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More than 350 individual MYPBC3 mutations have been identified in patients with inherited hypertrophic cardio-
myopathy (HCM), thus representing 40-50% of all HCM mutations, making it the most frequently mutated gene
in HCM. HCM is considered a disease of the sarcomere and is characterized by left ventricular hypertrophy,
myocyte disarray and diastolic dysfunction. MYBPC3 encodes for the thick filament associated protein cardiac
myosin-binding protein C (cMyBP-C), a signaling node in cardiac myocytes that contributes to the maintenance
of sarcomeric structure and regulation of contraction and relaxation.

This review aims to provide a succinct overview of how mutations in MYBPC3 are considered to affect the phys-
iological function of cMyBP-C, thus causing the deleterious consequences observed in HCM patients. Importantly,
recent advances to causally treat HCM by repairing MYBPC3 mutations by gene therapy are discussed here, pro-
viding a promising alternative to heart transplantation for patients with a fatal form of neonatal cardiomyopathy
due to bi-allelic truncating MYBPC3 mutations.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

One of the first major steps in understanding the structure and
function of MYBPC3 (OMIM #600958), encoding cardiac myosin-
binding protein C (cMyBP-C) has been the cloning of the human
cDNA and localization of the gene on human chromosomal 11p11.2 by
the group of Labeit (Gautel et al., 1995) (hg 19/GCRh37 reference
chr11:47,353,396-47,374,253, and ENST00000545968, NM_000256.3).
MYBPC3 became therefore the “best” candidate gene for the CMH4
locus for hypertrophic cardiomyopathy (HCM) that was previously
mapped by the group of Schwartz (Carrier et al., 1993). Another major
step has been the simultaneous identification of the first two MYBPC3
mutations segregating in HCM families by the respective groups of
Schwartz and Seidman (Bonne et al., 1995; Watkins et al., 1995).
MYBPC3 was thus chronologically the fourth HCM gene, following
MYH?7, encoding 3-myosin heavy chain (Geisterfer-Lowrance et al.,
1990), TNNT2 and TPM1, encoding cardiac troponin T and a-
tropomyosin, respectively (Thierfelder et al., 1994), earmarking
HCM as a disease of the sarcomere. The evidence that MYBPC3 de-
fects result in an inherited cardiomyopathy brought back the interest
in understanding the function of cMyBP-C in the cardiac sarcomere.

The structure and sequence of the human MYBPC3 gene have
been determined in 1997 (Carrier et al.,, 1997). It encompasses
more than 21 kbp and is composed of 34 coding exons (Fig. 1).
MyBP-C is a multi-modular structural protein component of the sar-
comere. It decorates the C-zone of the A band, forming doublet
appearing transverse stripes approximately 43 nm apart of each
other in the cross-bridge bearing region (Fig. 2; Luther et al., 2008),
reviewed by (Schlossarek et al., 2011). Three highly homologous iso-
forms of MyBP-C exist in adult human muscle: the slow-skeletal
(encoded by the MYBPC1 gene which resides on chromosome
12q23.3), the fast skeletal (encoded by the MYBPC2 gene which resides

on chromosome 19q33.3) and the cardiac isoform (cMyBP-C). The
cardiac isoform is exclusively expressed in the heart during human
and mouse development (Fougerousse et al., 1998). cMyBP-C consists
of eight immunoglobulin-like and three fibronectin-like domains
(Fig. 1). In comparison to the slow and fast skeletal isoforms, cMyBP-C
has characteristic structural additions, making it an ideal platform for
signaling. These include an additional immunoglobulin-like domain at
the N-terminus (CO domain), multiple phosphorylation sites in the
MyBP-C motif (M motif) between the immunoglobulin-like domains
C1 and C2 and a 28-amino acid insertion within the C5 domain (for
reviews, see Carrier et al., 1998; Flashman et al., 2004; Barefield and
Sadayappan, 2010; Schlossarek et al., 2011; Pfuhl and Gautel, 2012;
Sadayappan and de Tombe, 2012).

2. MYBPC3 and inherited cardiomyopathies
2.1. MYBPC3 mutations

2.1.1. MYBPC3 and hypertrophic cardiomyopathy

More than 350 individual MYBPC3 mutations have been identified
causing HCM and thus representing 40-50% of all HCM mutations, mak-
ing it the most frequently mutated gene in HCM (for reviews, see
Schlossarek et al., 2011; Behrens-Gawlik et al., 2014). HCM is a myocardi-
al disease characterized by left ventricular hypertrophy, myocardial disar-
ray and diastolic dysfunction (for reviews, see Authors/Task Force,
members, Elliott et al., 2014; Olivotto et al., 2015), with an estimated
prevalence based on hypertrophy of 1:500 in young adults (Maron
et al,, 1995). It is mainly transmitted in an autosomal-dominant fashion
and associates with more than 1000 mutations in at least 10 genes,
encoding components of the sarcomere (for reviews, see Ho et al.,
2015; Olivotto et al,. 2015). Most of the known MYBPC3 mutations
(>60%) are truncating mutations, including nonsense mutations,
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Fig. 1. Schematic representation of MYBPC3 gene, mRNA and protein structure, its interaction partners (interactome) and sites of posttranslational modifications (PTMs). MYBPC3 encom-
passes 21 kbp and is composed of 35 exons, which is transcribed into a 3824-bp transcript. cMyBP-C is a multi-modular protein composed of 8 immunoglobulin-like (C0, C1, C2, C3, C4, C5,
€8, C10) and 3 fibronectin-type IIl (C6, C7, C9) domains. The cardiac isoform differs from the slow-skeletal and the fast skeletal isoforms by cardiac-specific regions (C0, M, 28-amino acid
insertion in C5) that are highlighted in yellow. Between CO and C1 exists a proline-alanine rich domain (Pro-Ala; PA). The linker between C4 and C5 domains is indicated by a black oval.
Anchoring of cMyBP-C to the C-zones of sarcomeric A-bands is mediated by domains C6 to C10. The NH,-terminus of cMyBP-C interacts with F-actin (CO-M) and the myosin-S2 domain
(C1-M-C2). The COOH-terminus of cMyBP-C interacts with members of the four-and-a-half-LIM-domain family (C6-C10), titin (C8-C10) and light meromyosin (LMM; C10). cMyBP-C is
subject to a variety of PTMs that are depicted with different colored diamonds for acetylation (purple), phosphorylation (blue), calpain cleavage (red), S-glutathiolation (yellow),
citrullination (orange), and S-nitrosylation (green). Involved protein kinases are shown below the symbols. Abbreviations used: CaMK, Ca* /calmodulin-dependent protein kinase;
CK2, casein kinase 2; GSK3[3, glycogen-synthase kinase isoform 3(3; M, MyBP-C motif; PKA, cAMP-dependent protein kinase; M, MyBP-C motif; PKD, protein kinase D; PKC, protein kinase
C; RNS, reactive nitrogen species; ROS, reactive oxygen species; RSK, p90 ribosomal S6 kinase. Numbering of amino acids refers to the mouse sequence.
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Fig. 2. Schematic diagram depicting sarcomeric localization of cMyBP-C. cMyBP-C (dark blue) localization is restricted to the C-zones of sarcomeric A-bands in 7-9 transverse stripes at
both sites of the M-line. Thin filament (light blue), thick filament (middle blue), titin (orange).

insertions or deletions, splicing or branch point mutations, leading to
COOH-terminally truncated cMyBP-C, lacking the major myosin- and/or
titin-binding sites (for review, see Behrens-Gawlik et al.,, 2014). The ma-
jority of MYBPC3-associated HCM mutations are heterozygous, and pa-
tients often have a late disease onset with a benign disease progression.

2.1.2. MYBPC3 and other cardiomyopathies

Genetic studies have revealed significant overlap between geno-
types and phenotypes as MYBPC3 mutations can lead to various forms
of cardiomyopathies, such as dilated cardiomyopathy (DCM) and left
ventricular non-compaction (LVNC), the latter being characterized by
prominent trabeculation of the left ventricle and deep intertrabecular
recesses (Hoedemaekers et al., 2010; Probst et al., 2011). Importantly,
in a large European multi-centre, multi-national study enrolling a co-
hort of 639 patients with sporadic or familial DCM, MYBPC3 mutations
represented the second highest number of previously reported
disease-causing mutations (38/294, i.e. 13%; (Haas et al., 2014)). Fur-
thermore, a 25-bp deletion in MYBPC3 intron 32 (original description
A25) leading to a frameshift, initially associated with HCM in 2 families
(Waldmuller et al., 2003) has been also found in 13.8% of patients with
distinct inherited cardiomyopathies (including HCM, DCM and restric-
tive cardiomyopathy). This genetic variant is present in 4% of the popu-
lation in South Asia and is associated with a 7-fold higher risk to develop
heart failure (Dhandapany et al., 2009). Together, these studies reveal
MYBPC3 as one of the major mutated genes in cardiomyopathies and
heart failure. Similar to HCM, both missense and truncating mutations

Table 1
Founder MYBP(3 truncating mutations in HCM patients.

were found in DCM and LVNC (Hoedemaekers et al., 2010; Probst
et al., 2011; Haas et al., 2014).

2.1.3. Founder MYBPC3 mutations in HCM

Founder MYBPC3 mutations have been identified in some countries
and populations, where they represent a large percentage of HCM
cases (Table 1). Interestingly, all of them are truncating mutations,
resulting in shorter cMyBP-C, lacking the phosphorylation M motif
and/or major binding domains to other sarcomeric proteins (Table 1;
Fig. 1). A founder c.927-2A>G transition in intron 11 that arose
>550 years ago is the predominant cause (58%) of HCM in Iceland
(Adalsteinsdottir et al., 2014). The c.912_913delTT (original description
Int12ASA_2G; Niimura et al,, 1998) mutation in exon 11 has been found
in 19.5% of HCM probands in the Veneto region of Italy (Calore et al.,
2015). In The Netherlands, 3 different founder MYBPC3 mutations,
€.2373_2374insG (or 2373dupG), c.2864_2865delCT and ¢.2827C>T
were found in 17%, 2.6% and 1.6% of HCM cases, respectively (for review,
see Christiaans et al., 2010). In Finland, the ¢.3183C>T transition (or
GIn1061X) in exon 29 accounts for 17% of HCM cases (Jaaskelainen
et al., 2004). In Japan, the c.1775delT (or Val592fs/8) in exon 18 was
identified in 16% of HCM probands (Kubo et al. 2005). In Tuscany, the
€.772G>A transition (original description Glu258Lys; Niimura et al.,
1998) in exon 6 was found in 14% of HCM cases (Girolami et al.,
2006). Finally, another report indicates that the c.1898-2A>G transition
(original description IVS20-2; Bonne et al., 1995) in intron 20 appeared
about 10 centuries ago and accounts for 8.4% of HCM patients in Center-
East France (Teirlinck et al., 2012). Therefore, the likelihood to get

Reference F' Country Mutation? Original description Location Protein consequence®

Adalsteinsdottir et al. (2014) 58% Iceland ¢.927-2A>G Int12ASA_2G Intron 11 p.Pro309fsX26, PTC in exon 13, truncation in C2
Calore et al. (2015) 19.5% Italy, Veneto €.912-913delTT delTT, F305fsd Exon 11 p.Ser304fsX26, PTC in exon 12, truncation in M
Christiaans et al. (2010) 17% The Netherlands €.2373_2374insG 2373dupG Exon 24 p.Trp792fsX17, PTC in exon 25, truncation in C6
Jaaskelainen et al. (2004) 17% Finland c3183C>T GIn1061X Exon 29 p.GIn1061X, PTC in exon 29, truncation in C8
Kubo et al. (2005) 16% Japan ¢.1775delT Val592fs/8 Exon 18 p.Val592fsX8, PTC in exon 19, truncation in C4
Girolami et al. (2006) 14% Italy, Tuscany c.772G>A Glu258Lys Exon 6 p.Glu258fsX41, PTC in exon 9, truncation in M
Teirlinck et al. (2012) 8.4% France ¢.1928-2A>G 1VS20-2 Intron 20 p.GIn643fsX2, PTC in exon 22, truncation in C5
Christiaans et al. (2010) 2.6% The Netherlands c.2827C>T 2827C>T Exon 27 p.Arg943X, PTC in exon 27, truncation in C7
Christiaans et al. (2010) 1.6% The Netherlands €.2864_2865delCT 2864_2865delCT Exon 27 p.Pro955fsX95, PTC in exon 29, truncation in C8

Abbreviations used: C2-C8, domains of cardiac myosin-binding protein C; F, frequency of the mutation; M, MyBP-C motif; fs, frameshift; HCM, hypertrophic cardiomyopathy; PTC, pre-

mature termination codon; Xn, PTC after n amino acids.
! Expressed as total number of cases with HCM.
2 ¢DNA nomenclature, considering the A of ATG Met codon as 1.
3 Protein nomenclature, considering ATG Met codon as 1.
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compound heterozygotes or homozygotes with these truncating muta-
tions in these countries is high.

2.1.4. Bi-allelic MYBPC3 mutations and pediatric cardiomyopathy

A body of evidence indicates that patients with more than 1 muta-
tion often develop a more severe phenotype (Richard et al., 2003;
Haas et al., 2014), and a significant fraction of childhood-onset HCM
(14%) is caused by compound genetic variants (Morita et al., 2008).
This suggests that a gene-dosage effect might be responsible for mani-
festations at a younger age. A total of 51 cases of homozygotes or com-
pound heterozygotes have been reported, composed of 26 cases with
double truncating mutations (Richard et al., 2003; Lekanne Deprez
et al., 2006; Xin et al.,, 2007; Zahka et al., 2008; Ortiz et al., 2009;
Tajsharghi et al., 2010; Marziliano et al., 2012; Schaefer et al., 2014;
Wessels et al., 2014), 11 cases with a missense mutation plus a truncat-
ing mutation (Richard et al., 2003; Ingles et al., 2005; Morita et al., 2008;
Dellefave et al., 2009; Saltzman et al., 2010; Otsuka et al., 2012), and 14
with double missense mutations (Nanni et al., 2003; Van Driest et al.,
2004; Garcia-Castro et al., 2005; Ingles et al., 2005; Morita et al., 2008;
Saltzman et al., 2010; Maron et al., 2012). These studies also showed
that all patients with bi-allelic truncating MYBPC3 mutations are associ-
ated with neonatal cardiomyopathy and lead to heart failure and death
within the first year of life.

2.2. MYBPC3-associated pathomechanisms

A great understanding of how MYBPC3 mutations lead to the devel-
opment of inherited cardiomyopathy came from the analyses of human
myocardial samples, gene transfer in different cell lines, naturally-
occurring or transgenic animal models and more recently disease-
modeling using induced-pluripotent stem cells (iPSC)-derived cardiac
myocytes (for recent reviews, see Duncker et al., 2015; Eschenhagen
et al,, 2015). Although access to human myocardial samples is difficult,
at least some studies provided evidence that truncated cMyBP-Cs,
resulting from truncating MYBPC3 mutations are not detectable in
human patient samples by Western-blot analysis (Rottbauer et al.,
1997; Moolman et al., 2000; Marston et al., 2009; van Dijk et al.,
2009). This was supported in heterozygous Mybpc3-targeted knock-in
mice (Vignier et al., 2009), carrying the human ¢.772G>A transition
(i.e. founder mutation in Tuscany (Girolami et al., 2006); Table 1).
These data suggest haploinsufficiency as the main disease mechanism
for heterozygous truncating mutations (for reviews, see Marston et al.,
2012; van der Velden et al., 2015). A body of evidence exists that the
mechanisms regulating the expression of mutant allele involve the
nonsense-mediated mRNA decay, the ubiquitin-proteasome system
(UPS) and the autophagy-lysosomal pathway after gene transfer of mu-
tant MYBPC3 in cardiac myocytes or in mice in vivo (Sarikas et al., 2005;
Bahrudin et al., 2008; Vignier et al., 2009), and for reviews (Mearini
et al., 2008; Carrier et al., 2010; Schlossarek et al., 2014). In contrast to
truncating mutations, missense mutations lead, in most of the cases (al-
though difficult to specifically detect), to stable mutant cMyBP-Cs that
are, at least in part, incorporated into the sarcomere and could act as
poison polypeptides on the structure and/or function of the sarcomere.
Homozygous or compound heterozygous mutations are therefore likely
subject to differential regulation depending on whether they are double
missense, double truncating or mixed missense/truncating mutations.
The homozygous Mybpc3-targeted knock-in mice, which genetically
mimic the situation of severe neonatal cardiomyopathy are born
without disease phenotype and soon after birth develop systolic dys-
function followed by (compensatory) cardiac hypertrophy (Gedicke-
Hornung et al., 2013; Mearini et al.,, 2013). The human c.772G>A transi-
tion results in low levels of three different mutant Mybpc3 mRNAs and
c¢MyBP-Cs in homozygous knock-in mice, suggesting a combination of
haploinsufficiency and polypeptide poisoning as disease mechanism in
the homozygous state (Vignier et al., 2009). The combination of external
stress (such as neurohumoral stress or aging) and Mybpc3 mutations

have been shown to impair the UPS in mice (Schlossarek et al., 2012a,
2012b), and proteasomal activities were also depressed in patients
with HCM (Predmore et al., 2010; Thottakara et al., 2015).

Skinned trabeculae or cardiac myocytes obtained from human pa-
tients carrying a MYBPC3 mutation or from heterozygous and homozy-
gous Mybpc3-targeted knock-in mice exhibited higher myofilament
Ca?™ sensitivity than controls (Witt et al. 2001; van Dijk et al. 2009;
Fraysse et al. 2012; van Dijk et al. 2012; Sequeira et al. 2013). Disease-
modeling by engineered heart tissue (EHT) technology with cardiac
cells from heterozygous or homozygous Mybpc3-targeted knock-in
mice reproduced observations made in human and mouse studies
displaying abbreviated contractions, greater sensitivity to external
Ca?* and smaller inotropic responses to various drugs (isoprenaline,
EMD 57033 and verapamil) compared to wild-type control EHTs
(Stohr et al. 2013). Therefore, EHTs are suitable to model the disease
phenotype and recapitulate functional alterations found in HCM mice.
Another good system for modeling cardiomyopathies in the cell culture
dish is the derivation of cardiac myocytes from iPSC (for a recent review,
see Eschenhagen et al. 2015). Four reports of human iPSC models of sar-
comeric cardiomyopathies have been published in the last three years
showing cellular hypertrophy in most of the cases (Sun et al. 2012;
Lan et al. 2013; Han et al. 2014; Tanaka et al. 2014), including one
with the ¢.2995_3010del MYBPC3 mutation that exhibited in addition
to hypertrophy contractile variability in the presence of endothelin-1
(Tanaka et al. 2014).

The mechanisms by which MYBPC3 haploinsufficiency leads to in-
creased myofilament Ca?* sensitivity and the occurrence of a disease
phenotype are not fully elucidated. It is obvious that all conditions result
in a reduced amount or even complete absence of cMyBP-C (patients,
knock-in or knockout mice, and after cMyBP-C extraction) and are asso-
ciated with increased Ca®™" sensitivity of the myofilaments (Hofmann
et al.,, 1991; Witt et al., 2001; Cazorla et al., 2006; van Dijk et al., 2009;
Fraysse et al., 2012; van Dijk et al., 2012; Sequeira et al., 2013;
Barefield et al., 2015). Since cMyBP-C has been shown to normally pre-
vent residual crossbridge cycling at low cytosolic Ca* concentrations in
diastole and thereby promote diastolic relaxation (Pohlmann et al.,
2007), reduced or absent cMyBP-C could therefore help to explain dia-
stolic dysfunction independent of hypertrophy as the early consequence
of MYBPC3 mutation in heterozygous patients and knock-in mice (Ho
et al,, 2009; Michels et al.,, 2009; Fraysse et al., 2012).

3. Lessons learnt from Mybpc3-targeted knockout
(Mybpc3~/~) mice

Indispensable information highlighting the importance of intact
cMyBP-C for normal cardiac physiology has evolved from numerous
studies in transgenic mice, in which the consequences of ablation
of the protein (Mybpc3-targeted knockout mice; Mybpc3™/~) were
investigated.

Constitutive Mybpc3 ™/~ mice are born in accordance with the Men-
delian inheritance ratios, survive into adulthood and are fertile (Harris
et al., 2002; Carrier et al., 2004). Three weeks from birth onwards,
Mybpc3~/~ mice develop severe cardiac hypertrophy with increased
heart-weight-to-body-weight-ratios, enlargement of ventricles, in-
creased myofilament Ca®™ sensitivity and depressed diastolic and sys-
tolic function (Harris et al., 2002; Carrier et al., 2004; Cazorla et al.,
2006). Histologically, Mybpc3 ™'~ hearts display structural rearrange-
ments similar to those observed in explanted hearts from HCM patients
with cardiac myocyte disarray and increased interstitial fibrosis,
without obvious alterations in shape or size of single cardiac myocytes.
Ultrastructural examination revealed a loss of lateral alignment of adja-
cent myofibrils with their Z-lines misaligned. Interestingly, an increased
number of mitochondria of decreased size were noticed in Mybpc3~/~
cardiac myocytes (Harris et al,. 2002; Carrier et al., 2004; Brickson
et al,, 2007; Luther et al., 2008). The first lesson from this mouse
model learnt is that cMyBP-C is not essential for sarcomere formation
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during embryogenesis, but is crucial for sarcomere organization and
maintenance of normal cardiac function.

Studies performed in chemically permeabilized cardiac myocyte
preparations from Mybpc3 ™/~ mice further enlightened possible under-
lying molecular causes of the HCM phenotype in patients. Lack of
cMyBP-C resulted in acceleration of crossbridge cycling rates as evi-
denced by increased loaded shortening and power output, as well as
faster rates of force redevelopment (ki) at submaximal Ca®™ concentra-
tions (Korte et al.,, 2003; Stelzer et al., 2006a, 2006b; Chen et al., 2010).
This suggests that cMyBP-C regulates the positioning of myosin and
actin for interaction and more precisely acts as to constrain actin-
myosin interaction, which limits loaded shortening velocity and
ultimately power output. This observation can be partially attributed
to its N-terminal C1-M-C2 region interacting with the myosin-S2
domain (Gruen and Gautel, 1999; Kunst et al., 2000; Harris et al.,
2004; Ababou et al,. 2007), which results in a decreased number of
crossbridges formed, due to cMyBP-C acting as a tether to the myosin
S1 heads, limiting their mobility (Weith et al., 2012) and thus leading
to the observed functional consequences described above. Other studies
with intact or skinned cardiac myocytes and atrial tissue from
Mybpc3~~ mice have indicated that cMyBP-C contributes to the regu-
lation of cardiac contraction at short sarcomere length and is required
for complete relaxation in diastole (Cazorla et al., 2006; Pohlmann
et al., 2007).

Several studies have suggested that the interactions of cMyBP-C
with its binding partners vary with its phosphorylation status of the M
motif, which contains multiple thoroughly characterized phosphoryla-
tion sites that are targeted all by cAMP-dependent protein kinase
(PKA) and individually by a variety of other protein kinases (Hartzell
and Titus, 1982; Hartzell and Glass, 1984; Gautel et al., 1995;
Mohamed et al., 1998; McClellan et al., 2001; Haworth et al., 2004;
Bardswell et al., 2010; Cuello et al., 2011; Sadayappan et al., 2011). In
its dephosphorylated state, cMyBP-C binds predominantly to myosin
S2 and brakes crossbridge formation, however, when phosphorylated
in response to 3-adrenergic stimulation through activating PKA, it fa-
vors binding to actin, then accelerating crossbridge formation, enhanc-
ing force development and promoting relaxation (Moss et al., 2015).
Binding of the N-terminal CO-C1 region of c¢cMyBP-C to actin
(Kulikovskaya et al., 2003; Razumova et al., 2006; Rybakova et al.,
2011; Weith et al., 2012) contributes to the sensitisation of the thin fil-
ament to Ca®*, potentially through interaction with and therefore shift
of tropomyosin into its high Ca?>* position, which exposes the myosin-
binding sites on actin (Mun et al., 2014; Witayavanitkul et al., 2014;
Previs et al., 2015). Three-dimensional electron-microscopy of intact
sarcomeres with addition of ¢cMyBP-C fragments confirmed that
cMyBP-C associates indeed with both the thick and the thin filament
(Zoghbi et al., 2008; Luther et al., 2011; Mun et al.,, 2011). Recently, a
novel hypothesis for the physiological role of cMyBP-C in the regulation
of cardiac contractility was postulated by Kampourakis and colleagues,
who investigated structural changes of the thin and thick filaments
after addition of recombinant C1-M-C2 region of cMyBP-C to chemically
permeabilized contracting rat trabeculae (Kampourakis et al., 2014).
They found that the N-terminus of cMyBP-C stabilized the ON state of
the thin filaments and the OFF state of the thick filaments, leading to a
model for the control of heart muscle contraction in which both fila-
ment systems are coordinated by cMyBP-C.

4. Phosphorylation and other “exotic” posttranslational
modifications of cMyBP-C

Additionally to alterations in the protein content of cMyBP-C
leading to haploinsufficiency and polypeptide poisoning in HCM,
c¢MyBP-C function is also regulated by an ever-growing spectrum of
posttranslational modifications (PTMs) with phosphorylation, acet-
ylation, citrullination, and the oxidative PTMs S-glutathiolation, S-
nitrosylation and carbonylation.

Alarge body of literature exists already on the phosphoregulation of
cMyBP-C, which has been reviewed in depth elsewhere (Barefield and
Sadayappan, 2010; Bardswell et al., 2012; Gupta and Robbins, 2014).
In brief, at least three extensively characterized phosphorylation sites
(Ser273, 282 and 302; numbering refers to the mouse sequence,
Fig. 1) are localized in the M motif of cMyBP-C and are targeted by pro-
tein kinases in a hierarchical order of events starting with Ser282 that
acts as a switch, rendering Ser273 and Ser302 more accessible for
phosphorylation. Protein kinases identified thus far to phosphorylate
c¢MyBP-C in the M motif are PKA (Gautel et al., 1995; Mohamed et al.,
1998), Ca%"/calmodulin-dependent kinase II (CaMKII; Sadayappan
et al,, 2011), p90 ribosomal S6 kinase (RSK; Cuello et al., 2011), protein
kinase D (PKD; Haworth et al., 2004; Bardswell et al., 2010; Dirkx et al.,
2012) and protein kinase C (PKC; Mohamed et al., 1998). Furthermore,
GSK3p was described as another protein kinase to phosphorylate
cMyBP-C outside the M-domain in the proline-alanine-rich actin-
binding site at Ser133 in human myocardium (mouse Ser131;
Kuster et al., 2013)). As described earlier, phosphorylation is re-
quired for normal cardiac function, and overall phosphorylation
levels of cMyBP-C are reduced in human and experimental heart failure
(El-Armouche et al., 2007; Copeland et al.,, 2010). Transgenic expression
of a phosphomimetic cMyBP-C mutant protected hearts from ischemia-
reperfusion injury (Sadayappan et al., 2005; Sadayappan et al., 2006)
and reduced the appearance of a 40-kDa proteolytic calpain-
degradation fragment of cMyBP-C (Govindan et al, 2012;
Witayavanitkul et al., 2014). Taken together, phosphorylation of
cMyBP-C is considered beneficial and preservation of phosphorylation
combats disease progression. The question arises whether there are
good and bad PTMs.

Acetylation was firstly reported by analyzing recombinant cMyBP-C
by top-down high-resolution mass spectrometry (Ge et al., 2009) and
was later confirmed in vivo in mouse hearts subjected to ischemia-
reperfusion injury (Govindan et al.,, 2012). Eight acetylation sites were
identified, five of which localized in the N-terminal CO-C1 region
(Fig. 1). However, whether acetylation of cMyBP-C increases under dis-
ease conditions and whether acetylation is functionally important is not
fully understood yet. Interestingly, the 40 kDa proteolytic calpain-
degradation fragment (Thr272-Arg280) of cMyBP-C was found to be
heavily acetylated (Govindan et al., 2012), suggesting that acetylation
could promote proteolysis and decrease stability of cMyBP-C in contrast
to phosphorylation.

Citrullination (Fert-Bober and Sokolove, 2014) of cMyBP-C was re-
ported to occur, however it has not been functionally characterized
with regards to its influence on cMyBP-C function. There is only limited
information showing that cMyBP-C is citrullinated at Arg696 in both
control and diseased heart tissue (Fert-Bober and Sokolove, 2014).

More importantly, cMyBP-C is also susceptible to oxidation such as
S-glutathiolation, S-nitrosylation and carbonylation. S-glutathiolation,
the formation of stable mixed disulfides between the sulfydryl groups
of cysteinyl residues with glutathione (Dalle-Donne et al., 2008), was
firstly reported as a reversible oxidative PTM of cMyBP-C in a screen
of S-glutathiolated cardiac proteins using N,N-biotinyl glutathione di-
sulfide (Brennan et al., 2006). Enhanced S-glutathiolation of a protein
migrating at the same molecular mass as cMyBP-C was subsequently re-
ported in mouse heart samples from the deoxycorticosterone acetate-
salt hypertensive mouse model and correlated with diastolic dysfunc-
tion developed in these animals (Lovelock et al., 2012; Jeong et al.,
2013). Further experiments in in vitro S-glutathiolated isolated myofi-
brils and detergent extracted fiber bundles identified three S-
glutathiolation sites in murine cMyBP-C (cysteines 479, 627 and 655;
Fig. 1) and reported to increase myofilament Ca®™ sensitivity (Patel
et al., 2013). However, under those experimental conditions it cannot
be ascertained that S-glutathiolation of cMyBP-C or another myofila-
ment protein is responsible for the observed effects. Experiments in car-
diac myocytes with ablation of either the full-length cMyBP-C or
mutation of the identified S-glutathiolation sites will be useful to rule
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out the contribution of other S-glutathiolated proteins. S-nitrosylation
was found as another reversible oxidative modification of cMyBP-C.
Mouse hearts were perfused with the S-nitrosylating agent S-
nitrosoglutathione and analyzed by SNO-resin-assisted capture tech-
nology coupled tandem mass spectrometry. This identified Cys1270 in
cMyBP-C as the site of modification (Fig. 1). However, the functional
role of S-nitrosylation at that site and whether this occurs in vivo has
not been investigated yet (Kohr et al., 2011).

Carbonylation of cMyBP-C as an irreversible oxidative modification
occurring during conditions of prolonged oxidative stress was detected
after exposure of spontaneously hypertensive rats manipulated to
develop breast cancer to the chemotherapeutic ROS-producing drug
doxorubicin (Aryal et al., 2014). Carbonylation of cMyBP-C could be an
important contributor to cardiac dysfunction observed during chemo-
therapy (Aryal et al., 2014).

An important future direction will be to decipher the individual role
of these newcoming exotic PTMs of cMyBP-C and to establish their con-
tribution in preventing or promoting the development of cardiovascular
disease. In this regard, a systematic study of the PTM fingerprint of
cMyBP-C under disease conditions, and in relation to the known
disease-causing mutations of the MYBPC3 gene, could provide valuable
information to pave the way for new therapeutic avenues to combat
heart disease.

5. MYBP(3-targeting therapy for inherited cardiomyopathy

Recombinant adeno-associated viruses (AAV) have gained major in-
terest in the past decade as suitable tools for investigating the functional
role of individual genes, but also due to their therapeutic potential in
vivo with selective tissue-tropism and persistent expression of the
transgene in post-mitotic tissues (Zacchigna et al., 2014). In combina-
tion with the recent development of strategies targeting the endoge-
nous mutation, mutant pre-mRNA or mutant mRNA, it is now possible
to envision prevention or cure of inherited cardiomyopathy resulting
from MYBPC3 mutations, particularly of infants with bi-allelic truncating
mutations with generally lethal consequences within the first year of
life, without alternative therapeutic treatment options except heart
transplantation.

Several targeting approaches have been developed in the past de-
cade (Hammond and Wood, 2011; Doudna and Charpentier, 2014).
The most recent is genome editing to correct a mutation by CRISPR/
Cas9 technology (for review see (Hsu et al., 2014)). Naturally existing
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as part of the prokaryotic immune system, the CRISPR/Cas9 system
has been used for correction of mutations in the mammalian genome
(Ran et al., 2013). By inducing nicks in the double-stranded DNA and
providing a template DNA sequence, it is possible to repair mutations
by homologous recombination. CRISPR/Cas9 genome editing strategy
corrected the Dmd gene in germline and prevented muscular dystrophy
in mice (Long et al., 2014). Furthermore, it modified the Psk9 gene in
mouse liver after adenovirus gene transfer in vivo (Ding et al., 2014).
This approach has not yet been evaluated for MYBPC3 mutations, but
it could be used for each single or clustered mutation, and therefore ap-
plied preferentially for frequent founder MYBPC3 mutations (Fig. 3,
Table 1). The potential of this strategy is currently under investigation
in human iPSC lines. However, before translation to a clinical setting,
initial teething problems need to be resolved (efficiency, off-target,
long-term implications...).

Other strategies targeting the mutant pre-mRNA by exon skipping
and/or trans-splicing have been evaluated for MYBPC3. Exon skipping
can be achieved using antisense oligonucleotide (AONs) masking exonic
splicing enhancer sequences, which prevent binding of the splicing ma-
chinery and therefore result in exclusion of the exon from the mRNA
(Woodley and Valcarcel, 2002; Goyenvalle et al., 2004). This approach
can be applied when the resulting shorter, but in-frame translated pro-
tein maintains its function. Proof-of-concept of exon skipping was re-
cently shown in Mybpc3-targeted knock-in mice (Gedicke-Hornung
et al., 2013). AONs directed against exons 5 and 6 were inserted in
small nuclear RNA under the control of the U7 promoter and were
packaged in tandem in AAV serotype 9, which has a predominant
cardiotropism in mice. They induced the removal (i.e. skipping) of
exons 5 and 6 and therefore an in-frame deletion, allowing the expres-
sion of an alternatively spliced Mybpc3 mRNA variant, already present at
low level in wild-type mice. Systemic administration of AAV-based
AONSs to Mybpc3-targeted knock-in newborn mice prevented both sys-
tolic dysfunction and left ventricular hypertrophy, at least for the dura-
tion of the investigated period (Gedicke-Hornung et al., 2013). For the
human MYBPC3 gene, skipping of 6 single exons or 5 double exons
with specific AONs would result in shortened in-frame cMyBP-Cs,
allowing the preservation of the functionally important phosphoryla-
tion and protein interaction sites (Fig. 3). With this approach, about
half of missense or exonic/intronic truncating mutations could be re-
moved, including 35 mutations in exon 25.

Another strategy is the spliccosome-mediated RNA trans-splicing.
Hereby, two independently transcribed molecules, the mutant pre-

Therapies Gene replacement
A >
. - Trans-splicing
[ 5 pre-frans-splicing molecule ] [ 3" pre-frans-splicing molecule ]
1 L 15+16 l* 17+18 I u l 1 Exon skipping
2 5+6 22 2425 26 27
T AR T CRISPRICas9
............-....‘“.\..--ﬁ.’..-............-l
Mutations  ° B <38 HA8--=4 1-35134 4- 615 313 2 5 17 2639 - Missense
A 1 7 347 101-1243 122116511 11 24 14 522 5 13 212115411 - Truncating
MYBPC3 5 A THHI ¥
1 2 3 45 6 78910 12 13151718 19 2122 23 25 26 27 28 30 32 33 35

Fig. 3. Schematic representation of MYBPC3 gene, mutations and options for causal therapy. MYBPC3 encompasses 21 kbp and is composed of 35 exons. Exonic missense mutations (blue,
total 129) and exonic and intronic truncating mutations (red, total 202) are shown on top of each exon. Causal therapies are shown as a reverse pyramide: i) CRISPR/Cas9 targeting single
or a few mutations (purple dotted line), i) exon skipping targeting all mutations present in one or two exons and associated introns (dark gray), iii) trans-splicing targeting either all 5’
mutations (exons 1 to 21; left yellow box) or 3’ mutations (exons 22 to 35; right yellow box), and finally iv) gene replacement targeting all mutations at once by gene transfer of the full-
length MYBPC3 cDNA (green box). Abbreviations used: CRISPR/Cas9, clustered regularly interspaced short palindromic repeat-associated system. A number of mutations are taken from

(Behrens-Gawlik et al. 2014).
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mRNA and the therapeutic pre-trans-splicing molecule carrying the
wild-type sequence are spliced together to give rise to a repaired full-
length mRNA (for review see Wally et al,. 2012). Recently, the feasibility
of this method was shown both in isolated cardiac myocytes and in vivo
in the heart of homozygous Mybpc3-targeted knock-in mice, although
the efficiency of the process was low and the amount of repaired protein
was not sufficient to prevent the development of the cardiac disease
phenotype (Mearini et al., 2013). In principle, however, this strategy is
superior to exon skipping or CRISPR/Cas9 genome editing and still at-
tractive, because only two pre-trans-splicing molecules, targeting the
5’ and the 3’ of MYBPC3 pre-mRNA would be sufficient to bypass all
MYBPC3 mutations associated with cardiomyopathies and therefore
repair the mRNA (Fig. 3).

Finally, we recently showed that AAV-mediated gene transfer
of the full-length Mybpc3 (defined as “gene replacement”, Fig. 3)
dose-dependently prevents the development of cardiac hypertrophy
and dysfunction over a 34-week period in homozygous Mybpc3-
targeted knock-in mice (Mearini et al., 2014). Unexpectedly, the dose-
dependent expression of exogenous Mybpc3 was concomitantly associ-
ated with the down-regulation of endogenous mutant Mybpc3.
Although the mechanism is not yet fully understood, and since the
sarcomeric structure is tightly regulated, we believe that additional
expression of a sarcomeric protein is expected to replace partially or
completely the endogenous protein level in the sarcomere, as it has
been shown in transgenic mice expressing sarcomeric proteins (for re-
view, see Duncker et al., 2015). Therefore, this study paved the way
for evaluating MYBPC3 gene therapy in larger animal models, such as
the naturally occurring cat model of HCM due to a MYBPC3 mutation
(Meurs et al., 2005), and to translate it to infants suffering from a fatal
form of cardiomyopathy caused by MYBPC3 bi-allelic mutations.

6. Outlook

MYBPC3 mutations are the most frequent mutations causing HCM
and constitute a large part of other inherited cardiomyopathies such
as DCM and LVNC. Founder HCM mutations have been identified in sev-
eral countries and are associated with a higher risk to reveal homozy-
gotes or compound heterozygotes, often associated with fatal forms of
pediatric cardiomyopathy. For these forms in particular, there is a
need for causal therapies. The recent findings that Mybpc3 gene therapy
can restore the level of cMyBP-C thus long-term preventing the disease
phenotype in mice opens the way for testing this therapy in larger ani-
mal models with the vision to prevent heart failure development and
decrease mortality in MYBPC3-associated pediatric cardiomyopathies.
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