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A B S T R A C T   

MYBPC3 is the most frequently mutated gene in hypertrophic cardiomyopathy (HCM). Several loss-of-function 
founder variants have been reported in MYBPC3 from various geographic regions, altogether suggestive of a 
modest or absent effect of these variants on reproductive fitness. One of them, a MYBPC3 splice variant, 
NM_000256.3:c.3330+2T > G, was first described in homozygous state in newborns presenting with a severe, 
recessive form of HCM among the Amish population and was later associated with adult-onset dominant HCM in 
heterozygous carriers. We here report this splice variant in heterozygous state in eight unrelated Swiss families 
with HCM, making it the most prevalent cardiomyopathy variant in western Switzerland. This variant was 
identified in patients using targeted (n = 5) or full-genome sequencing (n = 3). Given the prevalence of this 
variant in the Old Order Amish, Mennonites and Swiss populations, and given that both Amish and Mennonites 
founders originated from the Bern Canton in Switzerland, the MYBPC3, NM_000256.3:c.3330+2T > G variant 
appears to be of Swiss origin. Neighboring regions that hosted the first Amish settlements (Alsace, South Ger-
many) should be on the lookout for that variant. The existence of MYBPC3 founder variants in different pop-
ulations suggests that individuals with early-onset clinical disease may be the tip of the iceberg of a much larger 
number of asymptomatic carriers. Alternatively, reproductive fitness could even be slightly increased in some 
variant carriers to compensate for the reduction of fitness in the more severely affected ones, but this remains to 
be investigated.   

1. Introduction 

Inherited cardiomyopathies are associated with a significant risk for 
heart failure, arrhythmias, sudden cardiac death (SCD) and stroke. 
Among these, HCM is the most common with a revised prevalence of up 
to 1 in 200 individuals in the general population (Semsarian et al., 
2015). HCM is mostly inherited as an autosomal dominant trait but with 
variable penetrance and expressivity. Moreover, it is genetically 

heterogenous: variants in at least 11 genes, mostly encoding sarcomeric 
proteins, have been associated with the disease (Alfares et al., 2015; 
Ingles et al., 2019; Walsh et al., 2017). MYBPC3 is the most prevalent 
HCM-associated gene, accounting for over 40% of all reported HCM 
variants. Most MYBPC3 mutations (~75%) are loss-of-function (LoF) 
variants, all leading to absent or truncated protein and therefore lacking 
the major binding domains to other sarcomeric proteins. Interestingly, 
MYBPC3 mutations are associated with a relatively favorable disease 
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outcome and a lower disease penetrance as only 58% of adult carriers 
below 50 are symptomatic; overall survival also seems to be increased 
compared to other genes associated with HCM, such as MYH7 (Chris-
tiaans et al., 2010; Niimura et al., 2002). Such an attenuated disease 
prognosis is compatible with more favorable reproductive fitness and 
therefore less stringent negative selection and higher carrier frequency 
rates. In line with the latter, a palette of founder mutations in MYBPC3 
has been described with an allelic frequency among local populations of 
up to 0.36% (Carrier, 2021). 

A few cases with biallelic MYBPC3 mutations have also been re-
ported with a much more severe, neonatal HCM phenotype (Deprez 
et al., 2006; Xin et al., 2007; Zahka et al., 2008). We here focus on the 
MYBPC3 splice site mutation NM_000256.3:c.3330+2T > G running in 
eight unrelated Swiss families with dominant HCM, which was origi-
nally reported in homozygous state in Amish newborns with severe HCM 
(Xin et al., 2007). Based on our inpatient clinic population, we find that 
this is likely the most frequent MYBPC3 and even HCM-causing muta-
tion in western Switzerland. Haplotype reconstruction indicates that 
NM_000256.3:c.3330+2T > G is a variant of Swiss origin whose com-
mon ancestor dates back to at least 200 years ago and traveled to the US 
with the first Amish founders. We also highlight that, unlike with other 
MYBPC3 variants, the associated HCM phenotype is not particularly 
mild given that two of our patients underwent heart transplantation 
before age 50. 

2. Subjects and methods 

2.1. Patients 

Five unrelated probands were referred because of HCM to our 
multidisciplinary cardiogenetic clinic. All probands underwent a thor-
ough clinical evaluation including electrocardiogram, transthoracic 
echocardiography, and MRI. A confirmed diagnosis of HCM (left ven-
tricular wall thickness >15 mm; ref. 11,12) by the cardiology division 
prompted genetic investigations (see Table 1). Three other unrelated 
patients, with a confirmed diagnosis of HCM, were enrolled based on a 
familial history of primary cardiomyopathy as part of an independent 
research study on sudden cardiac death (SCD) susceptibility (Table 1). 
For all eight individuals, a dedicated, written informed consent – for 
either clinical diagnostic or research purposes, respectively – was ob-
tained, as approved by local ethical review boards (Ethics Board of the 
Lausanne University Hospital, Research Ethics Board from Vaud Canton) 
and in compliance with Swiss laws. 

2.2. Exome and whole genome sequencing 

Genetic testing strategies varied based on the date and channel 
through which each patient was recruited. For the five patients seen in 
the cardiogenetics clinic, blood was obtained for molecular analysis in 
the context of the diagnostic pathway. Genomic DNA was isolated from 
peripheral blood. Library preparation was performed using the Illumina 
TruSight One, TruSight One Expanded or Twist Exome capture kit, and 
sequencing was performed on an Illumina MiSeq or NextSeq platform, 
respectively. Raw sequencing data was then processed on-site using 
routine diagnostic bioinformatic pipelines. For patient 3, a 20-year old 
girl, segregation studies were performed that showed the presence of the 
variant in her brother, who also had HCM, and in her mother who was 
clinically asymptomatic and had a normal cardiac ultrasound. The 
remaining three patients had been enrolled in a research study and their 
DNA samples were available at the CHUV institutional biobank. DNA 
extraction, normalization and quality controls were performed at the 
CHUV biobank laboratory. Whole-genome sequencing (WGS) was ach-
ieved at the Health2030 Genome Center in Geneva using Illumina Tru-
Seq PCR-free library preparation protocols, which include: DNA 
fragmentation, end-repair, ligation of sequencing adapters and barc-
odes, size selection of 600-bp fragments, quantitation and normalization 
of individual libraries. Normalized libraries were loaded to a NovaSeq 
machine from Illumina for a 150-bp paired-end sequencing run, aiming 
for a minimal 30X final depth of coverage. Raw sequencing data was 
then sent to us for further processing. All MYBPC3 variants were sub-
sequently confirmed using Sanger sequencing at our clinical-grade 
diagnostic laboratory, prior to disclosure for research participants. 

2.3. Bioinformatic pipelines 

For patients enrolled from the clinic, raw data processing, variant 
annotation and variant prioritization were performed as described pre-
viously (Royer-Bertrand et al., 2015). For the remaining three patients 
with full genome investigation, the analytic pipeline was standard and 
followed GATK best practices (Van der Auwera et al., 2013). For each 
sample, raw read pairs were converted to unmapped BAMs and then 
aligned to the human reference genome version hg38 using BWA-MEM 
v0.7.17 (Li, 2013), independently per sequencing lane and flowcell. 
Resulting BAM files were merged and read duplicates were marked 
using PicardTools v2.21.8 MarkDuplicates. Deduplicated BAM files were 
sorted and indexed using PicardTools v2.21.8 SortSam. Base quality 
score recalibration was modeled and run using GATK v4.1.3 

Table 1 
Clinical information for all herein reported individuals carrying the MYBPC3 NM_000256.3:c.3330+2T > G variant.   

Fam 1 Fam 2 Fam. 3 Fam. 7 Fam. 8 Fam. 4 Fam. 5 Fam. 6  
III.2 III.3 IV.1 IV.2 III.2 III.1 III.2 III.1 III.3 III.1 

Age 49 65 18 15 50 25 74 65 55 76 
Sex M M F M F M M M M M 
Age at 

diagnosis 
41 63 1.5 6 – – 65 45 50 42 

First 
symptoms 

Dyspnea on 
exertion 

Dyspnea upon 
awakening 

Dyspnea on 
exertion 

VSD None Rarely palpitations 
and thoracic pain 

Palpitations and 
thoracic pain 

Syncope Dizziness on 
exertion 

Dyspnea on 
exertion 

Diagnosis NO-HCM NO-HCM NO-HCM NO- 
HCM 

Normal NO-HCM NO-HCM NO- 
HCM 

NO-HCM NO-HCM 

LV WT (mm) 16 18 28 14 <10 14 21 (septal) 18 19 27 
LV EF 34 58 Lower 

bound 
60 Normal 75 62 75 66 65 

LVOT > 30 
mmHg 

No No No No No No No No No No 

Syncope Yes No No No No No No Yes No No 
Arrhythmia Yes Yes No No No No Yes No No Yes 
Heart 

transplant 
Yes – Yes – – – – – – – 

Genetic test HCM panel HCM panel HCM panel Sanger Sanger HCM panel HCM panel WGS WGS WGS 

LV WT: left ventricular wall thickness; LV EF: left ventricular ejection fraction; LVOT: left ventricular outflow tract gradient; NO-HCM: non-obstructive hypertrophic 
cardiomyopathy; VSD: ventricular septal defect; WGS: whole genome sequencing. 
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BaseRecalibrator and GATK v4.1.3 ApplyBQSR. Variant calling was 
performed individually using GATK v4.1.3 HaplotypeCaller, producing 
one gVCF file per sample. 

Genotyping was performed jointly for the full cohort of >100 sam-
ples recruited for this research study using GATK v4.1.3 GenotypeGVCFs 
(Poplin et al., 2018), producing a unique multi-sample gVCF. Indels and 
single-nucleotide variants (SNVs) were recalibrated using GATK v4.1.3 
VariantRecalibrator and ApplyVQSR. Genotypes were refined with 
GATK CalculateGenotypePosteriors, using 1 KG VCF files as a gold 
standard. Low quality variants (read depth <10 and genotype quality 
<20) were flagged. FASTQ, BAM and VCF files metrics were gathered 
using PicardTools v2.21.8 CollectQualityYieldMetrics, CollectMultiple-
Metrics and CollectWgsMetrics, GATK v4.1.3 CollectVariantCalling-
Metrics, and FastQC (Andrew, 2010). Coverage metrics were obtained 
using BEDTools v 2.29.2 and Mosdepth (Quinlan, 2014; Pedersen and 
Quinlan, 2018). Sample relatedness, sex-check and ancestry inference 
were performed using Peddy (Pedersen and Quinlan, 2017). 

The final list of variants was annotated with ANNOVAR and vcfanno 
(Wang et al., 2010; Pedersen et al., 2016) using external databases. 
Variants were then ranked and prioritized based on population and 
cohort allelic frequencies, predicted gene impact, and association to 
disease. Only variants in genes previously associated with a cardiac 
phenotype (approximately 600 genes) were screened to minimize the 
risk of incidental findings. 

2.4. Haplotype reconstruction 

We first used whatsHap to construct haplotype blocks of nearby 
heterozygous variants using sequencing reads from the bam/cram files 
aligned on hg19 for WES data (patients 1, 2, 3a, 7, 8), or on hg38 for 
WGS data (patient 4, 5, 6) (Patterson et al., 2015). Pre-phased genotypes 
in VCF files were then passed to shapeit4.0 and compared to 
population-based phasing calls in order to reconstruct reliable haplotype 
estimates for chromosome 11 (Delaneau et al., 2019). Genetic recom-
bination maps for hg19 and hg38 were obtained from shapeit4. We used 
phasing data from the 1000 Genomes Project phase 3 as a reference 
(3′202 samples total). Final phased data from patients 1, 2, 3a, 7, 8 was 
then lifted-over to hg38 to be collated to phased data from patients 4–6. 
WES data from the first three patients were much scarcer and the vast 
majority of SNP genotypes were missing (see Table 2). Final, recon-
structed haplotypes containing the MYBPC3 variant were then extracted 
and compared between patients in order to extract the shared region of 
identity-by-descent (IBD). 

2.5. Estimation of mutation age by IBD 

We assumed that the shared IBD haplotype is derived from a common 
ancestor across the six patients. To estimate the age of that common 
ancestor, we used the size of this shared haplotype as a proxy for the 
number of meiotic recombination steps that occurred since this ancestor. 
We used the following formula (Budde et al., 2008):  

Lhap = 200 / K = 200 / (A × c)                                                               

where LHap is the length of the shared IBD region in centimorgans, K is 
the number of meioses in the descent tree until coalescence, A = age in 
generations, c = number of copies of the shared haplotype. Solving for A 
gives an estimate of the age of the common ancestor. We used genetic 
recombination maps for hg38 to extract the haplotype length into 
centimorgans. 

With the scarcer data yet from eight patients, the smallest IBD region 
is of 4.9 Mb (first to last common genotypes across all eight patients), 
and the largest IBD region is of 11.3 Mb (first to last discording geno-
types between patients). As there are increased IBD sharing signals on 
both sides of the centromere, this yields to minor differences in terms of 
centimorgans and therefore in age estimation:  

• AAllPatients_LowerBound = 200/(3.63 cM × 8) = 6.9 generations  
• AAllPatients_UpperBound = 200/(3.86 cM × 8) = 6.5 generation. 

With exhaustive genotyping data but from only three patients:  

• AThreePatients = 200/(3.8 × 3) = 17.5. 

Assuming 25 years per generation, this traces the last common 
ancestor back to ~160–170 years ago, therefore in the 19th century. 

3. Results 

3.1. Same MYBPC3 splice variant identified in eight unrelated Swiss 
individuals with HCM 

Analysis of WGS data from 100 cases with either primary cardio-
myopathies (HCM: n = 30, dilated cardiomyopathy – DCM: n = 11, 
arrhythmogenic right ventricular dysplasia - ARVD: n = 11), arrhyth-
mias (LQTS: n = 13, Brugada syndrome: n = 8), or early-onset SCD (n =
27) identified the same heterozygous variation in MYBPC3 
(NM_000256.3:c.3330+2T > G) in three unrelated male patients (cf. 
Fig. 1). A parallel screening of our patient database from the car-
diogenetic clinic identified five additional, unrelated heterozygous 
carriers, all presenting with an HCM phenotype (cf. Table 1). The 
affected sibling of the index case from Family 3 as well as the clinically 
unaffected mother were later confirmed to also carry the MYBPC3 
variant. Interestingly, mutation carriers from all eight families express a 
variable disease course, with members of Family 1 and 3 presenting with 
a more severe phenotype than typically reported for MYBPC3 variants. 
Indeed, among them, two members underwent heart transplantation at 
46 and 18 years old respectively. The MYBPC3 variant was clinically 
reported as pathogenic to all patients and families. 

This splice site variant was originally reported in homozygous state 
in newborns with severe, lethal HCM disease among the Amish popu-
lation (Xin et al., 2007; Zahka et al., 2008). Some probands’ relatives 
presented some HCM-related symptoms such as chest pain, fatigue and 
palpitation, or even SCD suggesting that heterozygous carriers could be 
at risk of cardiac disease (Xin et al., 2007). A subsequent study specif-
ically investigating heterozygous carriers of this mutation within the 
Amish population of Ohio showed that they indeed also harbored HCM 
features (De et al., 2011). Transcript studies demonstrated that this 
variant results in the introduction of a premature stop codon via skip-
ping of exon 30, thus leading to a frameshift variant (NP_000247.2:p. 
Asp1064Glyfs*38), confirming its classification as a Pathogenic variant 
for dominant HCM according to ACMG guidelines (applied criteria: 
PVS1, PP1, PM2). 

3.2. Most frequent MYBPC3, HCM-associated variant in western 
Switzerland 

Approximately 170 individuals with HCM have visited the Car-
diogenetics clinic at our hospital. Among those who underwent genetic 
testing, only a few pathogenic variants were observed more than once in 
our cohort (e.g. MYH7: NM_000257.4:c.2652_2654del (p.Lys884del) 
and MYBPC3: NM_000256.3:c.2905C > T (p.Gln969Ter) observed four 
and three times respectively in presumably unrelated families). The 
MYBPC3, NM_000256.3:c.3330+2T > G splice variant is thus remark-
able because it was observed in five apparently unrelated families from 
our clinic, as well as in three unrelated individuals from our parallel 
research study. This is the most common disease-causing variant in our 
HCM patient population (MYBPC3 splice variant allelic frequency in our 
inpatient clinic cohort: 5/340 = 1.47E-02, expected carrier frequency: 
2.92E-02), leading to an extrapolated carrier frequency of about 1.46E- 
04 and corresponding allelic frequency of 7.3E-05 within the Swiss 
population when considering an HCM prevalence of 1 in 200 (Semsarian 
et al., 2015). This is likely an underestimate given the incomplete 
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Table 2 
Haplotypes associated with the MYBPC3 NM_000256.3:c.3330+2T > G variant across patients. 
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penetrance of the mutation, and given that not all HCM patients have 
undergone genetic testing; however, it matches closely the allelic fre-
quency reported in Europeans from gnomAD (MAF: 7E-05 in 
non-Finnish Europeans). The variant allelic frequency is below the MAF 
threshold for ACMG BA1 criteria for MYBPC3 variants using conserva-
tive disease attributes, which was estimated at 1.7E-4 (HCM prevalence 
of 1:200, variant penetrance of 60%, MYBPC3 gene contribution in HCM 
of 40%, maximum allelic heterogeneity contribution of 10%, computed 

using https://www.cardiodb.org/allelefrequencyapp/). 

3.3. Hypothesis of a founder mutation of Swiss origin 

The majority of the homozygous carriers of the NM_000256.3: 
c.3330+2T > G mutation originate from the Geauga settlement of Ohio 
(McKusick et al., 1964; Greksa, 2002). Yet, multiple cases from other 
Amish families across the US were reported as presumable carriers, 

Fig. 1. Pedigrees of all eight families.  
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suggesting the mutation came from a common ancestor. The 
NM_000256.3:c.3330+2T > G mutation was also found in one family 
from the Mennonite community (Xin et al., 2007). Both high prevalence 
and large geographic distribution are suggestive of more distant com-
mon ancestors. Interestingly, Old Order Amish and Old Order Mennonite 
populations share a similar geographic origin, as both emigrated from 
Switzerland to the US. Indeed, from 1683 to 1880, the ancestors of the 
present-day Old Order Mennonites and Old Order Amish emigrated in 
eastern Pennsylvania from Switzerland and South Germany (Puffen-
berger, 2003). The first Mennonite settlement in Pennsylvania dates 
back to the 1680s, while the first Amish settlement dates back to 1714 
(Guss, 2007). Before their migration, they were mostly located in Bern 
Canton (Switzerland), Palatinate (southwestern Germany) and Alsace 
(eastern France). 

Notably, all the mutation-carrying individuals and families from this 
study had at least one branch in their pedigrees originating from Central 
or Western Switzerland (cf. Fig. 2). From public databases, this variant is 
listed in ClinVar (VCV000008621.10), reported from diagnostic labo-
ratories from the United States but also Germany and Switzerland. In 
gnomAD, the variant was exclusively observed within the non-Finnish 
European population. Haplotype reconstruction of this variant in our 

patients identified an IBD region of 3.6–3.9 centimorgans across patients 
(cf. Table 2), dating the last common ancestor to less than 200 years ago. 

Altogether, these data suggest that the NM_000256.3:c.3330+2T >G 
variant is of Swiss/South-German origin, and spread through a common 
ancestor that we can date back to the 19th century. 

4. Discussion 

In this study, we report the same variant, NM_000256.3:c.3330+2T 
> G, in MYBPC3 identified either by exome or whole-genome 
sequencing, in eight unrelated probands with HCM. Clinical examina-
tion revealed typical non-obstructive HCM phenotypes. Interestingly, 
two affected siblings including the patient with the earliest-onset and 
more severe phenotype inherited the variant from their mother, who is 
asymptomatic and has a normal cardiac ultrasound at age 50 years, 
suggesting a reduced penetrance. 

This variant, with an estimated allelic frequency of 7.3E-05 in the 
Swiss population, appears to be the most common variant associated 
with dominant HCM in Switzerland. Its initial report in the Amish and 
Mennonite populations along with its predominance in Europeans from 
both diagnostic (ClinVar) and population databases (gnomADv3) all 

Fig. 2. Distribution of the MYBPC3 NM_000256.3:c.3330+2T > G carriers in Switzerland and migration of the variant in Europe.  

C. Redin et al.                                                                                                                                                                                                                                   

https://www.ncbi.nlm.nih.gov/clinvar/variation/8621/


European Journal of Medical Genetics 65 (2022) 104627

7

suggest that it is a founder variant whose common ancestor originated in 
Switzerland/Southern-Germany back in the 1800s. Given the putatively 
reduced penetrance of this variant, its frequency in the general popu-
lation may be underestimated, meaning that many carriers are left un-
diagnosed. Some associated recessive cases may arise. Neighboring 
regions that hosted the first Amish settlements (Alsace, South Germany) 
should be on the lookout for that variant. 

Interestingly, numerous other founder mutations in MYBPC3 have 
been reported in various geographical regions across the globe: USA, 
Iceland, Poland, Spain, France, Finland, Japan (Kubo et al., 2005; 
Jaaskelainen et al., 2004; van Velzen et al., 2017; Sabater-Molina et al., 
2017; Calore et al., 2015; Alders et al., 2003; Adalsteinsdottir et al., 
2014, 2020). The MYBPC3 gene itself does not seem to be a mutational 
hotspot (there are not many recurrent variants) but once mutations arise 
in a given population, they appear to be fixed in spite of their pathogenic 
potential. Such a significant prevalence of founder mutations in different 
populations raises interesting hypotheses (Semsarian et al., 2015): the 
phenotypic penetrance of these variants must be reduced and/or 
age-dependent, indicating that many carriers are probably not diag-
nosed (Alfares et al., 2015); the independent occurrence of MYBPC3 LoF 
variants in various geographic regions and their persistence across 
generations indicate that overall genetic fitness is at most mildly 
reduced. If this is true, severe phenotypes as observed in two of our 
patients must be rare, perhaps being the tip of the iceberg of a much 
larger number of individuals who remain asymptomatic (Ingles et al., 
2019). Finally, reproductive fitness could even be slightly increased in 
some young adults to compensate for the reduction of fitness in the more 
severely affected individuals. Does a MYBPC3 HCM variant confer a 
transient period of cardiac « overperformance » before becoming clini-
cally relevant? This hypothesis is purely speculative but deserves to be 
kept in mind. 
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(greyed areas) emigrated to Palatinates, Strasbourg region but also the 
United States (Pennsylvania and Ohio in particular, where >40 muta-
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