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Abstract

Thanks to a better knowledge of the genetic causes of many diseases and an improvement in genetic testing techniques,

genetics has gained an important role in the multidisciplinary approach to diagnosis and management of congenital heart

disease and aortic pathology. With the introduction of strategies for precision medicine, it is expected that this will only

increase further in the future. Because basic knowledge of the indications, the opportunities as well as the limitations of

genetic testing is essential for correct application in clinical practice, this consensus document aims to give guidance to

care-providers involved in the follow-up of adults with congenital heart defects and/or with hereditary aortic disease.

This paper is the result of a collaboration between the ESC Working Group of Grown-Up Congenital Heart Disease, the

ESC Working Group on Aorta and Peripheral Vascular Disease and the European Society of Human Genetics.

Throughout the document, the importance of correct counseling in the process of genetic testing is emphasized,

indications and timing for genetic studies are discussed as well as the technical modalities of genetic testing. Finally,

the most important genetic diseases in adult congenital heart disease and aortic pathology are also discussed.
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Introduction

The need for a multidisciplinary approach for the
follow-up of patients with adult congenital heart dis-
ease (ACHD) has been recognised for some decades
and now also includes genetics,1 reflecting the increas-
ing clinical applications.

The historical argument that genetic testing is costly
and time-consuming is no longer valid and, thanks to
spectacular technical progress, we are now able to
sequence the complete genome for a reasonable price.
The downside of the coin, however, is that genetic testing
results are not always straightforward to interpret and
this has now become the bottleneck of genetic testing.
Essential in both defining an indication and in the inter-
pretation of genetic testing in the clinic is appropriate
genetic counselling – both before and after possible test-
ing. To estimate which patients are eligible for genetic
counselling/testing, some basic knowledge of the current
insights and possibilities is desirable. With this article we
wish to provide guidance for care-providers specifically
involved in the care of adult patients with congenital
(hereditary) cardiovascular defects.

Because many ACHD centres also follow patients with
aortopathies, two major categories of patients are dis-
cussed: (a) patients with structural congenital heart dis-
ease (CHD); (b) patients with heritable thoracic aortic
disease (HTAD). In these disease groups, both syndromic
and non-syndromic entities exist, and it is important to
acknowledge some differences in diagnosis and manage-
ment between these entities – also with regards to genetic
counselling and testing. On the other hand, insights
gained in recent years indicate that these boundaries
between syndromic and non-syndromic forms are grad-
ually fading. In clinical practice, a genetic aetiology is
more commonly searched for – and identified in syn-
dromic forms than in the non-syndromic forms of CHD
and HTAD. Consequently, genetic counselling has
become part of standard care for syndromic CHD and
HTAD in most centres. In non-syndromic presentations,
this is often not (yet) the case. However, largely thanks to
knowledge that was gathered through the study of gen-
etics of syndromic entities, to a better knowledge of genes
involved in cardiovascular development, and to transla-
tional research, better insights into the genetic architecture
of isolated CHD and HTAD are now provided, and gen-
etic counselling can also be offered in selected cases.

A graphical overview of the data presented is pro-
vided in Figure 1.

Rationale for genetic counselling and
testing in ACHD

Evidence in support of a major genetic contribution in
CHD includes increased recurrence risk in first-degree
relatives, greater concordance of CHD in monozygotic

compared to dizygotic twins and a higher rate of CHD
in families with consanguinity.2,3

Advances in genetic sequencing technology suggest
that up to one-third of CHD cases may be explained by
a genetic cause,4 although this number is probably an
overestimation of genetic diagnosis in the non-syndromic
group and an underestimation in the syndromic group.
Aneuploidies have first been linked to syndromic CHD
(e.g. Down syndrome) more than half a century ago and
explain �10% of CHD cases.5 An excess burden of rare,
often de novo, copy number variants (CNVs) has been
observed both in syndromic (e.g. most 22q11 deletions)
and non-syndromic CHD, explaining an estimated 15–
20% and 5% of patients, respectively.6,7

Single nucleotide variants (SNVs – mostly de novo)
in several hundreds of genes account for about 10% of
CHD.4 Owing to inherent limitations of the available
testing methods and difficult interpretation of the
results (see below), current approximations might still
underestimate the true contribution of CNVs and
SNVs to the aetiology of CHD, and a significant pro-
portion of CHD heritability still remains unexplained.

In HTAD, several recent studies indicate the pres-
ence of a causal variant in known genes in up to 20% of
non-syndromic cases.

Understanding the underlying genetic causes of CHD is
important for patients and families with regards to clinical
management and family planning for a number of reasons:

1. Confirm diagnosis

For ACHD patients, knowledge about the genetic
origin and inheritance of their CHD or HTAD is
important because this information may reduce uncer-
tainty and provide reassurance.8,9

In both CHD and HTAD, it is important to recognise
that variants in genes that are traditionally associated with
syndromic forms can also occur in patients with isolated
cardiovascular features. Patients and families need to be
well informed about this clinical variability and, in par-
ticular, also about the unpredictability of the phenotype in
other family members. Also, a negative genetic test would
not definitively exclude a recurrence risk, as heritability is
so far incompletely explained for both conditions.

Regarding the wide genetic architecture of CHD, the
testing approach should be guided by the presence of
cardiac and extracardiac features (syndromic or non-
syndromic CHD), the number of affected relatives,
and the accessibility to the parents.

2. Guide management

Confirmation of a diagnosis by genetic testing allows
identification of individuals at increased risk for co-mor-
bidities, such as peripheral arterial aneurysms in some
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cases of HTAD, heart failure,10,11 arrhythmias12 or neu-
rodevelopmental disorders,13 who will benefit from early
screening and intervention. Ultimately, the objective of
genetic diagnosis would be to provide optimal medical
management, including targeted curative therapies in the
future, as demonstrated in animal experiments of in-vivo
pharmacological activation of Wnt signalling in atrio-
ventricular septal defect (AVSD).14

3. Long-term prognostic information

Post-operative mortality is increased in patients with
22q11.2 deletion due to the added complexity of cardiac
lesions and extra-cardiac co-morbidities.15

Genes implicated in Rasopathy syndromes
(Noonan, Noonan with multiple lentigines, cardiofa-
ciocutaneous syndrome and Costello syndromes) are
associated with ventricular hypertrophy in later devel-
opment.15 Thus, the genetic environment modulates the
risk for systolic or diastolic dysfunction and heart fail-
ure and provides a basis to follow up accordingly.

4. Recurrence risk

As an increasing proportion of the CHD population
reaches the reproductive age, recurrence risk has become

of paramount importance. Although transmission risk can
be easily predicted for those disorders with a Mendelian
inheritance pattern, these forms represent a minority and
the underlying gene defect may remain unknown in a sub-
stantial amount of cases, even after thorough screening of
the most confident CHD/HTAD genes. In addition, the
aspects of variable clinical expression and reduced pene-
trance in many of these disorders should be adequately
addressed during the counselling process.

In the absence of a clear genetic diagnosis, recur-
rence risk can be estimated with caution from epi-
demiological studies and an overall estimate of sibling
recurrence risk for CHD is 2.7% in one large series.16

Of note, the absence of a positive familial history (or
the absence of CHD in the parents) would not preclude
a recurrence risk for a given patient, regarding the rate
of de novo mutations. One should also consider the
higher rate of miscarriage and variable disease expres-
sion in CHD, so that the real recurrence risk can reach
up to 50%.

In addition to the cardiac phenotype, the extracar-
diac phenotype and family history are essential in guid-
ing genetic investigation. If genetic testing or the
pedigree is not informative, estimates are largely
based on observations in the offspring of large groups
of CHD patients.16 Recurrence rates are lesion-specific,

Confirm diagnosis

Cornerstones of genetic counseling and testing in adults with congenital heart disease

Why
When

How

Who

Transition clinic

Chromosomal Micro-Array
Whole exome sequencing

Whole genome sequencing

!Never without counseling!

Genetic counselor in close collaboration with
the ACHD multidisciplinary team

Preconceptional
Older ACHD patients with no previous

counseling

Guide management
Long term prognostic information

Recurrence risk
Genetic risk assessment in family members

Figure 1. Schematic illustration of the cornerstones of genetic counselling and testing in adults with congenital heart disease.

ACHD: adult congenital heart disease.
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generally higher when the mother is the affected parent
and greater in offspring than siblings.3,16,17

A nationwide Danish cohort study showed that het-
erotaxy, atrio-ventricular septal defect and left-sided
outflow tract obstructive lesions had a higher recur-
rence risk.3

5. Genetic risk assessment in family members

Determining the underlying genetic pattern is import-
ant to evaluate if there might be other family members
for whom genetic testing or screening would be appro-
priate. There might be a rationale to screen asymptom-
atic family members for conditions that include CHD as
one aspect of a pleiotropic phenotype.9 Based on the
recurrence risk and discordant phenotype in first-
degree relatives of patients with left-sided obstructive
lesions, echocardiographic screening to detect silent
defects may also be recommended for family members.8

Timing for genetic counselling and
indications for genetic testing in ACHD

Transition clinic counselling

Late recognition of a genetic condition is not uncom-
mon, particularly in patients with absent, subtle or late-
onset extra-cardiac features.

The approach to the young ACHD patient in tran-
sition care should include the recognition of a suggest-
ive clinical phenotype based on associated non-cardiac
features.18 A detailed assessment of medical history of
other family members that spans at least three gener-
ations may be essential. Consanguinity should be
documented.9,18

Genetic testing is recommended in any adolescent
not previously tested that presents with:

. A phenotype of a recognisable chromosomal syn-
drome or with a congenital heart defect combined
with
– facial dysmorphism
– skeletal defects
– visceral organ malformations

. Growth delay

. Developmental delay or learning disorders, behav-
ioural or psychiatric disorders.

. Family history with one or more first-degree rela-
tives with CHD or multiple miscarriages and/or sib-
lings with birth defects.

Given the already mentioned lesion specific recur-
rence risk of CHD17 some entities should raise more
suspicion, including tetralogy of Fallot, interrupted
aortic arch, truncus arteriosus, ventricular septal

defect (VSD) with ascending aortic aneurysm, anomal-
ous branch pulmonary arteries.

A graphical illustration of the genetic counselling-
and testing process in CHD is provided in Figure 2.
Indications for genetic counselling and testing in
HTAD are mentioned below.

The timing of genetic counselling must balance the
needs of the patient with the developmental status and
should be individualised. Sexual and contraceptive
practices should be explored and the importance of
planning pregnancies needs to be discussed.8,18,19

Information to give during genetic counselling includes
the probability of a genetic origin, the risk of transmis-
sion within the family, and explanation about the clin-
ical manifestations and natural history of the disease.

Preconceptional counselling

Although reproductive fitness is impaired in some syn-
dromic forms of CHD, limiting transmission of large-
effect mutations, there is currently an increasing number
of patients entering reproductive age and reproductive
decision-making assumes greater importance in adulthood.

Preconceptional counselling regarding reproductive
choices and recurrence risk may be a complex process
that takes into account phenotype and family history. It
also requires exploring the patient’s perception of risk
and motivations and the prognosis for the individual
patient.8

The optimal time for evaluation of genetic risk, gen-
etic counselling and discussion of the availability of pre-
natal testing is before pregnancy. However, having
genetic counselling and testing during pregnancy might
still be helpful.19 In case of a complex disorder with poor
prognosis, termination of pregnancy can be discussed.

A prenatal diagnostic test can be performed to iden-
tify known or new chromosomal or other genetic
abnormalities, although these procedures carry a
foetal loss rate of 0.3–0.5%. If the gene defect is
known, preimplantation diagnostic testing and screen-
ing can be used to identify embryos with specific genetic
abnormalities prior to transfer.20 Foetal echocardiog-
raphy at 18–22 weeks of gestation is routinely used to
exclude major cardiac defects.

Older ACHD patients (with no or very limited testing
in the past)

The majority of adults with CHD have not had coun-
selling even though some of them were found to har-
bour a genetic variation in childhood. This issue should
be revisited in all adults with CHD in whom a genetic
aetiology is suspected.

There may be benefit from retesting patients with a
negative genetic result as a child. Using next generation
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sequencing (NGS) technology and data processing soft-
ware, new CHD causative genes will be more easily
discovered (see Methods section).

Who should perform genetic counselling
and testing in ACHD

With the increasing complexity of genetic test results,
ensuring that individuals are well informed about the
process and consequences of genetic testing prior to test-
ing is a challenging but crucial task. Close collaboration
between cardiologists and clinical geneticists is of great
importance for defining the clinical phenotype and cor-
rect interpretation. The test results should be conveyed
by a trained genetic counsellor, skilled in delivering com-
plex information to the proband and his/her family.
Therefore cardiac genetic counsellors should be part of
the multidisciplinary team of all ACHD clinics.

Genetic counsellors are mostly employed by medical
genetic facilities that are located in tertiary centres offer-
ing combined clinical and laboratory genetic services.
Often, they also provide support and expertise to a
number of peripheral hospitals located in urban areas.

All genetic tests take place in medical genetic facil-
ities that must be certified and adhere to the healthcare
rules and regulations that are necessary to ensure
patient safety. Results are kept confidential according
to the confidentiality laws.

These certified medical genetic facilities are chal-
lenged by an increasing number of commercial labora-
tories offering direct-to-consumer (DTC) genetic tests
providing ‘predictive health information’. These are
tests where the customer samples blood or DNA at
home and mails the sample to the laboratory. The
DTC genetic tests may detect severe and highly pene-
trant monogenic disorders or genetic variants asso-
ciated with increased susceptibility for common and
complex diseases. Results are provided directly to the
customer by mail or Internet without a physician order
or interpretation.

There are some major concerns regarding these tests
and therefore the European Society of Human Genetics
has developed a policy on advertising and provision of
predictive genetic tests by such DTC companies.21 We
argue against the use of DTC testing in the CHD gen-
etic testing context.

Counseling
and targeted

testing
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Positive family
history

Syndromic CHD

Suggestive for a
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disorder*
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panel

Karyotype/FISH

If
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Consider WGS
(in a research perspective)
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syndrome
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NO
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Figure 2. Graphical illustration of the genetic counselling-and testing process in congenital heart disease (CHD).

AAA: ascending aortic aneurysm; AV: atrio-ventricular; CMA: chromosmal micro-array; CNV: copy number variant; ELN: elastin; FISH:

fluoresence in situ hybridisation; IAA: interrupted aortic arch; VSD: ventricular septal defect; WES: whole exome sequencing; WGS:

whole genome sequencing.

*e.g. ELN for familial supravalvular aortic stenosis; TFAP2B for familial patent ductus arteriosus, NKX2.5 for familial atrial/ventricular

septal defect with AV block.
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Methods for variant detection and
interpretation

The advent of NGS technologies has significantly
pushed CHD gene discovery forward. As mentioned
above, non-negligible numbers of CHD cases can be
explained by either aneuploidy, CNV or an inherited
or de novo point mutation in one of the known genes,4

each of which requires specific detection methods.

Chromosomal microarray (CMA)

CMA is nowadays used as the first-tier test especially – but
not exclusively – in the context of syndromic CHD to
detect aneuploidies as well as CNVs (�25kb).22,23

Balanced inversions and translocations cannot be detected
by this technique. CMA-based analysis of chromosomal
anomalies is performed using either Single Nucleotide
Polymorphism (SNP) genotyping (SNP array), array-
based comparative genomic hybridization (aCGH) or a
combination of both. CMA platforms may differ between
laboratories, but their design, manufacture and implemen-
tation should adhere to the guidelines of the American
College of Medical Genetics and Genomics.24 While
CMA can also be worthwhile in sporadic but very
severe non-syndromic cases, there is currently no strong
indication for CMA in non-syndromic CHD families or
isolated cases with mild-to-moderate disease who only
come to medical attention in adulthood.

Whole exome sequencing (WES)

Although molecular diagnostic laboratories still use tar-
geted sequencing of CHD gene panels to detect single
nucleotide variants, WES is becoming the mainstay of
single nucleotide variation discovery. A combined
approach that superimposes virtual panels focusing on
genes previously associated with CHD on WES data is
also commonly used.25–27 Although still more expensive
than gene panel sequencing, WES has the advantage that
it is more unbiased and allows instant data re-analysis
upon the identification of novel CHD-linked genes.13,28

After an initial study in 2013 in 362 CHD patients,28

two recent research WES studies in 2871 and 1891 CHD
probands have been performed,26,29 from which several
important lessons can be learned. Firstly, inherited and
de novo point mutations in the currently known CHD
genes explain �10% of patients, with de novo mutations
having the largest contribution.26,29 Secondly, recessive
inheritance of CHD is underrated and should be con-
sidered, especially in populations with high consanguin-
ity.29 Of note, Jin et al. also reported that recessive
disease-causing alleles in established autosomal dominant
CHD genes exist, resulting in more severe clinical pheno-
types. Thirdly, de novo point mutations are highly
enriched in syndromic CHD, whereas inherited protein-

truncating variants in heart-related genes are more
common in non-syndromic CHD.26,29 Finally, mutations
in a single gene lead to a wide spectrum of CHD pheno-
types.26,29 As such, de novo WES analysis in case-unaf-
fected parents trios is strongly recommended for sporadic
syndromic CHD, but not for relatively mild non-syndro-
mic adult phenotypes. With respect to familial CHD,WES
is encouraged if the DNA of multiple affected family mem-
bers is available to allow shared variant analysis.

Whole genome sequencing (WGS)

WGS is a one-time experiment allowing genome-wide
interrogation of single nucleotide variation, CNVs and
balanced/unbalanced structural variants. Although
CMA and WES are currently still faster, cheaper and
less challenging to interpret from a bioinformatics and bio-
logical point of view, they are expected to be replaced by
WGS as the frontline genetic CHD test soon.

To date, only one published research study has
applied WGS to the CHD field in neonatal/paediatric
patients.30 Damaging variants and variants of unknown
significance were identified in 35% of patients.

For now, we suggest that trio WGS can be con-
sidered in selected syndromic or severe isolated CHD
cases where no pathogenic variant was found using
CMA and WES.

Importantly, genetic testing in the setting of diagno-
sis is to be differentiated from testing in a research con-
text. The set of genes in a diagnostic setting needs to be
restricted to genes with a proven gene-disease associ-
ation. A recommendation for designing gene panels for
HTAD in these various settings has been developed.31

Inherent to more extended genetic screening using
WES and WGS is the detection of more variants of
unknown significance and of variants in genes with an
unlikely association with the phenotype. We do not rec-
ommend reporting these results back to the patients on a
routine basis. Careful variant classification according to
American College of Medical Genetics and Genomics
(ACMG) guidelines is mandatory, and genetic counsel-
ling plays a central role in validating variants through
familial segregation analysis, as well as in discussing the
limits of risk stratification for the relatives.

The genetic counselling should include discussions
on potential re-analysis and even re-testing after pre-
defined intervals in gene-elusive patients with a high
suspicion of genetic disease are necessary.

Specific disorders

Structural congenital heart defects

Cardiac development is a complex and coordinated
process involving cells from different origins of the

1428 European Journal of Preventive Cardiology 27(13)



embryo called the ‘heart fields’.32,33 The proliferation,
differentiation and migration of the cardiac progenitors
is tightly controlled by a complex gene regulatory net-
work, and perturbations can lead to CHD.

Syndromic forms of CHD include Down syndrome,
Turner syndrome, velocardiofacial (DiGeorge) syn-
drome and Williams-Beuren syndrome among others
(Table 1).

Historically, aneuploidies were the first genetic defects
identified in CHD. Trisomy 21 (Down syndrome) is the
most common human aneuploidy (1/600 live births; esti-
mated prevalence 1/1000) and is associated with a 40–
50% prevalence of CHD, including tetralogy of Fallot,
AVSD, atrial septal defect (ASD), VSD, bicuspid aortic
valve and persistent ductus arteriosus (PDA).

Turner syndrome, a complete or partial X-chromo-
some monosomy, occurs in around 1/2000 female
births. Characteristic clinical features include short
stature, premature ovarian failure and lymphoedema.
Cardiac defects occur in up to 50% of women with
Turner syndrome and include mainly bicuspid aortic
valve, aortic coarctation and abnormal pulmonary
venous return. Aortic dilatation, entailing a risk for
aortic dissection is present in 22% of Turner women
and is associated with age, hypertension, bicuspid
aortic valve (BAV), XO karyotype and growth hor-
mone treatment.34–37

The 22q11.2 deletion (historically also described as
DiGeorge syndrome, velocardiofacial syndrome) is the
most common microdeletion syndrome in humans,
occurring in up to 1/5950 live births.38,39 One of the
main genes in the 22q11.2 region is TBX1, a transcrip-
tion factor controlling second heart field development.40

Cardiac defects, present in 60–75% of patients include
tetralogy of Fallot, interrupted aortic arch, right aortic
arch, VSD and truncus arteriosus. Associated features
include neuropsychological disorders, facial traits (tubu-
lar nose, cleft palate) and thymic and parathyroid dis-
orders. Interestingly, the expressivity of this
microdeletion syndrome can be extremely variable ran-
ging from syndromic presentations to isolated CHD. In
a prospective screen, up to 18% of tetralogy of Fallot
patients presented with a 22q11.2 deletion.41,42

Another CNV syndrome is Williams-Beuren syn-
drome (del 7q11.23), occurring in 1/10000 births.
Supravalvular aortic and/or pulmonary stenosis are
the main cardiovascular features and are associated
with growth deficiency, a hyper-sociable personality,
mild cognitive disorders and skeletal dysmorphism.43,44

The cardiac phenotype of Williams-Beuren syndrome is
related to elastin (ELN) gene haploinsufficiency.

CHD caused by single gene mutations can be either
familial (with autosomal dominant or recessive inherit-
ance pattern), or – more frequently – present in sporadic
cases, related to de novo mutations or to low penetrance.

Although many genes have been associated with cardiac
development in animal models, caution is warranted
regarding the translation of animal data to humans.
Further studies are required to validate their role in
human CHD, by showing a significant variant burden
in patients with CHD compared to controls. Diagnostic
gene panels should be curated from CHD candidate
genes. As the number of novel genes for (non-)syn-
dromic CHD is rapidly increasing, diagnostic genetic
testing by clinical WES or WGS is preferred over tar-
geted gene panels, preferably with multiple affected cases
in familial CHD, or in trio for sporadic syndromic
CHD, given the high rate of de novo mutations in the
latter. Here, we describe the main genes involved in
human CHD, and for which clinical data are available.

A first class of CHD-related genes are cardiac tran-
scription factors (see Table 2). NKX2-5 pathogenic vari-
ants lead to several structural CHDs, including ASD,
VSD, Ebstein anomaly and tetralogy of Fallot.45,46

TBX5 is responsible for Holt-Oram syndrome associat-
ing limb- and cardiac defects, including VSD, ASD,
AVSD, conduction defects and hypoplastic left ven-
tricle.47 At the molecular level, TBX5 and NKX2-5
cooperate together to transactivate other cardiac devel-
opmental genes, explaining the wide diversity of cardiac
defects associated with those genes, but also the pheno-
typical overlap between them.46,47 Importantly, NKX2-5
and TBX5 pathogenic variants are both frequently asso-
ciated with conduction disorders leading to premature
atrio-ventricular (AV)-block. GATA4 pathogenic vari-
ants lead to ASD, VSD, AVSD and pulmonary sten-
osis.48 As already mentioned, TBX1 SNVs give rise to
similar CHDs as in 22q11 deletion syndrome.40

A second important pathway is the Rasopathy-
Mitogen-Activated Protein Kinase (RAS-MAPK) sig-
nalling pathway, which is clinically linked to Noonan
syndrome and related disorders. Noonan syndrome is
an autosomal dominant disorder associating CHD
(mainly pulmonary stenosis), facial dysmorphism
(hypertelorism, ptosis, macrocephaly) and neurodeve-
lopmental disease with frequent growth retardation.49

Noonan syndrome can also be associated with hyper-
trophic cardiomyopathy (HCM), especially also in
older age. The syndrome is most commonly caused by
pathogenic variants in PTPN11 (50% of the cases), or
in other genes involved in the RAS-MAPK signalling
pathway including SOS1, RAF1, RIT1, KRAS,
SHOC2, NRAS, SOS2 (Table 1).

The Notch signalling pathway is the third key signal-
ling pathway during cardiac development, with func-
tions that control neural crest cell proliferation and
differentiation, auriculo-ventricular patterning, as well
as left/right patterning.50 Pathogenic variants in the
Notch-ligand JAGGED1 (90%) and the NOTCH2
receptor (2%) are associated with the Alagille
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syndrome, associating cholestatic liver disease, abnor-
mal kidney development and CHD with tetralogy of
Fallot and peripheral pulmonary stenosis being the
most frequent defects.51,52 NOTCH1 pathogenic vari-
ants are associated with aortic coarctation, VSD, hypo-
plastic left heart syndromes, rare instances of familial
BAV and tetralogy of Fallot.53–55

Finally, chromatin modifiers are key players in car-
diac development, by modulating gene expression. This
same tight regulation of gene expression is required for
brain and other organ development, making patho-
genic variants of chromatin modifiers a frequent cause
of syndromic CHD. Among those, KMT2A and
KDM6A pathogenic variants are associated with
Kabuki syndrome involving the brain, cardiac and uro-
genital systems.56 Heart defects range from simple
lesions such as aortic coarctation (the most frequent),
ASD, VSD, PDA to complex CHD including tetralogy
of Fallot and univentricular heart. Sotos syndrome
(NSD1 – developmental delay with facial dysmorphism
– ASD, VSD), CHARGE syndrome (CHD7 -
coloboma, heart anomaly, choanal atresia, retardation,
genital and ear anomalies with developmental delay
and autistic features) are other examples of syndromes
caused by abnormal chromatin regulation.

Heritable Thoracic Aortic Disease (HTAD)

HTAD comprises a range of disorders defined by the
occurrence of aortic disease (aneurysm/dissection)
mainly in the ascending aorta. The disorder may be lim-
ited to aortic disease (non-syndromic HTAD) or also
include extra-aortic features (syndromic HTAD).57 An
estimated 20% of patients with non-syndromic thoracic
aortic disorders have a family history of the disease,
which indicates a significant genetic component.58

Careful multidisciplinary clinical evaluation of the
proband should be undertaken to help identify specific
syndromes. Detailed family history and clinical assess-
ment of first-degree relatives are required to differenti-
ate familial and sporadic cases.

Genetic testing in HTAD is paramount to allow for
effective family screening, since the phenotype is very
variable, even within families, with incomplete pene-
trance in some cases. Testing is also important to deter-
mine the optimal care for each patient: aortic risk
appears to depend both on the affected gene and the
particular phenotype of the patient.59

For example, smaller women with severe extra aortic
features carrying a Transforming Growth Factor Beta
Receptor (TGFBR) 2 pathogenic variant are at
increased risk for dissection and should be referred ear-
lier for surgical intervention.60

The genetic basis of non-syndromic Thoracic Aortic
Disease (TAD) is more complex and genetic analysis

identifies a pathogenic variant in only up to 20% of
patients. However, pathogenic variants in these genes
imply a wide spectrum of risk as well as possibly includ-
ing different extra-aortic vascular manifestations. This
last observation implies a controversial approximation
between syndromic and non-syndromic entities.61

No formal guidelines or criteria are available to
select patients in whom genetic testing should be under-
taken in HTAD. A consensus, based on expert opinion
within the HTAD Rare Disease Group of VASCERN
includes the following criteria: genetic testing may be
considered after proper counselling and evaluation
when at least two members of a family present
HTAD or in isolated cases when (a) children (<18
years) present with aortic dissection or an aortic root
diameter Z-score �3 or (b) adults present with aortic
dissection or an aortic root diameter Z-score >3.5 or
with a Z-score between 2.5–3.5 and <60 years or >60
years, and no arterial hypertension.

Pathogenic variants in over 30 genes have been
reported for HTAD,31 although the level of gene-dis-
ease association is not equally strong for each of these
genes and for each disease entity. Also, variants of
unknown significance in these same genes may at least
partly account for a risk of thoracic aortic aneurysms/
dissections.62 With the current knowledge available, we
do however not recommend reporting of such variants
of unknown significance back to patients and families.

Stronger gene-disease associations exist for the syn-
dromic forms, for example for Marfan syndrome,
where FBN1 pathogenic variants are identified in
>95% of cases. A major effort to semi-quantitatively
assess an association for non-syndromic HTAD has
been done using the Clinical Genome Resource
(ClinGen) framework.31 The final list of genes with a
‘definitive’ or ‘strong’ association was reduced to 11
and, in a diagnostic setting, genetic analysis for non-
syndromic thoracic aortic aneurysm/dissection should
at least include these genes.

The majority of HTAD genes can be categorised
into three groups of genes, which encode proteins
involved in (a) vascular smooth muscle cell contraction
and adhesion to the (b) extracellular matrix or (c) TGF-
b signalling pathway. The major genes with their
respective syndromic entities, if applicable, are shown
in Table 2. Research in humans and animal models has
revealed a close interaction between these three cate-
gories. Pathogenic variants in genes encoding extracel-
lular matrix components will lead to an abnormal and
fragile extracellular matrix, thereby facilitating aor-
tic dilation and rupture. Loss-of-function pathogenic
variants in genes encoding proteins of the TGF-b
pathway probably alter the reparation path, in
part mediated by the TGF-b pathway. Pathogenic vari-
ants in genes encoding proteins of the contractile
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apparatus of smooth muscle cells may alter tensegrity,
i.e. transmission and perception of forces within the
aortic wall by smooth muscle cells, which in response
cannot adequately assure homeostasis of the extracel-
lular matrix.

Special mention must be made of the association
between the presence of BAV and thoracic aortic aneur-
ysm. BAV is present in 1–2% of the general population,
with a 3/1 male predominance. BAV may be associated
with TAA located either at the level of the sinuses of
Valsalva, or (more commonly) at the tubular part of the
ascending aorta. This association is by no means system-
atic (>75% of cases), and its explanation is unclear.63

Both intrinsic aortic wall abnormalities due to genetic
variation and wall alteration secondary to flow mech-
anics in the ascending aorta have been proposed as pos-
sible causes. Familial occurrence of BAV has clearly
been established with rates of 5–10% in first-degree rela-
tives in various studies. Interestingly, the incidence of
TAA in first-degree relatives is even higher in family
members with TAV or BAV.64 The genetic basis of
BAV is unclear. Rare pathogenic variants have been
identified in a number of genes (SMAD6, NOTCH1,
ROBO4, TBX20); however, these variants account for
<5% of all BAV/TAA cases.65,66

Echocardiographic screening in first-degree relatives
of BAV patients is recommended and may be appro-
priate, particularly in boys, athletes and if hypertension
is present. Genetic screening may be considered in
familial cases with associated TAA.

Author contribution

JDB, WB and JRH contributed to the conception and design

of the work. All authors were assigned to specific subtopics and
drafted the manuscript accordingly. All critically revised the
manuscript and gave final approval and agree to be account-

able for all aspects of work ensuring integrity and accuracy.

Acknowledgements

Six of the authors of this publication are members of the
European Reference Network for Rare Multisystemic

Vascular Disease (VASCERN) - Project ID: 769036.

Declaration of conflicting interests

The author(s) declared no potential conflicts of interest with
respect to the research, authorship and/or publication of this
article.

Funding

The author(s) disclosed receipt of the following financial sup-
port for the research, authorship, and/or publication of this
article: Julie De Backer is funded as Senior Clinical

Researcher by the Research Foundation Flanders and by
the Belgian Heart Foundation Antoine Bondue received
financial support from the Belgian Fonds de la Recherche

Scientifique (FRS-FNRS - Grant J.0011.19), from the
Erasme Foundation (ULB) and from the Belgian Cardiac
Surgery Foundation. Guillaume Jondeau is funded by the

Fondation Française de Cardiologie, EU (VASCERN) Bart
Loeys is supported by funding from the University of
Antwerp (GOA), the Fund for Scientific Research, Flanders
(FWO, Belgium, G.0356.17), The Dutch Heart Foundation

(2013T093). Dr. Loeys is senior clinical investigator of the
Research Foundation Flanders and holds a consolidator
grant from the European Research Council (Genomia -

ERC-COG-2017-771945). Jolien Roos Hesselink is funded
by the Dutch Heart Foundation (contract grant number:
2013T093). Ingrid van de Laar is supported by the Dutch

Heart Foundation (2014T007) and Erasmus University
Rotterdam Fellowship Aline Verstraeten holds a postdoctoral
fellowship from the Fund for Scientific Research, Flanders.

References

1. Stout KK, Daniels CJ, Aboulhosn JA, et al. 2018 AHA/

ACC guideline for the management of adults with con-

genital heart disease: A report of the American College of

Cardiology/American Heart Association Task Force on

Clinical Practice Guidelines. J Am Coll Cardiol 2018;

73(12): e81–e192.
2. Herskind AM, Almind Pedersen D and Christensen K.

Increased prevalence of congenital heart defects in monozy-

gotic and dizygotic twins. Circulation 2013; 128: 1182–1188.
3. Øyen N, Poulsen G, Boyd HA, et al. Recurrence of con-

genital heart defects in families. Circulation 2009; 120:

295–301.

4. Zaidi S and Brueckner M. Genetics and genomics of con-

genital heart disease. Circ Res 2017; 120: 923–940.

5. Hartman RJ, Rasmussen SA, Botto LD, et al. The con-

tribution of chromosomal abnormalities to congenital

heart defects: A population-based study. Pediatr Cardiol

2011; 32: 1147–1157.
6. Soemedi R, Wilson IJ, Bentham J, et al. Contribution of

global rare copy-number variants to the risk of sporadic

congenital heart disease. Am JHumGenet 2012; 91: 489–501.

7. Breckpot J, Thienpont B, Arens Y, et al. Challenges of

interpreting copy number variation in syndromic and

non-syndromic congenital heart defects. Cytogenet

Genome Res 2011; 135: 251–259.
8. van Engelen K, Baars MJH, Felix JP, et al. The value of

the clinical geneticist caring for adults with congenital

heart disease: Diagnostic yield and patients’ perspective.

Am J Med Genet A 2013.
9. Pierpont ME, Basson CT, Benson DW, et al.; American

Heart Association Congenital Cardiac Defects

Committee, Council on Cardiovascular Disease in the

Young. Genetic basis for congenital heart defects:

Current knowledge: A scientific statement from the

American Heart Association Congenital Cardiac

Defects Committee, Council on Cardiovascular Disease

in the Young: Endorsed by the American Academy of

Pediatrics. Circulation 2007; 115: 3015–3038.
10. Fahed AC, Roberts AE, Mital S, et al. Heart failure in

congenital heart disease: A confluence of acquired and

congenital. Heart Fail Clin 2014; 10: 219–227.

De Backer et al. 1433



11. Theis JL, Zimmermann MT, Evans JM, et al. Recessive
MYH6 mutations in hypoplastic left heart with reduced
ejection fraction. Circ Cardiovasc Genet 2015; 8: 564–571.

12. Schott JJ, Benson DW, Basson CT, et al. Congenital
heart disease caused by mutations in the transcription
factor NKX2-5. Science 1998; 281: 108–111.

13. Homsy J, Zaidi S, Shen Y, et al. De novo mutations in

congenital heart disease with neurodevelopmental and
other congenital anomalies. Science 2015; 350:
1262–1266.

14. Tian Y, Yuan L, Goss AM, et al. Characterization and
in vivo pharmacological rescue of a Wnt2-Gata6 pathway
required for cardiac inflow tract development. Dev Cell

2010; 18: 275–287.
15. Mercer-Rosa L, Pinto N, Yang W, et al. 22q11.2 Deletion

syndrome is associated with perioperative outcome in tet-

ralogy of Fallot. J Thorac Cardiovasc Surg 2013; 146:
868–873.

16. Gill HK, Splitt M, Sharland GK, et al. Patterns of recur-
rence of congenital heart disease: An analysis of 6,640

consecutive pregnancies evaluated by detailed fetal echo-
cardiography. JAC 2003; 42: 923–929.

17. Pierpont ME, Brueckner M, Chung WK, et al.; American

Heart Association Council on Cardiovascular Disease in
the Young; Council on Cardiovascular and Stroke
Nursing; and Council on Genomic and Precision

Medicine. Genetic basis for congenital heart disease:
Revisited: A scientific statement From the American
Heart Association. Circulation 2018; 138: e653–e711.

18. Parrott A and Ware SM. The role of the geneticist and

genetic counselor in an ACHD clinic. Prog Pediatr
Cardiol 2012; 34: 15–20.

19. Burchill L, Greenway S, Silversides CK, et al. Genetic

counseling in the adult with congenital heart disease:
What is the role? Curr Cardiol Rep 2011; 13: 347–355.

20. Kearns WG, Pen R, Graham J, et al. Preimplantation

genetic diagnosis and screening. Semin Reprod Med
2005; 23: 336–347.

21. European Society of Human Genetics. Statement of the

ESHG on direct-to-consumer genetic testing for health-
related purposes. Eur J of Hum Genet 2010; 18(12):
1271EP–1273.

22. Haraksingh RR, Abyzov A and Urban AE.

Comprehensive performance comparison of high-resolu-
tion array platforms for genome-wide Copy Number
Variation (CNV) analysis in humans. BMC Genomics

2017; 18: 321.
23. Miller DT, Adam MP, Aradhya S, et al. Consensus state-

ment: Chromosomal microarray is a first-tier clinical

diagnostic test for individuals with developmental disabil-
ities or congenital anomalies. Am J Hum Genet 2010; 86:
749–764.

24. South ST, Lee C, Lamb AN, et al. ACMG standards and

guidelines for constitutional cytogenomic microarray
analysis, including postnatal and prenatal applications:
Revision 2013. Genet Med 2013; 15: 901–909.

25. LaHaye S, Corsmeier D, Basu M, et al. Utilization of
whole exome sequencing to identify causative mutations
in familial congenital heart disease. Circ Cardiovasc Genet

2016; 9: 320–329.

26. Sifrim A, Hitz M-P, Wilsdon A, et al. Distinct genetic
architectures for syndromic and nonsyndromic congenital
heart defects identified by exome sequencing. Nat Genet

2016; 48: 1060–1065.
27. Szot JO, Cuny H, Blue GM, et al. A screening approach

to identify clinically actionable variants causing congeni-
tal heart disease in exome data. Circ Genom Precis Med

2018; 11: e001978.
28. Zaidi S, Choi M, Wakimoto H, et al. De novo mutations

in histone-modifying genes in congenital heart disease.

Nature 2013; 498: 220–223.
29. Jin SC, Homsy J, Zaidi S, et al. Contribution of rare

inherited and de novo variants in 2,871 congenital heart

disease probands. Nat Genet 2017; 49: 1593–1601.
30. Hauser NS, Solomon BD, Vilboux T, et al. Experience

with genomic sequencing in pediatric patients with con-

genital cardiac defects in a large community hospital.Mol
Genet Genomic Med 2018; 6: 200–212.

31. Renard M, Francis C, Ghosh R, et al. Clinical validity of
genes for heritable thoracic aortic aneurysm and dissec-

tion. J Am Coll Cardiol 2018; 72: 605–615.
32. Meilhac SM and Buckingham ME. The deployment of

cell lineages that form the mammalian heart. Nat Rev

Cardiol 2018; 15: 705–724.
33. Olson EN. Gene regulatory networks in the evolution

and development of the heart. Science 2006; 313:

1922–1927.
34. Duijnhouwer AL, Bons LR, Timmers HJLM, et al.

Aortic dilatation and outcome in women with Turner
syndrome. Heart 2018; 105(9): 693–700.

35. Carlson M, Airhart N, Lopez L, et al. Moderate aortic
enlargement and bicuspid aortic valve are associated with
aortic dissection in Turner syndrome: Report of the

International Turner Syndrome Aortic Dissection
Registry. Circulation 2012; 126: 2220–2226.

36. Silberbach M, Roos-Hesselink JW, Andersen NH, et al.;

American Heart Association Council on Cardiovascular
Disease in the Young; Council on Genomic and Precision
Medicine; and Council on Peripheral Vascular Disease.

Cardiovascular Health in Turner Syndrome: A scientific
statement from the American Heart Association. Circ
Genom Precis Med 2018; 11: e000048.

37. Bons LR and Roos-Hesselink JW. Aortic disease and

pregnancy. Curr Opin Cardiol 2016; 31: 611–617.
38. Botto LD, May K, Fernhoff PM, et al. A population-

based study of the 22q11.2 deletion: Phenotype, inci-

dence, and contribution to major birth defects in the
population. Pediatrics 2003; 112: 101–107.

39. Morrow BE, McDonald-McGinn DM, Emanuel BS,

et al. Molecular genetics of 22q11.2 deletion syndrome.
Am J Med Genet A 2018; 176: 2070–2081.

40. Baldini A, Fulcoli FG and Illingworth E. Tbx1:
Transcriptional and developmental functions. Curr Top

Dev Biol 2017; 122: 223–243.
41. Mercer-Rosa L, Paridon SM, Fogel MA, et al. 22q11.2

Deletion status and disease burden in children and ado-

lescents with tetralogy of Fallot. Circ Cardiovasc Genet
2015; 8: 74–81.

42. van Engelen K, Topf A, Keavney BD, et al. 22q11.2

Deletion syndrome is under-recognised in adult patients

1434 European Journal of Preventive Cardiology 27(13)



with tetralogy of Fallot and pulmonary atresia. Heart
2010; 96: 621–624.

43. Kruszka P, Porras AR, de Souza DH, et al. Williams-

Beuren syndrome in diverse populations. Am J Med
Genet A 2018; 176: 1128–1136.

44. Morris CA. Williams syndrome. Williams Syndrome. In:
Adam MP, Ardinger HH, Pagon RA, et al. (eds)

GeneReviews� [Internet]. Seattle, WA: University of
Washington, 1993–2019 (updated 23 March 2017).

45. Reamon-Buettner SM and Borlak J. NKX2-5: An update

on this hypermutable homeodomain protein and its role
in human congenital heart disease (CHD). Hum Mutat
2010; 31: 1185–1194.

46. Harvey RP, Lai D, Elliott D, et al. Homeodomain factor
Nkx2-5 in heart development and disease. Cold Spring
Harb Symp Quant Biol 2002; 67: 107–114.

47. Steimle JD and Moskowitz IP. TBX5: A key regulator of
heart development. Curr Top Dev Biol 2017; 122: 195–221.

48. Garg V, Kathiriya IS, Barnes R, et al. GATA4 mutations
cause human congenital heart defects and reveal an inter-

action with TBX5. Nature 2003; 424: 443–447.
49. Roberts AE, Allanson JE, Tartaglia M, et al. Noonan

syndrome. Lancet 2013; 381: 333–342.

50. MacGrogan D, Munch J and de la Pompa JL. Notch and
interacting signalling pathways in cardiac development,
disease, and regeneration. Nat Rev Cardiol 2018; 15:

685–704.
51. Li L, Krantz ID, Deng Y, et al. Alagille syndrome is

caused by mutations in human Jagged1, which encodes
a ligand for Notch1. Nat Genet 1997; 16: 243–251.

52. Oda T, Elkahloun AG, Pike BL, et al. Mutations in the
human Jagged1 gene are responsible for Alagille syn-
drome. Nat Genet 1997; 16: 235–242.

53. Garg V, Muth AN, Ransom JF, et al. Mutations in
NOTCH1 cause aortic valve disease. Nature 2005; 437:
270–274.

54. Preuss C, Capredon M, Wünnemann F, et al. Family
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