have been previously analyzed by a targeted gene 
panel sequencing that covers at least coding regions of ENG, ACVRL1, 
SMAD4, RASA1, EPHB4, GDF2, promoters of ENG and ACVRL1, and 
introns of ACVRL1. 

A signed informed consent form was obtained from all the patients. 

2.2. Genome sequencing 

For families A and B, genome sequencing was performed at the 
AURAGEN laboratory (LBMMS Auragen, Auvergne Rhône-Alpes) 
following the recommendations of the PFMG. Whole-blood extracted 
genomic DNA was sequenced according to standard procedures for a 
PCR-Free genome on a NovaSeq6000 instrument (Illumina). Sequencing 
data were aligned to the GRCh38p13 full assembly using bwa 0.7+. 
Variants were called by several algorithms, including GATK4+, 
Bcftools1.10+, Manta1.6+, CNVnator0.4+, and annotated using the 
variant effect predictor. Detected variants were prioritized using in- 
house procedures. Further details are available upon request on the 
website of the AURAGEN platform (https://www.auragen.fr). 

Genome sequencing was performed at the SeqOIA laboratory (LBMS 
SeqOIA, Paris, France) using the same protocols for families C and D. 
FASTQ files were obtained from the bcl2fastq demultiplexing tool 
(v2.20.0.422, Illumina) and aligned to the GRCh38.92 genomic refer
ence using BWA-MEM (v0.7.15). Haplotype Caller, GATK (v4.1.7.0) was 
used to call the SNV and delins (<50bp); variants were annotated by 
SNPEff (v4.3t). Structural variants were detected by ClinSV (v1.0.1) and 
WiseCondor (v1.2.4). The resulting SV were then annotated with 
AnnotSV (v3.0.7) (https://academic.oup.com/bioinformatics/article/ 
34/20/3572/4970516). GLEAVES (v3.3.23, in-house software) was 
used for the variant interpretation and reporting. Further details are 
available on the website of the LBMS SeqOIA platform (https://lab 
oratoire-seqoia.fr/). 

2.3. Molecular cytogenetic analysis 

For patient 1 of family B, metaphase chromosome spreads were 
prepared from cultured lymphocytes by standard methods before FISH 
analysis. FISH was performed with a subtelomeric probe for the long 
arms of chromosome 9 (Cytocell) and with BAC clones either fluorescein 
labeled by nick-translation (RP11-19J3, 9q22.31) or commercially 
available (RP11-890G24, 9q33.1, RainbowFISH probe), following 
standard FISH protocols. Slides were counterstained with DAPI and 
analyzed with a Zeiss Axio Imager. Z2 microscope. Cell images were 
captured with Isis software (MetaSystems). Thirty metaphases were 
analyzed. 

For patient 1 of family C, BAC clones were commercially available 
(RP11-67K19, spectrum orange, 9q33.1 and RP11–165P4 spectrum 
green, 9q33.2) (RainbowFISH probe), following standard FISH pro
tocols. Slides were counterstained with DAPI and analyzed with an 
Olympus BX51 microscope. Cell images were captured with Isis software 
(MetaSystems). Ten metaphases were analyzed. 

3. Results 

Genome sequencing was performed in four families. First, the diag
nosis was unlikely according to the Curaçao criteria in one patient 
(Family A) with early onset and very severe diffuse pulmonary arterio
venous malformations. Two families (B and C) had a definite diagnosis 
and in family D, the diagnosis was only possible according to these 
criteria. Their clinical data are shown in Table 1. 

The study of structural variants revealed two inversions involving 
the ENG gene in the two families with a definite clinical diagnosis. In 
both cases, balanced rearrangements were identified, affecting the 
orientation of the chromosomal segment without changing the copy 
number. In family B, we observed a paracentric inversion on chromo
some 9 (seq [GRCh38] inv (Albiñana et al., 2017) (q21.33; q34.11) 
NC_000009.12:g.87,592,471_127847590inv), whose breakpoint in
terrupts the first intron of ENG and another gene, DAPK1, which has not 
been related to a human disease. In terms of disease mechanism, this 
inversion disrupting ENG is responsible for the HHT phenotype in the 
family. However, this cannot explain the neurodevelopmental disorder 
in Pt2, as Pt1 and her father were unaffected. Notably, no other patho
genic variations were present in the genome of Pt2. 

In family C, another paracentric inversion (seq [GRCh38] inv 
(Albiñana et al., 2017) (q32; q34.11)) (NC_000009.12:g. [113,278,984, 
127833381inv, 127833382G > A]) was identified, disrupting intron 2 of 
ENG and exon 3 of PRPF4. This gene encodes a spliceosomal protein 
called HPrp4, which is associated with retinitis pigmentosa 70 (OMIM 
#615922). The inheritance of the disease is dominant and the variants 
described (one promoter deletion and two missense) are responsible for 
either haploinsufficiency or a dominant negative effect (Chen et al., 
2014; Linder et al., 2014). However, the medical records of Family C did 
not mention such a disease, but they were not examined by an 
ophthalmologist. 

Both inversions were confirmed by FISH analysis and can be 
considered as pathogenic and responsible for the phenotype of the pa
tients (Fig. 1). 

In the two remaining families, genomic analysis was inconclusive. In 
particular, no single nucleotide variants, including deep intronic varia
tions and copy number variation (CNV) were observed in the genes 
responsible for HHT. 

4. Discussion 

After a negative HHT gene panel, four families were analyzed by 
genome sequencing. In two families with a definite diagnosis of HHT, 
the genome showed a balanced chromosomal rearrangement involving 
the ENG gene. The size of the inverted regions differed, but both 
breakpoints disrupt the ENG gene. Considering the haploinsufficiency 
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Table 1 
Clinical data table of the patients who benefited from genome sequencing.   

Family A, Pt1 Family B, Pt 1 Family B, Pt 2 
(son of Pt1) 

Family C, Pt1 Family C, Pt2 
(daughter of Pt1) 

Family D, Pt1 Family D, Pt2 
(sister of Pt1) 

Age when GS was 
performed 
(years) 

19 74 47 62 34 45 39 

Curaçao criteria 
Epistaxis No Frequent - have 

required iron 
replacement therapy 

Daily Yes Frequent (3 times 
a month) 

Only during 
childhood and 
adolescence 

No 

Telangiectases Absence Multiple, diffuse 
(fingers, lips, 
tongue), sometimes 
hemorrhagic 

Multiple (lips, 
tongue, palate) 

Yes Yes (tongue) Multiple (fingers, 
face, lips, 
tongue) 

Multiple 
(fingers, face, 
lips, tongue) 

Visceral lesions Multiple pulmonary 
arteriovenous 
malformations diagnosed 
at the age of 2, treated 
with 5 embolizations and a 
lobectomy 

Multiple pulmonary 
arteriovenous 
malformations 
requiring 
embolization 

No Pulmonary and 
hepatic 
arteriovenous 
malformations 

Pulmonary and 
hepatic 
arteriovenous 
malformations 

Hepatic 
arteriovenous 
malformations 

Hepatic 
arteriovenous 
malformations 

Family history 
of HHT 

No Yes Yes Yes Yes Yes (sister, father 
with possible 
HHT) 

Yes (sister, 
father with 
possible HHT) 

Diagnosis of 
HHT 

Unlikely Definite Definite Definite Definite Possible Possible 

Additional 
features 

Seizures No Neurodevelop- 
mental disorder 

No No No Left thigh 
arteriovenous 
fistula 

GS result Negative NC_000009.12: 
g.87,592,471_127847590inv 

NC_000009.12:g. 
[113,278,984,127833381inv, 
127833382G > A] 

Negative  

Fig. 1. a. Pedigrees of families B and C; carriers of chromosome 9 inversions are represented with a cross; patients with a definite HHT diagnosis are represented in 
black, patients with isolated epistaxis in gray; patients who benefited from genome sequencing are outlined in green. E+/T+/pAVM or hAVM is indicated in the 
presence of epistaxis, telangiectases or pulmonary or hepatic arterio-venous malformations, respectively. 
b. Alignments using Integrative Genomics Viewer (IGV) at the position of both breakpoints. 
c. For family B: FISH analysis with RP11-19J3 (9q22.31 in green), RP11-890G24 (9q33.1 in red) and subtelomeric probe 9q in green; for Family C: FISH analysis with 
RP11–165P4 (3q33.1 in green) and RPP1-67K19 (9q33.1 in orange); derivative chromosomes are indicated with an arrow. 
d. Schematic representation of the chromosome 9 inversions showing the two breakpoints located in q34.11 disrupting ENG, and in 9q21.33 (family B) or 9q31.11 
(family C), the derivative chromosome and resulting positions of FISH probes. 
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mechanism, these inversions can be considered pathogenic and 
responsible for the HHT phenotype. 

In the first family, the inversion at the other breakpoint disrupted a 
gene, DAPK1. This gene encodes a kinase that plays an important role in 
apoptotic pathways, including neuronal cell death. DAPK1 is not 
currently associated with any human genetic disorder, although it is 
predicted to be intolerant to loss of function variants (pLi = 1). However, 
the phenotype of the family with this inversion was consistent with a 
diagnosis of typical HHT, with no other associated features that the ENG 
disruption could not explain. In the second family, the second disrupted 
gene is PRPF4, published in 2014 as being responsible for a retinitis 
pigmentosa (RP) phenotype (OMIM #615922) (Chen et al., 2014; Linder 
et al., 2014). Patients in this family did not show any ocular phenotypes, 
suggesting that the penetrance may be incomplete in the case of hap
loinsufficiency or that another mechanism is responsible for the devel
opment of RP (deletion, missense). Since 2014, no other publications 
have confirmed the association between PRPF4 and RP. 

To our knowledge, this is the first time a structural variation has been 
reported to cause HHT. Structural variations have been reported in pa
tients with other diseases that share features with HHT, such as domi
nant inheritance, specific clinical signs and limited or absent genetic 
heterogeneity. For example, reciprocal translocations have been re
ported in Marfan syndrome (Pagnamenta et al., 2023; Schnause et al., 
2021). 

This report highlights the interest of genome sequencing, and 
particularly the detection of structural variations that are not detectable 
by a gene panel approach for patients with a definite diagnosis of HHT. 
These abnormalities could have been missed with standard karyotyping 
(no visible change in bands), and are inaccessible to MLPA (Multiplex 
Ligation-dependent Probe Amplification) or array-CGH (because there is 
no loss of genetic material). This result further confirms the great genetic 
homogeneity of HHT and the major implication of ENG and ACVRL1 in 
the disease. 

Beyond HHT molecular diagnosis, the identification of such balanced 
structural variants is important as they could get imbalanced during 
meiosis and generate much severe phenotypes, thus making genetic 
counselling much more complex, as it will deal both with a monogenic 
disorder known to the family, and an unexpected chromosomal prob
lem. However, the probability of an unbalanced karyotype appearing in 
the next generation is minimal and due to the generation of dicentric and 
acentric fragments, which may be associated with fertility issues (Anton 
et al., 2005). 

Genome sequencing was negative in two of the four families, but this 
does not necessarily mean there is no genetic etiology for the disorder. 
First, interpretation of variations located in non-coding regions is chal
lenging. Besides, another genetic mechanism for the disorder could be 
involved. We can raise the possibility of mosaic mutations confined to 
affected tissues that are not detectable when examining DNA extracted 
from blood leukocytes. This may be the case in family A, Pt1, which has 
isolated lung involvement. For families with no defined diagnosis for 
any known genetic condition, other genes may be involved with 
different mechanisms that were not be able to be selected as candidate 
genes at this stage. Finally, although bioinformatic pipelines have made 
progress in detecting SVs and CNVs, their sensitivity is not perfect and 
some CNVs may go undetected by currently used methods, also non- 
coding CNVs affecting regulatory regions could be involved. 

In conclusion, this case report emphasizes the importance of in-depth 
genetic research in families with a definite diagnosis of HHT but no 
pathogenic variant in common causing genes found, investigating a 
wide range of genetic disease mechanisms to find the causal one. 
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