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Abstract
Background: Hereditary hemorrhagic telangiectasia (HHT) is an autosomal 
dominant vascular disorder, affecting 1:5000 individuals worldwide. All the genes 
associated to the disease (ENG, ACVRL1, SMAD4, GDF2) belong to the TGF-β/
BMPs signaling pathway.
We found 19 HHT unrelated families, coming from a Northern Italy region and 
sharing the ACVRL1 in-frame deletion c.289_294del (p.H97_N98).
Methods: To test the hypothesis of a founder effect, we analyzed 88 subjects 
from 19 families (66 variant carriers, showing clinical signs of HHT, and 22 non-
carriers, unaffected) using eight microsatellite markers within 3.7 Mb around the 
ACVRL1 locus. After the haplotype reconstruction, age estimation of the variant 
was carried out.
Results: We observed a common disease haplotype in 16/19 families, while three 
families showed evidence of recombination around the ACVRL1 locus. The sub-
sequent age estimation analyses suggested that the mutation occurred about 8 
generations ago, corresponding to about 200 years ago. We also present novel in 
silico and modeling data supporting the variant pathogenicity: the deletion alters 
the protein stability and removes the unique extracellular glycosylation site.
Conclusion: We have demonstrated, for the first time, a “founder effect” for a 
HHT pathogenic variant in Italy.
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1   |   INTRODUCTION

Hereditary hemorrhagic telangiectasia (HHT), also 
known as Rendu–Osler–Weber syndrome, is a rare autoso-
mal dominant vascular disorder affecting about 1 in 5000 
individuals worldwide (Govani & Shovlin, 2009).

The vascular dysplasia in HHT is characterized by the 
presence of arteriovenous malformations (AVMs) in in-
ternal organs and telangiectases on mucocutaneous sur-
faces. Telangiectases are frequently and typically found 
in patient's nasal and oral cavities, on face, fingertips and 
gastrointestinal mucosa, whereas AVMs are observed in 
the lungs, liver, and central nervous system, with a vari-
able incidence, related to the disease-causing gene (Lesca 
et al., 2007).

The clinical diagnosis of HHT is established if at least 
three of the following features (the so called “Curaçao 
criteria”) are present: epistaxis, mucocutaneous telangi-
ectases, visceral AVMs, and the presence of a first degree 
relative diagnosed according to the same criteria (Shovlin 
et al., 2000). Epistaxis is the most common clinical sign: 
it is present in more than 90% of patients and frequently 
begins in childhood (Lesca et al., 2007).

HHT-causing variants have been found in four genes 
belonging to the TGF-β/BMPs (Transforming Growth 
Factor-β/ bone morphogenetic proteins) signaling path-
way: ENG, ACVRL1, SMAD4, GDF2.

ENG is located on the long arm of chromosome 9 
(9q34.11) and codes for ENDOGLIN (or ENG), a type III 
auxiliary TGF-β receptor. Pathogenic variants in this gene 
are associated to HHT1 (OMIM #187300) and to date more 
than 340 pathogenic variants have been reported in ENG 
(http://arup.utah.edu/datab​ase/ENG/ENG_welco​me.php).

ACVRL1 defects are instead responsible for HHT2 
(OMIM #600376); to date more than 260 pathogenic 
variants have been described for this gene (http://arup.
utah.edu/datab​ase/ACVRL​1/ACVRL1_welco​me.php). 
ACVRL1 chromosomal locus is 12q13.13. This gene codes 
for Activin A Receptor Type II - Like I (or ALK1), a type I 
serine/threonine kinase receptor.

SMAD4 (or MADH4: Mothers Against Decapentaplegic, 
Drosophila, Homolog of, 4) is positioned on chromosome 
18 (18q21.2) and encodes for the homonymous protein, 
SMAD4, a nuclear effector of the signal transduction path-
way. Pathogenic variants in SMAD4 lead to the Juvenile 
Polyposis/Hereditary Hemorrhagic Telangiectasia 
Syndrome (JPHT; OMIM #175050) and 60 pathogenic 
variants are now known (http://arup.utah.edu/datab​ase/
SMAD4/​SMAD4_welco​me.php).

GDF2 (Growth Differentiation Factor 2) maps on chro-
mosome 10 (10q11.22) and codes for BMP9, the main physi-
ological ligand of ALK1. Only few HHT-related variants have 
been referred to BMP9 (Wooderchak-Donahue et al., 2013).

After ligand/receptor type I and II binding, supported 
by type III receptor, the signal is transduced, by phos-
phorylation cascades involving SMAD1/5, to SMAD4; the 
SMAD4/SMAD1,5 complex translocates to the nucleus 
and, together with other transcription factors, regulates 
target genes expression (Fernández et al.,  2006). Target 
genes are not fully known yet.

It is currently accepted that the majority of the 
pathogenic variants found in HHT Patients are “family-
exclusive” or “private” (Faughnan et al., 2011), although 
in several cases, the same mutation is reported, with low 
incidence in different populations (Lesca et al.,  2008; 
Olivieri et al., 2007; ARUP Mutation Databases, 2022). 
In our database, which collects more than 500 families, 
mutations recurring in more than one family are about 
20%.

Although HHT is widespread worldwide, in some 
regions a much higher prevalence has been observed 
suggesting a founder effect (Faughnan et al.,  2020). 
Examples are the County of Fyn in Denmark (Kjeldsen 
et al.,  1999), the Netherlands Antilles (Gallione 
et al.,  2000), the Northern part of Japan (Dakeishi 
et al., 2002), the Haut-Jura mountains in France (Lesca 
et al., 2008) and Norway (Heimdal et al., 2016); in some 
cases, a founder effect was proven by molecular analy-
ses (Dakeishi et al., 2002; Gallione et al., 2000; Heimdal 
et al., 2016; Lesca et al., 2008).

We report here the findings on 19 Italian families, all 
coming from the same Northern Italy restricted area, 
and carrying the same disease-causing variant: ACVRL1 
(NM_000020.2) c.289_294delCACAAC (p.H97_N98del). 
To the best of our knowledge, this variant has never 
been reported in non-Italian patients and, in Italy, it has 
been found only in individuals from nearby the city of 
Bergamo. We provide additional molecular evidence for 
the pathogenicity of the variant and data supporting the 
hypothesis of a founder effect. We also underline the rel-
evance of our findings for the National Health Service 
as the incidence of this rare disease can be higher in the 
Bergamo area than in other regions. Evidence for the 
presence of a founder variant in this territory is useful 
to accelerate the genetic diagnosis of younger or mildly 
affected patients coming/having ancestors from the 
abovementioned province.

2   |   MATERIALS AND METHODS

2.1  |  Ethical compliance

This study was approved by the Ethics committee in the 
area of Pavia (reference number 1–29/1/14) and conforms 
the declaration of Helsinki.

http://arup.utah.edu/database/ENG/ENG_welcome.php
http://arup.utah.edu/database/ACVRL1/ACVRL1_welcome.php
http://arup.utah.edu/database/ACVRL1/ACVRL1_welcome.php
http://arup.utah.edu/database/SMAD4/SMAD4_welcome.php
http://arup.utah.edu/database/SMAD4/SMAD4_welcome.php
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According to the Italian Bioethics laws, each Subject 
signed a written informed consent to allow the use of his/
her biological sample for diagnostic and research purposes.

2.2  |  Patients

Subjects involved in the study were diagnosed and classi-
fied as “affected”/“non affected”, following the “Curaçao 
Criteria” (Shovlin et al., 2000) by clinicians (EB, FP, GM 
and EM) from two HHT Italian Reference Centers in 
Pavia and in Crema.

In a previous work by our laboratory (Olivieri 
et al.,  2007), we observed an unusual “cluster” for the 
ACVRL1 c.289_294delCACAAC (p.H97_N98 del in-frame) 
(NM_000020.2) variant: the variant was identified only in 
Italy, only in our cohort, and only in families coming from/
having ancestors from the area of Bergamo (Northern 
Italy). For this reason, we called it the “Bergamasca vari-
ant” (“Bergamasca”, in Italian, is the feminine adjective 
for “coming from Bergamo”).

For this study, we searched the HHT database of the 
General Biology and Medical Genetics Unit (more than 
2000 samples including Patients and relatives) for families in 
which the Index Case carries the “Bergamasca variant” and 
we found 98 individuals belonging to 19 apparently unrelated 
families. Of them, 88 were included in this study, whereas 10 
subjects were excluded because DNA was no more available.

To the purpose of both co-segregation analysis and hap-
lotype reconstruction, we included both carriers and non-
carrier family members. Of note, for the co-segregation 
studies, we excluded subjects without any additional relatives 
and subjects younger than 40 years (24/88 subjects), while 
for haplotype reconstruction we considered all the subjects 
(Pedigrees in Figure 4 and Supplementary Figure S1).

2.3  |  Molecular genetics analyses

The ACVRL1 c.289_294delCACAAC (p.H97_N98 del in-
frame) (NM_000020.2) variant was identified by Sanger se-
quencing starting from 3 ml of peripheral blood (EDTA) as 
previously reported (Olivieri et al., 2007). MutationTaster, 
MutPred Value and Varsome tools were used to define 
the variant pathogenicity (Kopanos et al.,  2019; Pejaver 
et al., 2020; Schwarz et al., 2014).

2.4  |  Protein modeling and 
glycosylation prediction

The ALK1 extracellular domain, where the 
c.289_294delCACAAC variant falls, is involved in the 

receptor/ligand binding and receptor/receptor interac-
tions. Modeling of the extracellular domain of ALK1 
carrying the H97_N98del (ALK1 H97_N98del) was 
performed by the Swiss-Model server (Waterhouse 
et al.,  2018), providing both the protein sequence car-
rying the deletion and the structure of the extracellular 
domain of the wild-type ALK1 (ALK1-EC) derived from 
its complex with bone morphogenetic protein 10 (BMP10; 
PDB entry: 6SF1) as a template. Validation was based on 
the Global Quality Estimate provided by the Swiss Prot 
server, including QMEAN, (Qualitative Model Energy 
Analysis) (Benkert et al.,  2011), which is a composite 
scoring function describing the major geometrical aspects 
of protein structures. Models were visualized with Pymol 
(The PyMOL Molecular Graphics System, Version 2.0 
Schrödinger, LLC). PROVEAN (Protein Variation Effect 
Analyzer) is a software tool which predicts whether an 
amino acid substitution or indel has an impact on the bio-
logical function of a protein (Choi et al., 2012). Prediction 
of glycosylation sites was performed by the NetOGlyc 1.0 
server (Steentoft et al., 2013).

2.5  |  Short tandem repeats location and 
haplotype analysis

We studied eight polymorphic STR markers spanning 
3.7  Mb around the ACVRL1 locus for the haplotype 
analysis: DS12S339, D12S1590, D12S1620, D12S1635, 
D12S361, D12S1629, D12S368, and D12S390. Markers 
were selected using the UCSC genome browser (http://
genome.ucsc.edu). The range of heterozygosity for these 
eight STR markers was 52%–85%. Schematic distribu-
tion of markers and relative distances in kb are reported 
in Figure 1.

The genomic DNA from each individual was amplified 
by PCR using fluorescently 6-Fam or Hex labeled forward 
primers of each microsatellite (Supplementary Table S1).

The amplicons were run on a 2% w/v agarose gel con-
taining GelRed® intercalating agent (Biotinum) and vi-
sualized by ChemiDoc®(Biorad) to check the quality and 
quantity of PCR products.

Fragments from each subject were mixed and analyzed 
by capillary electrophoresis (3500 Dx Genetic Analyzer-
Applied Biosystem®) using GeneScan™ 600 LIZ™ 
(ThermoFisher) as size standard. Two different mixes were 
run to better define single microsatellite. Mix 1 included: 
D12S1590, D12S1635, D12S390, D12S368, D12S361, 
D12S1620; mix 2 included D12S339 and D12S1629.

The fragments lengths were then established using the 
GeneMapper™ software (ThermoFisher), and haplotypes 
were manually reconstructed and confirmed by analyses 
reported in the “Estimate of mutation age” section.

http://genome.ucsc.edu
http://genome.ucsc.edu
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2.6  |  Estimate of mutation age

Age estimation of the ACVRL1 c.289_294delCACAAC 
(p.H97_N98 del in-frame) variant was carried out with the 
DMLE+2.3 software package (Reeve & Rannala,  2002). 
Input data to DMLE included an encoded description of the 
full haplotypes of the mutation carriers and non-carriers, 
the latter being used as controls from the general popula-
tion for the eight examined markers. Genetic distances 
between markers were retrieved from the Marshfield 
Comprehensive Human Genetic Maps (https://www.biost​
at.wisc.edu/~kbrom​an/publi​catio​ns/mfdma​ps/) or esti-
mated based on physical distances (in Mb) given in UCSC 
Genome Browser (GRCh37/hg19 assembly) and consider-
ing 1 Mb ~ 1 cM. The population growth rate for the prov-
ince of Bergamo from the year 1300 to the present was 
estimated to be 0.0526 (Caleca et al., 2014). Three different 
estimates for the proportion of sampled mutation-carrying 
chromosomes were used: 0.015, 0.01, and 0.005. These in-
dices were subsequently used for mutation age estimates, 
which were averaged over 10 independent simulations.

3   |   RESULTS

3.1  |  Genetic classification of the variant

In all families, we observed, with no exceptions, co-
segregation of the variant with the presence of the clini-
cal picture of HHT (See Supplementary Figure S1). We 
obtained as a total result, 66 subjects, clinically affected 
and carriers of the variant, and 22 relatives, clinically un-
affected and non-carriers.

The ACVRL1 c.289_294delCACAAC (p.H97_N98 del 
in-frame) variant is classified as of “uncertain signifi-
cance” according to the ARUP HHT database and has 
never been reported in non-Italian families.

The variant is not present in GnomAD or in ClinVar 
(Karczewski et al., 2020; Landrum et al., 2014).

Varsome software predicts this variant as “Likely 
Pathogenic” according to ACMG (American College of 
Medical Genetics) classification (Kopanos et al., 2019).

MutationTaster predicts this variant as “disease caus-
ing” (Schwarz et al., 2014) and MutPred-Indels returns a 

pathogenicity score of 0.882 in a scale from 0 (benign) to 1 
(pathogenic) (Pejaver et al., 2020).

3.2  |  Effects of the variant on the ALK1 
protein structure

The structural model of ALK1 H97_N98del generated by 
Swiss Model (proMod 3.2.0) showed a global model qual-
ity estimate (GMQE score) of 0.56 and a Quality Mean 
(QMEAN) score of −1.06, indicating a good reliability. 
Not unexpectedly, however, the local QMEAN scores 
were worse for the stretch of C-terminal residues where 
the H97_N98 deletion was located (pink salmon regions, 
Supplementary Figure S2) and where the deleted polypep-
tide chain tried to reach an alternative, energetically ac-
ceptable, new conformation compared to the wild type. As 
QMEAN is mainly a geometrical indicator, this suggests a 
suboptimal geometry of this protein region in the deleted 
version of the polypeptide.

Structural analysis shows that the deletion removes 
two residues forming a short loop located on the surface 
of ALK1-EC (Figure  2a, pink salmon). In Figure  2b the 
prominent structural change induced by the mutation on 
the surface profile is shown (disappearance of the pink 
salmon-colored surface). PROVEAN analysis of the mu-
tated protein returned a value of −17.498, consistent with 
the totally new configuration of hydrogen bonds com-
pared to the wild type: the side chain of residue N96 in 
ALK1 H97_N98del has an orientation similar to the one 
of H97 in the wild type and can replace it in the forma-
tion of the conserved hydrogen bond to T35, while the V99 
carbonyl atom establishes contacts with R67 (Figure  3). 
Interestingly, the NetNGlyc 1.0 server predicted a glyco-
sylation site at N98 (score 0.7182), also reported by the 
UNIPROT database, which is completely removed by the 
“Bergamasca variant.”

3.3  |  Microsatellite analyses, haplotype 
reconstruction and age estimate

The results of microsatellite analyses, including haplotype 
reconstruction, are available as Supplementary Figure S1. 

F I G U R E  1   STR markers location compared to the ACVRL1 variant locus. The microsatellites analyzed ordered by their locations are: 
D12S339, D12S1590, D12S1620, D12S1635, D12S361, D12S1629, D12S368, D12S390. The total length of the included region corresponds to 3.7 mb.

https://www.biostat.wisc.edu/%7Ekbroman/publications/mfdmaps/
https://www.biostat.wisc.edu/%7Ekbroman/publications/mfdmaps/
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Examples of family trees and haplotype reconstruction is 
reported in Figure 4.

Comparing the results of microsatellite markers anal-
ysis, we found that the great majority of affected individ-
uals (49/66) carrying the ACVRL1 c.289_294delCACAAC 
(p.H97_N98 del in-frame) variant exhibit a “conserved” 
haplotype; 11/66 subjects exhibit only one recombinant al-
lele in marker D12S339 or D12S368; a “mixed” haplotype 
is observed in 4/66 subjects, while a haplotype partially 
overlapping the “mixed” one, but with a further recombi-
nation, was found in the remaining two patients (Table 1).

Ten replicas of three distinct analyses were performed 
setting the population growth rate per generation to 0.052 
but using different estimates of the proportion of sampled 
mutation-carrying chromosomes (0.015, 0.01, and 0.005). 
Average age estimations for the three analyses were simi-
lar: eight generations for the first two batches of analyses 
and seven generations for the latter. Hence, the age was 
estimated to be ~eight generations (95% credible set: 6–11). 
Assuming an interval of 25 years per generation, this cor-
responds to the mutation being ~200 (165–265) years old 
(Figure 5b).

4   |   DISCUSSION

4.1  |  The variant, its structure and 
functional significance

We identified the ACVRL1 c.289_294delCACAAC 
(p.H97_N98 del in-frame) variant several years ago 
(Olivieri et al.,  2002). Although reported as “Pending 
Classification” in the ARUP HHT database (http://arup.
utah.edu/datab​ase/ACVRL​1/ACVRL1_welco​me.php), its 
potential pathogenicity was supported when several bio-
informatic tools as MutationTaster, MutPred Value and 
Varsome were interrogated, as they mostly interpreted it 
as damaging.

This in silico evaluation perfectly fits with our previ-
ous observation that the variant is pathogenic as it always 
co-segregates with the disease in all the pedigrees we ob-
served (Supplementary Figure S1).

Three-dimensional modeling studies added further 
evidence supporting the pathogenicity of the variant. In 
fact, the deletion greatly alters protein stability, causing 
a different configuration of hydrogen bonds as compared 
to the normal counterpart. The two deleted amino acids, 
H97 and N98 are not involved in ligand binding (see PDB 
ID: 6SF1, structure of the BMP10 complexed with the ex-
tracellular domain of ALK1). However, structural analy-
sis predicts that this in frame deletion is deleterious (See 
Supplementary Figure S2). Moreover, the deletion re-
moves the unique putative N-glycosylation site of ALK1 
at N98. This could be destructive in terms both of fold-
ing and stability, and could impair the correct membrane 
localization of the protein (Alt et al.,  2012; Hammond 
et al., 1994; Mitra et al., 2006).

4.2  |  Founder effect of the variant and its 
age of occurrence

When we first observed the ACVRL1 c.289_294delCACAAC 
(p.H97_N98 del in-frame) variant, it was immediately clear 
that it was quite common among the variants we were col-
lecting in our database. Indeed, the database available at 
the General Biology and Medical Genetics Unit includes 
244 different pathogenic variants, 100 for ENG and 144 for 
ACVRL1; among them, c.289_294delCACAAC (p.H97_
N98 del in-frame) is the most frequent, as it is present in 
76 individuals (6.7% of the total; 10% considering ACVRL1 
variants only). This variant has never been reported outside 
of Italy, and in Italy it was identified only in a restricted 
area in the surroundings of the city of Bergamo. All these 
evidences strongly suggested the hypothesis of a founder 
effect, probably due to the appearance of a de novo variant.

The haplotype analysis we here report confirms this 
hypothesis, with most patients (60/66) sharing the same 
haplotype including individuals showing recombination 
for one microsatellite allele.

In fact, the most common haplotype is present in 16/19 
families: in 11 of them the haplotype is conserved in all 
analyzed generations (families A, B, C, E, G, H, J, K, Q, R, 
S; Supplementary Figure S1, red alleles) whereas in five 

F I G U R E  2   Surface representation of 
the structure of the extracellular domain 
of wild type ALK1 (a, PDB ID: 6SF1) and 
of the model of ALK1 H97_N98del (b) 
Pink salmon: Residues deleted in ALK1 
H97_N98del. Figure generated by Pymol.

http://arup.utah.edu/database/ACVRL1/ACVRL1_welcome.php
http://arup.utah.edu/database/ACVRL1/ACVRL1_welcome.php
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(families F, L, M, O, P; Figure 4; Supplementary Figure S1, 
red and gray alleles) expansion or recombination occurs 
for a single microsatellite marker.

In a single family we observed two individuals with a 
haplotype partially overlapping the “mixed” one, but with 
a further recombination (family N [827; 1025]; Figure 4; 
Supplementary Figure S1, blue alleles). This haplotype 
is clearly recombinant as in the same family is present a 
subject carrying a “mixed haplotype” (family N [1365]; 
Supplementary Figure S1) including the same alleles of 

the most common haplotype in the distal part starting 
from ACVRL1 locus and a recombinant haplotype in the 
region centromeric to ACVRL1.

This “mixed haplotype” is also found in other two fam-
ilies (families D and I; Figure 4; Supplementary Figure S1) 
suggesting that these three families represent a different 
branch in the whole genealogical tree.

The age estimation suggests that the variant arose eight 
generations ago, corresponding to about 200 years (165–
265). A number of papers reporting founder effect have 

F I G U R E  3   Ribbon representation of 
the extracellular domain of the structure 
of ALK1 (a, PDB ID: 6SF1) and of the 
model of ALK1 H97_N98del (b) Pink 
salmon sticks: Residues deleted by the 
“Bergamasca mutation.” Blue sticks: 
Residues interacting with H97 and N98 in 
the wild type and with residues N96 and 
V99 in ALK1 H97_N98del, respectively. 
Figure generated by Pymol.

F I G U R E  4   Family trees representing the three different haplotypes observed. The common haplotype associated to the “Bergamasca 
variant” and shared by 60/66 patients is written in red (P), the “mixed” haplotype is written in blue and red (D). In family N there are two 
individuals with a haplotype partially overlapping the “mixed” one written all in blue (family N; 827 and 1025) and a subject carrying the 
“mixed haplotype” (family N; 1365). Subjects marked with ° were excluded from the co-segregation analysis.
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already been published; however, age estimation was per-
formed only by Lesca et al.  (2008) (Dakeishi et al., 2002; 
Gallione et al., 2000; Heimdal et al., 2016; Lesca et al., 2008).

Up to now, variants for which a founder effect has 
been suggested (including the “Bergamasca variant”) 
are 26 in ACVRL1 and 12 in ENG (Reviewed by Major 
et al., 2021). However, in most cases haplotype analyses 
were not performed; this will lead to an underestimation 
of independent mutation events occurrence. No imme-
diate explanation is available for the differences between 
the two genes. We feel that a hypothesis that could be 
tested might be related to the somehow more severe phe-
notype for HHT1, with a possible reduced fitness for pa-
tients carrying pathogenic variants in this gene.

4.3  |  Final considerations: The 
variant and its relevance for families and 
public health

Knowledge of local founder pathogenic variants can 
be used to speed up and simplify the genetic diagnosis 
for diseases in specific populations, suggesting, in well-
defined cases or families, a targeted mutation analysis in-
stead of using panels or whole exome sequencing as the 
first choice.

Besides patients harboring this in frame deletion 
variant in their genome, our database collects additional 
18 HHT-affected individuals (from 13 different families) 
coming from the province of Bergamo. We observed 

T A B L E  1   Hereditary hemorrhagic telangiectasia–related haplotypes observed in our cohort of patients

STR markers Alleles Alleles Alleles Alleles Alleles Alleles Alleles

D12S339 271 269 271 271 269 259 269

D12S1590 115 115 115 115 109 109 109

D12S1620 292 292 292 292 298 298 298

D12S1635 140 140 140 140 136 136 136

D12S361 250 250 250 250 240 240 240

D12S1629 159 159 159 159 169 169 169

ACVRL1 variant + + + + + + +

D12S368 197 197 195/199 207 197 197 205

D12S390 136 136 136 136 136 136 148

# patients with the haplotype 49 9 1 1 3 1 2

F I G U R E  5   (a) Schematic representation of the province of Bergamo: Towns and villages where patients and ancestors came from are 
represented with black squares and localization of Bergamo Province in Italy. (b) Histograms for the averaged posterior distribution of the 
time since the original mutation over ten replicas; the highest bar identifies the mutation most probable age.
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seven different pathogenic variants in ACVRL1 and 
six in ENG, confirming the hypothesis that most HHT-
related variants are “private.” In this context, as already 
suggested by previous papers on founder effects in HHT, 
the presence of a founder effect leads to a higher preva-
lence of the disease.

“Raw data” from the regional rare disease registry 
(Registro Lombardo Malattie rare, 2019) report a total HHT 
prevalence of 1:20,000 in Lombardy (the region including 
the province of Bergamo). The same registry reports the 
prevalence of 1:8921 for the Province of Bergamo, more 
than doubled compared to the total, supporting our obser-
vations. No updated and reliable data are available for the 
total Italian population, but the clinical diagnostic work 
suggests that the disease is likely to be underdiagnosed.

The data we report impact the local health care picture. 
The prevalence quoted before (1:5000), in fact, originates 
from literature data from non-Caucasian population in a 
restricted geographical area and from a different type of 
data source (Dakeishi et al., 2002).

Our work demonstrates the successful integration of 
data from molecular genetics, population genetics and 
from structure analysis. We obtained not only a new piece 
of evidence on the natural history of a single variant, but 
also information relevant for the National Health Service, 
as they demonstrate a higher prevalence of a rare, often 
underdiagnosed disease as HHT, in a well-defined area as 
the city of Bergamo and its surroundings.

Our work provides data useful for an extensive and 
enhanced cooperation between Local Health Authorities 
and HHT patients and families thanks to a new and better 
awareness of the clinical and social impact of the disease 
in this area, with the aim to offer the population a preco-
cious genetic and clinical diagnosis to prevent the com-
plications of the disease and obtain a better patients' care.
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