Cardiogenetics 2011; volume

The interpretation
of genetic tests in inherited
cardiovascular diseases

Lorenzo Monserrat,' Andrea Mazzanti,’'
Martin Ortiz-Genga,'

Roberto Barriales-Villa,’

Diego Garcia-Giustiniani,' Juan Ramon
Gimeno-Blanes?

'Complejo Hospitalario Universitario de A
Coruiia, Insituto de Investigacion
Biomédica de A Coruiia, A Corufa;
2Hospital Universitario Virgen de la
Arrixaca, Murcia, Spain

Abstract

The inherited cardiovascular diseases,
including cardiomyopathies, channelopaties
and inherited diseases of the aorta are hetero-
geneous conditions with highly variable mor-
phologic and functional features, clinical pres-
entation, evolution and prognosis. Hundreds of
mutations in different genes have been associ-
ated with each one of these entities and it is
likely that this genetic heterogeneity is one of
the main reasons for the variability in their clin-
ical expression. Information from the genetic
studies may help the clinicians to diagnose the
diseases in early stages, to identify relatives at
risk and those who do not require periodic fol-
low up, and may also provide prognostic infor-
mation. An appropriate and accurate interpreta-
tion of the genetic tests is required to get all the
potential advantages of these studies. This
interpretation is not simple and requires infor-
mation, specialized knowledge and dedication
to the task. The first step is to decide which the
appropriate genetic test is. Negative results do
not exclude the disease and in that situation we
need to decide whether to continue the screen-
ing or not. When the genetic study identifies
one or multiple genetic variants we will have to
evaluate their frequency in the general popula-
tion (polymorphisms vs. mutations) and their
pathogenicity. To establish whether a given
variant is associated with the disease we have
to integrate both basic and clinical information.
When a variant is considered potentially patho-
genic we still have to evaluate whether this vari-
ant explains the phenotype of the patient and of
his/her family (more than one mutation may be
present). Finally, we have to analyse all the
available information about the consequences
of the identified mutations and to integrate this
information with all the available clinical data of
the patient and family. With this approach,
genetic test becomes a very useful tool in the
management of all the inherited cardiovascular
diseases.
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Introduction

In the last 20 years our knowledge about the
genetic causes of inherited cardiovascular dis-
eases has experienced a great evolution. In the
early 90s, one mutation in the beta myosin
heavy chain gene was associated with hyper-
trophic cardiomyopathy.! Researchers thought
that the cause of one of the most common famil-
ial cardiomyopathies had been discovered, but
we quickly learnt that multiple mutations in the
same gene were associated with the disease and
that the MYH7 gene would only explain a certain
number of cases.? The advance in the genotyp-
ing technologies and the dedication of multiple
research groups have progressively unveiled the
implication of hundreds of different genes and
thousands of mutations in the origin of the
diverse inherited cardiovascular diseases. As an
example, the first description of a mutation
associated with long QT syndrome appeared in
19953 The transition from research to clinical
application is always a difficult process, and
genetic testing has not been an exception to this
rule.* During a long time, the main limitation
has been the high cost and low efficiency of the
genotyping technologies. The technologic evolu-
tion will never stop, providing continuous
improvements, but we already have reliable and
cost-effective genotyping tools to support the
routine application of genetics in the study of
inherited cardiovascular diseases.>” However,
the application of genetic studies in clinical
practice requires not only the identification of
the genetic variants (i.e. reading of the genetic
code), but also an adequate interpretation of
these variants (the comprehension of the mes-
sage). This latter task is in fact becoming the
most challenging problem with the arrival of
new technologies.®

Inherited cardiovascular diseases:
a clinically relevant concept

With the term inherited cardiovascular dis-
eases we refer to a group of entities which are
characterized by a familial presentation and
are caused by rare genetic variants (muta-
tions) with high or relatively high penetrance;
being penetrance the proportion of individuals
carrying a genetic variant that also express a
related phenotype at a given age. The inherit-
ed cardiovascular diseases are usually consid-
ered monogenic disorders (one single genetic
variant is responsible for the disease), even
though a substantial proportion of the affected
patients carries more than one pathogenic
variant. We include in this group the cardiomy-
opathies (hypertrophic, dilated, restrictive,
arrhythmogenic and non-compacted), the car-
diac channelopathies (long and short QT,
Brugada syndrome, catecholaminergic poly-
morphic ventricular tachycardia, inherited
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conduction disorders) and the inherited dis-
eases affecting the aorta (Marfan, Loeys-Dietz,
familial thoracic aortic aneurysms). All these
entities share some features that we would
like to emphasize, as on following.

They are associated with sudden death,
especially in the young

The inherited cardiovascular diseases are
amongst the most frequent causes of sudden
death.>!! In fact, sudden death is frequently
the reason for the diagnosis of one of these
conditions. Facing a case of sudden death the
clinicians have always to consider the car-
diomyopathies and the channelopathies. So
that, knowledge and expertise in the diagnosis
and evaluation of all these conditions are
required for those teams, including clinicians
and geneticists who have to deal with the prob-
lem of sudden death.

They are clinically heterogeneous
conditions

Each one of the main inherited cardiovascular
diseases we have mentioned could in fact be con-
sidered as a collection of multiple different dis-
eases. Morphological and functional manifesta-
tions (like the presence of obstruction or the
degree and distribution of the hypertrophy in
hypertrophic cardiomyopathy), associated extra-
cardiac manifestations (like skeletal myopathy in
some cardiomyopathies or hearing loss in long
QT syndrome), electrocardiographic abnormali-
ties, age of onset, prognosis, and many other
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characteristics are highly variable in each one of
the inherited cardiovascular diseases. This clini-
cal heterogeneity is in part explained by the
genetic heterogeneity of the conditions, with
multiple different genes and mutations associat-
ed with one disease and also multiple diseases
associated with the same gene.'»®

A familial perspective is essential in their
clinical evaluation

In these diseases the clinician has not to
think on a single individual, but in a family."
The diagnosis of an index patient should trig-
ger the clinical screening of the relatives. The
main objective of this screening is to identify
other members of the family at risk for disease
related complications, including sudden
death.’> But the study of the family is also very
useful to achieve the correct diagnosis and to
perform the risk stratification of the index
patient. Knowledge, training, personnel (cardi-
ologists, nurses, genetic counsellors) and cer-
tain infrastructure and organization are
required for the correct and cost-efficient eval-
uation of the families, and once in place may
be used to deal with all the inherited cardio-
vascular conditions.!?

Genetic diagnosis is feasible in these diseases
Genetic studies have already been of extraor-
dinary value to progress in the understanding
and clinical management of the inherited car-
diovascular diseases. As an example, genetics
have been the gold standard for the re-evalua-
tion of our diagnostic criteria for relatives in
hypertrophic and arrhythmogenic cardiomy-
opathies.!1® Genetics are also being the clue to
recognize and understand the reasons for the
presence of overlapping phenotypes.!®* In gen-
eral the genetic studies are becoming funda-
mental to understand the clinical heterogeneity
and to improve the risk stratification of these
diseases."*?! However, and inadequate interpre-
tation of the results of the genetic studies may
lead to inappropriate clinical decisions and the
use of the genetic studies in patients in which
they are not indicated would lead to unneces-
sary costs. Once we have got the gun (the
genetic studies) we find that there are many
available targets. However, the bullets are quite
expensive and we should not shoot innocent
bystanders. Knowledge and training are again
required to perform adequate indications and
interpretations of the genetic tests.

Clinical interest of the genetic
studies in inherited cardiovascular
diseases

The interpretation of the genetic studies

The correct interpretation of the results of
the genetic studies requires the evaluation of
different scenarios and a stepwise approach
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summarized in Figure 1. In the following sec-
tions we briefly comment the different situa-
tions we have to consider when interpreting a
genetic result.

A common situation: when we do not iden-
tify a genetic variant potentially associated
with the disease

In a relevant proportion of cases (30-40% in
hypertrophic cardiomyopathy, 30-50% in
arrhythmogenic cardiomyopathy or 20-30% in
long QT, for example) we are not able to iden-
tify a genetic cause for the disease.’*”? One
potential explanation is that the clinical diag-
nosis is wrong, but in many cases the genetic
studies are negative even in patients with a
definitive clinical diagnosis. There are many
other reasons for a negative result, including:
i) the disease is not caused by a genetic factor
ii) the study is not complete, iii) there are
technical limitations and failures in the geno-
typing, iv) the lack of knowledge about all the
genes potentially involved in the origin of the
disease, and v) inadequate selection of the
candidate genes or of the screening strategy.
We comment briefly on each one of these
potential reasons:

- the disease may not be secondary to a genet-
ic factor: the differential diagnosis of many
inherited cardiovascular diseases frequently
includes non-genetic causes. The genetic

studies will be negative in a case of suspect-
ed cardiomyopathy if the real cause of the
phenotype is an adaptation to sport (ath-
lete’s heart), in a case of dilated cardiomy-
opathy secondary to a viral infection, or in
patients with QT prolongation secondary to
metabolic imbalances or drugs;

incomplete studies: before we assume that
the disease is not due to a mutation in any
given gene we have to check if the study has
included at least all the coding exons and
flanking intronic regions of this gene.?
Many studies in the literature have included
and include only selected fragments of the
genes. Some fragments usually present
problems for the sequencing. With the stan-
dard Sanger sequencing we usually do not
study most of the intronic regions. Even
though intronic regions are considered as
non-coding and are not included in the
sequencing there may harbour pathogenic
mutations.?*? It is a practical and probably
cost-efficient approach not to study most of
the intronic regions, but we have to be
aware of the limitation originated by this
decision. Novel technical approaches like
next generation sequencing are not free
from these limitations. The results of next
generation sequencing studies are depend-
ent on the enrichment process that serves to
concentrate the study in the regions of

Mutations or

Non-pathogenic

Other genes or
finish study?

polymorphisms

Pathogenic

Do they explain
the phenotype?

No / Not
completely

Use available
information

Figure 1. Flow chart for the interpretation of the results of the genetic studies in inherit-

ed cardiovascular diseases.
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interest (usually exons) and the coverage of
these regions of interest is not always com-
plete.

- technical limitations and failures in the
genotyping: each of the genotyping tech-
niques has limitations and failures. Sanger
sequencing does not allow the identification
of some mutations like chromosome
rearrangements or big insertion-deletions.”
False negative and false positive results are
rare, but possible. Next generation sequenc-
ing has also false positive and false negative
results. All techniques are also dependent
on the quality of DNA and failures in the
sample tracking, identification, etc. should
be considered. Independent double reading
of the sequencing results and confirmation
of the positive results with a second study in
a new PCR product are recommended to
reduce the number of false negative and
false positive results.

- the lack of knowledge about all the genes
potentially involved in the origin of the dis-
ease: we still do not know all the genes asso-
ciated with each of the inherited cardiovas-
cular diseases. It is also likely that in a sig-
nificant number of cases the disease is
caused by the interaction of multiple genet-
ic variants in different genes together with
environmental factors in a single patient.s
These genetic variants could be non-patho-
genic when present alone and may be even
relatively frequent in the population. Given
the enormous number of potential interac-
tions that could be pathogenic it may be
extremely difficult to identify the origin of
the disease in such cases,

- inadequate selection of the candidate genes
or of the screening strategy: if the clinical
diagnosis is not correct, or in cases of over-
lapping phenotypes the orientation of the
genetic screening may be erroneous. In that
case it could be impossible to find the genet-
ic cause of the disease, because we are
studying the wrong genes. Of course this
would not be the problem is we are able to
study all the genome of the patient, but in
that case (still not cost-effective) we would
have to face different difficult problems
related with the interpretation of the patho-
genicity of multiple variants.

The favourable scenario: we identi-
fy genetic variants that could be
related with the disease

When we perform either Sanger or next gen-
eration sequencing we compare the results of
the genotyping with reference sequences and
we usually find multiple genetic variants. To
decide whether these variants are or are not
associated with the disease is not an easy
task.?” This is especially true when we study
multiple genes and genes that are less well
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known. This interpretation process could be
divided in different steps.

Evaluation of the frequency of the genetic
variants in the general population: muta-
tions versus polymorphisms

One of the first steps is to evaluate the fre-
quency of the identified variant(s) in the gen-
eral population. Those variants that are not
rare in the general population are denominat-
ed polymorphisms.?® There is no exact limit of
frequency to define a variant as polymorphism,
but we usually use this term for variants pres-
ent in more than 1% of the population.!
However, when we talk about rare diseases,
such as long QT syndrome, a variant present in
1:200 or 1:300 of the healthy individuals could
also be considered as a polymorphism. It is rel-
evant to remember that the absence of one
variant in a sample of 100 or less controls is
not sufficient to establish that the prevalence
of this variant in the general population is
lower than 1%. We also have to remember that
the control individuals should ideally come
from the same population as the individual
carrying the variant, because different popula-
tions and ethnic groups present different poly-
morphisms. The same variant could be consid-
ered a polymorphism in one population but not
in others. Polymorphisms are usually not path-
ogenic, and would not explain rare diseases,
however, in some cases variants that are fre-
quent in a given population may be disease
causing.?** As an example, in the Naxos Island
the genetic variant responsible for the Naxos
disease (a recessive form of arrhythmogenic
cardiomyopathy) could be considered as a poly-
morphism because of its frequency in that par-
ticular population, but it is the cause of the dis-
ease in homozygous carriers.’!

We describe as mutations those genetic
variants that are very rare in the general popu-
lation. Even though the term mutation is usu-
ally associated with the idea of a deleterious
effect, it is very important to remark that not
all the mutations are pathogenic. There are
harmful or deleterious mutations that are the
origin of the monogenic diseases (including
the inherited cardiomyopathies), but there are
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also neutral mutations, with no apparent
harmful or beneficial effect, and even advanta-
geous mutations that may provide advantages
for the affected individual.

Evaluation of the pathogenicity of the iden-
tified genetic variants

For both mutations and polymorphisms we
have to decide whether we consider them path-
ogenic or not. This decision is not easy and in
many cases we will not have a definitive con
clusion. We have to consider both basic and
clinical information (Table 1).

Basic information to define pathogenicity
With the term basic information we refer to

all the data coming from the available knowl-

edge about the molecular implications of the
genetic variant. We comment on several of the
basic characteristics that should be evaluated:

i) Type of mutation: we can define multiple
types of mutation and some of them are more
likely to have deleterious consequences. We
give some examples:

- Silent mutations: in these mutations there
is a change in a nucleotide, which doesn’t
cause a change in the corresponding amino
acid. These mutations are usually non-path-
ogenic, but there are exceptions in cases
where the mutation affects regions impli-
cated in the DNA splicing process.*

- Nonsense mutations are point mutations
that cause the introduction of a stop codon
that may result in a truncated protein.
Missense mutations are those in which a
change in one nucleotide results in a
change in the resulting amino acid. Both
types of point mutations may be pathogenic
but usually the effect of nonsense mutations
is more severe because they produce more
serious alterations on the protein struc-
ture 233

- Frame-shift mutations are caused by
nucleotide insertions and or deletions,
which alter the reading frame of the
sequence and may result in truncated pro-
teins. They are in general more likely to be
pathogenic than the missense ones.

ii) Region of the gene and of the protein

Table 1. Basic and clinical information required for the evaluation of the pathogenicity

of the genetic variants.

Type of mutation
Relevance of the protein affected domains
Conservation in different species and isoforms

Bioinformatics studies
Functional studies
Animal models

Absence in healthy controls

Cosegretation within families

Previous descriptions:

- of the same mutation in other individuals

- of other mutations in the same amino acid

- of other mutations in the same region or domain
- of other mutations in the same gene

[Cardiogenetics 2011; 1:e8]
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affected by the mutation: Those mutations that
affect coding regions (exons) are more likely
pathogenic than mutations affecting then non-
coding intronic regions. Intronic mutations
affecting regions next to the exons that are
implicated in the splicing process (splice site
mutations) are more likely pathogenic than
mutations in other intronic regions. However,
even point mutations affecting non-flanking
regions may be pathogenic (for example creat-
ing alternative splice sites).* The effect of the
mutations also depends on the functional rele-
vance of the affected region of the protein and
mutations in critical points are more likely
pathogenic than mutations in regions with
less critical functions.*

iii) Phylogenetic conservation of the affect-
ed amino acids: pathogenicity is more likely
when a mutation affects an amino acid which
is highly conserved in homologous regions of
different species and between different iso-
forms of the same protein.

iv) Bioinformatics studies: the effect of the
same change in amino acid varies depending
on the characteristics of the region where it
occurs. For missense mutations, the effect of
the mutation may also be related with the
physicochemical differences between the orig-
inal and the newly encoded amino acid. The
main properties we consider are mass, charge,
hydrophobicity and polarity. Different bioinfor-
matics programs provide estimations about
the potential of the mutations to produce
structural and functional abnormalities in the
protein. For mutations affecting flanking
intronic regions there are also different pro-
grams that provide predictions about the like-
lihood of an alteration in the splicing process
due to those mutations. In any case, all the pre-
dictive software gives only indicative informa-
tion and should not be considered sufficient to
either confirm or discard the pathogenicity of
a given variant.

v) Functional studies: we include in this
group different types of in vitro studies that
may be performed to evaluate the functional
consequences of the mutations. For example,
the expression of mutated channels in oocytes
that allows the study of the effect of those
mutations in the ion currents; or the evalua-
tion of the velocities of contraction and relax-
ation in myocardial filaments reconstructed in
vitro including mutated proteins.” These stud-
ies may clarify the pathogenic potential of the
mutations and give also clues about the mech-
anisms implicated in disease development.

vi) Animal models: the development of
transgenic animals expressing a given muta-
tion may provide strong evidence about the
pathogenicity of those variants, especially if
the animals reproduce the phenotype observed
in humans.*?¢ However, this approach is limit-
ed by the cost and difficulties to obtain those
models and also because animals and humans
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have different genes, proteins, physiology, etc.
For these reasons the consequences of a muta-
tion in the animal and the human may be com-
pletely different.

Clinical information to define pathogenicity
Basic information may provide good clues
about the pathogenicity of a genetic variant,
but we could say that it is never definitive.
Clinical information is absolutely essential to
confirm the pathogenicity of the genetic vari-
ant and to define its clinical consequences.

vii) Absence in healthy controls: In general,
pathogenic mutations associated with the
development of inherited cardiovascular dis-
eases should not be found in healthy controls.
We have previously commented on potential
exceptions to this rule (recessive mutations).

viii) Cosegregation of the mutation with the
disease: Within a given family, the mutation
should cosegregate with the disease (the
affected members should carry the mutation
and non-carriers should not have the disease).
When we assess the cosegregation, we have to
consider the existence of different inheritance
patterns. For example, in autosomal recessive
mutations, heterozygous carriers do not pres-
ent clinical expression of the disease. Even in
mutations with autosomal dominant expres-
sion, not all the mutant carriers will show dis-
ease expression (incomplete penetrance).
Young carriers are usually not affected in car-
diomyopathies, but it is possible that also some
older carriers do not develop the disease. For
these reasons, the absence of disease expres-
sion in some carriers of a given variant does
not exclude its pathogenicity."®

Inherited cardiovascular diseases are usual-
ly considered monogenic disorders (one gene-
one mutation-one disease), but in many cases
the disease is due to the combination of two or
more mutations. In a family with two patho-
genic mutations, if we identify only one of the
disease causing mutations we may erroneous-
ly consider that this mutations does not coseg-
regate with the disease, because some of the
affected members may not have the mutation
(they have the other).

ix) Previous descriptions of the mutation:
The most valuable information about the path-
ogenicity and clinical implications of a given
mutation will come from the integration of the
clinical and genotyping data of multiple fami-
lies with the same mutation. It has been sug-
gested that most mutations are private (only
present in one family) and this would limit the
possibility to obtain relevant data from inexis-
tent previous descriptions of the mutation.’”
In our experience, most of the mutations we
find in sarcomeric and ion channels genes
have been previously described and clinical
information about individuals and families
with those mutations provide useful clues
about the penetrance, evolution and clinical

[Cardiogenetics 2011; 1:e8]

manifestations of the associated disease.***’
Of course, this is not the situation when we
study less well-known genes. There are muta-
tions like R403Q* or G716R in MYH7%4 or
A341V in KCNQ1# that are related to severe
phenotypes and high incidence of adverse
events; while other mutations are usually
associated with mild phenotypes. Mutations
like R190W in the LMNA gene are associated
with a high incidence of sudden death even in
individuals with mild clinical expression of
dilated cardiomyopathy.®# Founder muta-
tions (common origin of the mutation and dis-
ease in a significant number of individuals)
give the opportunity to define more precisely
the phenotype associated with a given muta-
tion.2%7 However in those cases we have to
consider that the same mutation may have dif-
ferent consequences in patients with a differ-
ent genetic background.

It is important to remember that the clinical
implications and prognosis are very diverse in
different mutations affecting the same gene,
and even in different mutations affecting the
same amino acid. As an example, the pheno-
type associated with the R403W mutation in
MYH7%4 is not as severe as the phenotype of
R403Q.%! We have to consider different levels
of detail in the analysis of genotype-phenotype
correlations: gene-functional domain-affected
residue-specific mutation. Each one of these
levels gives us relevant information.

- Gene level: we can identify a general ori-
entation about the clinical expression of
mutations in different genes, but there are
always multiple exceptions. Some examples:
mutations in the MYH7 gene are usually asso-
ciated with more severe hypertrophy as com-
pared with mutations in the TNNT2 gene; but
not all the genetic variants in the MYH7 gene
are even associated with the development of
hypertrophy and there are mutations in the
TNNT2 gene associated with severe hypertro-
phy. Mutations in the 7NNT2 may be associat-
ed with a high risk of events in the absence of
hypertrophy, which is very rare in MYH7 muta-
tions. Mutations in MYBPC3 gene have in
general later disease expression than muta-
tions in other sarcomeric genes, but there are
many exceptions to this rule.

- Functional domain level: In a given gene,
mutations affecting the same functional
domains are likely to have similar functional
consequences. For example, in ion channel
diseases, pathogenic mutations are usually
clustered on amino acids located in pore form-
ing regions and gating domains. LMNA muta-
tions have been associated with multiple phe-
notypes, including dilated cardiomyopathy
with or without conduction system disease,
skeletal myopathy (Emery Dreifuss muscular
dystrophy, limb-girdle muscular dystrophy),
mandibuloacral dysplasia, progeria, etc. and
different regions of the protein seem to be
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associated with different phenotypes.”! As a
general observation, mutations affecting
amino acids closely located in the protein (not
necessarily in the sequence) will have more
similar consequences than mutations affect-
ing distant regions.

- Affected residue: Some amino acids may be
more susceptible than other to suffer muta-
tions (hot spots) and we usually find different
mutations affecting the same amino acid. The
presence of other pathogenic mutations in a
given amino acid is considered a support to
establish the pathogenicity of a novel muta-
tion. Mutations affecting the same amino acid
would interfere in the same processes. But
even in the same amino acid one variant may
be disease causing and others can be well tol-
erated.

Specific mutation: This is for us the more
relevant level of analysis. Each mutation has
specific consequences that of course will be
modulated by other genetic, epigenetic and
environmental factors, but if we collect
enough data about each mutation we can
establish their general pattern of clinical
expression and also we can analyze the specif-
ic effects on that mutation of other clinical,
environmental and genetic variants.
Limitations come from the lack of detailed
published information about mutations and
their related phenotypes. It is difficult to pub-
lish detailed clinical information about muta-
tions, especially if the mutations have been
previously described. Registries and databas-
es may be very useful but filling these data-
bases requires time, dedication and knowl-
edge. Clinicians and basic researchers have to
be conscious about the potential utility of the
detailed information about phenotypes and
evolution of their patients and families. In
many cases the publications about genetic
studies in inherited cardiovascular diseases
do not give details on the phenotype of the
patients, put together data of patients with
multiple different mutations and genes
(impossible to evaluate specific characteris-
tics) and/or do not provide data about the rel-
atives (both affected and unaffected, carriers
and non-carriers).

According to the previous criteria, the
genetic variants will be classified depending
on their frequency in the general population
(mutations/rare variants/polymorphisms) and
their pathogenicity (disease causing/non-dis-
ease causing/uncertain pathogenicity). We
call pathogenic mutations those variants we
are almost sure that are associated with the
disease and not present in control individuals.
In many cases we will define the mutations as
probably associated with the disease or possi-
bly associated with the disease, and finally, in
some cases we will define a mutation as not
associated with the disease (Figure 2).
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Does the pathogenic variant/s explain the
phenotype of the patient and the pheno-
types of the relatives?

When we find a pathogenic mutation in a
patient with an inherited cardiovascular dis-
ease we have to consider whether this muta-
tion explain his/her phenotype and the pheno-
types of the family. For example, the presence
of a mutation usually associated with a mild
phenotype and incomplete penetrance may not
be enough to explain a severe phenotype. In
patients with complex phenotypes (for exam-
ple left ventricular non-compaction with cate-
cholaminergic polymorphic ventricular tachy-
cardia) we have to consider two possibilities:
one mutation may explain both phenotypes,
but there could also be two different mutations
in the patient. Even if the mutation explains
the phenotype of the index patient it may not
explain the phenotype of the relatives, as may
occur in families with more than one mutation
associated with the same or with different
phenotypes. If the mutation does not explain
the phenotype of the patient or of the family we
have to consider the existence of additional
mutations either in the same or in different
genes. Double or triple mutations are identi-
fied in about 5% of the patients with hyper-
trophic cardiomyopathy *** and in more than
10% of the patients with arrhythmogenic car-
diomyopathy.* Double mutations are especial-
ly frequent in patients with a severe pheno-
type.”>* The identification of double muta-
tions is crucial for an appropriate genetic
counselling and risk stratification in the fami-
ly. Family history of premature sudden death is
a relevant risk factor in all the inherited car-
diovascular diseases, however, if the sudden
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deaths in a family occur in individuals with
double mutations, the risk of those relatives
carrying only one of the mutations would be
lower than the risk expected in the absence of
that genetic diagnosis.

Evaluate and use the available information
about the consequences of the identified
mutation/s

Once we have identified the disease causing
mutation or mutations in a family, it is impor-
tant to collect, analyze and use all the available
information about their consequences. It is a
common belief that genotype-phenotype corre-
lations are elusive and that the spectrum of
clinical expressions in carriers of the same
mutations is extremely wide, precluding the
possibility to establish of useful genotype-phe-
notype relationship. We consider that this is a
too simplistic approach. In medicine most of
the etiologic factors associated with diseases
are associated with a variable clinical expres-
sion. Infectious agents do not produce the
same complications in all the affected patients,
but if we study a sufficient number of patients
we can establish relevant conclusions about
the evolution, prognosis and response to treat-
ment of each agent. Something similar occurs
with the genetic causes of inherited cardiovas-
cular diseases, and as we collect more informa-
tion we learn more about the consequences of
the different mutations.

The interpretation of genetic tests
in the next generation sequencing era
An appropriate interpretation is always fun-
damental for the clinical application of genetic
studies. This affirmation reaches its maximal

Polymorphisms
Polymorphisms possibly associated
i 5 :
- Aok associated with the disease
'3; with the disease Mutations not associated
o WGRGENEEEES
L:J Mutations
T possibly/probably
> pathogenic
E Pathogenic
o POLYMORPHISMS mutations
B
- 2
"‘v"—
- -
NON PATHOGENIC YT
PATHOGENIC

Figure 2. Schematic representation of the different results we can get in a genetic study.
We take in consideration the frequency of the identified variants in the general popula-
tion and the pathogenicity of these variants. Explanation in the text.
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relevance with the introduction of the new
genotyping technologies of next generation
sequencing. With these genotyping tools we
can analyze a big number of genes (even the
complete exome or genome) with an assum-
able cost and in a short time. This is a great
advantage both in the clinical and in the
research setting. For example we can analyze
in a single test all the candidate genes for a
given disease, and we can look for novel muta-
tions in genes that have not been previously
associated with the disease. Our capacity for
identifying genetic variants potentially associ-
ated with diseases becomes dramatically
increased. But at the same time, we face a par-
allel increase in the problems for the interpre-
tation of these results. A typical study of a
patient with an inherited cardiovascular dis-
ease by Sanger sequencing (three to nine
genes) may find a maximum of five to ten non-
synonymous genetic variants. A next genera-
tion study of 20-40 genes in the same patient
would find several hundreds of non-synony-
mous variants. The study of the complete
genome finds more than 2 million variants in a
single patient.® Of course most of them are
common polymorphisms we could discard in
our evaluation, but we still face thousands of
rare variants in known and unknown genes
that either could be associated with multiple
different conditions or could be completely
innocent. In any test we perform in medicine,
the predictive value of the result depends on
the pre-test probability (Bayes’ theorem), and
the probability of any of thousands of variants
of unknown significance to be associated with
a particular phenotype is very low. In this situ-
ation, most of the hypothetical associations we
can establish will not be true associations and
we will face a very high risk of false positive
results. The only way to overcome this problem
is to put the focus in the improvement of our
skills for the interpretation of the genetic
results.

Conclusions

Genetic studies are clue for the understand-
ing of the heterogeneous clinical manifesta-
tions of the inherited cardiovascular diseases.
An adequate management of the available
information and the collaboration of clinicians
and basic researchers in the study of the geno-
type-phenotype correlations are fundamental
to do a proper interpretation of the results and
to get the maximal benefit of the genetic tests.
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