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Abstract

Inheritable cardiac disorders often associate with increased risk of sudden death in the young, as
well as with structural damage to the myocardium. Early linkage analysis studies in Mendelian
forms of these diseases, such as hypertrophic cardiomyopathy and long QT syndrome, uncovered
large-effect genetic variants that contribute to the phenotype. In more recent years, through
genotype-phenotype studies and methodological advances in genetics, it has become evident that
most inheritable cardiac disorders are not monogenic but rather, have a complex genetic basis
wherein multiple genetic variants contribute (oligogenic or polygenic inheritance). Conversely,
studies on genes underlying these disorders uncovered pleiotropic effects, with a single gene
affecting multiple and apparently unrelated phenotypes. In this review, we explore these two
phenomena: on one hand, the evidence that variants in multiple genes converge to generate one
clinical phenotype and on the other, the evidence that variants in one gene can lead to apparently
unrelated phenotypes. While multiple conditions are addressed in order to illustrate these
concepts, the experience obtained in the study of Long QT Syndrome, Brugada syndrome and of
arrhythmogenic right ventricular cardiomyopathy, as well as in the study of functions related to
SCN5A (the gene coding for the alpha-subunit of the most abundant sodium channel in the heart)
and PKPZ (the gene coding for the desomosomal protein plakophilin-2) is discussed in more
detail.
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INTRODUCTION

Our understanding of the genetic architecture of the inherited cardiac disorders associated
with sudden cardiac death in the young, namely the primary electrical disorders and the
cardiomyopathies, has increased markedly over the past years. Initial discoveries pertained
to the identification of genes underlying disorders with a Mendelian (monogenic)
inheritance. In more recent years, gene discovery efforts have evolved to consider the more
complex inheritance that likely underlies the majority of cardiac phenotypes, even those
previously assumed to have a simpler inheritance. Such complex genetic architecture is
likely to range from oligogenic, where few genetic loci contribute to the disorder, to
polygenic, with the involvement of multiple loci. Alongside the notion that inherited cardiac
disorders may be the outcome of multiple discrete genetic effects, the inverse has also
become clear, in that some genes have been recognized to exert remarkable pleiotropic
effects, i.e., they affect multiple apparently unrelated phenotypes. This pleiotropism can lead
to different disease manifestations, or contribute to different endophenotypes of the same
disorder. These two topics, complex genetics and pleiotropy, which converge to advance our
understanding of the relation between gene variants and inherited cardiac phenotypes, are
reviewed in two separate sections. While multiple conditions are addressed, in order to
illustrate these concepts, the experience obtained in the study of Long QT Syndrome,
Brugada syndrome and of arrhythmogenic (right ventricular) cardiomyopathy are discussed
in more detail. Although they are neither the only nor the first genes studied from this
perspective, for simplicity of presentation we place particular emphasis on two genes,
namely SCN5A (the gene coding for the alpha-subunit of the most abundant sodium channel
in the heart) and PKP2 (the gene coding for the desomosomal protein plakophilin-2), for
which studies in model systems and patients have provided strong evidence for pleiotropic
effects, spanning both electrical and structural phenotypes.

COMPLEX GENETICS IN INHERITED CARDIAC DISORDERS

Genetic architecture of inherited cardiac disorders: modifier genes

Genetic variants contributing to human traits, including cardiac phenotypes, vary in their
frequency and effect!. Typically, an inverse relation exists between variant frequency and
effect magnitude, where large effect variants are rare, and small —but detectable- effect
variants are common. This relationship was first suggested by population genetic models,
and later observed in data from from association and sequencing studies in large cohorts?.

The large effect of rare genetic variants underlying Mendelian cardiac disorders, such as
hypertrophic cardiomyopathy (HCM) and long QT syndrome (LQTS), facilitated the
identification of genes underlying these disorders by means of linkage analysis that tracks
genetic loci within large pedigrees. These discoveries, which took off in the late 1980s,
ushered us into the era of cardiogenetics, which saw the identification of several genes
causally related to the cardiomyopathies and the primary electrical disorders (reviewed in?).
These advances have undoubtedly impacted the genetic diagnosis and clinical management
of affected families. Yet, with few exceptions, knowledge of the disease-causing genes has
had a relatively modest impact on the ability to predict important clinical aspects such as the
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age of onset of the disease, its rate of progression, or the development of major cardiac
events including heart failure or sudden cardiac death. Studies in families with multiple
mutation-positive individuals (i.e. positive for the familial pathogenic variant) have shown
that disease penetrance (proportion of mutation carriers with the disorder) can be low, and
that among those with disease manifestations, there can be broad variability in the types of
symptoms and severity thereof (variable expression)3. These observations have made it clear
that allocating these disorders exclusively to a mutation at a single locus might be an
oversimplification of biological phenomena.

Factors such as age, gender®, environmental factors or co-morbidities may modulate the
effects of the primary genetic defect. For example, a recent study has shown that
hypertension may modulate arrhythmia risk in patients with the Dutch founder mutation
SCN5A-1795insD, a mutation causing an overlap phenotype of LQTS and conduction
disease®. Yet, besides such factors, the inheritance of other genetic variants, commonly
referred to as genetic modifiers, alongside the primary genetic defect, is believed to be a
potential cause of inter-individual variability in disease expression (Figure 1). Genetic
modifiers may act to exacerbate the severity of the primary genetic defect or cause its
presentation in childhood as opposed to adulthood, or may protect a carrier of a primary
genetic defect from developing the disease. A role for genetic modifiers in modulation of the
ultimate phenotypic expression of a disease-causing mutation has been firmly established in
mouse genetic studies across multiple phenotypes, including those related to the heart. For
example, the electrophysiological consequences of the Scn5a-1798insD variant (homologous
to the human SCN5A-1795insD mutation mentioned above) was found to differ between
129P2 and FVB/NJ mouse inbred strains®.

The identification of genetic modifiers in the Mendelian cardiac disorders is an area of
significant interest as their identification could help refine individual risk prediction for
cardiac events. The nature of the genetic component that modifies the effect of the primary
genetic defect in patients with inherited cardiac disorders, such as the type of variants that
are operative, their number and their effect size, is unknown. It may differ across the
different disorders and between populations of different ancestries (due to founder effects),
but as for other inherited disorders, it is generally presumed to comprise variants of small
effect that are common in the general population (commonly considered to be those with a
minor allele frequency (MAF) >1%), and variants that are low-frequency/rare (MAF<1%)
and that have an intermediate to large effect. It likely involves variants of different classes,
spanning sequence variants such as single nucleotide variants to structural variants such as
copy number variants and chromosomal rearrangements in coding and non-coding regions of
the genome. Furthermore, such variants may occur in genes pertaining to different biological
pathways that contribute to the disorder.

Genetic modifier discovery

In the inherited cardiac disorders, studies for identification of genetic modifiers have so far
been primarily conducted in patients with LQTS and have largely focused on the potential
modulatory effects of common single nucleotide polymorphisms (SNPs) of small effect.
Initial studies tested the effect of SNPs in candidate genes (selected on the basis of known or
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suspected biological considerations).” This approach (with its poor replication record across
a broad range of human phenotypes®), has now been replaced by studies testing the
modulatory potential of SNPs that had been robustly demonstrated to affect the QTc-interval
in prior genome-wide association studies (GWAS) conducted in large samples of the general
population®-11, The premise in these studies is that uncovering the genetic underpinnings of
the QT-interval, a relevant endophenotype for LQTS, will inform us on genetic factors that
could impact on variability in LQTS susceptibility or severity (Figure 2).

The first QT-interval GWAS which was published in 2006 identified common genetic
variants at the NOSZAP gene (encoding nitric oxide synthase adaptor protein) as modulators
of the QT-interval in the general population!2. Four studies subsequently demonstrated that
these variants can also modulate the QT-interval and risk of arrhythmia in patients with
LQTS? 10.13. 14 Similar data is available for SNPs at the KCNQZ gene locus! 13 which
had been identified in later (larger) general population QT-interval GWAS1%: 16, As expected
for small-effect common variants (in the general population they individually modulate the
QT-interval by only ~ 0.5 to 2 ms, although NOS1AP SNPs seem to be associated with a
somewhat larger effect, e.g. the most significantly associated NOSIAP SNP, rs12143842,
has an effect size of 3.5 ms), these ‘QT-SNPs’ individually explain only a small portion of
inter-individual variability in phenotype among patients with LQTS. While clearly still far
from clinical applicability, in an effort to explain a greater portion of the variability, a
genetic modifier study in LQTS considered the effect of multiple SNPs in aggregate in the
form of a polygenic risk score (PRS; typically calculated as the sum of trait-associated
alleles, each weighted by its effect size; Figure 3) 13. In this study, a PRS based on 22 ‘QT-
SNPs’ showed a strong linear relationship with QT-interval in patients with LQTS type 2
(caused by a mutation in KCNHZ2). This study also showed that patients with a PRS in the
lowest quartile had a lower relative risk of cardiac events compared to patients in the other
quartiles combined. The largest GWAS thus far for QT-interval was conducted in ~75,000
individuals of European descent and identified 68 independent SNPs at 35 locil” that
collectively explain ~10% of QT-interval variation in the general population. The
incorporation of addtional ‘QT-SNPs’ in PRS, as these become known, has the potential of
explaining a greater portion of inter-individual disease variability in LQTS patients. This
may in turn translate into potential clinical application of common variant genotyping in this
disorder.

GWAS studies that have been conducted thus far for the QT-interval in the general
population have generally been statistically powered to interrogate variants with a MAF
>1%. The lowest-frequency variant associated with the QT-interval is the p.Asp85Asn
variant in KCNE1 (MAF = 1% in populations of European ancestry; Figure 418-20),
Commensurate with its lower frequency, this variant has the largest effect size of all ‘QT-
SNPs’ uncovered thus far in GWAS (7.42 ms per minor allele)1’. it has been shown to
predispose to LQTS in at least two studies conducted respectively in European and Japanese
patients’: 2 and was reported to modulate the QT-interval in Finnish males with the
KCNQ1-p.Gly589Asp founder mutation?2. Conversely, this variant may also be considered a
low penetrance rare variant that could in turn be modulated by other genetic or non-genetic
factors such as QT-prolonging drugs.
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Of note, p.Asp85Asn in KCNE1 and SNPs at the NOS1AP locus have also been associated
with drug-induced LQTS23. Furthermore, a PRS based on 61 ‘QT-SNPs’ (of the above-
mentioned 68 ‘QT-SNPs) was shown to explain a substantial proportion of QT-interval
response to QT prolonging drugs in a trial of 3 QT-prolonging drugs conducted in healthy
individuals, as well as risk of torsade de pointes in patients?4. This work further illustrates
how ‘QT-SNPs’ identified in the general population can be tested for predictive effects,
individually or implemented in polygenic risk scores, in clinical cohorts. It also underscores
how common genetic variation modulates both acquired and genetic risk for QT-interval
prolongation.

Besides the QT-interval, GWAS has been conducted on multiple other ECG traits, including
heart rate, PR-interval and QRS duration’, and although to our knowledge not yet tested,
SNPs that impact on these traits are also expected to modulate inherited cardiac disorders
such as sinus node dysfunction and conduction disease. However, compared to the current
understanding of common genetic variants that modulate ECG traits, progress in the
identification of common variants underlying endophenotypes of relevance to the
cardiomyopathies, such as left ventricular dimensions, mass and function, has been slow.
This is at least partly related to the fact that unlike the ECG, which is amenable to accurate
measurement in large-scale cohorts, echocardiography or cardiac magnetic resonance
imaging for measurement of these parameters is costly and their output is less systematically
quantifiable. To circumvent these issues, one recent study sought to identify genetic
determinants of myocardial mass by evaluating ECG proxy markers of this trait, identifying
52 such loci in a meta-analysis of over 73,000 individuals; yet the role of these loci in
modulating disease severity in individuals with Mendelian forms of a cardiomyopathy such
as HCM remains to be established. GWAS studies of cardiomyopathies have thus far
focused on the identification of susceptibility loci through comparisons of patients with
controls, and have been conducted in patients with HCM or DCM?25-28, The role of these
common susceptibility variants in modulating disease severity among patients remains to be
demonstrated.

Modifier effect of cis-regulatory variation

Cis-regulatory elements are regions of non-coding DNA, such as promoter or enhancer
elements, which regulate the transcription of neighboring genes. A recent study showed that
genetic variants occurring in such cis-regulatory elements may act as modifiers of disease-
causing variants located in the coding region of the gene, by controlling the dosage of
mRNA and, in turn, the dosage of the functional gene product 2°. Thus, coding region
disease variants located on haplotypes that lead to increased gene product are associated
with increased disease penetrance, while disease variants located on haplotypes that lead to
decreased gene product are associated with decreased penetrance (Figure 5). Such a
mechanism has been suggested to be operative in LQTS3C, In this study, Amin and co-
workers showed that genetic variation in the 3’ untranslated region of the KCNQ1 gene was
associated with altered gene expression in /n vitro reporter studies. They also showed that
disease severity of KCNQ1 mutations depended on whether they occurred on the high-
expression or low-expression haplotype30. Yet, these effects await further scrutiny as they
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were not replicated in another study conducted on three large families with founder
mutations in KCNQI3L.

Integrative approaches for the identification of genetic modifiers

In general, genetic studies aimed at identifying genetic modifiers in patients are challenging
due to the relatively small number of patients that are available, given the rarity of these
disorders. In an approach that the authors referred to as ‘physiological genomics,” a group
led by Deschénes recently combined electrophysiological studies in human induced
pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) with whole exome sequencing
to identify genetic modifiers operative in an LQTS family with a KCNVHZ2 genetic defect32.
They demonstrated distinct differences in cellular electrophysiology between hiPSC-CMs
from severely affected patients and those of mildly affected first-degree relatives, including
an increased L-type Ca2* current (Ica,1) and more pronounced action potential (AP)
prolongation. Through whole exome sequencing they identified in severely affected
individuals a variant in the GTP-binding protein REM2, which was previously described to
regulate voltage-gated Ca2* channels33. Indeed, correcting this variant by genome editing
reversed the enhanced I, | and the prolonged AP in the severely affected hiPSC-CMs,
demonstrating its functional relevance in modulating disease expressivity. This work
moreover shows that functional studies are not only essential to validate the role of identified
modifier genes and understand the mechanism through which they act, but may also
contribute to the actual identification of modifier genes.

Other investigators have resorted to alternative strategies involving system genetic studies in
model organisms. These studies have exploited the defined genetic background of inbred
mice or rats and the genetically determined phenotypic variability among these strains in
cardiac structure and function, including cardiac mass, calcium homeostasis and electrical
characteristics. Such studies have, among others, led to the identification of 7TAN/3K,
encoding troponin 1 interacting kinase, as a modifier of cardiomyopathy (in the setting of
cardiac-specific calsequestrin overexpression34) and cardiac conduction (in the setting of the
Scn5a-1798insD mutation3®). Of note, although the underlying mechanism remains
unknown, rare genetic variants in this gene were later associated with a syndrome of
conduction system disease, atrial tachyarrhythmia and dilated cardiomyopathy in several
families3®. In another study, comparison of cardiac gene expression between two mouse
strains with the Scn5a-1798insD mutation (129P2 and FVB/N) with different disease
severity, led to the identification of Scn4b, encoding the sodium channel accessory subunit
B4, as a potential modifier of conduction disease severity8. Independent of the strategy used,
it remains however essential to explore multiple lines of evidence before defining novel
(modifier) genes as causal, ideally including both experimental and clinical (genetic)
approaches.

From monogenic to polygenic

For some disorders, the initial discovery of rare genetic variants within plausible genes and
the observation of familial recurrence in some cases led to the perception that Mendelian
inheritance may apply. One notable disorder in this respect is Brugada Syndrome (BrS).
Rare coding pathogenic variants in SCN5A are found in ~20% of cases and functional
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studies have provided unequivocal evidence of a loss-of-function mechanism37.
Notwithstanding, genotype-phenotype studies in large families harboring rare pathogenic
variants in SCNV5A demonstrated incomplete penetrance, and importantly, the occurrence of
phenotype-positive genotype-negative individuals, demonstrating that such variants are
neither necessary nor sufficient to cause the disorder38. This observation, together with the
fact that the disorder often has a sporadic presentation (i.e. absence of family history of the
disorder)3?, suggests that it has complex inheritance. A GWAS that was conducted in the
setting of an international consortium, bringing together probands from different countries,
identified 3 independent susceptibility variants, close to the SCN5A, SCN10A and HEYZ2
genes, providing the first evidence for the role of common genetic variation in susceptibility
for the disorder®. When considered in aggregate, the identified genetic variants displayed a
high cumulative effect on relative risk. Yet, the absolute risk they confer is most likely small
considering the low disease prevalence, and many susceptibility variants remain to be found.
These will likely include additional common variants but likely also low-frequency and rare
variants, the discovery of which will require sequencing based approaches (such as exome or
whole genome sequencing). Besides paving the way for clinical risk prediction in the future,
the identification of novel loci in disorders with complex inheritance such as BrS provides a
handle for studies aimed at understanding underlying mechanisms. For example, functional
studies on the transcription factor gene HEYZ2from the chromosome 6g22.31 BrS
susceptibility locus identified alterations of ion channel expression across the ventricular
wall as a potential disease mechanism.*!

Potential polygenic basis of other inherited cardiac disorders

Genetic architecture, in terms of the number of variants needed to reach the threshold to
show disease and their respective effect size, likely differs not only across disorders but also
within the same disorder. For instance, around 20% of LQTS probands remain mutation-
negative upon gene panel testing. Some of these cases could be due to undetected mutations
in the known genes, such as mutations in deep intronic (as recently demonstrated in HCM42)
or regulatory regions, that are thus far not routinely screened for. However, in cases without
familial aggregation, where a highly penetrant rare variant is therefore less likely (with the
exception of de novo or recessive mutations), one could argue that the genetic basis is
possibly polygenic. Common variants have been shown to explain at least 21% of the QT
interval variance in the general population®? and it is thus conceivable that mutation-negative
LQTS cases simply carry a large burden of common QT prolonging alleles. Similarly,
mutation pick-up rate of genetic testing in HCM is 40-60% and that of DCM is 15%-40%
(depending on patient selection and family history#4 45). This, together with the fact that a
large percentage of patients have a sporadic presentation, argues for a polygenic basis at
least in some patients (alongside acquired risk factors). It is likely that a continuum of
complexity of genetic architecture exists ranging from monogenic whereby the disease
threshold is reached by the action of a single variant, to highly polygenic where many loci
are needed (Figure 1).

Complex genetics: summary and future directions

In summary, strong evidence exists for the role of genetic modifiers in the determination of
the ultimate disease manifestations in individuals with inherited cardiac disorders.
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Furthermore, it has become clear that some inheritable cardiac disorders may not be strongly
determined by the inheritance of one large genetic defect but rather, have a more complex
inheritance. Recent studies using state-of-the-art genomic approaches have started to
uncover such modulatory and susceptibility genetic variants, yet much remains to be done.
The rarity of the inherited cardiac disorders coupled to the large numbers of patients needed
for sufficient statistical power for gene discovery in the context of complex inheritance calls
for the continuation and expansion of international collaborations aimed at bringing together
large numbers of highly characterized patients (as is ongoing for Br$49), and the
establishment of similar networks for other disorders. Initiatives such as the European
Reference Network (ERN) GUARD-Heart of the European Union (guardheart.ern-net.eu),
could facilitate the establishment of such collaborations.

An extension of genetic association studies to include low-frequency variants is needed,
although these studies are highly challenging as they will require a many-fold increase in
sample sizes to obtain sufficient statistical power, besides the use of alternative statistical
approaches such as burden tests and/or variance-component tests for rare variants. Exploring
rare and low-frequency variants would shed light on new disease loci with the potential to
better understand (patho)physiology, and also would increase the predictive value of
polygenic risk scores since low-frequency variants typically show higher effect sizes than
common onest.

Across different fields of medicine, the application of SNP genotyping in clinical practice
for risk prediction and precision prevention is promising but remains to be established*6. For
example, in coronary artery disease, atrial fibrillation and diabetes, genome-wide polygenic
scores have been shown to predict disease with clinically relevant accuracy, and identify
individuals with risk equivalent to monogenic mutations#®. For these disorders, prospective
outcome studies in diverse populations are needed to confirm the predictive value of such
scores. Data emerging from the exploration of the PRS based on 61 ‘QT-SNPs’ in diLQTS is
encouraging®4 and, pending confirmation in large prospective studies in real-world
collections of drug-exposed patients, such a PRS (updated as new variants are discovered)
could potentially be used to individualize assessment of risks and benefits of drugs with high
risk for drug-induced arrhythmias. It is hoped that as genetic loci impacting on phenotypic
variability of inherited cardiac disorders are uncovered, their implementation in PRS could
in the future also allow for a refined risk prediction and individualized patient management.
The application of PRS could enable increased monitoring of patients that are at risk for
severe cardiac events or the provision of more aggressive therapy. Also, PRS predicting rare
arrhythmias and cardiomyopathies could be used to predict risk of disease occurrence within
families. For instance, family members of genotype-negative cardiomyopathy cases or
unaffected mutation carriers currently undergo periodic (nearly lifelong) screening using
cardiac imaging®’. Such an approach is associated with significant cost with an expected low
yield. PRS could potentially allow for a refined risk prediction and an individualized
screening program.
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PLEIOTROPY: MULTIPLE TRAITS ASSOCIATED WITH PKP2 AND SCN5A

In addition to genetic complexity, pleiotropy (i.e. a single gene affecting multiple and
apparently unrelated phenotypes) is an important aspect of genotype-phenotype relationships
in inherited arrhythmia syndromes. This has become particularly evident in the setting of
arrhythmogenic cardiomyopathy and sodium channelopathy, originally considered separate
disease entities#8. The conventional separation of cardiac genes as coding for “structural” or
“channel” proteins suggests, at first glance, that a gene product is responsible for one
function. As such, a “sodium channel protein” is commonly thought of in the context of a
single task: to pass sodium through a hydrophilic pore. Similarly, “desmosomal proteins”
were so named because of their participation in a cell adhesion complex (though additional
functions as signaling hubs and transcriptional regulators have been defined and are
mentioned later in this article). A linear extension of this one gene-one trait logic would be
that mutations in one gene yield a reproducible, consistent phenotype, as the trait is
manifested directly from the loss or gain of one function. This notion of one gene-one trait
contrasts with advances suggesting that most genes are pleiotropic, that is, they are
responsible for multiple traits 4% 59, and with research indicating that mutations in one gene
can lead to multiple and sometimes seemingly unrelated phenotypes. A case in point is that
of Connexin43 (Cx43) which, though best studied as an ion channel-forming protein, is
associated with a highly pleiotropic inheritable disease 1. Here, we explore non-canonical
functions identified for genes that, while considered “structural”, are importantly involved in
arrhythmic phenotypes and also, genes coding for “channel proteins” that, when mutated,
lead to structural disease.

PKP2 and Arrhythmogenic Cardiomyopathy: from the structural gene to the electrical

phenotype

Plakophilin-2 (PKP2) is one of the structural components of the cardiac desmosome, part of
the Armadillo family of proteins. In 2004, Gerull and colleagues®? reported for the first time
the link between heterozygous mutations in the PKP2gene, coding for plakophilin-2, and
Arrhythmogenic Cardiomyopathy (ACM also known as arrhythmogenic right ventricle
cardiomyopathy, ARVC). ACM is a heritable disease, characterized by high propensity for
ventricular arrhythmias and sudden death and progressive fibrosis and fibrofatty infiltration
of the ventricles, most often of right ventricular predominance*8. The prevalence of ACM
varies among regions and it is estimated at 1:2000 to 1:5000 in the general population®3.
Research since the first description of the disease by Marcus and Fontaine in 198254 has
allowed for a more comprehensive characterization of the clinical features that can be
encompassed under the single diagnosis of ACM. In general terms, the full spectrum is
characterized by 4 phases: 1) an early or “concealed’ phase with high incidence of
ventricular fibrillation and sudden cardiac death (11% of index patients reviewed by
Groeneweg et al presented with cardiac arrest; median age at cardiac arrest was 25 years®3);
2) an overt arrhythmic stage in the presence of initial structural changes predominantly in
the RV; 3) global RV dysfunction and 4) biventricular dilated cardiomyopathy and heart
failure®®. The spectrum of manifestations has been compiled and classified under criteria
that are the current standard for diagnosis®®, though these criteria are likely to evolve as
knowledge expands. Mutations in additional genes coding for other cardiac desmosomal or
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non-desmosomal proteins have been linked to ACM, but PKPZremains the most prevalent
disease gene, accounting for ~40% of genotype positive families®3. Of note, in
approximately 37% of index patients reported by Groeneweg et al®3, no mutation could be
identified. As in other diseases discussed in the previous section, ACM may present as a
result of the convergence of multiple variants®®.

When desmosomal mutations were associated with familial ACM the inference was made
that a defective desmosome, due to a loss of function mutation, could facilitate fibrosis
development by weakening intercellular adhesion between cardiomyocytes. Yet, other key
features of the disease, such as the abundant adiposis, or the high likelihood of life-
threatening arrhythmias in the early stages of the disease, remained not completely
explained by thinking of PKP2 as a uni-functional molecule. The question remained as to
how a molecule that is supposed to be “making Velcro” between cells could, when mutated,
drastically alter the electrical stability of the heart, even prior to the onset of overt
cardiomyopathic changes®’. The first approach at understanding the relation between PKP2
or other desmosomal proteins and arrhythmogenesis came from the observation that hearts
from patients with ACM showed a loss of gap junction plaques®8. Experimental observations
followed, confirming that PKP2 expression was necessary for the maintenance of normal
intercellular communication through gap junctions %°. Given the physical proximity between
desmosomes and gap junctions in the cardiac intercalated disc (see, e.g.,69), and the
importance of cell adhesion to gap junction formation62, it was still possible to argue that the
loss of gap junction plaques was a direct consequence of the loss of intercellular adhesion.

PKP2 impacts on sodium current: relevance for ACM and Brugada syndrome (BrS)

To assess whether or not the electrically-relevant functions of PKP2 in cardiomyocytes were
direct consequences of intercellular adhesion properties, Sato et al measured sodium current
in single, isolated cells (hence devoid of intercellular structures) in the presence or absence
of PKP252, The data showed that loss of expression of PKP2 in adult and in neonatal rat
ventricular myocytes (using shRNA technology) led to a decrease in sodium current (Ing)
density and a shift in voltage-dependent inactivation properties of the voltage-gated sodium
channel Nay/1.5. The relation between “desmosomal” protein abundance or sequence
integrity and the properties of Nay,/1.5 was later confirmed for other experimental systems
such as zebrafish®3 and human induced pluripotent stem cell-derived cardiomyocytes (iPSC-
CMs) from ACM patients®* 65, and for murine myocytes genetically deficient in PKP266, or
expressing mutations in desmoglein-257. Immunohistochemical characterization of human
ACM-affected hearts was consistent with the experimental observations®’. Altogether, these
studies supported the notion that one gene, though initially classified by its involvement in a
structure (the desmosome) can affect parallel and seemingly independent traits, including
one directly related to the electrical heart. The demonstration of the relation between loss of
PKP2 and Nay1.5 function led to the hypothesis that a PKP2-dependent impairment of
sodium current could lead to a phenotype classically associated with sodium current loss-of-
function, namely, BrS. This hypothesis was supported by the data of Cerrone et al,5 as well
as by additional reports,58: 69 and gave grounds to the possibility that ACM and BrS could be
seen as clinical manifestations at the opposite end of a common disease spectrum, as it was
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initially suggested by the group of Corrado and colleagues’®. Yet, it is also important to note
that other studies have not demonstrated a burden of rare PKP2variants in Brs37.

Transcriptional regulation is affected by loss of PKP2 function

Contact inhibition of cell growth is a well-known phenomenon in various cell systems. As a
basic concept, it indicates that the cell can switch into a transcriptional program leading to
cell division when contact is lost at the surface. This mechanism is fundamental to the
normal continuity of cell barriers (e.g., epithelia) and its dysfunction can lead to cancerous
growth’!, A desmosome-to-transcription axis in the adult myocyte has been supported by
observations indicating that loss of desmosomal proteins can activate the Hippo and the Wnt
pathways,’2 73 both regulators of the transcription of pro-fibrosis/adiposis genes’. The
Whnt/beta-catenin pathway signaling is a well-known regulator of myogenesis versus
adipogenesis. In the view of Garcia Gras et al’3, translocation of plakoglobin to the nucleus
following loss of desmosomal integrity competitively impairs the ability of beta-catenin to
transcriptionally suppress pro-fibroadipotic genes, leading to cardiac fibroadiposis.
Regarding the Hippo pathway, the work of Chen et al”2 shows that intercalated disc (ID)
disassembly can lead to Hippo pathway activation and downstream phosphorylation (and
thus inactivation) of YAP, the Hippo pathway effector, contributing to suppression of Wnt/
beta-catenin signaling and enhanced adipogenesis (see also Figure 3 in’4). Separate studies
of Dubash et al”® show that lack of PKP2 also increases expression of TGF-betal and
activates the p38-MAPK-dependent profibrotic pathway. These studies have shown that
there is a connection between PKP2 expression, and the cardiac transcriptional program. To
fully explore the relation between the expression of PKP2 in adult ventricular myocytes, and
the transcriptional program of the heart, Cerrone et al developed a cardiac-specific,
tamoxifen-activated murine model of PKP2 deficiency’® and performed RNAseq analysis at
the time in which the mice presented a phenotype of an arrhythmogenic cardiomyopathy of
right ventricular predominance’®. A total of 1200 transcripts were differentially up- or
down-regulated using stringent inclusion criteria. Importantly, the study revealed decreased
transcripts of genes involved in intracellular calcium homeostasis, such as RyR2, Trdn, and
Ank2. Functionally, these changes translated into a highly arrhythmogenic, catecholamine-
dependent phenotype. These data indicate that another trait under the umbrella of the Pkp2
gene is the transcriptional control of intracellular calcium cycling, a function with major
implications in arrhythmogenesis. To extend these observations in mice to the human heart,
Montnach et al’’ took advantage of the GTEx 7.0 database, which includes a compendium
of the cardiac transcriptome obtained from 272 deceased individuals’8. These authors
correlated the transcript abundance of PKP2 in the left ventricle, with the abundance of
every other transcript in the transcriptome for all subjects in the database. This process was
followed by weighted correlation network analysis (WGCNA’9), a method to identify, from
the correlative data, gene groups likely to belong to a common network. The authors
concluded that PKP2 is part of a gene network that includes other transcripts involved in cell
adhesion (such as desmoglein-2), as well as in intracellular calcium homeostasis’6: 77,

The evidence that increased sarcoplasmic calcium release can create the substrate for PKP2-
dependent ventricular arrhythmias was reminiscent of arrhythmias seen in cases of CPVT, a
separate heritable disease most commonly caused by gain-of-function mutations in the RyR2
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channel®. Interestingly, flecainide has proven effective to control arrhythmias in CPVT
patients, likely because of direct blockade of the RyR2 channel8l: 82, \When flecainide was
tested in PKP2-deficient animals, catecholaminergic-induced ventricular arrhythmias were
abolished?8. Furthermore, anecdotal evidence suggests that flecainide may be effective in
combination therapy for the treatment of ACM-related arrhythmias in humans®3, an exciting
observation that requires further consideration. These observations indicate that in addition
to structural disease, desmosomal mutations can lead to arrhythmic death in the absence of
altered cardiac structure. This possibility is supported by a recent report of exertion-related
autopsy-negative cases of sudden unexplained death in the young (SUDY) later examined by
whole-exome sequencing, where the authors identified mutations not only in genes
associated with electrical dysfunction such as RyR2or SCN5A, but also in PKP284. A
separate study by Tester et al revealed PKP2 truncation variants in patients with clinical
diagnosis of CPVT, and in decedents with exercise-associated autopsy-negative SUDY®5.
These and other reports do not firmly establish PKP2 variants as contributors to the CPVT
phenotype (within the framework of complex genetics), but emphasize the importance of
considering all multiple traits associated with one gene when considering the molecular
substrate of a given phenotype, even if, as shown by Lahrouchi et al88, the ratio of rare
variants of unknown significance to pathogenic or likely pathogenic cardiomyopathic
variants in post-mortem genetic testing in cases of sudden arrhythmic death syndrome may
be extremely unfavorable.

In Figure 6 we present the concepts outlined above in a diagrammatic form to illustrate the
different phenotypes that could result from dysfunction in the PKP2gene. Importantly,
descending down one path or another can yield clinical manifestations that can vary from the
purely arrhythmogenic (BrS or CPVT) to the purely structural (dilated cardiomyopathy),
with ACM being a wider clinical profile in which both electrical and structural phenotypes
get integrated under one umbrella. The hypothesis that ARVC, sodium channel disease and
CPVT are all part of the same pathological spectrum is intriguing, and deserving of further
consideration.

pleiotropic gene: from “purely electrical” to a structural phenotype

The observation that variants in one gene can result in different phenotypes extends to genes
commonly associated with cellular electrophysiology, such as GJAI (coding for Cx43 and
associated with oculdentodigital dysplasia®l) and SCN5A. The latter codes for Nay1.5, the
a-subunit of the cardiac sodium channel, the key mediator of depolarization in the adult
atrial and ventricular tissue. Mutations in SCV5A have been associated with electrical
phenotypes but more recently, with structural phenotypes as well.4% 87 Among the first
phenotypes linked to mutations in the SCN5A gene was a congenital form of Long QT
Syndrome, annotated as LQT3.88 SCA/54 mutations found in patients with LQT3 lead to
augmented late sodium current (“gain-of-function mutations”) that by virtue of increasing
depolarizing current during the repolarizing phase, prolong action potential duration.
Peculiar features of LQT3 at variance with other forms are marked bradycardia and
increased arrhythmic risk during rest conditions, i.e. when heart rate is usually slower? 49,
This is a common feature of inherited disorders linked to SCN5A mutations, probably
related to the effect of the channel on cardiac conduction and impulse initiation. As
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discussed above, mutations that cause decreased Iy, amplitude were initially linked to BrS
49 though recent evidence shows features and genetic inheritance patterns more complex
than originally expected. Loss of function mutations in SCN5A have also been associated to
other phenotypes, mostly affecting cardiac conduction8%-91, Lev-Lenegre disease or
Progressive Cardiac Conduction Disease is a condition characterized by progressive P wave,
PR interval and QRS interval duration lengthening. Ultimately, patients develop atrio-
ventricular block and/or bundle branch block occurring at a relatively young age in adults
and tends to have autosomal dominant familiar transmission®: 91, Sick sinus syndrome and
some forms of familiar atrial fibrillation/atrial standstill have also been linked to the
presence of SCNV5A mutations, although these are rare occurrences®”. Interestingly,
increased fibrosis in different areas of the conduction system are often part of the clinical
spectrum of these conditions, suggesting a potential role of defective Nay/1.5 not only in
modulating cardiac action potential, but also the structural phenotype. Pleiotropy associated
with SCN5A mutations is further evidenced by the observation that a single mutation (e.g.,
SCN5A-1795insD® 35 92 and SCN5A-E1784K93) can cause an overlap syndrome
comprising clinical and biophysical features of both loss and gain of sodium channel
function.

While the phenotypes described above are somehow “expected” given the well-known
function of Nay/1.5, a number of cases of dilated cardiomyopathy (DCM) have also been
reported4®: 94, DCM is characterized by progressive dilation and impaired contractility of the
left ventricle, leading to heart failure and ventricular arrhythmias. A small fraction of DCM
cases may be familial, with an underlying genetic cause*°. The majority of genes implicated
in inherited DCM are coding for structural proteins of the cardiac sarcomere, cytoskeleton or
nuclear lamina envelop. However, several isolated reports and familial cases of DCM have
been attributed to SCN5A variants. Interestingly, > 20 different mutations have been
associated to a DCM phenotype and their biophysical characteristics include loss of
function, gain of function or overlap effects. One particular mutation, R222Q, was reported
in several unrelated families showing elevated burden of premature ventricular complexes
(PVCs)%: %, The PVCs originated from the Purkinje fibers as multifocal ectopic complexes
and it has been postulated that the high arrhythmic burden was the substrate causing the
progressive ventricular dilation. Additional mutations in this or adjacent nucleotides have
since then been described (R219H, R222P, R225W, R225P). The group of Chahine®’
functionally characterized several of these mutations and showed that they can result in an
abnormal flow of cations (“gating pore currents”) through the usually non-conductive
voltage sensor domains. They also postulated that gating pore currents could contribute not
only to increased arrhythmic burden but also to the observed morphological changes.
Interestingly, pharmacological control of PVCs was able to revert the cardiomyopathic
phenotype, adding support to the vision that some of these forms could be tachycardia-
related cardiomyopathies.

Additional SCN5A mutations, either with loss of function or overlapping effects have been
linked to familial DCM. Usually these DCM forms have the peculiar feature of showing
conduction defects*®. The mechanistic link between dysfunctional Nay1.5 channels and
increased fibrosis and dilation is complex and has not been well clarified. One hypothesis
that has been proposed is that leakage of positive charges may increase the protonic pumps
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(Na*/H* and Na*/Ca?* exchangers), ultimately leading to Ca2* overload which could impair
contraction 9. An alternative (or complementary) possibility, however, is that just as
adhesion complexes can modulate sodium current, Nay/1.5 modulates cell adhesion. Studies
in support of this hypothesis were reported by Leo-Macias et al®. These authors
demonstrated that Nay,1.5 at the ID is located in close physical association with N-Cadherin,
the major protein that maintains cell-cell adhesion between heart cells. Using an assay to
study intercellular adhesion strength, the authors determined that loss of Nay/1.5 can actually
weaken cell-cell adhesion. From the perspective outlined above, just as mutations in PKP2
can lead to a “channelopathy,” mutations in SCN5A could lead to a clinical manifestation
most often associated with a “cell adhesion protein” such as ACM. In favor of the latter, Te
Riele et al'% combined exome and gene-candidate screening in a multicenter ACM cohort
of 281 unrelated probands, and identified 6 SCN5A variants. Further analysis of one of the
cases, using hiPSC-CMs from the patient and CRISPR-CAS9 to reverse the mutation,
showed a direct association between the mutation, and the structural integrity of the N-
Cadherin clusters at sites of cell-cell junction. In summary, mutations in SCN5A are
associated with diverse phenotypes, some expected for a protein that regulates sodium
current but also others not expected for a “channel protein” such as Nay1.5. As illustrated in
the diagram in Figure 7, we conclude that one gene can be involved in multiple traits, thus
supporting the notion that a model of one gene-one disease does not apply to the structural-
electrical spectrum described in this review; in fact, cases of monogenic diseases are more
likely to be the exception rather than the rule.

Pleiotropy: summary and future directions

A number of studies have shown that a single molecular entity can have more than one
function. The notion of molecules as multi-functional units carries as an extension a
departure from (or rather, an expansion of) the model of one gene-one disease, and supports
an alternative model where one gene can lead to multiple traits. This pleiotropic model helps
us understand disease manifestations otherwise not consistent with the “canonical” function
of a gene or its product. But it also has, embedded in it, an ever-expanding range of
complexities, as these multiple traits are likely not parallel and independent but rather, inter-
connected through non-linear networks. Creating a broader window into the function of
molecules that govern cardiac function, together with advances in our ability to acquire and
analyze “big data” at all levels of biological organization (cells, organs, organisms,
populations) are promising -though by no means the only- approaches to shorten the
knowledge gap impeding us to understand the relation between the sequence of a genome,
and the function of the heart.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1:
Evolving model of genetic architecture of inherited arrhythmias and cardiomypathies. In the

classic monogenic model, a single disease-causing variant is sufficient for phenotypic
manifestation. In most families with a disease-causing variant (i.e. mutation-positive),
additional common variants with small effect sizes are needed to reach the disease threshold
(near-monogenic). In mutation-negative families, the genetic architecture may be more
complex, comprising multiple genetic variants with different effect sizes that together
determine disease risk (oligogenic/polygenic), in addition to non-genetic factors. (Reprinted
with permission from2.)
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Phenotypic expression is determined by genetic variation in addition to age, gender and
environmental factors. The causal relation between genetic variation and disease could be

either direct or through one or multiple endophenotypes.
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Figure 3:
Assessing the role of endophenotype-related single nucleotide polymorphisms (SNPs) in

disease susceptibility and risk prediction. Large-scale genome-wide association studies
(GWAS) identify endophenotype-related SNPs. Polygenic risk scores (PRS) are then
calculated for cases and controls by summing the number of alleles weighted by the allele-
specific effect size (B) for all endophenotype-related SNPs. The association of PRS with
disease not only confirms a role for the endophenotype in question in disease susceptibility,
but also contribute to the development of genetic risk predictors.
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Figure 4:
Screenshot of a gnomAD database search for the KCNEI gene. The gnomAD database

aggregates and harmonizes exome and genome sequencing data from a variety of large-scale
sequencing projects, and provides summary data available for the wider scientific
community. As of December 2018, the gnomAD data set comprised sequence data spanning
125,748 exomes and 15,708 genomes from unrelated individuals of different ethnicities that
were sequenced as part of various disease-specific and population genetic studies, totalling
141,456 individuals. The low-frequency p.Asp85Asn variant that has been associated with
QT-interval and susceptibility to LQTS and drug-induced long QT syndrome, is indicated by
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the red arrow. Through the browser, one can appreciate aspects such as the tolerance of the
gene to different types of variant categories (in the form of an observed / expected (oe)
metric), as well as the genomic position, allele count and allele frequency of detected
variants. More details at8-20,
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Figure5:
Regulatory variants as modifiers. Coding region variants on lower-expressed haplotypes are

expected to lead to decreased penetrance whereas coding region variants on higher-
expressed haplotypes are expected to increase penetrance (reprinted with permission from
Springer Nature: Nature Genetics, reference29).
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Figure®6:
PKP2 as a pleiotropic gene. Deficiencies in PKP2 have been associated with at least four

downstream effects: integrity of gap junctions and hence electrical coupling; function of the
sodium channel complex and consequently, sodium current properties; cell adhesion to
maintain mechanical integrity, and regulation of transcription which affects both, metabolic/
mechanical function, as well as the regulation of intracellular calcium concentration -
[CaZ*;. If disturbed (dotted line) each of the four arms can lead to either an electrical or a
structural phenotype. A dysfunction along all four arms would yield the complete
arrhythmogenic cardiomyopathy phenotype. But not all arms have to be affected in all cases
and as such, a walk downstream of the “sodium channel complex” arm would lead to a BrS-
like phenotype; downstream of transcription-[Ca%*]; would yield a phenotype resembling
CPVT, whereas a mechanical phenotype of dilated cardiomyopathy would also be possible.
As such, a pleiotropic gene can result in one or more of multiple, seemingly unrelated
phenotypes. (Reproduced with permission from reference’®. )
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Dilated Cardiomyopathy

SCNB5A as a pleiotropic gene. As in the case of PKP2 (Figure 6), seemingly unrelated
functions related to the expression of the SCN5A gene can, if impaired, cause a clinical
phenotype consequent to the balance of endophenotypes that were affected by the mutation,
ranging from purely electrical (blue) to structural (red) or a combination of both “Brugada

syndrome/arrhythmogenic cardiomyopathy.”
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