Page 4 of 9

H. Itoh et al.

@)
250

cLQTS (0= 1938)

200

150

478 £ 46 ms
100

50

0 - o s, B

i

S O L DO O O VB DB O DO O O O ON O 0
AR RE P EE RS FTFLEFTFSTEGTFTEP

30
al QTS {(n= 188)
20
453+ 39 ms
10
0 }miwww%ﬁg _&Eﬁggﬁ i e

QQQ'QQ‘QQ‘}«Q,QVQQQQQQQ‘Q’
SPLFLELT PP LS P PSSP S

80 :
Non-carriers (n = 441)
60
406 £ 26 ms
T
1o Qi DES——
0 *er"”t“"':‘* 'lf!“- ¥ L] LI

SEPRLLSL P T LRSS PSSP P (o)

cardiac events with prolonged QTc of 628 and 678 ms, respectively,
while taking terfenadine or probucol; they had not been diagnosed
as ‘cLQTS’ prior to these cardiac events.”"’

Mutations in acquired long QT syndrome
and congenital long QT syndrome

To assess the relative frequencies of the LQTS genetic subtypes, we
focused on single mutation carriers only, after exclusion of the 55 (2
alLQTS and 53 cLQTS) compound heterozygous MCs. Distribution
of the LQTS genetic subtypes differed significantly between aLQTS
and cLQTS (Figure 3A). Among the 957 cLQTS MCs, KCNQT and
KCNH2 mutations were found in 477 (50% [95% Cl 47-53%])
and 397 (41% [95% Cl 38—45%]) patients, respectively. In contrast,
among the 51 aLQTS individuals, carriers of KCNQ T mutations (n =
15, 29% [95% CI 17—-44%)) were significantly less frequent than
KCNH2 MCs (n =30, 59% [95% Cl 44—72%]) compared with
cLQTS (P < 0.01). The larger proportion of KC(NH2 MCs observed

in the aLQTS cohort compared with cLQTS was independent of
specific ethnic background, as it was comparable in the Japanese
and Caucasian subsets [22/35 (63%) and 8/16 (50%), respectively].
It was also present both in the drug-induced LQTS and in the ‘other’
cause-aL QTS subset (Table 7). This overrepresentation of the
LQT?2 subtype with respect to cLQTS was more evident in true
aL. QTS than in the unmasked cLQTS subtype in which the percen-
tages of KCNQT (38%) and KCNH2 (54%) MCs were intermediate
between true aLQTS and cLQTS MCs (Figure 3B).

Interestingly, despite the small number of MCs in each genetic
subgroup, KCNE1/KCNE2 mutations seemed more frequent in
alL QTS than in cLQTS (5.9% [95% Cl 1.2-16%] vs. 1.7% [95% ClI
1-2.7%], P = 0.07).

The common variant KCNQ1-D85N was found in 10/188 (5%)
heterozygous subjects, corresponding to a minor allele frequency
of 2.7%. Five of these were also carriers of KCNH2 mutations. No
significant difference was observed between aLQTS subjects with
or without the D85N variant with respect to all demographic and

9107 ‘51 1udy uo jsang £q /B1o°sjewmo pIoyxo-firesyna//:dny woiy papeojumo(

— 415 —




Genetics in acquired long QT syndrome

Page 5 of 9

A TruealQTS

without ciprofloxacin

S T T

ey BERES Y 2
T S i

B Unmasked cLQTS

without haloperidol

EES P pay bt piHe

desaFecasovvn v envden Y

sijundnninahe ..i,

Fiarizslisiiipiienziaasi “

aiiss

G EFE cBrmrnasmrs

PRt ».;.i¢@—¢£

CEEH e P S L R S
gus PRbiel Lpaoit Jubbebt bavbt pREY bi A

Seiin " 3

tatas

T i £
oA .

idol

g
g
3
[=
w
»
=
o
g
=
&
~
w

7 T ¥ B REE ni e I B B s
év 89 . £ 4 fisddliiiidl 3 siiis
: Pree CIHEATCRYT SIS H el oY
e : H g gt g B G i
it : : B Gnfhigab i &
anp B | SR S SO 0581 h o &8 3
i : HiRsant Ha B et 3
e B P EPRPI e & Thiuy oty r op i > X
st SELHIE T a it R R ; N
TR > i 4 e N o FEL R § R e =
4 \;&;’“ Veeofhs 134 gt pes g PR e Yl eH 3
e i i el e N 7
sk Rl 31 e 20a i RN & HFERSE IS o {1530 sihni 0310
i i B O oh i e H o ARH e HEERE 1 Eebe R ST R Bt il B
i ; i R i et e i y HESIE T 28 S ERE BEtHed R HIL SEE B
& N ! g3 P 9 E3e saises = axxediian wajeenn Ee e
g Ha R s e SR e e
: Bt UL iR et SHE B N e DR e M B e A
3 B : : tE i
i L . )

clinical variables measured, although D85N carriers trended to-
wards a longer control QTc (475 + 38 vs. 452 £ 39 ms, P=
0.067) compared with non-carriers.

A score to predict genetic status

Using a multivariable logistic regression model, age at exposure to
proarrhythmic triggers, control QTc measured in the absence of

these factors, and a history of symptoms at the time of the critical
event were significant and independent predictors for carriers of
disease-causing mutations (Table 3). Their combination in a summa-
tive score ranging from 0 to 3 points allowed identification of indi-

viduals in whom genetic screening is more or less likely to reveal an
LQTS mutation. The discriminatory power of the score was rela-
tively good (AUC, 0.72, 95% Cl 0.64—-0.80, P < 0.007). As shown
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Mutation carriers P-value

Caucasians 16/39 (41)

Japanese 37/147 (25)

<40 years
>40 years

20/49 (41) 0.03
33/139 (24)

Males 11/48 (23) 0.46
Females 42/140 (30)

Secondary factors
Drug 19/81 (23) 036

Hypokalaemia 17142 (40)
Bradycardia 5/17 (29)
Combination 11/43 (26)
Other 1/5 (20)

Control QTc
True alQTS 26/112 (23) 0.07
Unmasked LQTS 27176 (36)

52/162 (32) 0.002
126 (4)

Symptomatic
Asymptomatic

in Figure 4, the proportion of aLQTS subjects with a positive genetic
result increased linearly (P for trend < 0.001) from O to 63% (from
0 to 3 points), where all three factors conferring a higher probability
(age <40 years, symptoms, and QTc >440 ms) were present. Of
the aLQTS patients carrying a mutation, 89% (47 of 53) had a score
of 2 or 3 points; from a different and broader perspective, of all the
188 aLQTS subjects none with a score of 0 and only 6 (3%) with a
score of 1 had a mutation. The same significant pattern was present
when examining separately Japanese and Caucasians (Figure 5).

When in a sort of sensitivity analysis we used a ‘weighted’ score
by assigning 1 point to age <<40 years, 2 points to QTc >440 ms,
and 3 points to symptomatic status, the pattern was confirmed
(see Supplementary material online, Figure ST7).

Discussion

The present multicentre study focused on the genetic basis of
aL QTS and provides four major findings: (i) the QTc measured in
the absence of triggering factors of aLQTS cases is shorter than
that of cLQTS patients, but is significantly longer than that of indivi-
duals without cLQTS; (i) 28% of aLQTS subjects have mutations in
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OR (95% CI)  P-value

Age, <40 vs. >40 years 25 (1.2-5.3) 0.020
QTc, >440 vs. <440 ms 52(22-122) <0.001

Clinical status, symptomatic vs. 10.6 (1.3-83.5) 0.025
asymptomatic

cLQTS genes; (jii) at variance with cLQTS, the most prevalent mu-
tations in aLQTS are on the KCNH2 gene; and (iv) the QTc mea-
sured in the absence of triggers, together with simple clinical
parameters, allows identification of aLQTS subjects more likely to
be carriers of LQTS mutations and for whom, therefore, genetic
screening is warranted.

Even though QTc returns to the normal range once QT-prolonging
factors are removed,? previous reports observed that QTc some-
times remains prolonged even after withdrawal of culprit drugsz1
or the correction of serum elec'crolytes.3 Qur study cohort showed
that the ‘off’ trigger QTc of aLQTS was indeed significantly longer
than that of unaffected family members of cLQTS patients, in agree-
ment with the concept that alQTS could represent at least in part a
latent genetic predisposition.® Our study now demonstrates in a large
cohort of aLQTS cases that ~30% of these subjects have an
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underlying mutation in one of the major LQTS-related genes. Even
among the ‘true aLQTS, i.e. those with normal QT interval outside
the triggering episode, 23% had cLQTS-causing mutations and this
percentage is much higher than the ~6% reported previously.'"**

We did consider the possibility that this greater prevalence, which
was independent of ethnic background, might be due to the fact
that our cohort included subjects whose aLQTS was caused not
only by drugs, but also by hypokalaemia or bradycardia. However,
this was not the case as the percentage of MCs among the
drug-induced aLQTS was already high (23%) and the addition of
non-drug-induced MCs increased this percentage.

The percentages of LQT1 and LQT2 patients in cLQTS are
either similar or show a predominance of LQT1 mutations,2>%* which
was also the case in the present study. In contrast, in the ‘true aLQTS’,
we observed a significantly lower frequency of LQT1- than LQT2-
causing mutations. Even though it is unclear why KCNHZ mutations
are more frequently found in aLQTS, it may be relevant that most
of these mutations are located in the non-pore regions, usually asso-
ciated with rather benign phenotypes.25 There was also a tendency
for mutations in KCNET and KCNE2 to occur more frequently in
al. QTS than in cLQTS. A possible explanation is that 3-subunits are
accessory proteins which modulate the function of the main
a-subunits of the cardiac potassium channels and their altered chan-
nel dysfunctions are often benign and not sufficient per se to cause the
full blown manifestations of cLQTS. Such considerations are clinically
important because, in the absence of triggering factors, most of these
mutations remain silent and the subjects appear normal.

No mutations were detected in two of three aLQTS patients.
This does not necessarily rule out a genetic component, which
may yet be identified. A number of rare or common polymorphisms
could induce cumulative effects on QTc prolongation,® and even
clinical phenotypes of long QT syndrome,’® such as KCNH2-
K897T,*28 SCN5A-51103Y,% KCNET-D85N,"7"®28 and NOS1AP™®
variants. It is therefore tempting to speculate that the synergistic as-
sociation of several functional polymorphisms could contribute to
the genetic background predisposing to aLQTS. The D85N poly-
morphism, often associated with both cLQTS and aLQTS,17'18‘3°
was not found in the present study to play any significant role des-
pite a trend for longer QTc among the carriers.

The present findings go beyond clarification of the genetic basis
for aLQTS because our analysis shows that a score incorporating
simple parameters such as QTc, age, and presence/absence of symp-
toms may provide a useful guide for the clinician, assisting his/her
decision-making and allowing cost-effective genetic testing.

Limitations

Genes responsible for the rarer variants of LQTS™ were not analysed.
Although their probability to cause cLQTS is very low (<1%), we can-
not exclude the possibility that some genotype-negative aLQTS pa-
tients may have mutations in these genes or in others not yet
identified. Our score lacks external or internal cross-validation and
therefore it should be considered as a preliminary tool. However,
the three variables used are well-known risk factors for arrhythmias
in cLQTS, and their dichotomization was performed at traditional clin-
ically based LQTS cut-offs, thus limiting the potential bias.

Conclusion

In clinical practice, greater attention should be paid to even mild
prolongation of the QT interval because this could represent a sig-
nal of potential risk of manifestation of aLQTS if exposed to the
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appropriate triggers. Some individuals initially labelled as aLQTS are
diagnosed as cLQTS (‘unmasked cLQTS’) following the lack of QT
normalization after removal of the trigger, and should be treated as
such. Evidence of a genetic predisposition often present in aLQTS
justifies and recommends a genetic study in all patients with a score
of 2 or 3, where one finds almost 90% of the mutation carriers.
While screening those with a score of 0 is unlikely to be useful,
not to screen those with 1 point would miss only 3% of the subjects
carrying a mutation within the entire aLQTS population and would
be more debatable. Having identified the predisposing mutation in
the proband, ‘cascade screening’ in their families will rapidly and in-
expensively identify additional mutation carriers and prevent avoid-
able risks of life-threatening arrhythmias.

Supplementary material

Supplementary material is available at European Heart Journal online.
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Background: The development of candidate gene approaches to enable molecular diagnosis of
hypertrophic cardiomyopathy (HCM) has required extensive and prolonged efforts. Whole exome
sequencing (WES) technologies have already accelerated genetic studies of Mendelian disorders,
yielding approximately 30% diagnostic success. As a result, there is great interest in extending the use of
WES to any of Mendelian diseases. This study investigated the potential of WES for molecular diagnosis
of HCM.
Methods: WES was performed on seven relatives from a large HCM family with a clear HCM phenotype
(five clinically affected and two unaffected) in the Kanazawa University Hypertrophic Cardiomyopathy
Registry. Serial bioinformatics filtering methods as well as using combined annotation dependent
depletion (CADD) score and high heart expression (HHE) gene data were applied to detect the causative
variant. Moreover, additional carriers of the variant were investigated in the HCM registry, and clinical
characteristics harboring the variant were collected and evaluated.
Results: WES detected 60020 rare variants in the large HCM family. Of those, 3439 were missense,
nonsense, splice-site, or frameshift variants. After genotype-phenotype matching, 13 putative variants
remained. Using CADD score and HHE gene data, the number of candidates was reduced to one, a variant in
the myosin essential light chain (MYL3, NM_000258.2:¢.281G>A, p.Arg94His) that was shared by the five
affected subjects. Additional screening of the HCM registry (n = 600) identified two more subjects with this
variant. Serial assessments of the variant carriers revealed the following phenotypic characteristics: (1)
disease-penetrance of 88%; (2)all clinically affected carriers exhibited asymmetric septal hypertrophy with
a substantial maximum left ventricular wall thickness of 18 - 3 mm without any obstruction.
Conclusions: WES combined with CADD score and HHE gene data may be useful even in HCM.
Furthermore, the MYL3 Arg94His variant was associated with high disease penetrance and substantial
interventricular septal hypertrophy.
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Introduction

Hypertrophic cardiomyopathy (HCM) is a genetically heteroge-
neous myocardial disorder with various morphological, functional,
and clinical characteristics [1-5]. Familial HCM, which has a
prevalence of up to 1 in 500 individuals, is one of the most common
autosomal dominant inherited disorders [6]. Myosin heavy chain
(MYH7, OMIM#: 160760), myosin binding protein C (MYBPC3,
OMIM#: 600958), troponin T (TNNT2, OMIM#: 191045), tropomy-
osin (TPM1, OMIM#: 191010), and troponin I (TNNI3, OMIM#:
191044) have been reported to be the main causal genes [2-4,7-
11]. To date, candidate-gene approaches using traditional Sanger
sequencing have enabled the identification of causative variants in
approximately 50% of HCM patients [8]. However, because these
techniques are onerous and time-consuming, motivating the
researchers to perform target re-sequencing with next generation
sequencing (NGS) as well as whole exome sequencing (WES) which
isreported to have a success rate of nearly 30% in identifying disease-
causing variants in patients whose causal variants have not been
detected [12]. Although several other reports have demonstrated the
efficacy of target re-sequencing for sporadic HCM patients [13,14], it
remains unclear whether WES enables comprehensive identifica-
tion of causative variants in an exome-wide manner. This study
investigated the effectiveness of WES with bioinformatics for
molecular diagnosis for HCM.

Materials and methods

Study population

All subjects were enrolled through the Kanazawa University
Hypertrophic Cardiomyopathy Registry in Kanazawa, Japan. The
largest HCM family in the registry, whose causative variant had not
been detected by traditional direct sequencing, was first investigat-
ed in this study. HCM was diagnosed according to the 2011 version of
the guideline of the American College of Cardiology Foundation/
American Heart Association [1]. In brief, subjects with a maximal left
ventricular wall >13 mm (involving asymmetric septal hypertro-
phy) without extra-cardiac or metabolic findings based on
echocardiography were diagnosed with HCM. Individuals were
classified as HCM-affected in the case diagnosed with HCM, or HCM-
unaffected in the case of either a non-HCM phenotype or known
diseases such as hypertensive heart disease. Detailed clinical data,
including family history, age, and symptoms at evaluation, presence
of hypertension, physical examination, New York Heart Association
(NYHA) classification, electrocardiogram (ECG) and echocardio-
graphic findings were collected for each subject. Hypertrophic
obstructive cardiomyopathy (HOCM) was defined as HCM with left
ventricular outflow tract (LVOT) obstruction and a peak instanta-
neous LVOT pressure gradient of >30 mmHg. Maximum left
ventricular wall thickness (MWT) was defined as the greatest
thickness within the chamber. Other echocardiographic parameters
were evaluated using the recommendation of the American Society
of Echocardiography [15]. Hypertension was defined as when a
patient’s systolic blood pressure (BP) was >140 mmHg and/or its
diastolic BP was >90 mmHg. Pathological Q waves were defined as
follows based on previous studies: Q wave >1/4 of the ensuing R
wave in depth and/or >40 ms in duration in at least two leads except
aVR [16]. T waves >10 mm in depth in any leads were defined as
giant negative T waves (GNTW) [17]. The Ethics Committee for
Medical Research at our institution approved the study protocol, and
all subjects provided written informed consent.

Exome sequencing

Genomic DNA was isolated from peripheral white blood cells of
all subjects using a standard DNA extraction protocol. DNA was

pooled, selected size, ligated to sequencing adapters, and amplified
to enrich for targets to be sequenced by the Agilent SureSelect®”
Target Enrichment System (Agilent Technologies Inc., Santa Clara,

.CA, USA). Exome capture was performed with the Agilent

SureSelect*™ Human All Exon 50 Mb Kit (Agilent Technologies
Inc.). Exome enriched products were sequenced using the lllumina
HiSeq 2000 by Takara Bio Inc., Shiga, Japan. One sample was
sequenced per lane to obtain an average theoretical depth of 80x,
using 2x100 bp sequencing.

Bioinformatics

For the samples, paired-end reads were aligned using the
Burrows-Wheeler Aligner on the human reference genome build
hg19 using quality score calibration, soft clipping, and adapter
trimming. Following the exclusion of PCR duplicate reads using the
Picard, insertions/deletions and single-nucleotide polymorphisms
(SNP) were called using. the Genome Analysis Toolkit (GATK)
[18,19]. Variants (SNP/indels) were filtered on the basis of the
Phred scaled genotype quality score. Re-alignment was performed
and the calling algorithm merged the output of GATK Unified
Genotyper. All samples were annotated using SnpEff [20] (version
3.6) to classify variants (e.g. missense, stop gain/loss, splice-site
variant, synonymous, intronic, insertions/deletions).

In addition to the standard variant quality controls, six
independent filters were applied to facilitate detection of causal
variants among the enrolled HCM families. Variants were filtered
by: (1) minor allele frequency (MAF) >1% in Asian population; (2)
benign, as predicted by SnpEff; (3) genotype-phenotype un-
matched under the assumption of complete penetrance without
phenocopies; (4) registered in the SNP Database (dbSNP137); (5)
combined annotation dependent depletion (CADD) score <10; and
(6) low heart expression of the genes, less than the top quartile.

The frequency filter adopted the allele frequency estimates
from the Asian cohort of the 1000 Genomes Project database [21],
and we used a MAF 1% as the cut-off. Genotype-phenotype
matching was defined as narrowing the variants at which affected
subjects had >1 alternative allele(s) and unaffected subjects had
no alternative allele. As a functional filtering method, variants not
registered in NCBI dbSNP137 were considered to be candidate
variants. Prediction of in silico pathogenicity for novel missense
variants was performed using the CADD prediction software
(version 1.0), which objectively integrates many diverse annota-
tions into a single measure (C-score) for each variant [22]. A variant
was predicted to be pathogenic if the scaled C-score calculated by
the software was above 10, a score indicative of the variant being
within the top 10% of deleteriousness substitutions. Candidate
variants were evaluated if the gene associated with each variant
was directly involved in the myocardium or worsening cardiac
function by using the high heart expression (HHE) gene data as
previously reported [23]. In brief, HHE genes were defined as the
top quartile [>40 reads per million mapped reads (rpm)] of 16,599
human-mouse orthologous gene expressions generated by RNA
sequencing data of mice hearts at embryonic day 14.5.

After the evaluation, Sanger sequencing method was performed
to confirm the putative variant identified by the bioinformatics
analysis in the tested subjects and other relatives.

Additional screening for HCM registry

In addition, restriction fragment length polymorphism (RFLP)
was performed on HCM probands listed in our registry to identify
other subjects harboring the variant. In brief, restriction enzyme
(Van91I) was added to each DNA sample and incubated for 3 h,
which allowed the enzyme to cut at the recognition site (in this
case, the myosin essential light chain [(MYL3, OMIM#: 160790),
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Table 1
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NM_000258.2:¢c.281G>A variant site]). The DNA fragments were
separated by size using gel electrophoresis to allow confirmation of
cutting of the sample DNAs. To investigate the ancestral origin of
the variant, haplotype analysis was performed by using six
microsatellite markers (short tandem repeats [(CA),: D3S3687,
D3S3678, D353647, D35S3582, D353640, D3S1568] flanking the
variant gene) [24,25]. Clinical characteristics of variant carriers
were documented for phenotype evaluation of the variant.

Results
Characteristics of HCM-F18 family members

Clinical characteristics of HCM-F18 family members are shown
inTable 1, and a representative case (1Il:6, proband) is presented in
Fig. 1. The subject was referred to our hospital because of an
abnormal ECG finding detected by a local hospital. ECG showed
atrial fibrillation with left ventricular hypertrophy pattern, chest
X-rays displayed an increase in cardiothoracic ratio, and echocar-
diography revealed an apparent interventricular septal hypertro-
phy without LVOT obstruction. After excluding other cardiac
diseases, the subject was diagnosed with HCM.

Although the HCM-F18 proband and her family members
had been clinically observed for years, traditional Sanger
sequencing failed to identify the apparent causative variants.
The HCM-affected family members had a typical clinical
phenotype consistent with HCM, exhibiting interventricular
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Clinical features of carriers harboring the MYL3 (Arg94His) variant in HCM-F18 and HCM-F189 families.

septal hypertrophy and asymmetric septal hypertrophy. The
affected subjects comprised two males and three females with
an age range at enrollment of between 24 and 74 years. The
HCM-unaffected subjects were a 67-year-old female diagnosed
with hypertensive heart disease and a 48-year-old female
without any cardiac disease.

Exome sequencing and bioinformatics analyses

DNA samples from seven members of the HCM-F18 family, five
clinically HCM-affected subjects, and two unaffected subjects were
analyzed using WES (Fig. 2) followed by bioinformatics filtering
methods (Table 2). The mean sequencing depth for the seven
subjects was 56.1x, 60.0x, 54.8x, 58.7x, 58.2x, 63.7x, and 66.0x per
base across the whole exome, for samples III:2 (unaffected), 111:3
(affected), 111:6 (affected), 111:9 (affected), 111:12 (affected), IV:7
(unaffected), and 1IV:11 (affected), respectively. Percentages of on-
target reads were 78.6% (Il1:2), 78.0% (Iil:3), 77.3% (li[:6), 79.4%
(111:9), 77.2% (11:12), 78.7% (IV:7), and 77.0% (IV:11), respectively,
while coverage rates of target coding lesions (20x) were 89.3%
(111:2), 90.1% (111:3), 89.0% (II1:6), 90.8% (111:9), 89.7% (111:12), 91.7%
(IV:7), and 92.0% (IV:11), respectively.

Subsequent to WES, bioinformatics analysis and genotype-
phenotype matching following exome sequencing were performed
for family HCM-F18 to identify causative variants found in all five
HCM-affected subjects but not in the two unaffected subjects
(Table 2). The number of aligned variants in the seven subjects with

Fig. 1. A representative case (proband) in hypertrophic cardiomyopathy (HCM)-F18 family. Clinical images of the proband (III:6 in Table 1) in HCM-F18 family are shown: (A)
chest X-ray; (B) electrocardiogram; (C) echocardiography of longitudinal views. Chest X-ray showed that the cardiothoracic ratio was increased (61%); electrocardiogram
showed atrial fibrillation with left ventricular hypertrophy pattern; and echocardiography presented normal ejection fraction and an apparent interventricular septal
hypertrophy without left ventricular outflow tract obstruction (arrow head). Ao, aorta; LA, left atrium; LV, left ventricle; RV, right ventricle.
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Fig. 2. Pedigrees of families: (A) hypertrophic cardiomyopathy (HCM)-F18 and (B) HCM-F189. The pedigrees of HCM families with the myosin essential light chain (MYL3)
variant (Arg94His) are shown. Arrows indicate probands. Squares represent male subjects; circles represent female subjects. Diagonal lines mark deceased individuals. Solid
symbols denote HCM. Open symbols represent unaffected individuals or individuals with no data available for analysis. Gray symbols represent obligate carriers. Plus “(+)"
and minus “(—)" signs indicate presence or absence of the Arg94His variant confirmed by direct sequencing, respectively. Encircled numbers indicate subjects investigated by
whole exome sequencing. Haplotypes (the number of [CA], repeat) are listed for six microsatellite markers ([1} D353687 — [2] D3S3678 - [3] D353647 - [4] D353582 - [MYL3]
- [5] D353640 - [6] D3S1568) from top to bottom. Boxed haplotypes demonstrate affected haplotypes. Affected haplotypes share same numbers of [CA), repeat from [3]
D3S3647 to [6] D351568 in both families, indicating that the MYL3 Arg94His variant originated from the same ancestor.

passing quality filtering was 243359. Among those, 60200 were
considered to be rare variants (MAF <1%) using the Asian cohort in
1000 Genome Project [21]. Focusing on missense, nonsense, splice-
site, and frameshift variants, 3439 variants were detected. Geno-
type—phenotype matching enabled putative variants to narrow the
number to 13. After excluding variants registered in dbSNP137, six
putative variants remained (Table 3). To evaluate these variants,
CADD prediction software was used to calculate each scaled C-score.
Five out of six variants were predicted to be damaging (scaled C-
score >10), indicating that these were potentially deleterious

Table 2
Algorithm of bioinformatics filtering methods.

Total aligned variants in seven subjects 257452

After Q(

Remove dbSNP137 registered variants 6

High heart expression gene 1

variants. Among the candidate variants, myosin essential light chain
(MYL3, c.281G>A, p.Arg94His) was the only gene that belonged to
the HHE genes and was directly associated with the myocardium
(ventricular muscle). Although this MYL3 Arg94His variant was not
listed in the NHLBI ESP exome variant server [26], the Human
Genetic Variation Database [27], or the Exome Aggregation
Consortium database [28], the variant was reported to be a possibly
damaging variant in the Human Gene Mutation Database [29]. San-
ger sequencing for the 10 HCM-F18 family members validated the
variant in all the affected subjects and resulted in the detection of
one additional variant carrier without an apparent HCM phenotype
(Figs. 2 and 3).

Phenotype evaluation of MYL3 (c.281G>A, p.Arg94His) variant

All 600 familial or sporadic HCM probands listed in the registry
were screened for the MYL3 (c.281G>A, p.Arg94His) variant by
RFLP analysis using the Van91I restriction enzyme. The Arg94His
variant was identified in one additional proband (HCM-F189) and
Sanger sequencing confirmed that two additional subjects had the
MYL3 Arg94His variant (Fig. 2). Moreover, haplotype analysis of
family HCM-F18 and family HCM-F189 using six microsatellites in
the neighborhood revealed that the MYL3 Arg94His variant
originated from the same ancestor (Fig. 2).

The clinical characteristics of the eight MYL3 Arg94His variant
carriers are summarized in Table 1. Disease-penetrance was 88%,
and all clinically affected carriers exhibited asymmetrical septal
hypertrophy with a substantial maximal left ventricular wall
thickness of 18 £3 mm. Left ventricular systolic dysfunction
(ejection fraction <50%) was not observed. Abnormal ECG findings
were observed in seven carriers with an apparent HCM phenotype.
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Table 3
Candidate variants after filtering methods in HCM-F18.

46902192

MYL3 Myosin Light Chain 3, 3 3

Ventricular, Skeletal

137

258 R94H 0.04 0.008 DC

PLAU Plasminogen Activator, Urinary 10 10 75676220

1145031

R381L 0.11 0.009 Poly

Three subjects had left ventricular hypertrophy, two had first-degree
atrioventricular block, two had bundle branch block, and one had
atrial fibrillation with an enlarged left atrium. GNTW was observed in
one subject, but pathological Q wave was not observed.

Clinical follow-up data were available for four of eight subjects.
Although they suffered from neither cardiac death nor progression
of left ventricular systolic dysfunction during >10 years follow-up,
one subject (HCM-F18; 111:12) received an implantable cardiover-
ter defibrillator (ICD) because of syncope with frequent non-
sustained ventricular tachycardia. Another subject (HCM-F18;
11I:6) died from non-cardiac causes (postoperative infection after
an orthopedic surgery).

36,902,470 by ARG I8 by
i i

Discussion

In this study, WES was demonstrated to be an effective tool,
even in HCM. Furthermore, we determined the MYL3 Arg94His
variant was newly identified as a variant associated with high
disease penetrance and substantial degree of interventricular
septal hypertrophy for the first time. This is the first study to
validate the MYL3 Arg94His as a causative variant of familial HCM
using WES.

Since the application of NGS methods such as WES and target
re-sequencing for clinical genetics, the number of bioinformatics
approaches for detecting the causative variant in patients in
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Fig. 3. NGS read alignment and the Sanger sequencing validation in the MYL3 gene at exon 3. Alignment reads are visualized by the Integrative Genomics Viewer (1GV) version
2.3. The red arrow in IGV indicates the p.Arg94His variant position in the MYL3 gene at exon 3 (5’ — 3’ complementary strand). The red arrow in Sanger sequencing data of

affected subjects also shows the same variant at the same position.
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cardiomyopathy has gradually increased [30,31]. This is because
the traditional direct sequencing methods have only been able to
identify approximately 50% of the causative variants in patients
with cardiomyopathy [8]. Several clinical studies have demon-
strated that WES is effective for molecular diagnosis of cardiomy-
opathy [30,31], providing support for the notion that WES may be
useful in diverse ethnic settings.

In this study, two novel filtering schemas were adopted to enable
causative variants to be distinguished from thousands of other
incidental variants detected via WES. The CADD C-score [22] is a
highly combined damaging score for each variant that is generated
by 63 distinct annotation tools including SIFT [32] and PolyPhen
[33]. This means that we can obtain the comprehensive damaging
scores of each candidate variant even though each annotation tool
shows discordant results. For example, the MYL3 Arg94His variant
was first predicted as deleterious by SIFT and disease-causing by
MutationTaster2 [34], but was considered as benign by PolyPhen-2
(Table 3). However, the CADD C-score of the variant was 16.63,
clearly predicting that the MYL3 Arg94His as deleterious. Further-
more, prediction of the pathogenicity of human variants with the
CADD C-score is more accurate than that of any other in silico single
annotation tool [22]. Actually, the usefulness of CADD C-score for
detecting causative variants in patients with Tangier disease and
long QT syndrome were previously reported | 35,36]. In terms of HHE
[23], Zaidi et al. demonstrated that HHE genes had a higher
frequency of protein-alternating de novo variants than genes with
low heart expression (less than top quartile) in patients with
congenital heart diseases [23]. In the present study, the combination
of the CADD scaled C-score and the heart expression-oriented
filtering schema successfully narrowed down the number of
causative variants to a single variant, the MYL3 Arg94His variant,
suggesting the usefulness of this schema even in heterogeneous
diseases such as HCM.

Completion of the final filtering method (Table 2) indicated that
MYL3 was the only gene that was directly associated with
ventricular myocardium. MYL3 encodes the essential light chain,
an important component of sarcomere, which wraps around the
lever arm of the myosin head, and supports both the neck domain
and the lever arm with myosin regulatory light chain [37]. Previous
reports demonstrate that the loss of MYL3 function causes familial
HCM [38-43]. Olson et al. described HCM patients with the
autosomal recessive MYL3 Glu143Lys variant [38]. These patients
exhibited mid-cavity hypertrophy with restrictive physiology, butin
none of our HCM-subjects was the feature found. Also, Andersen
et al. and Kazmierczak et al. reported the MYL3 Val79lle and
Ala57Gly variants were causative in HCM [41,43]. In this study, all
subjects with HCM harbored the MYL3 Arg94His variant. Although
the Arg94His was suggested as a potentially causative variant of
sporadic HCM by DNA re-sequencing array [44] or Sanger
sequencing [45], and was also classified as a “pathogenic” variant
according to the American College of Medical Genetics and
Genomics guideline [46], this is the first study to confirm and
support it as a causative variant of HCM by using the co-segregation
pattern in the HCM pedigrees and the unbiased method of WES. In
addition, a detailed description of the clinical phenotype associated
with the MYL3 Arg94His is provided. The myosin light chain belongs
to the EF-hand family of calcium-binding proteins [47]. Therefore,
loss-of EF-hand function may interfere with binding of calcium or
magnesium causing malfunction of myosin kinetics [37], which is
thought to be a potential pathological mechanism of HCM
development [42]. The MYL3 causative variants are primarily
located in exons 3 and 4, which encode the EF-hand 2 domain [37],
and the Arg94 residue is also located in exon 3. Use of the CADD
scaled C-score [22] also predicted this to be a damaging variant site.
The MYL3 Arg94His variant is expected to cause crucial damage to
EF-hand function, myosin kinetics, and its structure, and eventually

hypertrophic changes in the myocardium, which may underlie the
high disease penetrance and substantial interventricular septal
hypertrophy observed in this study (Table 1). However, due to the
small number of subjects harboring this variant, it remains unclear
whether screening of families with HCM for the MYL3 Arg94His
variant will be useful in patient management. Further study is
needed to clarify the long-term clinical courses in HCM patients with
the MYL3 Arg94His variant.

Study limitations

This study has some limitations. WES was performed with
protein-coding regions only, which potentially overlooked other
intergenic variants that influenced the specific phenotype. HCM is
a heterogeneous disorder in terms of both clinical characteristics
and age of onset, limiting the accuracy of the phenotype modeling.
In this study, we could accurately find out one causative variant for
HCM, but it might be controversial whether a 48-year-old woman
without apparent HCM phenotype could be classified as an
unaffected HCM subject. Although CADD enabled more precise
prediction of in silico damaging score than other software, the
optimal cut-off value for detection of deleterious variants with
CADD scaled C-scores is debatable. HHE genes were generated only
by known human-mouse orthologues, which might rule-out
potential human-specific genes that were highly expressed in
human heart. In addition, clinical information was not available for
some family members, which may have affected the penetrance
and clinical characteristics of HCM with MYL3 Arg94His variant.

Conclusion

Together with CADD score and HHE gene data, WES facilitated
successful identification of the one causative variant, the MYL3
Arg94His, even in HCM. Furthermore, the MYL3 Arg94His variant
was associated with high disease penetrance and substantial
ventricular hypertrophy.
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