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Abstract

Background: Hypertrophic cardiomyopathy (HCM) and dilated cardiomyopathy
(DCM) are serious inherited heart diseases with various causative mutations identi-
fied. The full spectrum of causative mutations remains to be discovered, especially in
understudied populations.

Methods: Here, we established the DOHA Registry and Biobank for cardiomyo-
pathies in Qatar, followed by sequencing of 174 genes on 51 HCM and 53 DCM
patients, and 31 relatives.

Results: In HCM, the analysis of 25 HCM-associated genes showed that 20% of
HCM cases had putative pathogenic variants for cardiomyopathy, mainly in sar-
comere genes. Additional 49% of HCM cases had variants of uncertain significance,
while 31% of HCM cases had likely benign variant(s) or had no variants identified
within the analyzed HCM genes. In DCM, 56 putative DCM genes were analyzed.
Eight percent of DCM cases had putative pathogenic variants for DCM, in the TTN
gene while 70% of cases had variants of uncertain significance, in the analyzed DCM
genes, that will need further pathogenicity assessment. Moreover, 22% of DCM cases
remain unexplained, by having likely benign variant(s) or having no variants detected
in any of the analyzed DCM genes.

Conclusion: We identified or replicated at least four recurrent variants among cardio-
myopathy patients, which could be founder disease mutations in the Arabic popula-
tion, including a frameshift variant (c.1371_1381dupTATCCAGTTAT) of unknown
significance in the FKTN gene which seems to cause DCM in homozygosity, and
HCM in heterozygosity. In vivo and/or in vitro functional validation need to be pur-

sued in order to assess the pathogenicity of the identified variants.
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1 | INTRODUCTION

Cardiovascular disorders (CVD) encompass a wide range of
heart diseases extending from a myocardial infraction to con-
genital heart diseases, most of which are heritable. These con-
ditions include cardiomyopathies (CM), which are a monogenic
set of CVDs characterized by structural and functional alter-
ations of the myocardium in the absence of disorders, such as
coronary heart disease, hypertension, and abnormalities, such
as valve or congenital heart defects (Yacoub, 2014). CM is a
major cause for sudden cardiac death and heart failure. It has
been estimated that nearly 50% of patients who die suddenly
during childhood or adolescence or that undergo heart trans-
plantation have CM (McKenna et al., 2017). Primary inherited
cardiomyopathy types include hypertrophic cardiomyopathy
(HCM), dilated cardiomyopathy (DCM), arrhythmogenic right
ventricular cardiomyopathy (ARVC), and restrictive cardio-
myopathy (RCM). Even with the current advances in surgical
treatment and disease management, CM are considered severe
life-threatening conditions that compromise seriously the life of
people suffering from these disorders.

In terms of etiology, CM cluster in families and are genet-
ically heterogeneous. Fifty percent of HCM cases (Marian,
2010) and between 30-50% of DCM cases are familial
(Yacoub, 2014). So far, at least 100 genes are known to be
implicated in the pathogenesis of CM (McNally et al., 2015).
This includes genes encoding for the sarcomere, desmosome,
cytoskeleton, and ion-homeostasis related proteins (McNally
et al., 2015; Tobita et al., 2018). Most of the identified CM
genetic variants are inherited in an autosomal dominant
manner (McKenna et al., 2017), with some ethnic-specific
founder mutations (Adalsteinsdottir et al., 2014; Vattulainen
etal., 2015) though with variable expressivity and penetrance
(Keeling et al., 1995). Identifying the full spectrum of the
heritable components of CM is one of the major challenges
of cardiovascular genetic research, especially in understudied
populations like the citizens of Qatar.

In this study, we have explored the genetic basis of CM
in the population of Qatar through the establishment of The
Dilated cardiomyopathy, Obstructive-Hypertrophic cardio-
myopathy and Arrhythmogenic right ventricular cardiomy-
opathy Registry (The DOHA-Registry) and Biobank at the
Heart Hospital in Qatar, followed by genetic testing for the
registry participants. The study took into account unique fea-
tures of the population of Qatar, including the high level of
consanguinity estimated at 54% (Bener & Alali, 2006) which
increases the burden of recessively inherited diseases includ-
ing heart diseases (Aburawi et al., 2015). In addition, the en-
dogamous nature of the populations living in Qatar, including
Qataris, other Arab populations, and Southeast Asians, can
lead to autozygosity of founder mutations, and thus helps
revealing novel disease mutations and genes that are not de-
tected in outbred populations (Maddirevula et al., 2019).

2 | MATERIALS AND METHODS

2.1 | Ethical compliance

This study was approved by the institutional review board
(IRB) of the participating institutions and was conducted
according to the guidelines of the Declaration of Helsinki.
Informed consent/assent was obtained from all the study
subjects.

2.2 | Study subjects
Fifty-one unrelated HCM index cases and 53 unrelated non-
ischemic DCM index cases were enrolled to The DOHA-
Registry and Biobank, at the Heart Hospital in Qatar, in
addition to 31 of their relatives (4 affected, 12 unaffected, and
15 asymptomatic) (Pedigrees of informative HCM and DCM
families are provided in Figure S1). Disease diagnosis was
defined according to the commonly used WHO/International
Society of Federation of Cardiology Task Force clinical
("Anon.," 1980). Patients were considered to have familial
cardiomyopathy if the proband had at least one additional af-
fected family member with any type of cardiomyopathy or
if the proband had a family history of sudden cardiac death.
For each enrolled subject, basic demographic and family
history data were collected along with the clinical data of
the performed clinical examinations, including electrocar-
diogram (ECG), echocardiogram (Echo), and magnetic res-
onance imaging (MRI). For genetic investigation, 10-20 ml
(depending on the age of the participant) of whole blood in
EDTA tubes were obtained from each study subject.

2.3 | Generation of targeted sequencing data
For all study subjects, genomic DNA was extracted from
whole blood (Qiagen, Netherlands) and validated in terms of
quality and quantity using standard techniques. The TruSight
Cardio sequencing kit from illumina (illumina Inc) was used
to prepare libraries that are enriched for the coding and flank-
ing intronic boundaries of 174 genes known to be involved in
inherited cardiac conditions (ICCs) (Pua et al., 2016) (Table
S1). DNA sequencing was performed on illumina Miseq in-
strument (illumina Inc) using either v2 or v3 chemistry kit to
produce 300-bp paired-end sequencing reads.

2.4 | Sequence alignment and variant calling
After demultiplexing the raw sequencing files (.bcl files) into
separate FastQ files, the quality of sequencing reads was as-
sessed using FASTQC (Andrews, 2010). Adaptor sequences
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51 unrelated HCM patients
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impact

891 variants l

Include only rare variants
(MAF< 0.01)

318 variants

Exclude variants with
CADD< 13

245 variants l

Include variants in HCM associated genes

96 variants l

Variant classification
4 5 56 31 0

P LP UCS LB B

FIGURE 1
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53 unrelated DCM patients

l 2,126 variants

Removal of low coverage variants
(< 20-fold)

l 2,015 variants
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l 1,096 variants

Include only variants with high or moderate
impact

l 1,045 variants

Include only rare variants
(MAF<0.01)

l 396 variants

Exclude variants with
CADD< 13

l 289 variants

Include variants in putative DCM genes

l 146 variants

| Variant classification
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Summary of variant filtration and classification. The number of variants is given for each step. B, benign; CADD, combined

annotation-dependent depletion; DCM, dilated cardiomyopathy; HCM, hypertrophic cardiomyopathy; LB, likely benign; LP, likely pathogenic;

MAF, minor allele frequency; P, pathogenic; UCS, uncertain significance

were trimmed using trimadap (https://github.com/lh3/tri-
madap) and high-quality reads were mapped to the NCBI
human reference genome CRGh37/hgl9 using Burrows-
Wheeler Aligner (BWA) v0.7.8 particularly BWA-MEM al-
gorithm (arXiv:1303.3997[q-bio-GN]). Duplicate reads after
alignment were marked by SAMBLASTER (Faust & Hall,
2014), and BAM files were sorted using SAMtools (Li et al.,
2009). These steps were accomplished simultaneously using
BWA-kit package (Li, 2013). After the alignment, reads

were recalibrated and variants were called using the Genome
Analysis Toolkit (GATK) v4.1 (McKenna et al., 2010). Joint
calling was performed on all samples to generate a single
VCEF for all samples. Variant Effect predictor (VEP) (Ruffier
et al., 2017) was used to annotate the VCF file and Loss-Of-
Function Transcript Effect Estimator (LOFTEE) (https://
github.com/konradjk/loftee) plugin was used to annotate Loss
of Function Variants (LoF). Vcfanno (Pedersen et al., 2016)
was used to annotate VCF file with extensive available data
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TABLE 1 Basic and clinical features of the unrelated HCM
(n=51) and DCM (n=53) index cases

HCM index DCM index
cases (n = 51) cases (n = 53)
Age (years) 48 + 14 52+ 13
Gender
Male (n) 46 (90%) 43 (81%)
Female (n) 5 (10%) 10 (19%)
Ethnicity
Arabs 26 (51%) 20 (38%)
South Asians 21 (41%) 21 (40%)
Others (Iranians, 4 (8%) 12 (22%)
Philipinos,
Ghanaians,
Naijirians
Athiopians and
Turkish)
Familial 19/40 (47.5%) 8/38 (21%)
Sporadic 21/40 (52.5%) 30/38 (79%)
Family history of heart 19/40 (47.5%) 8/38 (21%)
disease and/or sudden
death (n)
NYHA functional class 37/147(79%) 32 (60%)
of 1
NYHA functional class >2  10/47 (21%) 21 (40%)
B-type natriuretic peptide 1723 + 2270 8720 + 50349
(pg/ml)
Atrial fibrillation 9/51 (18%) 5 (9%)
Non-sustained VT 12/49 (24%) 10/48 (21%)
Echocardiography
Interventricular septum 184 +5 0.9 +0.2
(mm)
Mitral regurgitation 6/47 (13%) 16/53 (30%)
>moderate
Ele’ 13+5 12+5
Cardiopulmonary excersis
testing (n = 13 HCM,
4 DCM)
Rest exercise heart rate 68.8 +12.5 76 + 26
(beats/min)
Peak exercise heart rate 137 £ 17 145 + 12
(beats/min)
Rest exercise systolic 127.2 + 18 145 + 21
blood pressure
(mmHg)
Peak exercise systolic 164 + 36 201 + 52
blood pressure
(mmHg)
Treatment (n)
Amiodarone 5 (10%) 6 (11%)

(Continues)

TABLE 1 (Continued)
HCM index DCM index
cases (n = 51) cases (n = 53)
ICD implantation 8 (16%) 8 (15%)
Myectomy 5 (10%) 0 (0%)
Heart transplantation 1 (2%) 0 (0%)
Mortality 3/48 (6%) 3/48 (6%)

Values are n (%), the mean + SD.

Abbreviations: DCM, dilated cardiomyopathy; HCM, hypertrophic
cardiomyopathy; ICD, implantable cardioverter defibrillator; NYHA, New York
Heart Association; VT, ventricular tachycardia.

resources including GNOMAD (Karczewski et al., 2019),
EXAC (Lek et al., 2016), TOPMED (Taliun et al., 2019), and
1K genome (The Genomes Project et al., 2015), in addition
to CADD (Rentzsch et al., 2019) and GERP (Cooper et al.,
2005) scores. We have compared the allele frequency of our
variants with other region-specific datasets from the Greater
Middle East (Scott et al., 2016) and Qatar (Fakhro et al.,
2016). Custom Python scripts were written and used to filter
data and generate results in a specific user-friendly format.

Any variant with a detected coverage of less than 20-fold
was excluded. Intronic variants and synonymous variants were
excluded, along with variants with low or modifier impact,
based on SnpEff (Cingolani et al., 2012). Variants of minor
allele frequency greater than 0.01 in any of the freely avail-
able control databases were filtered out, along with variants
of CADD prediction score (Rentzsch et al., 2019) of less than
13. Moreover, we further focused our variants analysis by in-
cluding variants observed in HCM and DCM genes only. This
included 25 genes that are associated with the HCM phenotype
(Ingles et al., 2019) and 56 putative DCM genes of the TruSight
Cardio sequencing panel (Mazzarotto et al., 2020) (Table S1).

The variants in these targeted genes were classified ac-
cording to The American College of Medical Genetics and
Genomics (ACMG) and the Association for Molecular
Pathology (AMP) guidelines (Richards et al., 2015) into five
classifications which are “pathogenic,” “likely pathogenic,”
“uncertain significance,” “likely benign,” and “benign”
(Figure 1). Variants were classified using the available on-
line variant interpretation tools including CardioVAI (Nicora
et al., 2018) or CardioClassifier (Whiffin et al., 2018), or
manually after assessing the available evidence in each crite-
ria of the ACMG-AMP guidelines.

3 | RESULTS

3.1 | The Doha Registry characteristics

From the Doha Registry, we analyzed 51 unrelated HCM pa-
tients and 53 unrelated non-ischemic DCM patients. The basic
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and clinical features of the study subjects are summarized in
Table 1. For HCM cases, the mean age was 48 + 14 years,
46 patients (90%) were males and 26 (51%) were Arabs. A
family history of heart disease or sudden cardiac death was
present in 19 patients, and 9 (18%) had atrial fibrillation. For
DCM cases (n = 53), the mean age was 52 + 13 years, 43 pa-
tients (81%) were males and 20 (38%) were Arabs. A family
history of heart diseases or sudden cardiac death was present
in 8 patients, and 5 (9%) had atrial fibrillation.

3.2 | Quality of the sequencing data

The DNA of the study subjects (n = 135) was sequenced for
174 cardiology genes. In the targeted regions, the median
read depth was 86 and 80%—90% of the targeted regions had
a read depth of over 20.

3.3 | Genetic profile of HCM
For the 51 unrelated HCM cases, a total of 1,810 variants
were identified including 1,757 single-nucleotide variants
(SNVs) and 53 insertion/deletion (indels) variants. The ex-
clusion of low coverage variants (<20-fold), intronic and
synonymous variants along with variants of MAF >0.01%
gave a total of 317 variants, 245 of them having a CADD
score of >13.

Of the 245 variants, 96 variants were observed in 16 out
of 25 HCM-associated genes, in 43 HCM cases (Table S2a).
Of these 96 variants, nine variants were putative pathogenic
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variants (classified as “pathogenic” or “likely pathogenic’)
and were observed in ten HCM cases (20%) in sarcomere or
sarcomere-associated genes. Seven of the nine variants were
in genes that have a definitive association with HCM includ-
ing MYBPC3, MYH7, TNNT2, and TNNI3, while the remain-
ing two variants were in 7TN and TRIM63 genes, which have
limited association to HCM (Ingles et al., 2019).

Two of the nine putative pathogenic variants were novel
variants (c.3009_3010delTC and c.51dupG) in MYBPC3
(IGV screenshots are given in Figure S2). The frameshift
variant (c.51dupG) in MYBPC3 was seen in two unrelated
Sri Lankan HCM patients and based on LOFTEE, is an LoF
variant with a high confidence.

In addition to cases with putative pathogenic variants,
25 additional HCM cases (49%) had variant(s) of uncer-
tain significance that need to be further evaluated. This
include a novel variant (p.Ser57del) in TTN which was
observed in a heterozygous state in a Qatari HCM patient
(HCM3 family of Figure S1) (IGV screenshots are given
in Figure S2).

In terms of variant zygosity, the variant p.Arg145GIn in
TNNI3 which was classified as a likely pathogenic variant
and the variant p.Ala57Asp in MYL3 which was classified as
a variant of uncertain significance, were detected in a homo-
zygous state, in a Jordanian (HCM4 family of Figure S2) and
a Qatari HCM index patients, respectively.

Though eight HCM cases (15%) had likely benign vari-
ants and additional eight HCM cases (15%) did not have any
variants within the analyzed HCM genes. Figure 2a shows
the genetic distribution of the detected variants in HCM cases
in genes closely linked to HCM.
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FIGURE 2 The genetic distribution of variants in HCM cases (a) and DCM cases (b), in genes linked to HCM and DCM, respectively, with
respect to variant classification. Each column represents one patient and each row represents one gene. The higher bar at the top summarizes the

variants seen in each of the columns
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3.4 | Genetic profile of DCM

For the 53 unrelated DCM cases, a total of 2,126 variants
were identified, including 2060 single-nucleotide variants
(SNVs) and 66 insertion/deletion (indels) variants. The ex-
clusion of low coverage variants, intronic and synonymous
variants along with variants of MAF >0.01%, gave a total
of 396 variants, 289 of them with a CADD score above 13
(Figure 1).

Out of the 289 variants, 146 variants were observed in
33 putative DCM genes in 45 DCM cases (Table S2b). Of
the 146 variants, only four variants were putative pathogenic
variants in TTN; a definitive causative gene for DCM, and
were seen privately in four DCM cases (8%). Two of these
four TTN variants were novel (not reported in any population
datasets) (IGV screenshots are shown in Figure S2).

Moreover, additional 37 DCM cases (70%) had variants
of uncertain significance including 50 variants observed
in definitive genes for DCM (Mazzarotto et al., 2020). Of
those 50 variants, 35 variants were in TTN gene (31 of
them were missense variants). Moreover, two of the vari-
ants of uncertain significance were seen in a homozygous
state. This include a variant (c.5769delG) in MYH7 which
was detected in a Sudanese DCM patient, and a variant
(c.1371_1381dupTATCCAGTTAT) in FKTN which was
seen in a Qatari DCM patient. Such variants would require
further investigation in order to assess their role in disease
phenotype.

Other 4 DCM cases (8%) had likely benign variants while
the remaining eight DCM cases (15%) had no variants de-
tected in any of the analyzed DCM genes. Figure 2b shows
the genetic distribution of the detected variants in DCM cases
in genes linked to DCM. The identified variants were submit-
ted to the publicly available ClinVar Database and the acces-
sion numbers are provided in Table S3.

3.5 | Overlap between HCM and DCM

Since there were 16 genes overlapping between the analyzed
HCM and DCM genes (as given in Table S1), we checked
for the overlapped variants in these genes between HCM and
DCM cases. We observed four shared variants between HCM
and DCM (shown in bold in Tables S2a and S2b). Three of
the four variants were in 77N (two were likely benign vari-
ants and one was variant of unknown significance) while the
fourth variant was of unknown significance in MYH6.

4 | DISCUSSION

We present here the genetic basis of dilated and hypertrophic
cardiomyopathy in Qatar through the establishment of the

Doha Registry and Biobank at the Heart Hospital, and the
sequencing of 174 genes known to be involved in inherited
cardiac disorders followed by variant analysis restricted to
HCM and DCM genes. Yet, the panel used in this study does
not include OBSCN and MYOM genes, that are associated
with HCM (Ingles et al., 2019).

We identified a total of 13 putative pathogenic variants
in 10 HCM and four DCM cases, thus explaining the dis-
ease in 20% of HCM cases and eight percent of DCM cases.
For HCM, all of the nine detected putative pathogenic vari-
ants were in sarcomere or sarcomere-associated gene, with
MYBPC3 and MYH7 variants overshadowed, consistent with
previous reports (Biagini et al., 2014). In DCM, the four pu-
tative pathogenic variants were in 77N; a definitive causative
gene for DCM. However, 16 HCM (33%) and 12 DCM cases
(22%) had being or likely benign variant(s) or did not have
any variants in any of the analyzed HCM or DCM genes.
Hence, whole genome sequencing (WGS) should eventually
be performed for those patients, in addition to their relatives,
in order to reduce the major accompanied difficulties of de-
termining the pathogenicity of the variants detected from
WGS.

Moreover, we detected accumulation of variants in our
patients. For example, HCM45, which has obstructive HCM
and E/e’ value of 25, the highest value within our patients,
had three variants of unknown significance in MYL2, MYH6,
and 77N genes. The role of such variants requires further
investigations since as reported previously, accumulation
of disease mutations could contribute to the severity of the
disease phenotypes (Tobita et al., 2018) and could shape the
clinical heterogeneity seen in our cardiomyopathy cohort.

Segregation analysis of affected and unaffected relatives
of each proband could help toward weighting the contri-
bution of each variant. For example, the pathogenic vari-
ant (c.2905C>T, p.GIn969*) in MYPBC3, in HCM18 and
the likely pathogenic variant (p.Arg295Cys) in TNNT2, in
HCM23 were detected in unaffected family members of the
patients carrying the variant(s), which could indicate incom-
plete penetrance of the variants and may reduce the possi-
bility for those variants to be exclusively underlying disease
pathogenesis (Figure S1). In the future, we plan to overcome
the limitation of our study in terms of the small number of
relatives and the limited informativity of our recruited fam-
ilies, by recruiting additional family members of our index
cases. Also, it essential that those relatives undergo the re-
quired clinical examinations in order to confirm their disease
state.

Moreover, the fact that the Arab populations are under-
studied, together with the endogamous nature of the Qatari
population and the Arab and Southeast Asian communities
living in Qatar, allowed us to identify novel variants, that
were not detected in any outbred population and therefore are
not present in other clinical databases.
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In HCM, 19 novel variants were detected in MYBPC3,
NEXN, RYR2, TNNT2, and TTN genes in 17 HCM cases. This
includes two putative pathogenic variants (in MYBPC3), 12
variants of unknown significance, in addition to four likely
benign variants.

In addition, 25 novel variants were identified in 24 DCM
cases, 12 of the variants were in the 7TN gene, 2 of the 12 vari-
ants were likely pathogenic, three were likely benign and seven
were variants of uncertain significance. Functional evaluation
and the genetic data of a larger dataset, such as that of Qatar
Genome Programme (QGP) (qatargenom.org.qa) could facil-
itate the further assessment of the role of these novel variants.

The high level of consanguinity in the studied populations
led to the identification of rare variants in a homozygous sta-
tus. For example, an 11 base-pair insertion variant in FKTN
(c.1371_1381dupTATCCAGTTAT), which was classified as
variant of uncertain significance, was detected in homozy-
gosity in a Qatari DCM patient. The same variant was seen,
also in a homozygous status, in another Qatari DCM patient
who died suddenly at age of 38 years old (from unpublished
records of Hamad Medical Corporation, Qatar). The parents
of the later DCM patient share the same surname, indicating
consanguinity. The same variant was detected in one of our
Qatari HCM patient, but in the heterozygous state. The same
variant was reported in 2016 in relation to abnormalities in
the cardiovascular system (Retterer et al., 2016). This variant
in FKTN, associated with both HCM and DCM, is likely a
Qatari/Arabic founder mutation leading to cardiomyopathy
in both the heterozygous and homozygous state.

Homozygous putative pathogenic variants seem to be as-
sociated with severe disease phenotype. In HCM, for exam-
ple, the likely pathogenic variant p.Arg145GIn in TNNI3 is
seen in a homozygous state in a Jordanian patient with apical
hypertrophy, palpitations due to non-sustained ventricular
tachycardia, and an age of onset of 31 years old. The sister
of this patient is also homozygous for the same variant and
has apical hypertrophy with occasional shortness of breath
on exertion with grade diastolic dysfunction and lower limb
edema, and an age of onset of 34 years old.

Moreover, our study was able to replicate variants seen
in other Arabic cardiomyopathy patients. For example, the
likely pathogenic variant (p.Ala57Asp) in MYL3 gene variant
is seen in a homozygous state in a 44 years old Qatari HCM
patient with obstructive hypertrophy, was reported earlier in
a 49 years old Tunisian HCM patient (Jaafar et al., 2015) and
interestingly both patients had atrial fibrillation along with
the hypertrophy. Also, we found the variant (p.Glu619Lys)
in MYBPC3 in an Egyptian HCM patient and was reported
in two other unrelated HCM patients from Egypt (Kassem
et al., 2013). Also, in a Saudi HCM patient, we detected a
MYH?7 gene variant (p.Arg1662His) which was reported ear-
lier in an Egyptian HCM patient (Kassem et al., 2013).

Molecul . ic Medici
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In conclusion, we claim the need for systematic evaluation
of the pathogenicity of the detected variants, including the
assessment of possible compensatory effect of variants, in re-
lation to the disease phenotype, especially for monogenic and
life-threatening diseases like cardiomyopathies.
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