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Abstract

cardiomyopathies.

Background: Cardiomyopathies affect more than 0.5% of the general population. They are associated with high
risk of sudden cardiac death, which can result from either heart failure or electrical abnormalities. Although different
mechanisms underlie the various types of cardiomyopathies, a principal pathology is common to all and is usually
at the level of the cardiac muscle. With a relatively high incidence rate in most countries, and a subsequent major
health burden on both the families and governments, cardiomyopathies are gaining more attention by researchers
and pharmaceutical companies as well as health government bodies. In Lebanon, there is no official data about the
spectrum of the diseases in terms of their respective prevalence, clinical, or genetic profiles.

Methods: We used exome sequencing to unravel the genetic basis of idiopathic cases of cardiomyopathies in
Lebanon, a relatively small country with high rates of consanguineous marriages.

Results: Five cases were diagnosed with different forms of cardiomyopathies, and exome sequencing revealed the
presence of already documented or novel mutations in known genes in three cases: LMNA for an Emery Dreifuss
Muscular Dystrophy case, PKP2 for an arrhythmogenic right ventricle dysplasia case, and MYPN for a dilated
cardiomyopathy case. Interestingly two brothers with hypertrophic cardiomyopathy have a novel missense variation
in NPRT, the gene encoding the natriuretic peptides receptor type |, not reported previously to be causing

Conclusion: Our results unravel novel mutations in known genes implicated in cardiomyopathies in Lebanon.
Changes in clinical management however, require genetic profiling of a larger cohort of patients.
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Background

The classification and definition of cardiomyopathies has
changed significantly over the last 30 years. The substan-
tial advancement in the understanding and diagnosis of
the phenotypes associated with the cardiac dysfunction
is one reason, but more importantly is the acquired
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knowledge on the genetic basis of these cardiac
disorders. The most recent phenotype-genotype classifi-
cation by the World Health Federation published in
2013, considers both the morpho-functional phenotype
(HCM: hypertrophic cardiomyopathy, DCM: dilated car-
diomyopathy, RCM: restrictive cardiomyopathy, ACM
(Arrhyhtmogenic Cardiomyopathy), LVNC: left ventricu-
lar non-compaction), and the genetic alterations [1].
Genetically, the different forms of the disease are classi-
fied under monogenic disorders whereby mutations in a
single gene are sufficient to cause a phenotype. Most
cases of cardiomyopathy are inherited in an autosomal
dominant fashion, with some cases being autosomal
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recessive, X-linked, or sporadic. So far more than 1000
mutations have been linked to the 5 different classes of
cardiomyopathies in more than 40 genes mainly encod-
ing contractile proteins regulating the contraction of the
cardiomyocytes [1]. Some genes are specific to one class
of cardiomyopathy like RBM20 in DCM, whereas others
like MYPN and TNNI3 are implicated in at least 3 differ-
ent types of cardiomyopathy [2, 3].

Population based genetic testing and in vitro assess-
ment of defective proteins, have helped tremendously in
understanding the molecular basis of the different phe-
notypes yet, there are many challenges towards imple-
menting common therapeutical and interventional
guidelines. Hence, the importance of genetic testing and
research in cardiomyopathy for its implications on diag-
nosis, prognostication, and counseling.

Recent advancements in sequencing technology, and
the introduction of Next Generation Sequencing (NGS)
allowed for the expansion in knowledge concerning
disease-causing genes in patients and families with car-
diomyopathy. In Lebanon, there are no previous genetic
studies on cardiomyopathies. We are hereby reporting
the results of the first exome sequencing done on 6 pa-
tients with no family history for the disease.

Methods

Patients’ selection

Patients with primary cardiomyopathy (including hyper-
trophic, dilated, arrhythmogenic, restrictive, and spongiform
or left ventricular non-compaction), were identified by their
primary cardiologists based on echocardiographic or cardiac
magnetic resonance imaging findings, in addition to history,
physical examination and other laboratory data. Patients
who were found or suspected to have secondary causes for
their cardiomyopathy were excluded from the study.

There were no age restrictions for the study; adult as
well as pediatric patients were included. The Institution
Review Board (IRB) at the American University of Beirut
approved the protocol of the study (Protocol Number:
IM.MR.01). An written informed consent was obtained
from all participants in the study.

DNA extraction

Blood samples were obtained via venipuncture, and
DNA was extracted from peripheral lymphocytes using a
DNA extraction kit (Qiagen, Hilden, Germany). The
samples were quantified using a NanoDrop (Thermo), at
the molecular core facilities at the American University
of Beirut, and then stored at — 80 degrees Celsius.

SureSelect next generation exome sequencing, and
sanger sequencing

The samples were prepared per an Agilent SureSelect
Target Enrichment kit preparation guide (Santa Clara,

Page 2 of 11

United States). Briefly, gDNA was sheared to produce
small fragments (150-200 bp). Libraries with sequencer
specific adaptors and indices were prepared. Samples were
hybridized with biotinylated RNA library baits. Targeted
regions were selected using magnetic streptavidin beads.
The libraries were amplified and sequenced with Illumina
HiSeq 2000/2500 sequencer. Selected variants were veri-
fied by Sanger sequencing at the molecular core facility at
AUB, as previously described on an ABI3500 platform [4].

Data analysis

FastQ files were uploaded to the Saphetor platform
(https://portal.saphetor.com). The reads were aligned to
the UCSC hgl9 genome and variants were called using
the platform’s consensus method using two variant call-
ing tools. Saphetor’s platform annotates variants by link-
ing them to known disease associations, population
statistics, treatment options, clinical trials, scientific lit-
erature and a number of pathogenicity metrics (https://
saphetor.com/technology_platform/). Each variant is
classified by our algorithm using the 5-class score sug-
gested by the ACGS (Association for Clinical Genetic
Science) guidelines.

The average total number of single nucleotide variants
(SNV) and Indels in all samples was around 20,000 and
5500 respectively (Fig. 1). Amongst these, around 8500
SNVs are non-synonymous, and 450 Indels are in the
coding regions, and were subject to the first round of fil-
tering against the known 84 genes used for clinical
diagnosis of all types of cardiomyopathies (http://
www.ambrygen.com/tests/cardionext). All exons in those
84 genes were at least covered 30X. All variants with a
minor aller frequency (MAF) in the Gnomad database of
less than 1% are included in the first round of filtering
against the cardiomyopathy panel. The second round of
filtering targeted all variants with frameshift insertion/
deletions, or SNVs with predictive deleterious effects as
assessed by 13 different in silico criteria (https://saphe-
tor.com/technology_platform /), and with a MAFs< 1%.

Results

Patient characteristics

Six eligible patients with different phenotypes were in-
cluded in the study. The characteristics of patients are
presented in Table 1.

Mutations in known genes

Patient MR38 had been diagnosed in early adulthood
with a progressive muscular dystrophy with distribution
of muscle weakness and contractures suggestive of
Emery-Dreifuss Muscular Dystrophy. At the age of 27
she was found to have non-sustained ventricular tachy-
cardia with grade II diastolic dysfunction, and after a few
years she developed symptoms of heart failure. The
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3’and 5’ UTR variant,
downstream gene variant,
inframe insertion & deletion,
intergenic region,

Intronic region,

no-coding exon variant,

splice acceptor and donor variant,
splice region variant,

synonymous variant

upstream gene variant

Mapped Variants

Patient ID Nb SNPs  Nb of Coding SNPs Nb of synonymous SNPs
MR22 65247 19587 10300
MR37 66047 19818 10483
MR38 64465 19775 10466
MR39 67424 19831 10453
MR40 66085 19981 10527
MR41 67299 20146 10661

Fig. 1 Schematic representation of the data anlysis work flow. The number of variants from each sample is tabulated. The filtered-out variants are
highlighted in red, whereas the kept variants followed either path 1 or 2 (green)

Nb of non-synonymous SNPs  Nb of Indels Nb of coding Indels

8843 5637 432
8896 5874 468
8869 5586 459
8923 5898 445
8998 5674 449
9005 5863 423
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patient had an implantable cardioverter defibrillator. In
this patient, only one variant was classified as patho-
genic, and 5 were variants of uncertain significance after
the first round of filtering (Table 2). The pathogenic
variant in the Lamin A/C gene LMNA was previously re-
ported as de novo mutation arising in a family from the
United Kingdom (UK). The ¢.1357C>T (NM_17
0707.3) variant in exon 7 was detected on one allele
and leads to a p.R453W missense mutation predicted to
be deleterious.

Patient MR37 was diagnosed with arrhythmogenic
right ventricle dysplasia with no family history. The first
phase filtering strategy identifies 4 variants, one of which
predicted pathogenic, and three with uncertain signifi-
cance (Table 3). The pathogenic variant is a deletion of
one nucleotide on one allele in the gene encoding
plakophilin-2 (PKP2). The chr12:32945646 delT variant

Table 1 Patient Characteristics and Demographics

was first found in one individual of Western European
origin, and leads to a frameshift in the readout of the
protein with an extended C-terminal domain p.V837
£s930. Filtering for indels and nonsense variants with a
MAF<1% showed one nonsense variant in the
TMEMI106C gene, and deletions in OR4S1, OR2T4, and
TYRO3 (Additional file 1: Table S1). Probabilities of loss
of intolerance (pLI) for these genes didn’t however sup-
port a role for them in the underscored phenotype.
Patient MR41 passed away a couple of months after
being recruited at 56 years of age. He was diagnosed
with dilated cardiomyopathy alongside his brother who
refused to participate in the study. The first filter yielded
81 variants, with only one predicted pathogenic, and 3
with uncertain significance (Table 4). The pathogenic
variant on chr10:69959174 C > T affects one allele of the
gene encoding Myopalladin (MYPN), leading to a

Patient Gender Age Category Disease ICD?
MR 37 M 10-20 Arrhythmogenic Right Ventricular Dysplasia No
MR 38 F 40-50 Emery-Dreifuss Muscular Dystrophy Yes
MR 39 M 30-40 Hypertrophic Cardiomyopathy Yes
MR 40 M 40-50 Hypertrophic Cardiomyopathy No
MR 41 M 40-50 Dilated Cardiomyopathy No

°ICD Implantable Cardioverter Defibrillator
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missense mutation p.P1112L, previously reported in pa-
tients with HCM or DCM (Kimura, 2016 #5)(Duboscq--
Bidot, 2008 #18). Two of the three variants with
uncertain significance lead to missense mutations in the
genes encoding LAMA4, TTN, and the third affects the
region harboring miR548N, TTN, and TTN-ASI
(Table 4).

Mutation in a novel gene

Finally, two brothers with hypertrophic cardiomyopathy
MR39 and MR40 were screened for potential recessive
variants given the absence of a family history link. Results
from the first round of filtering failed to show any
common variant between the two siblings in the common
known genes involved in cardiomyopathies (Tables 5,
and 6). The second filtering phase yielded amongst
others 20 homozygous variants, and only one shared by
the two siblings with an overall MAF of 0.04%
(Additional file 1: Tables S2 and S3). The chrl:153
659131G > A variant leads to a missense variant p.V590
M that could hamper the function of the natriuretic re-
ceptor NPR1. However, since the variant is present on
one allele in MR40 and on both in MR39, and since
there are no DNA samples from the parents, we com-
piled all heterozygous variants that are only shared be-
tween the two siblings, with a MAF < 1%, and that are
not found in 200 exomes from Lebanese origin. The
data summarized in Additional file 1: Table S4, showed
73 missense variants with some genes being directly or
indirectly deregulated in hypertrophy like Fibulin2, and
Fibrillin 3.

Discussion

This is the first study in Lebanon and in the region
where whole exome sequencing technology has been im-
plemented on patients with primary cardiomyopathy
without a previous family history of the disease.

Cardiomyopathies are a heterogeneous group of disor-
ders with underlying genetic alterations that contribute to
disease generation and progression. Mutations in sarco-
meric genes play a major role in the pathogenesis of car-
diomyopathy, particularly HCM and DCM, with 40-50%
of patient with HCM carrying mutations in a sarcomeric
gene [5]. These mutations can affect both contractile (my-
osin, actin), and non-contractile proteins (titin, z-disc pro-
teins) of the sarcomere. Most of the mutations have an
autosomal dominant or X-linked inheritance.

There are 2 mechanisms of disease generation in sin-
gle nucleotide variants, and these are missense single
nucleotide variants (characteristic of MYH7 variants),
and nonsense variants (characteristic of MYBPC3 muta-
tions) [5]. There exists a high degree of overlap and
interaction between the different causative genes, and
the different cardiomyopathy phenotypes. The same
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gene can be implicated in more than one phenotype. For
example, the MYH?7 gene is implicated in HCM, DCM,
RCM, and LVNC [5-7]. The proposed explanation for
this observation is that different variants in the same
gene lead to different functional alterations in that gene,
and eventually manifest as a particular phenotype [7].
Moreover, it becomes even more complex when the
phenomenon of double heterozygosity is taken into con-
sideration, pointing out to the extensive interactions be-
tween the different gene products. For example a study
on 41 patients with DCM belonging to an extended Ital-
ian family, revealed that family members with a severe
form of the disease requiring early heart transplant were
doubly heterozygous for LMNA (LMNA:c.656A > C) and
TTN (TTN:c.14563C > T), while the other family mem-
bers with the less severe form were not [8].

Exome sequencing has been used for several years to
unveil the underlying genetic mechanisms of disease,
particularly in the field of cardiomyopathy where several
novel disease-causing mutations have been described
using this technique [9, 10]. In addition, the develop-
ment of extensive genetic databases along with the use
of WES technology, has allowed investigators to identify
novel genes that may be involved in cardiomyopathy,
which would therefore help explain cases without a clear
underlying genetic component. One example is a study
done by Xu et al. where they identified 10 putative genes
associated with HCM using WES and several software
programs including Transmission and De Novo Associ-
ation (TADA) program, and the ToppGene program. In
addition a protein-protein interaction network was
formed to illustrate the interaction and cross talk be-
tween the different gene products [11]. Thus, WES is a
powerful diagnostic tool. WES has an increased ability to
detect a disease causing pathogenic variant compared to
commercially available genetic panels. In one study the
detection rate by WES was 8% higher when compared to
commercial panels (26.5% vs. 18%, p = 0.04) [12] .

Our patient MR38 was initially diagnosed with a pro-
gressive muscular dystrophy, but without an exact diag-
nosis of the specific type of dystrophy. Emery Dreifuss
Muscular Dystrophy (EDMD) at that time was contem-
plated, however due to the unavailability of genetic test-
ing, the diagnosis could not be confirmed. The detected
mutation in LMNA gene allowed us to confirm the diag-
nosis of EDMD [13]. Many mutations in LMNA have
been described so far (464 different mutations in 2251
subjects) (http://www.umd.be/LMNA/), however the
mutation that we detected in our patient (c. 1357C > T)
is the most common mutation reported in patients with
EDMD present in around 12% of patients [14] .

Patient MR37 diagnosed with ARVD was found to
have a damaging mutation in PKP2 gene. ARVD is a
condition characterized by cardiomyocyte loss, and
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fibrofatty replacement thus predisposing to ventricular
arrhythmias and sudden death. The incidence of ARVD
is estimated to be between 1:5000 and 1:2000, and in
many cases without a familial pattern of inheritance
[15]. PKP2 is one of the most commonly mutated genes
in patients with ARVD. PKP2 gene encodes the protein
plakophilin-2, which in association with other proteins
including plakoglobin and desmoplakin, contributes to
the structural and functional integrity of cardiac desmo-
somes [15—17]. Therefore, a mutation in PKP2 is ex-
pected to result in impaired cell-cell mechanical and
electrical connection. Despite the fact that Tintelen et al.
demonstrated that only familial ARVD is related to mu-
tations in PKP2 [16], our patient did not have a family
history of ARVD. One possible explanation for this obser-
vation is the incomplete penetrance and variable expres-
sivity of PKP2 mutations described by Dalal et al. [18].
However, without access to genetic testing of the patient’s
family members, we cannot confirm that the mutation de-
tected in this patient is actually a de novo mutation.

Patient MR41 with DCM was found to have a mis-
sense mutation in MYPN gene. DCM is a common cause
of heart failure and heart transplantation. The estimated
prevalence is 36.5 per 100,000. Familial forms of DCM
may be associated with other cardiac and skeletal mani-
festations. Myopalladin is an important structural pro-
tein present at the Z and I lines of striated muscle.
Through its central and C-terminal domains, MYPN
binds to alpha-actinin and nebulette, respectively, allow-
ing actin and titin to attach to the Z-disc. On the other
hand, via its N-terminal domain, it interacts with cardiac
ankyrin repeat protein (CARP), and therefore plays a
role in muscle gene expression [19, 20]. The mutation
that was found in our patient (p.1112L) has been de-
scribed and studied recently by Duboscq-Bidot et al. The
study showed that when transiently overexpressed into
rat neonate cardiomyocyte (RNC), the mutated protein
resulted in drastic reduction in cell survival over time
[19]. This therefore points out to the importance of a
structurally and functionally intact Myopalladin protein
on cardiomyocyte structure and function. However these
results do not explain the association of Myopalladin
mutations with various types of cardiomyopathy, includ-
ing DCM, HCM, and RCM [6]. A study by Purevjav et
al. demonstrated that mutations in different regions of
MYPN result in different disruptions in protein-protein
interactions, and finally culminate in different clinical
syndromes. In this study, the mutation affecting the cen-
tral and C-terminal domains of MYPN (p.Q529X) re-
sulted in impaired recruitment of alpha-actinin, desmin,
and CARP finally leading to RCM. On the other hand
the mutation affecting the N-terminal domain (p.Y20C)
resulted in impaired expression of CARP, alpha-actinin,
and NEBL leading to HCM or DCM [20].
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The 2 brothers MR39 and MR40 had HCM with no
other family members affected with the disease. Genetic
sequencing did not show any mutations in genes known
to be causative of HCM. However, the mutation in the
natriuretic peptide receptor 1 (NPR1) could possibly ex-
plain the phenotype, or at least could have contributed
to it. NPR1 gene codes for natriuretic peptide receptor
(NPR), a membrane guanylyl cyclase which has an extra-
cellular ligand-binding domain, a transmembrane do-
main, and an intracellular catalytic domain. It functions
as a receptor for both atrial natriuretic peptides type A
and B (NPPA and NNPB). Studies on animal models
have shown that mice lacking Nprl have extensive car-
diac hypertrophy disproportionate to the degree of asso-
ciated hypertension, with elevated levels of NPPA and
NPPB in regions with ventricular hypertrophy and fibro-
sis, in addition to increased expression of cytoskeletal el-
ements. Thus, there is a possible role of NPPA and NPPB
in preventing abnormal cardiac hypertrophy [21, 22]. In
addition, the knockout mice’s hearts showed initially im-
paired relaxation and eventually developed impaired con-
tractility. Interestingly our two patients have elevated
systolic pressure (160 mmHg and 140 mmHg) which can
be also related to the malfunctioning of the NPR1 recep-
tor. Since there is not sufficient evidence to confirm that
NPRI mutations can cause or contribute to HCM, further
genetic studies, particularly WES should be performed in
patients with HCM, especially the 40% without a clearly
diagnosed underlying genetic cause of the disease.

Conclusion

The results of the present study argue for a much-needed
registry for patients with cadiomyopathies in Lebanon,
that would lead to a better therapeutic approach and
guidelines in light of reoccurrence of founder mutations
like the one our group did highlighten in pediatric dilated
carnitine related cardiomyopathy [23, 24].
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