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Abstract

Introduction The MYH?7 c.5135G>A p.(Argl712Gln)
variant has been identified in several patients world-
wide and is classified as pathogenic in the ClinVar
database. We aimed to delineate its associated phe-
notype and evaluate a potential founder effect.

Supplementary Information The online version of this
article (https://doi.org/10.1007/s12471-023-01798-9)
contains supplementary material, which is available to
authorized users.
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Methods We retrospectively collected clinical and ge-
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agnosed with hypertrophic cardiomyopathy (HCM).
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Mean age at HCM diagnosis was 48.8 years (standard
deviation: 18.1; range: 8-74). The clinical presenta-
tion ranged from asymptomatic HCM to arrhythmias
(atrial fibrillation and malignant ventricular arrhyth-
mias). Aborted sudden cardiac death (SCD) leading
to the diagnosis of HCM occurred in one proband
at the age of 68 years, and a family history of SCD
was reported by 39% (5/13) probands. Neither heart
failure deaths nor heart transplants were reported.
Women had a generally later-onset disease, with 14%
of female carriers diagnosed with HCM at age 50 years
compared with 54% of male carriers. In both sexes,
the disease was fully penetrant by age 75 years. Haplo-
types were reconstructed for 35 patients and showed
a founder effect in a subset of patients.

Conclusion MYH7 p.(Argl712GIn) is a pathogenic
founder variant with a consistent HCM phenotype
that may present with delayed penetrance. This
suggested that clinical follow-up should be pursued
after the seventh decade in healthy carriers and that
longer intervals between screening may be justified
in healthy women <30 years.

Keywords Founder mutation - Myosin heavy
chain 7 - MYH7 - Cardiomyopathy - Hypertrophic
cardiomyopathy

Introduction

Hypertrophic cardiomyopathy (HCM) is the most
prevalent inherited cardiomyopathy, affecting 1 in
500 individuals in the general population. HCM is
defined by hypertrophy of the left ventricular walls
(=15mm in sporadic cases and >13mm in the pres-
ence of family history) that is not explained by loading
conditions. It is characterised by an increased risk of
arrhythmias and sudden cardiac death (SCD).

A large number of genes have been associated with
HCM, of which only 11 have definitive or moderate
evidence to be associated with HCM [1]. The number
of carriers of a given variant is usually small, and it
is not easy to establish precise genotype-phenotype
correlations for each variant, often making the indi-
vidualised management of carriers challenging. Us-
ing clinical and molecular data from an international
cohort, we aimed to delineate the clinical phenotype
associated with the MYH7 ¢.5135G> A p.(Argl712Gln)
variant, gain more evidence for its pathogenicity, and
evaluate a potential founder effect.

Methods

Subjects

We retrospectively collected clinical and molecular
data from 22 apparently unrelated probands who
carried the p.(Argl712GlIn) variant in the MYH7 gene
(NM_000257.4) and 74 family members. Informed
consent for publication was obtained from all pa-

tients or their legal representatives in accordance
with the Declaration of Helsinki and national legal
regulations.

Molecular data

Analysis of cardiomyopathy-related genes was per-
formed in 15 probands (68%) using targeted next-
generation sequencing (NGS) analysis. The minimal
NGS gene set included the following genes: MYH?7,
MYBPC3, MYL2, TNNT2 and TNNI3. Single-gene
analysis using Sanger sequencing and/or denaturing
high-performance liquid chromatography of the fol-
lowing sets of genes was reported for probands eval-
uated before 2013: MYH7 and MYBPC3 (3 probands
(14%)), MYH7, MYBPC3, MYL2, MYL3, TNNI3, TPM1
and TNNT2 (3 probands (14%)), and MYH7, MYBPC3,
TNNI3, TPM1, TNNT2 and GLA (1 proband (4%)).
Cascade genetic testing was performed on family
members when requested. Interpretation of variants
was performed according to the American College of
Medical Genetics and Genomics and the Association
for Molecular Pathology (ACMG/AMP) guidelines (2]
and the adapted ACMG/AMP criteria for MYH7 [3].

Clinical data

Clinical data were retrieved retrospectively from
medical records. Clinical, electrocardiographic and
echocardiographic/magnetic resonance imaging (MRI)
data were collected for all patients. HCM was diag-
nosed according to the European Society of Cardiol-
ogy HCM guidelines [4]. Particular attention was paid
to the following clinical variables: age at HCM diagno-
sis, hypertension, atrial fibrillation, stroke, syncope,
permanent pacemaker or implanted cardioverter-de-
fibrillator (ICD) implantation and therapy, septal re-

What’s new?

A large series of patients with the MYH7
p-(Argl712GIn) variant showed: (1) a consis-
tent hypertrophic cardiomyopathy (HCM) phe-
notype, (2) women developing HCM at a later
age, and (3) development of HCM after the sixth
decade.

e Describing a series of individuals with a single
pathogenic variant is important to establish vari-
ant-specific screening protocols to prevent un-
necessary cardiac evaluations.

e For healthy MYH7p.(Argl712Gln) carriers, longer
screening intervals could be appropriate for
women younger than 30 years and follow-up
should be continued after the age of 60 years.

e Our data also showed that MYH?7 p.(Argl712GIn)

is a founder variant in a subset of French and

Dutch patients.
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duction therapy, cardiac transplantation, heart failure
(HF), and family history of HCM or SCD. Age at HCM
diagnosis was used as surrogate for penetrance [5].

Haplotype analysis

Assessment of ancestry via haplotype analysis was
conducted in 25 patients from the Netherlands and
France. Haplotype data were available for 10 addi-
tional Dutch carriers for whom no clinical data were
available, and they were not included in the cohort.
We studied 15 dinucleotide repeat markers spanning
an 8.7-Mb region on both sides of MYH?7 (see Table
S1 in Electronic Supplementary Material). Protocols
are available upon request.

To establish the phase of alleles, haplotypes were
determined with co-segregation analysis of family
members. When no family members were available,
haplotypes were derived when the available allele
matched a previously determined disease-associated
haplotype as performed in a previous study [6].

Results
Molecular data

The MYH7 p.(Argl712Gln) variant was detected in all
probands (n=22). No other (likely) pathogenic variant
was identified. Among the 73 family members who
underwent cascade screening, 30 carried the MYH7
variant. One additional family member (patient #8.17)
was an obligate carrier by pedigree history.

Clinical data

Phenotype data were available for 22 probands and
74 family members (Tab. 1 and Table S2).

Probands
Of the 22 probands, 10 (45%) were females. Mean
(+ standard deviation) age at HCM diagnosis was
46.7 years (range: 8-74) in all probands, 38.6 years
(range: 8-66) in males and 59.3 years (range: 34-74)
in females. Mean age at last examination was 61.4+
19.3 years. Follow-up data were available for 77%
(17/22) of the probands, with a median follow-up du-
ration of 9 years after HCM diagnosis (range: 1-42).
At the time of diagnosis, mean maximal wall thick-
ness was 17.5+2.5mm (range: 13-21), left ventricu-
lar outflow tract obstruction (LVOTO) was detected in
57% (4/7) of probands, and 2 additional probands had
LVOTO butthe age of onset was unknown. The most fre-
quently reported initial manifestations were chest pain
or tightness (5/11; 45%) and dyspnoea (3/11; 27%).
Patients #12 (male) and #14 (female) were asympto-
matic at diagnosis. HCM was accidentally diagnosed
in patient #12 at age 76 years during routine cardio-
logic evaluation following a fracture. Patient #14 was
diagnosed with HCM at 40 years of age during cardiac

screening for SCD family history. In 1 female proband
(patient #7), the presenting symptom was SCD during
moderate physical activity at age 68 years.

Atrial fibrillation was observed in 7/14 probands
(41%). Two probands underwent septal reduction
therapy, 2 developed a TIA, and 1 developed chronic
HE No HF deaths nor heart transplants were recorded.
ICD implantation was reported for 3 probands at age
59 years in a male and at ages 68 and 72 years in
2 females.

A positive family history of HCM was reported for
79% (11/14) of probands. Five of 13 probands (38%)
had a family history of SCD, occurring in 7 family
members (2 females (29%)) at a mean age of 35 years
(range: 18-48). Age at SCD and sex were unknown for
2 additional family members.

Family members

Of the 74 family members, 30 (14 females (47%))
tested positive for the familial p.(Argl1712Gln) variant
and 1 was an obligate carrier. Of these 31 carriers, 16
(52%) were diagnosed with HCM, 6 (38%) of whom
were females. Median age at HCM diagnosis in family
members was 58 years (range: 20-72), and mean max-
imal wall thickness at the time of diagnosis was 16.5+
2.2mm (range: 13-20). Follow-up data were available
for 6 family members, with a median follow-up du-
ration of 8.5 years after HCM diagnosis (range: 2-47).
In genotype-positive relatives, the HCM phenotype
varied widely, ranging from asymptomatic HCM to
more severe disease requiring myectomy. None of the
family members needed heart transplantation or died
because of HE Mean age at last examination of carri-
ers without HCM was 42+ 15.5 years (range: 21-64).

Penetrance

Overall penetrance of HCM in our cohort was 72%,
and this was sex- and age-dependent (Figs. 1 and 2).
The earliest age at diagnosis was 8 years, and no
women were diagnosed with HCM before age 34 years.
Forty-four percent (14/32) of the individuals, half of
whom were women, were diagnosed with HCM at age
=60 years. While female probands were significantly
older at HCM diagnosis than male probands (mean
age: 59.3+12.4 years vs 38.6+18.2 years; p=0.0063),
there was no statistically significant difference in age
at diagnosis between sexes among family members
(mean age: 58+ 17.7 years in women vs 49 + 18.8 years
in men; p=0.1812).

Haplotype analysis

DNA for haplotype analysis was available for 25 pa-
tients from 18 unrelated families (4 families from
France and 14 from the Netherlands) and 10 addi-
tional Dutch carriers for whom we had no clinical
data and who were not included in our clinical cohort
(see Table S3 in Electronic Supplementary Material).
We found 3 haplotype groups, which were all absent

302 MYH7 p.(Argl712Gln) causes HCM with delayed onset
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100% -
——male probands

0% - female probands

Penetrance

Age [years)

Fig. 1 Inverted Kaplan—-Meier curve indicating age-related
penetrance of hypertrophic cardiomyopathy as survival vari-
able in probands

in relatives without the variant (data not shown).
The largest group showed shared haplotypes of =4
markers, covering at least a 2-Mb region surrounding
MYH?7 in 10 Dutch and all 4 French families, as well as
in 8 additional Dutch carriers. Several recombination
events occurred in this group, which are indicated by
different colours in Table S3 in the Electronic Sup-
plementary Material. In the second group, 3 Dutch
patients shared haplotypes of =6 markers spanning
a 2.2-Mb region.

Discussion

We have described the phenotype associated with
the MYH7 p.(Argl712Gln) variant in 22 probands and
31 family members, the largest cohort of individu-
als with this specific variant and the second largest
cohort with a single MYH7 variant to date. We have
shown it is a founder variant with classical elements of
inherited cardiac disease, i.e. clinical variability (yet
a consistent HCM phenotype) and age-dependent
penetrance.

Two major observations were made: the pene-
trance was overall delayed for both sexes compared
with the MYH7 subset from the HCM SHaRe registry
(n=492) [5], and no woman developed HCM before
the fourth decade. In our cohort and in the MYH7
subset of the HCM SHaRe registry, age at diagnosis
was 58.8+12.2 years and 34.8+19.2 years in women
(p<0.0001), respectively, and 43.6+18.7 years and
33.3+16.8 years in men (p=0.0028), respectively [5].

In the SHaRe registry, women and men devel-
oped HCM caused by different MYH7 variants at
similar ages (n=492; 34.8+19.2 years in women vs
33.3+16.8 years in men; p=0.39) [5], whereas we
observed a statistically significant difference in age
at diagnosis between sexes in our cohort as a whole
(n=53; 58.8+12.2 years in women vs 43.6+ 18.7 years
in men; p=0.0011) and in the probands (p=0.0063).
Nevertheless, there was no statistically significant
difference in age at HCM diagnosis between sexes

100%

——nmale relatives

0% e female relatives

805

7055

60%

50%

a0%,

Penetrance

30%

205

(o3

Age {years)

Fig. 2 Inverted Kaplan—-Meier curve indicating age-related
penetrance of hypertrophic cardiomyopathy as survival vari-
able in family members

among family members (p=0.1812), which could be
explained by unknown genetic or clinical modifiers,
a delay in reporting symptoms and/or a delay in car-
diology referral in women who are not known to be
at high risk of developing HCM (e.g. in the absence
of a family history of HCM or SCD), as observed for
other cardiac conditions [7-9].

In our cohort, only 1 patient was diagnosed with
HCM before the age of 10 years. He underwent sep-
tal reduction by myectomy at 8 years of age and pre-
sented with chronic HF at the age of 43 years. Genetic
screening of 23 HCM genes using NGS did not identify
any additional disease-causing variant in this patient,
but a second genetic HCM-causing variant that con-
tributed to this early onset of the disease cannot be
fully excluded.

Severity of HCM in our cohort varied largely, span-
ning from asymptomatic HCM to symptomatic and
life-threatening arrythmias, with aborted SCD and HF
reported in a female proband and history of SCD in
39% of the families. All relatives who did not carry the
variant (n=43) were not affected by HCM: 79% (n=34)
were evaluated using echocardiography and/or car-
diac MRI, 12% (n=5) were evaluated using electro-
cardiography only, and cardiac clinical screening was
reported as normal in 9% (n=4) without additional
information.

The MYH?7 p.(Argl712Gln) variant affects a highly
conserved residue within the myosin tail domain and
is predicted to be probably damaging to the protein
structure/function PolyPhen-2, deleterious by Muta-
tionTaster and by SIFT. This variant is present in gno-
mAD (http://gnomad.broadinstitute.org, accessed on
14 April 2023), with an allele frequency of 0.00002125
(6/282354). The 6 mutated alleles reported in gno-
mAD are all detected in the European, non-Finnish
population at the heterozygous state in individuals
who are in the 45-70-year age range. This variant is
classified as pathogenic in the ClinVar database ac-
cording to the ‘Expert Panel designation’ (https://
www.ncbi.nlm.nih.gov/clinvar, accession number
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Table 2 Overview of carriers of MYH7 p.(Arg1712Gin) variants reported in literature

Number of Phenotype  Additional informations

Reference

Morita, et al. N Engl J Med.
2008;358:1899-908

Gruner, et al. Circ Cardiovasc Genet.
2011;4:288-95

4 unrelated individuals from published data, a reported clinical cohort, and clinical laboratory Pan, et al. Circ Cardiovasc Genet.

2012;5:602-10

Miller, et al. J Genet Couns.
2013;22:258-67

Mook, et al. J Med Genet.
2013;50:614-26

Kapplinger, et al. J Cardiovasc Transl
Res. 2014;7:347-61

Witjas-Paalberends, et al. Cardiovasc
Res. 2014;103:248-57

Lopes, et al. Heart.
2015;101:294-301

Glotov, et al. Clin Chim Acta.
2015;446:132-40

Homburger, et al. Proc Natl Acad Sci U
S A.2016;113:6701-6

Van Velzen, et al. Am J Cardiol.
2016;118:881-887

Helms, et al. Circulation.
2016;134:1738-48

Walsh, et al. Genet Med.
2017;19:192-203

Weissler-Snir, et al. Circ Cardiovasc
Imaging. 2017;10(2). pii: 005311

Van Lint, et al. Neth Heart J.
2019;27:304-9

Mademont-Soler, et al. PLoS One.
2017;12:¢0181465

Van Velzen, et al. Circ Cardiovasc
Genet. 2017;10:e001660

Kelly, et al. Genet Med.
2018;20:351-9

Mak, et al. Sci Rep. 2018;8:10846
Van Velzen, et al. Am J Cardiol.

variant ¢.3100-2A > C; both were probably already reported in Van Velzen, et al. Am J Cardiol. 2018;122:1947-54

patients
1 HCM Childhood-onset, familial HCM
1 HCM 44-year-old female; apical aneurysm, MWT 14 mm, ECG abnormalities, negative T wave;
positive family history; also carrried TNNI3 variant p.(Arg162Gin) (gnomAD allele frequency
10/249030)
4 Unknown
data provided in genetic test report
1 HCM Age at diagnosis: 19 years
1 HCM None
7 HCM? Study on 427 unrelated, ostensibly healthy individuals from various racial and ethnic back-
grounds and HCM case cohort of 2178 individuals
3 Asymptom-  Asymptomatic, pre-hypertrophic mutation carriers
atic
1 HCM None
3 Cardiomyop- 3 patients from Russia/Belarus
athy
7 HCM None
3 HCM 1 patient also carried MIB1 ¢.2530_2532delTCTinsC variant
1 HCM 36-year-old male; myecotomy; MWT 17 mm
16 HCM Variant found in 16/6112 HCM patients
1 HCM Patient possibly already described in Gruner, et al. Circ Cardiovasc Genet. 2011;4:288-95
3 HCM Patients also reported in our cohort
1 HCM 82-year-old Spanish female
1 HCM Also carried MIB7 ¢.2530_2532delTCTinsC; patient probably already reported in Van Velzen,
et al. Am J Cardiol. 2016;118:881—7 and Van Velzen et al. Am J Cardiol. 2018 Sep 8
35 HCM 17 published probands and 18 private (= laboratory internal data) probands
1 HCM None
2 HCM 2 male patients: 1 also carried MIB1 ¢.2530_2532delTCTinsC, another also carried MYH7
2016;118:881-7
1 HCM
27mm
>1 HCM None; patient(s) already reported?
1 HCM 32-year-old male

43-year-old Vietnamese patient; chest pain, eccentric LV hypertrophy, maximal LV thickness Tran Vu, et al. Circ J.

2019;83:1908-16

Thomson, et al. Genet Med.
2019;21:1576-84

Cao, et al. Stem Cell Res.
2021;55:102455

ECG electrocardiogram, HCM hypertrophic cardiomyopathy, LV left ventricular, MWT maximal wall thickness

VCV000036642.42, accessed on 14 April 2023), and
our data provide additional supporting evidence for
its pathogenicity. Although it has been reported to be
associated with HCM in the literature (Tab. 2), as far
as we know we are the first to prove its founder effect.

Implications

This study showed that studying a large series of in-
dividuals with a single specific variant underlying an

inherited cardiac disease may lead to observations dif-
ferent from the general picture associated with a spe-
cific disease or its underlying gene or variant, as we
have shown previously for other genes/variants [10].
Therefore, we propose a variant-specific approach for
MYH?7 p.(Argl1712Gln) carriers.

Current guidelines recommend precautionary reg-
ular cardiac evaluations in healthy carriers of HCM-
causing variants as the disease may appear late in
adulthood [11, 12]. Clinical screening of healthy car-
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riers is usually performed every 1-3 years in child-
hood and every 2-5 years in adulthood, according
to national and international guidelines [4, 13, 14].
Since no women in our cohort were diagnosed with
HCM before age 34 years, longer intervals between fol-
low-up examinations could be considered for women
<30 years with this specific variant.

It remains difficult to establish the age at which
to discontinue cardiac follow-up in genotype-posi-
tive, phenotype-negative individuals. According to
French national guidelines, clinical follow-up is usu-
ally stopped in healthy carriers >60 years, when the
risk of developing the disease is considered to be
low [13], whereas a Dutch national guideline work-
ing group states that there are insufficient data to
establish an age limit for long-term follow-up of
healthy carriers of HCM-causing variants [14]. Since
6/13 probands (4 women) and 4/31 family members
(1 woman) were diagnosed with HCM after the age of
60 years, we suggest that cardiac follow-up of healthy
carriers of the MYH7 p.(Argl712Gln) variant should
be continued after the seventh decade.

Study limitations

The limitations of our study include its retrospective
nature and the non-standardised assessment of pa-
tients since clinical information was obtained from
patient files from multiple centres across 2 coun-
tries. Moreover, limited clinical data were available
for a number of patients.
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