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Abstract

Rationale—Hypertrophic cardiomyopathy (HCM) is a prototypic single gene disease caused
mainly by mutations in genes encoding sarcomere proteins. Despite the remarkable advances, the
causal genes in about 40% of the HCM cases remain unknown, typically in small families and
sporadic cases, wherein co-segregation could not be established.

Objective—To test the hypothesis that the “missing causal genes” in HCM is, in part, because of
an oligogenic etiology, wherein the pathogenic variants do not co-segregate with the phenotype.

Methods and Results—A clinically affected trio with HCM underwent clinical evaluation,
electrocardiography, echocardiography, magnetic resonance imaging, and whole exome
sequencing (WES). Pathogenic variants in the WES data were identified using established
algorithms. Family members were genotyped by Sanger sequencing and co-segregation was
analyzed.

The siblings had a severe while the mother had a mild course. Variant analysis showed that the trio
shared 145 heterozygous pathogenic variants in 139 genes, including two in cardiomyopathy genes
TTNand ALPKS3. The siblings also had the pathogenic variant p.Alal3Thr variant in MYL2, a
known gene for HCM. The sibling’s father also carried the p.Alal3Thr variant, in whom an
unambiguous diagnosis of HCM could not be made because of concomitant severe aortic stenosis.
The 77N variant segregated with HCM, except in a 7-year boy, who had a normal phenotype. The
ALPK3variant, shared by the affected trio, did not segregate with the phenotype.

Conclusions—We posit that a subset of HCM might be oligogenic caused by multiple
pathogenic variants that do not perfectly co-segregate with the phenotype.
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INTRODUCTION

Hypertrophic cardiomyopathy (HCM) is considered a classic single gene disease, diagnosed
clinically by cardiac hypertrophy in the absence of a discernible external cause 1. HCM is
caused mainly by mutations in genes encoding sarcomere and sarcomere-associated
proteins 1. Over a dozen causal genes for HCM have been identified, primarily through
genetic linkage analysis in large families. Mutations in MYH7and MYBPC3, encoding p-
myosin heavy chain and myosin binding protein C, respectively, are the two most common
causes of HCM, together accounting for about one-half of all HCM cases 1. Despite the
remarkable recent genetic discoveries, the causal genes in approximately 40% of the HCM
cases have remained unknown.

The causal genes in large families with HCM have been essentially identified. The so-called
“missing causal genes” primarily if not exclusively pertains to HCM occurring in the
sporadic cases or in small families, whereby causality can not be ascertained unambiguously,
due to extreme genetic heterogeneity of the humans 2. Accordingly, each human genome
contains several thousand pathogenic variants, including variants in genes encoding
sarcomere proteins 3 4. The genetic diversity also raises the possibility that multiple
pathogenic variants in aggregate might be responsible for a fraction of the classically
recognized single gene disorders, such as HCM. In accord with this notion, in one end of the
spectrum, HCM is a classic single gene disorder, whereby a single genetic variant (GV) is
sufficient to cause the disease (Figure 1). Such GV would exhibit a high penetrance and co-
segregate with the phenotype in the family. On the end of the spectrum, multiple GVs, each
exerting a modest effect size, collectively induce the HCM phenotype. In the latter case,
each GV would show a low penetrance and not co-segregate with the phenotype. A prelude
to this hypothesis is the previous reports of multiple mutations in patients with HCM,
generally associated with a pronounced phenotype >=2. In an oligogenic etiology, multiple
pathogenic GVs would be distributed among the family members and would not show a
perfect co-segregation with the phenotype. Discordant distributions of the GVs among the
family members would contribute to variability in the phenotypic expression of HCM.

MYL2Z encoding myosin light chain 2, was of the first few causal genes identified for HCM
through family studies 0. Likewise, mutations in 77A, encoding giant sarcomere protein
titin, are causal for hereditary cardiomyopathies, particularly dilated cardiomyopathy
(DCM) 11, More recently, homozygous truncating mutations in ALPK3, encoding a-kinase
3, are also implicated as causes of pediatric cardiomyopathies 12. We describe a family in
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whom three rare variants in MYLZ2, TTN, and ALPK3are likely pathogenic in HCM, and
the aggregation of the three is associated with a severe phenotype.

Methods

Phenotypic characterization

Medical history and physical examination were completed in the family members. The
participants underwent 12-lead electrocardiography (ECG), echocardiography (M-mode,
2D, and Doppler), and cardiac magnetic resonance imaging (CMR).

Exome sequencing and variant annotation

Whole exome sequencing (WES), comprising of ~ 20,000 genes, was performed on an
I1lumina 2500 platform to produce 2x100 bp reads as part of the clinical genetic testing.
Sequencing reads were aligned to the human reference genome (hg19) using BWA-Mem
(v0.7.8)13. To identify the GVs in each exome, BAM files, containing the sequence
alignment data were analyzed using Platypus (v0.8.1), which is one of the first callers to
integrate local assembly into its calling processes and is orders of magnitude faster than
alternative programs 14. GVs were annotated using CASSANDRA (v2.0), which combines
annovar output with other public data sources to output annotated variants (https://
www.hgsc.bem.edu/software) 19 16, Then, the GV were filtered based on a minor allele
frequency of <1%, as assessed from the ExAc data in the non-finish Caucasians http://
exac.broadinstitute.org/). The variants were considered priority candidates if they met any of
the following criteria:

1. Stop gain, splicing, and insertion or deletion variants. For splice variants, all
variants in the splice regions (5 bp of splice position) were called. However,
GVs located +2 bp of the splice junctions were considered more likely to be
pathogenic than variants located in the splice region (£5 bp), in accord with the
American College of Medical Genetics guidelines 7.

2. Pathogenic or likely pathogenic variants as annotated by ClinVar (http://
www.ncbi.nlm.nih.gov/clinvar/)

3. Nonsynonymous variants that met all the following criteria

a. CADD_PH (combined annotation-dependent depletion phred) score >
10

b. Medium or high likelihood of being deleterious as assessed by mutation
assessor (http://mutationassessor.org/r3/),

c. PolyPhen2:HVAR (http://genetics.bwh.harvard.edu/pph2/) score > 0.9

Sanger sequencing

The candidate variants of interest were verified by Sanger sequencing and were typed in
additional family members, as available.
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Phenotypic data

Phenotypic findings in members of a nuclear family are described wherein the affected
members show HCM with a variable degree of cardiac hypertrophy. The Pedigree is shown
in Figure 2.

-1 (proband)

-2

The proband is a 44-year old male of European (non-Finnish) ancestry who presented 3
years ago with persistent but mild chest pain and dyspnea. Physical examination was
remarkable for the presence of 11/VI mid-systolic murmur that increased with the Valsalva
maneuver. Cardiac enzymes were negative for acute coronary syndromes. A 12-lead ECG
was notable for sinus tachycardia at the rate of 104 bpm and evidence of left ventricular
hypertrophy (LVH) with repolarization abnormalities. Myocardial stress perfusion
tomography showed homogeneous distribution of the radiotracer in the myocardium. An
echocardiogram showed a hyperdynamic left ventricle with moderate asymmetric septal
hypertrophy, a maximum wall thickness of 1.8 cm. There was a resting left ventricular
outflow tract (LVOT) gradient of 20 mmHg that increased to 40 mmHg upon Valsalva
maneuver. Rhythm monitoring did not show significant cardiac arrhythmias except for
periods of sinus tachycardia at rest. CMR findings were notable for septal hypertrophy and
diffuse patchy hyperenhancement, involving multiple myocardial walls. He was treated with
a beta-blocker, and lipid lowering agents (Atorvastatin and Gemfibrozil) and showed
symptomatic improvement.

Two years after the initial diagnosis, the proband returned with symptoms of increasing
dyspnea with a mild level of physical activity and chest pain. Repeat evaluation was notable
for evidence of LVVH with repolarization abnormalities on a 12-lead ECG and a
hyperdynamic left ventricle with a septal thickness of 2 cm, systolic anterior motion of
mitral leaflets, mild to moderate mitral regurgitation, and an LVOT gradient of 100 mmHg
on echocardiography (Figure 3A). He underwent surgical myectomy, which led to resolution
of LVOT gradient and symptoms.

The proband’s mother was diagnosed with HCM at age 63 upon family screening. She had
the echocardiographic findings of a hyperdynamic left ventricle and an interventricular
septal thickness of 19 mm. She had a history of brief episodes of palpitations and one
episode of syncope a few years earlier, which was thought to be due to orthostatic
hypotension. Medical history was otherwise unremarkable, as was her physical examination.
Specifically, she had no history of systemic arterial hypertension, valvular disease, or other
conditions to explain cardiac hypertrophy. A 12-lead ECG was notable for possible left atrial
enlargement. A 30-day rhythm monitoring showed rare ventricular ectopic beats and
episodes of sinus tachycardia. CMR showed a normal LV wall thickness and function and
minimal patchy mid myocardial hyperenhancement in the basal inferior and infero-lateral
wall. She had no LVOT obstruction. She has been treated with a low dose of a beta-blocker
and has done well since.
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Proband’s father, who is 73 years old, presented with dyspnea on exertion and easy
fatigability. He was found to have severe aortic stenosis with an aortic valve area of 1 cm?2
and a peak gradient of 68 mmHg. He had mild L\VH with a wall thickness of 13 mm on an
echocardiogram and a left ventricular ejection fraction (LVEF) of > 70%. A 12-lead ECG
was unremarkable without evidence of LVH. He also had an 80% luminal diameter stenosis
of left anterior descending coronary artery on coronary angiography. He underwent aortic
valve replacement and a single vessel coronary artery bypass surgery. He has been
asymptomatic since surgery.

Proband’s sister was also diagnosed with HCM at 43 years of age upon family screening by
ECG and Echocardiography. She was asymptomatic at the time of diagnosis and her
physical exam was notable for the presence of a I1/VI mid-systolic ejection murmur at left
sternal border that radiated toward base of the heart. She also had a mildly elevated arterial
blood pressure. A 12-lead ECG showed evidence of LVH, interventricular conduction delay,
and repolarization abnormalities. An echocardiogram showed severe asymmetric septal
hypertrophy with a hyperdynamic LV systolic function, systolic anterior motion of the mitral
leaflet, and a LVOT gradient of 60 to 70 mmHg at rest (Figure 3B). CMR findings were also
notable for asymmetric septal hypertrophy and mild patchy hyperenhancement. A 30-day
rhythm monitoring showed occasional episodes of sinus tachycardia and rare ventricular
ectopic beats.

She has been treated with a beta-blocker, low doses of an angiotension Il receptor blocker
and a diuretic; the later two medications for treatment of systemic arterial hypertension, and
a statin for a high plasma low-density lipoprotein-cholesterol level. She has remained
asymptomatic with unchanged ECG and echocardiographic findings during the last 3 years.

Other family members

I1-1 is a 72-year old woman with history of intermittent atrial flutter with a normal
interventricular septal thickness (8 mm) and a normal LVEF (58%). Likewise, individual
[1-4 is an asymptomatic 70-year old male, who had normal ECG, echocardiogram, and
myocardial stress perfusion tomography.

Proband’s children (IV-1 and 1V-2) were asymptomatic and had normal ECGs and
echocardiograms on the last evaluation. Likewise, individual 1V-3 was a 7-year old
asymptomatic boy who had a normal ECG and echocardiogram.

Whole exome sequencing data

Three clinically affected members of the family (11-2, 111-1, and 111-4) underwent clinical
WES. The average coverage produced for each exome was in excess of 70X. Analysis of
base-by-base coverage of the exons in 16 genes implicated as causes of HCM or HCM
phenocopy (MYH7, MYBPC3, TNNTZ, TNNI3, TPM1, ACTCI, MYL2, MYL3, TTN,
ALPK3, FH11, PLN, GLA, LAMPZ, PRKAGZ, and NEXN), showed that 97 to 100% of the
exons had a read coverage of at least 10X and 89 to 100% had at least 20X coverage (Online
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Table I). As an example, ~ 97% of the consensus coding sequence bases in the 77N gene
had at least 20X redundant coverage. The coverage metric also included the first and last two
intronic bases for each exon, which ensures identification of the splicing variants. No clear
causal variant segregating with the phenotype was identified. Variant analysis showed that
each exome had ~ 30,000 GVs, of which approximately 7,000 were shared among the three
affected members.

Pathogenic variants shared by three affected members

After applying the filters for identification of the pathogenic variants, described in the
Methods section, 145 heterozygous variants in 139 genes were shared among the three
affected members (Online Table 11). Among the shared pathogenic variants, the
corresponding genes for the majority were expressed in the heart at an FPKM (fragments per
kilo bases of mMRNA for per million mapped reads) values > 10 and 38 at an FPKM of 50 or
greater per GTEx database (http://www.gtexportal.org/).

Among the candidate genes that contained shared pathogenic variants only 77N and ALPK3
have previously been implicated in hereditary cardiomyopathies. 77N, encoding titin and
ALPK3, encoding alpha kinase 3, contained missense mutation p.Lys22368Asn (MAF:
0.00007) and the non-synonymous p.Thr81Met (MAF: 0.0015), respectively. The 77N
residue shows perfect conservation from humans to fish and resides in a constitutive exon,
which has high transcriptional usage 8. Although the genomic region containing the ALPK3
variant shows low evolutionary conservation and lacks alignments from multiple species, it
still met the criteria for being a pathogenic variant. None of remaining shared pathogenic
variants is either implicated in cardiomyopathy or occurs in genes coding for the known
sarcomere proteins.

Pathogenic variants shared by siblings

Considering that siblings had severe HCM phenotype with LVOT obstruction, as opposed to
their mother, who had a mild phenotype, we analyzed shared pathogenic variants between
the two siblings. The siblings shared 386 pathogenic coding variants, including the
p.Alal3Thr variant (rs104894363, MAF in non-Finish European population: 0.0005) in
MYL2gene, which is a known gene for HCM. No other variant in biologically plausible
genes for cardiomyopathies was shared between the siblings.

Extension of the variant analysis to additional family members

The three candidate pathogenic variants were typed in additional family members by Sanger
sequencing (Online Figure 1). MYL2p.Alal3Thr variant was present in the proband’s
father’s DNA (11-3), who had mild L\VVH. However, unequivocal diagnosis of HCM could not
be established because of the concomitant presence of severe aortic stenosis, which could
explain cardiac hypertrophy in this family member. Individual I1-3 did not carry the ALPK3
or the 77N variants. The MYL2gene is a known causal gene for HCM 10 and the
p.Alal3Thr variant is considered pathogenic or likely pathogenic in ClinVar by multiple
submitters. The MYLZ2variant was absent in other family members except for an
asymptomatic 7-year old child (IV-3), who had a normal 12-lead ECG and echocardiogram.
The absence of a phenotype in this 7-year old boy might reflect age-dependence of
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penetrance. This 7-year old child also had inherited the 77NV and ALPK3variants from his
affected mother and hence, is at a higher risk of developing HCM. No other unaffected
family member had the 77N variant.

The ALPK3p.Thr81Met variant was present in proband’s maternal aunt (11-1), who had
atrial flutter but a normal LV wall thickness and LVEF upon last evaluation at 72 years of
age. In addition, an asymptomatic 10-year child (I'\V-1) who had inherited the ALKP3 variant
from the proband had a normal ECG and echocardiogram.

DISCUSSION

The findings of the pathogenic variants in three genes, previously implicated as causes of
HCM, put forward the hypothesis that a subset of HCM, which is traditionally considered an
archetypical single gene disorder, might be oligogenic in etiology, The three affected family
members share pathogenic variants in the 77NV and ALKP3 genes and the two siblings, who
had a severe phenotype, also carried an additional pathogenic variant in the MYLZ2 an
established gene for HCM 10, A 7-year old child had inherited the above three pathogenic
variants but was phenotypically normal. The pathogenic variants, with the exception of the
TTN variant, do not show co-segregation with the phenotype, which would expected in an
oligogenic etiology. The presence of multiple pathogenic variants renders segregation
analysis and determination of genetic causality in the conventional manner inconclusive 2.
Accordingly, such variants conventionally would not be considered as causal variants for
single gene disorders. Consequently, we propose that a yet-to-be determined fraction of the
so-called “missing causal genes” in HCM might be due to the presence of multiple
pathogenic variants that might not co-segregate with the phenotype in small families with
HCM.

Given the small size of the family, the causality of the pathogenic variants in 77N, MYL2,
and ALPK3in the present family with HCM cannot be unambiguously established.
Nevertheless, all three variants, particularly the 77NV and MYL2 variants, were considered
pathogenic by several bioinformatics algorithms (Online Table I11). These pathogenic
variants might act alone or in combination with each other or other variants to influence the
phenotype.

Amongst the three likely causal variants, the 77/ missense variant (p.Lys22368Asn), which
resides in a transcriptionally high usage exon, was present in the affected trio and seem to be
the most pathogenic variant. It could the actual causal variant for HCM in the present family.
In this scenario, the MYL2variant, which was present in the siblings, and the ALPK3
variant, which was present in all three, might function as the modifiers of the phenotype.
Against the possibility is the fact that 77N mutations typically cause DCM, and rarely

HCM 11, In addition, given the enormous size of the 77/ gene, encoding for a protein with
> 34,000 amino acids, and the small size of the family, a random segregation of the 77N
variant with the HCM phenotype cannot be excluded.

The p.Alal3Thr variant in MYL2, which is among the first set of causal genes identified for
familial HCM 10, was shared by the two siblings who had inherited the variant from
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proband’s father. The diagnosis of HCM in proband’ father could not be established
unambiguously due to the presence of severe aortic stenosis, which could explain the cardiac
hypertrophy. The MYL 2variant was also present in a 7-year old boy that did not exhibit
HCM, likely due to age-dependent penetrance. The MYL2variant, however, is absent in
proband’s mother, who had a definitive diagnosis of HCM. Therefore, MYL 2 variant alone
is insufficient to explain HCM in this family. Accordingly, the MY. 2variant, which was
present in the siblings with severe HCM, might be a modifier of the phenotype.

The ALPK3variant, shared by the affected trio and is considered pathogenic by some of the
algorithms, alone is unlikely to be the cause of HCM in this family. It was detected in
individual 11-1 who was 66 years old at the time of last evaluation and did not show evidence
of HCM. In addition, a 7-year boy also had inherited the ALPK3variant but showed no
phenotype, albeit the young age precludes from making a firm conclusion, due to age-
dependent penetrance. Finally, only compound ALPK3 variants, but not a single variant, are
implicated in cardiomyopathies 12. Therefore, the ALPK3p.Alal3Thr variant is unlikely to
be a high penetrance causal variant in HCM.

Despite identification of the pathogenic variants in genes implicated in hereditary
cardiomyopathies, because of the small size of the family, the lack of a perfect co-
segregation, and the presence of concomitant diseases, unambiguous ascertainment of the
causal role of each of the three variants identified in affected members of this family cannot
be established. Considering the adequate read coverage of the exons in the known HCM
genes, it is unlikely that any of the known genes is responsible for HCM in this family.
However, one cannot exclude the possibility of a causal gene, previously not implicated in
hereditary cardiomyopathies, to be responsible for HCM in the present family.

In a genetic testing by exome sequencing, often a number of pathogenic variants are
identified, which are not directly related to the phenotype of interest, and referred as the
“incidental” findings. A notable incidental finding in the present family was the presence of
the non-synonymous pathogenic variant p.Asp382Gly in the ADRBI gene, encoding
adrenergic receptor B1. This rare variant is present in the non-Finnish European population
at a frequency of 0.00075. The variant was present in three affected individuals who
exhibited sinus tachycardia at rest and hypersensitivity to § blockers. These observations are
in accord with the known effects of adrenergic control of the heart rate and consistent with
data showing that genetic variants in the ADRBI gene influence heart rate rest and response
to beta blockers 19 20,

Thus, the data illustrate presence of multiple pathogenic variants in genes previously
implicated in familial HCM, raising the possibility of an oligogenic etiology of HCM in
small families and perhaps sporadic cases. Accordingly, we posit that a fraction of “missing
causal genes” in conventionally single gene disorders, such as HCM, might be due to an
oligogenic etiology 2. The data advocate for the hypothesis but do not prove it. To prove or
reject this hypothesis, large-scale sequencing studies in hundreds of small families, trios, and
sporadic cases would be necessary to assess enrichment of multiple pathogenic variants in
HCM. Finally, the findings illustrate the difficulty in ascertaining causality in small families
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and sporadic cases with single gene disorders, even when the pathogenic variants reside in
genes implicated in cardiomyopathies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Nonstandard Abbreviations and Acronyms

HCM Hypertrophic cardiomyopathy
WES Whole Exome Sequencing
TTN Titin

MYL2 Myosin light chain 2
ALPK3 Alpha kinase 3
MYH7 Myosin heavy chain 7

MYBPC3  Myosin binding protein C

GV Genetic variant

CMR Cardiac magnetic resonance
DCM Dilated cardiomyopathy

LVH Left ventricular hypertrophy
LVOT Left ventricular outflow tract
LVEF Left ventricular ejection fraction
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NOVELTY AND SIGNIFICANCE
What Is Known?
. Hypertrophic cardiomyopathy (HCM) is a classic single gene disorder.

. Genes encoding sarcomere proteins are the main causes HCM and are
responsible for approximately 60% of HCM, typically in large families.

. The remaining causal genes, referred to as the “missing causal genes”,
typically in small families and sporadic cases, remains to be identified.

What New Information Does This Article Contribute?

. We hypothesize that the difficulty in identifying the “missing causal genes” is
in part due to an oligogenic etiology of HCM. Accordingly, multiple
pathogenic variants that do not perfectly co-segregate with the phenotype and
hence, conventionally are not considered the causal variants, are responsible
for HCM in small families and sporadic cases.

. In support of this hypothesis, we present a small family wherein the affected
family members carry two or three pathogenic variants in 77N, MYLZ, and
ALPK3genes, previously implicated as the causal genes in HCM.

. The siblings carrying the three pathogenic variants show a severe phenotype,
while members with two or one variant show a mild or an ambiguous

phenotype.

Each human genome contains a large number of genetic variants (GVs), including several
hundred rare and pathogenic variants. GVs exert a spectrum of effect sizes that vary from
negligible to very large. GVs with the largest effect sizes are responsible for single gene
disorders with Mendelian patterns of inheritance, such as familial HCM. Those with
small effect sizes are typically responsible for the complex traits. We posit that a subset
of HCM might be oligogenic caused by multiple pathogenic GVs with moderate to large
effect sizes. In support of this hypothesis, we describe a family with members carry three
pathogenic variants in 77N, MYLZ2, and ALPK3 genes, previously implicated as the
causal genes in HCM. While the data are consistent with the hypothesis, they are
insufficient to prove or reject the hypothesis. Large-scale multi-center whole exome or
genome sequencing studies would be required to properly test a potential oligogenic
etiology and identify the “missing causal genes” for HCM, which is conventionally
considered a single gene disorder.
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Established Causal Genes ?“Missing Causal Genes”

Figure 1. Hypothesis
The spectrum of genetic etiology of HCM is illustrated. On one end of the spectrum, a single

rare variant that exerts a large effect size leads to familial HCM with a high level of co-
segregation. On the other end of the spectrum, HCM is caused by multiple pathogenic
variants, each exerting a modest to moderate effect size and in aggregate cause HCM in
sporadic cases and small families. In such scenario, the variants do not co-segregate with the
phenotype. The latter group might explain, in part, the failure to identify the “missing causal
genes” in HCM.
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Figure 2. Pedigree
Three affected members are shown in full circles (females) or squares (males) and the

unaffected members in open circles and squares. Generations are numbered | through 1V and
members in each generation are identified by Arabic numerals. Arrow points to the proband.
Deceased individuals are identified by the/symbol.

The candidate genes are listed for each generation. Those carrying the variants are identified
by the + and those who do not by the — signs.
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Figure 3. Hypertrophic cardiomyopathy (HCM) phenotype in the siblings
Panel A shows 12-lead electrocardiogram (upper panel), m mode image of the left ventricle,
depicting the interventricular septal thickness (middle panel), and the recording of Doppler
velocities at the left ventricular outflow tract (lower panel) in the proband (111-1).
;(:> Panel B depicts the same phenotypic data, as in Panel A, in individual 111-4. Phenotypic data
5 in both individuals indicate a severe phenotype.
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