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Abstract Left ventricular hypertrophy is a risk factor
for cardiovascular morbidity and mortality. Hypertrophic
cardiomyopathy (HCM) is considered a model disease to
study causal molecular factors underlying isolated cardiac
hypertrophy. However, HCM manifests with various clini-
cal symptoms, even in families bearing the same genetic
defects, suggesting that additional factors contribute to
hypertrophy. The gene encoding the cardiac myosin bind-
ing protein C (¢cMYBPC) is one of the most frequently
implicated genes in HCM. Recently another myosin bind-
ing protein, myosin binding protein H (MYBPH) was
shown to function in concert with cMYBPC in regulat-
ing cardiomyocyte contraction. Given the similarity in
sequence, structure and the critical role MYBPH plays in
sarcomere contraction, we proposed that MYBPH may be
involved in HCM pathogenesis. Family-based genetic asso-
ciation analysis was employed to investigate the contribu-
tion of MYBPH in modifying hypertrophy. Seven single
nucleotide polymorphisms and haplotypes in MYBPH were
investigated for hypertrophy modifying effects in 388 indi-
viduals (27 families), in which three unique South African

> J. M. Mouton
jomien@sun.ac.za

Division of Molecular Biology and Human Genetics,
Faculty of Medicine and Health Sciences, DST/NRF Centre
of Excellence for Biomedical Tuberculosis Research, SA
MRC Centre for Tuberculosis Research, Stellenbosch
University, P.O. Box 19063, Tygerberg 7505, South Africa

Department of Medicine, Faculty of Medicine and Health
Sciences, Stellenbosch University, Tygerberg, South Africa

Department of Statistics, Faculty of Natural Sciences,
University of the Western Cape, Cape Town, South Africa

Department of Cardiology, IRCCS San Matteo Hospital,
Pavia, Italy

HCM-causing founder mutations (p.R403W and pA797T
in B-myosin heavy chain gene (MYH7) and p.R92W in the
cardiac troponin T gene (TNNT2)) segregate. We observed
a significant association between rs2250509 and hypertro-
phy traits in the p.A797T,,yy, mutation group. Addition-
ally, haplotype GGTACTT significantly affected hyper-
trophy within the same mutation group. MYBPH was for
the first time assessed as a candidate hypertrophy modi-
fying gene. We identified a novel association between
MYBPH and hypertrophy traits in HCM patients carrying
the p.A797T,,y,, mutation, suggesting that variation in
MYBPH can modulate the severity of hypertrophy in HCM.

Introduction

Left ventricular hypertrophy (LVH) is a major risk factor
for cardiovascular morbidity and mortality (Lorell and Car-
abello 2000; Frey and Olson 2003), and understanding the
mechanisms influencing its development and identifying
high-risk markers for the development of extensive hyper-
trophy is of importance, as it may lead to improved man-
agement and timeous therapeutic intervention in suscepti-
ble individuals. Hypertrophic cardiomyopathy, an inherited
disease with cardiac hypertrophy as its cardinal, but vari-
able feature, is often considered a model disease for study-
ing the mechanisms underlying hypertrophy.

HCM presents with various phenotypes and clini-
cal symptoms, even in families bearing the same genetic
defects (Thierfelder et al. 1994). Currently, more than
1300 mutations in at least 13 genes encoding sarcomere or
sarcomere-related proteins have been implicated in HCM
(Marian and Roberts 2001; Ho 2010; Seidman and Sei-
dman 2011; Maron et al. 2014; Ho et al. 2015). Thorough
screening of known HCM-causing genes typically identifies
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causal mutations in only 50-60 % of cases, implying that
as-yet unknown genes contribute to the patho-aetiology of
the condition (Girolami et al. 2006). Moreover, there is a
great deal of phenotypic variability in individuals harbour-
ing the same causal mutation, suggesting that the pheno-
type is modified by other genetic factors (Marian 2002).
These modifier genes are known to affect the severity of
the phenotype, including cardiac hypertrophy (Marian et al.
1993; Lechin et al. 1995; van der Merwe et al. 2008; Su
et al. 2014).

The gene encoding cardiac myosin binding protein
C (cMYBPC) is one of the most frequently implicated
genes in HCM. However, the role of another member of
the myosin binding protein family, myosin binding pro-
tein H (MYBPH) is poorly understood. It has recently been
shown that MYBPH functions in concert with cMYBPC
in regulating cardiomyocyte contraction in response to
B-adrenergic stress (Mouton et al. 2014). Individual knock-
down of either MYBPH or cMYBPC had little effect on
cardiomyocyte contraction, while concurrent knockdown
significantly reduced the ability of the cells to contract.
MYBPH and cMYBPC were shown to functionally com-
pensate for one another and play critical roles in cardiomy-
ocyte contraction.

Therefore, given the similarity between cMYBPC and
MYBPH in sequence homology and structure and the
important role that MYBPH plays in cardiomyocyte con-
traction, we proposed that MYBPH, like cMYBPC, may
be involved in HCM pathogenesis. Although, to date, no
disease-causing mutation has been found in MYBPH,
we hypothesized that variants in MYBPH may still play a
role in modifying the hypertrophic phenotype. Here, we
tested this theory using a family-based genetic association
analysis approach in South African HCM families bearing
founder HCM-causing mutations.

Materials and methods

Compliance with ethical standards

The Ethical Review Committee of the Faculty of Health
Science at Stellenbosch University, South Africa, (N04/
C3/062) granted institutional approval for this study.

Informed consent

Informed consent was obtained from all individual partici-
pants included in the study.
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Study participants

A panel of 115 South African HCM unrelated probands,
who were consecutively recruited from Tygerberg Hos-
pital in the Western Cape, South Africa, or were referred
to us from elsewhere, were previously screened for muta-
tions in 11 sarcomeric genes. This led to the identification
of 27 probands, each harbouring one of three South African
HCM founder mutations, namely p.R403W and p.A797T
in the B-myosin heavy chain gene (MYH7) and p.R92W in
the cardiac troponin T gene (TNNT2) (Moolman-Smook
et al. 1999). Family members of these 27 probands were
subsequently recruited into the study. The final cohort com-
prised of 388 genetically and clinically affected and unaf-
fected individuals older than 18 years, of self-reported
Caucasian or Mixed Ancestry descent, in which at least one
of the three South African HCM founder mutations were
found.

Clinical evaluation

All participating individuals were clinically characterized
by an experienced echocardiographer who was blinded to
patient’s mutation carrier status. Inter-observer variability
was excluded since all echocardiography measurements
were taken by the same individual at the same core facil-
ity located at Tygerberg Hospital. Intra-observer variabil-
ity was calculated to be less than 5 % (data not shown).
M-mode, transthoracic two-dimensional (2D) echocardi-
ography and Doppler imaging were performed. Echocar-
diograms were analysed using measurement conventions
as outlined in the American Society of Echocardiography
(ASE) (Schiller et al. 1989) for the assessment of patients
with HCM, as previously described (Revera et al. 2008).

Ventricular wall thickness [maximal left ventricular
wall thickness (mLVWT), maximal posterior wall thick-
ness (MPWT) and maximal intraventricular septum thick-
ness (mIVST)] were assessed by 16 2D-echocardiographic
measurements taken at the mitral valve-, papillary mus-
cle- and supra-apex levels as previously described (Revera
et al. 2008). Additionally, medical history and additional
cofounders for cardiac hypertrophy, such as age, sex, body
surface area (BSA), heart rate (HR), and arterial blood pres-
sure, were recorded for each individual. These basic char-
acteristics of the study cohort are summarized in Table 1.
When participants had blood pressure of more than 140 and
90 mmHg systolic and diastolic pressure, respectively, or
were being treated for hypertension, they were considered
hypertensive.
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Table 1 Basic characteristics of the study cohort

p.ATYTT yyyr p.RO2W 17 p.RAO3W ;117
MC NC MC NC MC NC

N 68 50 48 34 32 24
Age 43.0(26.8 0 56.8) 41.5(29.3t053.0) 36.0 21.0t047.0) 42.0 (25.5t049.0) 36.5(25.0t046.8) 38.0 (31.3t050.8)
BSA (m?) 1.90(1.6t02.0)  1.90(1.7t02.0) 1.7(1.6t01.8) 1.80 (1.60 t0 1.90) 1.80 (1.7t02.0) 195 (1.70 to 2.05)
SBP (mmHg) 120(115t0134)  120(110t0 130)  115(110t0 130) 120 (110to 120) 120 (115t0 130) 120 (114 to 143)
DBP (mmHg)  80.0 (70.0 to 87.0)  80.0 (80.0 to 89.0) 73.0 (70.0 to 80.0)  80.0 (70.0 to 80.0)  80.0 (79.0 to 80.0)  80.0 (78.0 to 90.0)
HR (bpm) 68.0 (60.0t0 75.0)  68.0 (62.0t076.0) 68.0 (61.0t0 76.0) 67.0 (60.0 to 73.0)  65.0 (60.0 to 76.0)  72.0 (65.0 to 84.0)
LVM (g) 191 (135t0237)  135(109t0 159) 146 (104 t0 185) 116 (100 to 144) 170 (134t0205) 154 (115 to 202)
mIVST (mm)  14.5(11.01020.9) 105092t 11.3)  14.0(9.6t0 183) 10.0(8.6t010.9) 13.6(11.6t0 16.0) 11.0(10.2 to 12.6)
mLVWT (mm) 14.0(11.0t020.7) 105095t 11.3) 13499t 18.1) 10.0(9.2t010.9) 13.6(11.6t0 17.8) 11.2(10.2 to 12.4)
mPWT (mm) 102 (9.1t011.8) 9.0(83t0 10.0)  102(8.1to11.5) 8.1(7.5t09.1) 10.1(9.1t011.5) 9.9 (8.8to 10.4)
PCI1 21(=0.1t049) —13(=251000) 09(=2.6t027) —2.6(—43t01.0) 1.4(=03t02.4)

0.1 (=2.0to 1.4)

Individuals are grouped according to the relevant HCM founder mutation and mutation status as either mutation carrier (MC) or non-carrier
(NC)

A alanine, bpm beats per minute, BSA body surface area, DBP diastolic blood pressure, g gram, HCM hypertrophic cardiomyopathy, Hg mer-
cury, HR heart rate, LVM left ventricular mass, m? per square metre, MC HCM mutation carrier, m/VST maximum interventricular septal thick-
ness, mLVWT maximum left ventricular wall thickness, mPWT maximum posterior wall thickness, mm millimetre, MYH7 cardiac B-myosin
heavy chain, NC non-carrier, n number of clinically evaluated participants, PC/ first principal component, R arginine, SBP systolic blood pres-
sure, T threonine, TNNT2 troponin T gene 2, cardiac, W tryptophan

Table 2 The SNPs chosen for investigation in this study and their cohort-specific descriptives

Chromosome SNP ID Chromosome Nucleotide change HWE p MAF®
location position® (forward position) value
Study cohort CEU YRI

1432.1 rs2642531 203174597 G/C 1.000 0.220 (C) 0.208 (C) 0.417 (G)
154950926 203167538 AIG 0.305 0.200 (A) 0.343 (A) 0.000 (A)
1s7545750 203169648 A/T 0.187 0.080 (A) 0.044 (A) 0.127 (A)
rs2250509 203169842 A/IG 0.581 0.180 (A) 0.100 (A) 0.217 (A)
rs2791718 203172296 A/C 1.000 0.130 (A) 0.158 (A) 0.458 (A)
rs3737872 203174267 C/T 0.231 0.260 (C) 0.415 (OC) 0.017 (C)
1s762625 203176173 C/T 1.000 0.250 (T) 0.142 (T) 0.358 (T)

Hardy—Weinberg equilibrium test p values and MAF for the SNPs investigated in the study cohort, the CEU and YRI populations

A adenine, C cytosine, CEU Central European, G guanine, HWE Hardy—Weinberg equilibrium, MAF minor allele frequency, p short chromo-
somal arm, ¢ long chromosomal arm, SNP single nucleotide polymorphism, 7 thymine, YRI Yoruba

# Chromosomal position in reference assembly GRCh38

® Minor allele in specific population indicated in brackets

SNP selection SNP genotyping and allelic discrimination
Single nucleotide polymorphisms (SNPs) spanning
MYBPH were selected using the SNPbrowser™ v4.1
software (De La Vega et al. 2006). SNPs were selected to

DNA was extracted from peripheral blood lymphocytes
using an previously described method (Corfield et al. 1993)
and used for genotyping of the selected SNPs. Genotyp-

achieve an even coverage of 0.5 LD Units (LDUs) in the
HapMap CEU and YRI populations. Markers were further
prioritized with a minor allele frequency (MAF) of >0.05
(De La Vega 2007). Details of the SNPs selected for geno-
typing are presented in Table 2.

ing was performed using PCR-based KASP™ genotyping
(KBiosiences; LGC Genomics Ltd., Hertz, UK). The soft-
ware programme SNPviewer2 v3.2.2.16, supplied by LGC
KBiosciences was used for allele discrimination and view-
ing of allelic discrimination plots.
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Statistical analysis

Mendelian inheritance within families was checked with
Pedstats v6.11 (Wigginton and Abecasis 2005) and genotyp-
ing inconsistencies were resolved by regenotyping. Haplov-
iew v4.2 (Barrett et al. 2005) was used to assess the geno-
typing efficiency of SNPs for all the individuals for whom
DNA was available, as well as Hardy—Weinberg equilibrium
(HWE), LD, and allele frequencies in selected groups of
40 maximally informative unrelated individuals. Since our
cohort consisted of complex families with multiple gen-
erations, the same unrelated individuals were not always
selected, and for those sets, we report medians from 100 con-
secutive runs. The most probable fully typed maternal and
paternal haplotype pairs for each individual were inferred.

As it is challenging to find a single echocardiographic
measure that can accurately quantify the extent of hypertro-
phy in all HCM patients, since the hypertrophy phenotype
observed in HCM patients is extremely variable in terms
of extent as well as location, and as echocardiographically
defined LVM is not an accurate measure of hypertrophy
given its geometric assumptions, we chose to use mLVWT
and PCI1 (first principal component). PC1 is a principal
component score outcome variable, viz., the weighted aver-
age of 16 transformed wall thickness measurements. PC1
takes into account the variability in distribution, and extent
of hypertrophy between patients in the cohort, in all 16
measurements combined, and accounts for approximately
75 % of overall hypertrophy variability. The percentage
contribution of genetic components to the variability of
each measured trait was very highly significant (p < 0.001),
after adjusting for confounders (data not shown).

Genetic association between each variant and haplotype,
and both of these hypertrophy traits were analysed with a
specialized mixed-effects linear model. SNP associations
were assessed on 256 individuals as clinical information
were not available for all 388 individuals. SNPs or haplo-
types were assessed as fixed effects in the models. SNPs
were coded 0, 1, or 2, according to the number of minor
alleles (the so-called additive allelic or allelic dose-response
model). Haplotypes were coded in a similar way to the
SNPs, i.e. the number of copies (0, 1 or 2) of each specific
haplotype carried by the individual. This model enabled us
to correct for the degree of relatedness and corresponding
higher correlation in inherited traits between pairs of indi-
viduals, using kinship coefficients for random effects. A per
family (shared environment) random effect corrects for trait
correlation resulting from a possible shared environment.

Due to the heterogeneity of the HCM phenotype, the
distribution of trait values is not normally distributed. Any
deviation from the normal distribution of trait values affect
the outcome of the analysis, since statistical models for
association analysis of quantitative traits assume normal
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distribution of trait values (Lange et al. 2002; Diao and Lin
2006). Trait values were, therefore, transformed to approxi-
mate normality (Pilia et al. 2006) prior to statistical analysis,
to ensure the validity of assumptions underlying the models.
All analyses were adjusted for covariates that are known
to modulate cardiac hypertrophy, by including them in the
model as fixed effects. Mutation carriers are not associated
with a distinct HCM phenotype; however, mutation carrier
status and the identity of the HCM-causing founder muta-
tions, viz., p.R92W in TNNT2, p.R403W and p.A797T in
MYH7 were adjusted for. Furthermore, our pedigree-based
mixed-effects linear models simultaneously adjusted for
hypertension (including treatment for hypertension), mean
arterial blood pressure, sex, age, ethnicity, BSA, and HR
(as a proxy measure for tachycardia). We adjusted for age,
since disease severity and progression of disease may occur
independent of the timing of assessment. Association within
mutation groups was assessed by including the interaction
between mutation group and genetic factor in the models as
fixed effects. These models provide all p values reported.
Effect sizes were estimated by modelling raw, untrans-
formed, (non-quantile normalized) trait values, to estimate
the effect sizes in clinically meaningful units of measure-
ment. Fixed effects included self-reported ethnicity to con-
trol for population stratification and random effects included
individual-specific random effects (kinship coefficients
measure relatedness) and family random effects, allow-
ing for testing associations within and between families,
all of which would also help to adjust for population struc-
ture (Price et al. 2010). Specifically, 82 individuals were
included in the analyses purely to establish the degree of
relatedness between all individuals; 256 related individuals
were used for association testing, and 40 maximally inform-
ative unrelated individuals were selected for estimation of
minor allele frequencies, and HWE and LD analyses.
Simwallk v2.91 (Sobel and Lange 1996) was used to infer
the most probable fully typed maternal and paternal haplo-
type pairs for each individual. Genetic association between
the SNPs and haplotypes and the hypertrophic phenotypes
were assessed with specialized pedigree mixed-effects lin-
ear models using functions from R packages coxme v2.2-3
(http://CRAN.R-project.org/package=coxme) and kinship2
v1.5.0 (http://CRAN.R-project.org/package=kinship2).

Results

All 388 study participants included in our study were tested
for each of the three South African HCM-causing founder
mutations. No individual was found to be compound hete-
rozygous for any of the HCM founder mutations. A total of
256 of the study participants were clinically assessed and the
basic characteristics of the cohort are summarized in Table 1.
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Table 3 p values for the SNP ID Minor PA797T p.RAOIW p.RO2W

additive allelic effect of the allele

particular variants in MYBPH n=118 n=282 n=>56

within the mutation groups

mLVWT PC1 mLVWT PCl1 mLVWT PC1

rs2642531 C 0.515 0.846 0.958 0.680 0.802 0.808
rs4950926 A 0.472 0.659 0.242 0.186 0.746 0.381
rs7545750 A 0.240 0.074 0.747 0.659 0.597 0.388
rs2250509 A 0.017 0.016 0.666 0.788 0.066 0.094
rs2791718 A 0.769 0.221 0.614 0.787 0.31 0.382
rs3737872 C 0.934 0.502 0.303 0.275 0.631 0.805
1s762625 T 0.110 0.153 0.818 0.785 0417 0.454

Significant p values are indicated in bold font and the corresponding effect sizes are given and discussed in

the text

A alanine, mLVWT maximum left ventricular wall thickness, MYBPH myosin binding protein H, PCI first
principal component, R arginine, SNP single nucleotide polymorphism, 7 threonine, W tryptophan

Participants are grouped according to their HCM-causing
founder mutation carrier status, i.e. mutation carrier (MC)
and non-carrier (NC). Individuals grouped in MC or NC
are individuals from different or the same families. All par-
ticipants diagnosed with HCM were in the MC group which
excluded the possibility that HCM in some participants could
have been due to secondary causes such as hypertension.

Frequency distributions of the genotyped SNPs did not
deviate from HWE (p > 0.01). Minor allele frequencies
together with MAFs for the CEU and YRI populations
are shown in Table 2. All pairs of SNPs were in complete
LD (D' = 1), although not perfect LD (r = 1), except for
two pairs; rs3737872 with rs2642531 (D' = 0.23) and
rs3737872 with rs4950926 (D' = 0.92).

No statistically significant evidence for association was
observed between the investigated SNPs and the respective
hypertrophy traits in the total cohort, after adjusting for the
confounders described earlier (results not shown). How-
ever, there was significant evidence for association between
rs2250509 and hypertrophy traits in the p.A797T,y,, HCM
founder mutation group. More specifically the A allele of
rs2250509 was associated with an increase of 2.70 mm
in mLVWT (p = 0.017) and 1.25 mm in PC1 (p = 0.016)
within the p.A797T,,y, mutation group (Table 3).

Table 4 shows the p values for the association between
MYBPH haplotypes and hypertrophy traits within HCM
founder mutation groups and the haplotype frequencies in the
total cohort. Haplotype GGTACTT was estimated to increase
mLVWT with 2.51 mm (p = 0.036) and PC1 with 1.15 mm
(p = 0.041) within the p.A797T),yy, mutation group.

Discussion

In this study, the MYBPH SNP rs2250509 showed signifi-
cant association with hypertrophy traits in the p.A797T,;yy,

mutation group. The A allele of rs2250509 was associ-
ated with increases in the investigated hypertrophy traits
(2.70 mm in mLVWT and 1.25 mm in the PC1 score).
Moreover, haplotype GGTACTT, which includes this A
allele, was observed in the p.A797T,;yy, mutation group
at a frequency of 16 %, and was significantly associated
with hypertrophy: each GGTACTT haplotype resulted in an
increase of 2.51 mm in mLVWT and 1.15 mm in PC1. The
absence of evidence for association in the other founder
mutation groups may be ascribed to the sample size (the
p.A797T,,yy, mutation group was the largest HCM founder
mutation group), or an effect that is more directly related to
the function of the causal protein and mutation involved in
this group.

SNP rs2250509 is positioned intronically, and hence, to
investigate whether variants at this position have any func-
tional effect, we performed in silico analyses using the
software programmes NetGene2 (http://www.cbs.dtu.dk/
services/NetGene2/) and ASSP (http://wangcomputing.
com/assp/index.html). However, this SNP did not seem to
affect any splice site motifs (Brunak et al. 1991; Hebsgaard
et al. 1996). Thus, the significant effects of this variant may
be ascribed to that of an unknown functional variant in LD
with rs2250509. This is not an unreasonable proposition, as,
when we performed an in silico analysis of the other SNPs
investigated here, using SNPinspector, within the Genomatix
software suite v2.5 (http://www.genomatix.de/), we found
that the C allele of rs762625 abolished a transcription fac-
tor binding site for the transcription factor HAND2, which
is known to be involved in the expression of some cardiac
genes. Based on a random selection of 40 unrelated individu-
als, and not the 256 individuals included in the association
analysis, rs2250509 was in complete LD with rs762625, as
indicated by D’ = 1; however, the LD estimates were such
that they are possibly not in complete LD and are certainly
not in perfect LD (r = 1) in the underlying population,
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-8 28F8R = which may account for the lack of evidence of association of
2122228223 18762625 with the hypertrophy indices investigated.

This study had some limitations. The number of individu-
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available family members of the 27 HCM founder families,

= % % E ;"\:, S § 5 which is the largest HCM cohort with known genotypes used
SEEEREEEE in a modifier study reported to date. To address confounding

due to family structure, cryptic relatedness and population

? N E stratification, we applied a specialized mixed-effects model

E oﬁ 2 5 § g E % E 5 that was able to incorporate random effects with coefficients

= El|es<see=s<=s describing relatedness between individuals (Price et al. 2010).
We did not use multiple testing corrections in this study.
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3 § % £ types such as the one used in the present study. It is thus
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§ Z % sively stringent corrections for multiple testing. We used

E’ § % é principal component analysis to overcome the difficulty of
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E “ FOEEROEE § E phy in HCM, and the hypertrophy traits used included some

3 2 g of the same wall thickness measurements. Mor.eover, since
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2 ; ; (Campbell and Rudan 2002; Thomas and Clayton 2004).

§ =] ﬁ B In conclusion, in this study, MYBPH was for'the first

2 5 2 £ time assessed as a candidate hypertrophy modifying gene
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g Q ' % HCM patients carrying the p. MYH? -
; % g 2 type lelz/el, suggesting that variatiop in this gene can modu-
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