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Introduction

1 Introduction

1.1 The heart structure and function

The heart is a pear-shaped muscular organ respersiippumping blood through the
blood vessels to the organs, tissues and cellhefbbdy by repeated, rhythmic
contractions. It is usually situated in the middlethe thorax and consists of four
chambers (the two upper atria and the two lowetnaes) with one-way flaps called
valves. A wall of muscle called the septum separ#te left and right sides of the
heart (Fig. 1.1).

Aorta (lo body)

! Pulmona
Superior vena cava arlery E
{from wpper body)
Lef pulmonary

Right pulmonary arteries {io left lung)

artaries (to right lung) —{ -
Aartic valve

Right pulmanary
veins (fram right lung) —

Left pulmanary
wveing (from lefl lung)

Left atrum
Right abrium Mitral valve

Left ventricle

Tricuspid valve

Infarior vena cava
{Tramm lower Body)

Pulmeanary valve —

Direction of biood flow
Right ventricle —  Seplum

Figure 1.1: The structure of the heart.The illustration shows a heart cross-section asdniernal
structures. The blue arrow shows the direction lictv low-oxygen blood flows from the body to the
lungs. The red arrow shows the direction in whigligen-rich blood flows from the lungs to the rest
of the body (picture taken from the National Hebkring and Blood Institute website).

The function of the heart is to receive deoxygematenous blood from the body in
the right atrium and to pump it via the right vecie into the lungs, where carbon
dioxide can be dropped off and oxygen picked upygérated blood from the lungs
flows into the left atrium, and from here the blomdves to the left ventricle, which
pumps it out to the body (Opie, 2004a). The hugmpng force of the heart is
generated by the cardiac muscle, an involuntargtett muscle tissue, which is found
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only within this organ. In the cardiac muscle, 26fthe cells are cardiomyocytes that
constitute 80% of the mass, and each cardiomyadsytgade up of many myofibrils,
which in turn consist of myofilaments. There aresthtypes of myofilaments: titin,
the thin and the thick filaments. The classificataf the latter ones is based on their
relatively lighter or darker appearance, when vigvlerough the light microscope
(Opie, 2004b). The thin filaments contain actinjehhforms two intertwining helical
chains,a-tropomyosin, which forms a parallel coiled dimending to seven actin
monomers and troponin T, and the troponin complelich is composed of the
troponins T, C and | and which occurs at reguléerirals along ther-tropomyosin
(Redwood et al., 1999; Opie and Solaro, 2004; Eig). The thick filaments consist
of myosin and are held in place by the third filautntin. Myosin itself is a hexamer
consisting of two heavy chains together with twgulatory light chains and two
essential light chains (Redwood et al., 1999). e and thick filaments have a
specific and constant length of a few micrometard are organized into repeated
subunits along the length of the myofibril, whiclwveg the cardiac muscle its striated

pattern. The subunits are called sarcomeres (E2. 1
A

Thin filament

a-cardiac actin
a-tropomyosin

Troponin complex (T, C, I)

Cardiac myosin-binding protein-C Titin

i
e

M-line

Z-line

C-zone C-zone

A-band I-band

C-zone C-zone

A-band
Figure 1.2: The structure of the sarcomere. ASchematic structure of the sarcomere (adaptad
Bonne et al., 1998pB, Electron microscopic picture of the sarcomere (&sthfrom Craig and Gdr,
1976).
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Each sarcomere is delimited by two very dark calotgands called Z-lines.
Surrounding the Z-line is the region of the I-bad in contiguity to them the A-
band. Within the A-band, the thin M-line and the@hes are located (Fig. 1.2). Actin
filaments are the major component of the I-band extdnd into the A-band. Myosin
filaments extend throughout the A-band. The thitanfent titin tethers the myosin
filaments to the Z-line, thereby stabilizing thé&ckhfilaments (Opie and Solaro, 2004).
In the C-zones of the A-band, another sarcomerotepr is located - the cardiac

myosin-binding protein-C, which will be discussedletail in the next chapter.

The sarcomere is the fundamental contractile driie interaction between the two
chief contractile proteins, actin and myosin, isp@nsible for the muscle contraction.
Contraction is initiated when cytosolic calciumegsafter release of calcium from the
sarcoplasmic reticulum (calcium-induced calciumeask). In a resting muscle;
tropomyosin overlays the myosin-binding sites otinaand is locked down in this
position by troponin T (T stands for tropomyosinding) and troponin | (I stands for
inhibitory). The binding of intracellular calciunykroponin C (C stands for calcium)
induces a conformational change in the troponin mlery and this unlocks:-
tropomyosin from actin, allowing the interactiontween actin and myosin. Myosin
hydrolyzes then adenosine triphosphate (ATP) andlengoes a series of
conformational changes so that it is displacedgke thin filament. Thin and thick
filaments slide past each other (sliding filamérary), driving sarcomere shortening
and muscle contraction (Fig. 1.3). As calcium igusstered by the sarcoplasmic
reticulum, troponin | and T lock-tropomyosin in the blocking position, and the thin
filaments slide back to the resting state (Seidarath Seidman, 2001; Opie and Solaro,
2004).
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Troponin T
Troponin C

a-Tropomyosin

Thin filament

light chain

Cardiac g-myosin
heavy chain

Thick filament

Figure 1.3: Muscle contraction by sliding of the mgfilaments. Contraction begins with calciur

binding to the thin filaments that subsequentlydiedo an actin-myosin binding. ATP is the
hydrolyzed by myosin, and the thick filaments aigplhced along the thin filaments. As calciusn
sequestered by the sarcoplasmic reticulum, actiasmyinteractions are preventeddapted fron

Kamisago et al., 2000).

1.2 The cardiac myosin-binding protein-C

Myosin-binding protein-C (MyBP-C) is a large muttithain protein of 140-150 kDa
and is located in doublets in the C-zone of theafdy where it forms a series of
seven to nine transverse stripes in each half Atb@&ig. 1.2). It belongs to the
intracellular immunoglobulin (Ig) superfamily anddha conserved domain pattern
consisting of immunoglobulin set (IgC2-like) andrbnectin (FN3) domains (Weber
et al., 1993; Gautel et al., 1995). MyBP-C existshiree isoforms: the slow-skeletal,

the fast-skeletal and the cardiac isoform.

The MYBPC3 gene encoding the cardiac isoform (cMyBP-C) in hasnaas localized
by fluorescencen situ hybridization on chromosome 11p11.2 (Gautel etl®95). In
1997, the organization and sequence MYBPC3 was determined:MYBPC3
comprises >21000 bp and contains 35 exons (Ceetiaal., 1997; Fig. 1.4). The
cMyBP-C protein is specifically expressed in thare&uring development and adult
life in humans and mice (Fougerousse et al., 1€88jtel et al., 1998) and contains
eleven modules labeled CO to C10 from the N- toaGkHerminus (Fig. 1.4).
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S2-myosin +
phosphorylation LMM-myosin
> <>
Actin Titin
>
Protein
mMRNA

1 2 3 45 8 789101112 134151617 18 1920 nE B M & BRI BH B
C) IgC2-like domain . Linker
m  Pro-Alaregion @ FN3 domain
[ 1] MyBP-C motif

Figure 1.4: Schematic organization of the humarMYBPC3 gene and alignment of exons wit
structural domains of the protein. On the top, the structural domains of the cMyBRrotein,
composed of 8 immunoglobulin (IgC2-like) and 3 éibectin (FN3) domains and a specific MyBP-
motif, are shown. The localization of the domaimgoived in binding to other sarcomeric protein
indicated. In the middle, the mRNA with the limdgexons $ depicted. On the bottom, the schem
organization of theV'YBPC3 gene with locations of exons shown by boxes atris by horizonte
lines is illustrated. The exons are numbered frovd 5'-end of the gene. The exons coding
structural domains are signed by interrupted l{@espted from Carrier et al., 1997).

The cMyBP-C protein has both structural and regumatoles. Via the C10 domain it
binds the light meromyosin, whereas the myosinragfient 2 is bound through the
MyBP-C motif, which is a 105-residue stretch lingithe C1 and C2 domains (Starr
and Offer, 1978; Okagaki et al., 1993; Alyonycheataal., 1997). By binding to
myosin, cMyBP-C is thought to modulate myosin adsgnand stabilize the thick
filaments (Koretz, 1979; Seiler et al., 1996; Séhilet al., 2001). In addition, it binds
titin via the C8-C10 domains (Freiburg and Gaui®l96) and actin in the Pro-Ala
rich sequence, which is located between the COCGiIndomains (Kulikovskaya et al.,
2003; Herron et al., 2006). The structural basighe incorporation of cMyBP-C into
the thick filament is not fully elucidated, but omssibility is that cMyBP-C
molecules trimerize to form a collar around thekHilament (Moolman-Smook et al.,
2002; Fig. 1.5).
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Figure 1.5: Proposed trimeric collar model of cMyBRC around the thick filament backbone.
Three cMyBP-C molecules are supposedritoerize to form a collar around the thick filamewith
overlaps of domains C5-C7 of one cMyBP-C molecuild womains C8-C10 of the ensuing molecule
with staggered parallel orientation of the proteibemains C5-C10 of each cMyBP-+molecule forn
part of the two molecule—thick collar, while thet&minal domains C@4 are extended into tl
interfilamental space, where the cMyBP-C motif lsirntd the myosin subfragment(adapted fron
Moolman-Smook et al., 2002).

The cMyBP-C protein has three known phosphorylatibes (Ser-273, Ser-282 and
Ser-302), which are located in the MyBP-C motif.e$é phosphorylation sites are
mainly regulated in response f®adrenergic stimulation by a cAMP-dependant
protein kinase (PKA) (Hartzell and Titus, 1982; @Ggr et al., 1988). The
dephosphorylated form of cMyBP-C binds to the myosubfragment 2, whereas
after phosphorylation the Pro-Ala rich sequencevbeh the CO and C1 domains
binds to actin (Gruen et al., 1999; Kunst et /0@ Kulikovskaya et al., 2003). The
phosphorylation of cMyBP-C increases the force oftcaction, and it has been
shown that the phosphorylation of cMyBP-C is cgpditective (Sadayappan et al.,
2005; Sadayappan et al., 2006). Recent studieslesl/@ decreased amount of the
phosphorylated form in human failing heart (EI-Auncbe et al., 2007) and in human
atrial fibrillation (El-Armouche et al., 2006). Thele of cMyBP-C in cardiac
contraction has been enigmatic for long, but rea&ia by our group suggest that
cMyBP-C is essential for normal (complete) diastaklaxation by inhibiting actin-
myosin interactions at low intracellular calciumncentrations (Pohlmann et al.,
2007).
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1.3 Familial hypertrophic cardiomyopathy

To date, cardiovascular diseases are the most canwaose of death, of which
cardiomyopathies play a decisive role. Cardiomyleat are defined as diseases of
the myocardium with cardiac dysfunction (Richardstral., 1996) and are classified
into four main distinct forms according to the typé anatomical and functional
impairment: dilated, hypertrophic, restrictive aadthythmogenic right ventricular
cardiomyopathy. Hypertrophic cardiomyopathy (HCMj characterized by an
asymmetrical left ventricular hypertrophy (LVH), igh predominantly involves the
interventricular septum and occurs in the abserfcanother cardiac or systemic
disease (e.g. hypertension or aortic stenosis) ttmild induce hypertrophy
(Richardson et al., 1996; Fig. 1.6). LVH is genlgraksociated with a normal systolic
function, whereas diastolic function is impaired affdn et al., 1987). The
histopathological features of HCM are myocyte hyqo@hy with myocardial disarray
and interstitial fibrosis (Richardson et al., 198&). 1.6).

Figure 1.6: Characteristics of hypertrophic cardiomyopathy. A, On the top, a scheria
longitudinal cardiac section of a healthy heaghswn. Below, transversal sections of a healthytt
stained with Sirius Red are represent8dOn the top, a schematic longitudinal cardiac sectiba
hypertrophied heart is shown. The walls of fbft ventricle are increased. Below in the tramsal
sections, the cardiomyocytes lost their parallehrmgement, and by Sirius Red staining intersi
fibrosis (in blue) was found (adapted from the Majioic website (upper part) and from Geisterfer-
Lowrance et al., 1990 (lower part)).



Introduction

The prevalence of the disease is approximatelyQliBOyoung adults and therefore
much more common than previously recognized (Maeinal., 1995). The
phenotypical pattern is highly heterogeneous: Maayients have no symptoms
during their whole life, but on the other hand am® cases, HCM may lead to severe
symptoms such as vertigo, chest pain, syncope spreba, to severe heart failure, to
malignant arrhythmia or to sudden death. In facZMHremains the most prevalent
cause of sudden death in young athletes duringiseefMaron, 2002). Up to now, no
specific therapy is available for this diseasey@ymptomatic treatments for aspects
of the syndrome are possible (Roberts and Sigw#®la; Roberts and Sigwart,
2001b).

In the majority of cases (~ 63%) HCM is familiaHE; Richard et al., 2003) and is
transmitted as an autosomal-dominant trait (Marbale 1984). Molecular genetic
studies have demonstrated that the typical form&HE involve more than 450
different mutations in 13 different genes encodsagcomeric proteins (Alcalai et al.,
2007; Table 1.1). The most common genes (togetl8&9%) responsible for FHC are
MYH7, which encodes the R-myosin heavy chain, 8#BPC3, which encodes
cMyBP-C.

FHC gene Symbol Mutations
Beta-myosin heavy chain MYH7 212
Myosin-binding protein-C MYBPC3 165
Troponin T TNNT2 33
Troponin | TNNI3 27
Alpha-tropomyosin TPM1 12
Regulatory myosin light chain  MYL2 10
Actin ACTC1 7
Essential myosin light chain MYL3 5
Titin TTN 2
Muscle LIM protein CSRP3 3
Telethonin TCAP 2
Troponin C TNNC1 1
Alpha-myosin heavy chain MYH6 1

Table 1.1: Sarcomeric genes and mutations involved FHC. Table was adapted from Richard et al.
(2006) and Alcalai et al. (2007).
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Most of the FHC-patients are heterozygous for theation, but in 3-5% of the cases
two different mutations can be present in the samde&/idual, most often irMYH7
and MYBPC3 leading to compound heterozygous patients (i.e. heteroallelic
mutations in the same gene), double heterozygotisnpa (i.e. two heterozygous
mutations in two different genes) or homozygousepés (i.e. same mutation on the
two alleles of the same gene; Richard et al., 189¢éhard et al., 2003; Ingles et al.,
2005). Compared tMYH7 mutations, mutations iMYBPC3 are usually associated
with a delayed onset, a lower penetrance, a mddgree of hypertrophy and a better
survival (Charron et al., 1998; Niimura et al., 89%u et al., 1998). However, there
are also other publications, which show that theicdl phenotype of patients with
MYH7 and MYBPC3 mutations is comparable (Erdmann et al., 2001)ieRist with
double mutations, as mentioned above, generallibéxn more severe form of FHC
associated with ventricular arrhythmias than pasievith single gene defects; this is
especially true for homozygous patients (Richardl.et1999; Richard et al., 2003). In
addition, molecular studies have shown that 20-80%dult patients do not develop a
cardiac hypertrophy, although they carry a mutatainthe heterozygous state
(Richard et al., 2006). Finally, even within faregj there is a great variability of
phenotypes suggesting the presence of modifyingofacsuch as lifestyle,
environment and polymorphisms in other genes, Heetcanodifier genes, which
could modulate the phenotype (Suzuki et al., 2002).

1.4 Mutations and proposed pathophysiological hypbieses
of FHC

In MYH7, about 200 mutations were identified, which amaadt exclusively (96%)

missense (Richard et al., 2006). In missense nouigtia single base nucleotide is
replaced by another nucleotide leading to a diffeeanino acid. The resulting mutant
protein has been shown to be stable (Cuda et @3;1Bottinelli et al., 1998) and

incorporated into the sarcomere (Flavigny et @99) and is supposed to interfere
with the wild-type protein, acting as a poison ptthrough a dominant negative
effect. The incorporation results in an abnormaiction and/or assembly of the

sarcomeric filaments (Sweeney et al., 1994). Thothesis is supported by vitro



Introduction

studies, engineered animal models andivo studies from explanted hearts from
FHC-patients (Bonne et al., 1998; Marian and Reh&®01). IMYBPCS3, about 165
mutations were found, from which the majority (70%¥ frameshift or nonsense
mutations (Richard et al., 2006; Alcalai et al.02PD These mutations mainly result in
the appearance of a premature termination coddineirranscribed mRNA, which in
turn should produce C-terminal truncated cMyBP-Use molecular mechanisms by
which nonsense mutations lead to FHC remain elusivancated proteins were
consistently undetectable by Western blot in mydiehtissue from patients carrying
a frameshift mutation (Rottbauer et al.,, 1997; Naah et al., 2000), and
overexpression of truncated human cMyBP-C mutamisrat cardiomyocytes
(Flavigny et al., 1999) or in transgenic mice (Yaigal., 1999) showed markedly less
expression than the wild-type protein. These datmeast that mutant mRNAs and/or
proteins are unstable and that nonsense mutateonsaat as “null alleles” potentially
leading to haploinsufficiency: The production of gsufficient amount of normal
cMyBP-C would produce an imbalance in the stoiclatmn of the thick filament

components and this would be sufficient to altergarcomeric structure and function.

There are two known molecular mechanisms, whictas@ quality control of the cell
and which could be responsible for the instabiifycMyBP-C mutants leading to
haploinsufficiency: 1. the nonsense-mediated mRN&ag (NMD), which degrades
mutant transcripts and 2. the ubiquitin-proteas@ystem (UPS), which degrades

mutant proteins.

1.5 Potential molecular mechanisms involved in the

regulation of cMyBP-C mutants

1.5.1The nonsense-mediated mRNA decay

An estimateds of inherited genetic disorders and many formsawicer are caused by
frameshift or nonsense mutations, which result he Bppearance of premature

termination codons (PTC)PTCs can arise in transcripts also naturally as a

10
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consequence of errors in transcription, faulty ikeraative splicing or programmed
rearrangements (Culbertson, 1999; Frischmeyer amiz,D1999; Maquat, 2004;

Lejeune and Maquat, 2005). The majority of mRNAattharbor such a PTC are
recognized and efficiently targeted for degradatlon the cell via NMD. This

evolutionarily conserved pathway exists in all aykées examined to date
(Culbertson, 1999) and is thought to protect thganism from the deleterious
dominant-negative or gain-of-function effects ofincated proteins, which would
result if PTC-containing transcripts were allowedbe translated. A general rule is
that NMD occurs when a PTC is located more thar5%0ucleotides (nt) upstream
of the last exon-exon junction within the mRNA, wias mRNAs with PTCs

downstream of this boundary are usually stable Nagd Maquat, 1998). But how
does NMD distinguish between premature and norrigd sodons? The prevailing
opinion is that a second signal downstream of thp sodon dictates whether a stop
codon is premature or not. In mammalian cells, $keond signal is somehow
delivered by an intron downstream of the stop co(@arter et al., 1996). Therefore
normal stop codons, which are almost always foundhe last exon (Nagy and
Maquat, 1998), intronless transcripts (Maquat and2D01) or transfected cDNAs

containing a PTC are not subject to NMD. A secoigthad in mammals is the so-
called exon junction complex (EJC), which is defmusi20-24 nt upstream of every
exon junction during mRNA splicing and which rensimound even when it enters
the cytoplasm to be read by the ribosomes. The &iains at least ten proteins,

from which several are involved in NMD.

The exact mechanism of NMD is still not fully eldated, but in Fig. 1.7 a possible
procedure is depicted. Briefly, normal transcripscape NMD, because all of the
EJCs are removed by the ribosome during transla@nthe contrary, an aberrant
transcript containing a stop codon in a prematawstjon will have at least one EJC
downstream of the PTC. This remaining Ei$Cidentified as a problem by NMD
factors and the mRNA is degraded

11
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Figure 1.7: The nonsense-mediated mMRNA decay (NMDollowing splicing in the nucleus, ti
exon junction complex (EJC), which contains thefngpreshift (UPF) 3 protein (eore protein of thi
NMD pathwayand represented as a green triangle), is associdtiedhe transcript, and the resulti
MRNA is exported to the cytoplasm. In the cytoplasnsecond NMD core protein, UPF2, binds to
UPF3. In normal mRNAs (upper part), the EJCs aspldted by the ribosome during translation.
translation stops when the ribosome reaches theai@top codon. In contrash mRNAS that contail

a PTC (lower part), the ribosome is blocked atRA€, and the EJC downstream of the PTC rem
associated with the mRNA, because it cannot bdatisd by the ribosome. This results in binding
the SURF complex (comprising the suppressor withrpimogenetic effect on genitalia-1 (SMG-1
protein, UPF1 and the eukaryotic release factoRF) el and 3) to the ribosome. UPF1 also binds
UPF2, thereby linking the EJC to the PTC. Phosphtion of UPF1 by SMGE leads to dissociatic

of eRF1 and eRF3 and binding of the SMG-7 adaptoten. Subsequent stepsde mMRNA deca

by various pathways, e.g. by decapping or deadtogléadapted from Garneau et al., 2007).

If a PTC-containing transcript would undergo muéipounds of translation before
being targeted by NMD, large amounts of potentidbrmful truncated proteins
would be produced. Therefore, mMRNAs must be scaforeddTCs and degraded soon
after entering the cytoplasm, when they are stdkomiated with the nucleus
(Frischmeyer and Dietz, 1999). Thus, NMD likelysaduring the pioneer round of
translation and due to this, it can be prevented tiayslation inhibitors like

cycloheximide and emetin€€ycloheximide acts as an elongation inhibitor dagrin
protein synthesis by competition with the bindinfy ATP to the 60S ribosomal
subunit (Carter et al., 1995)vhereas emetine binds to a site on the 40S nhako
subunit thereby preventing the EF-2-dependent lwaason of ribosomes (Vasquez
1979).

12
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1.5.2 The ubiquitin-proteasome system

Like the NMD for aberrant mRNAs, the UPS is a gyabiontrol of the cell for
aberrant proteins. In mammalian cells, 80-90% af thtracellular proteins are
degraded via this pathway, whereas the majoritpneibrane proteins are degraded
by the lysosomes (Zolk et al., 2006). One majocfiam of the UPS, which is present
in both the nucleus and cytosol, is to preventat@imulation of damaged, misfolded
and mutant proteins, but it has been shown that slgstem is also involved in
intracellular signaling, transcriptional control agulation of cell death (Zolk et al.,
2006). The degradation pathway by the UPS invotves discrete and successive
steps: 1. tagging of the substrate by covalen@tyekof multiple ubiquitin molecules
and 2. degradation of this marked protein by th& Zoteasome complex with
release of free and reusable ubiquitin (Fig. 1@pnjugation of ubiquitin to the
protein occurs via a 3-step process: 1. the ubmgattivating enzyme (E1) activates
ubiquitin in an ATP-dependent reaction, 2. one @useveral ubiquitin-conjugating
enzymes (E2) transfers the activated ubiquitin tydi@m E1 to the substrate that is
specifically bound to one of the ubiquitin ligasegmes (E3) and 3. the E3 enzyme
catalyzes the covalent linkage of ubiquitin to substrate. Polyubiquitin chains are
assembled by adding activated ubiquitin moietienternal lysine residues on the
previous ubiquitin. These polyubiquitin chains areen recognized by the 26S
proteasome complex, which degrades the polyubitaigd proteins to small peptides.
During this last process the polyubiquitin chainhigrolyzed into single ubiquitin
moieties, which can be used in a new round of prategradation.
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Figure 1.8: The ubiquitin-proteasome systemThe covalent linkage of ubiquitin (Ub) to prott
substrates usugloccurs in three steps: an initial activationpstatalyzed by E1, an intermediate s
in which ubiquitin is covalently linked to an E2zayme, and a final step, in which ubiquitin is atted
to the substrate mediated by an E3 enzyme. Duhedatststep ubiquitin is either directly conjugat
from E2, whereby E3 acts as a bridge factor o5Bdigase forms an ubiquitin-thi@ster intermediat
before ubiquitin is transferred to the substratdy@biquitinated protein substrates are degradethdy
26S proteasome to small peptides, and releasediitibigan be recycled and reused (adapted
Zolk et al., 2006

The 26S proteasome is a large (2000 kDa) multigatgbrotease and is composed of
a 19S regulatory particle and a 20S core that amnthe catalytic activity (for review,
see (Ciechanover, 2005; Fig. 1.9). The 19S is caagbof seventeen distinct subunits,
whereof nine are located in a base and eight it subcomplex. The 19S is involved
in the recognition, binding, deubiquitination andfalding of polyubiquitinated
proteins, and regulates the opening of the 20S twoohannel the unfolded proteins
into the 20S. The unfolding and channelling requiretabolic energy and therefore
the 19S contains six different ATPase subunits,ctvhare located in the base
subcomplex. Each extremity of the 20S core candpped by a 19S. The 20S core
has a barrel-shaped structure and is composedipttacked rings, two outerrings

and two inneB-rings. Eachu- andp-ring contains seven distinct subunits.
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Polyubiquitinated

19S protein substrate

26S
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Figure 1.9: The 26S proteasomeThe 26S proteasome is composed of the 19S and Q&
subcomplex. The 19S regulatory particle has anid @ base subunit, whereof thase contains all s
proteasomal ATPases. The 20S core is made up ofhigptameric rings, two outerrings and two
inner B-rings. The B-rings are the residences for the three proteolytic #ietss (adapted fror
Ciechanover, 2005).

The unfolded protein is degraded in the cavityle 2OS by three major peptidase
activities: the chymotrypsin-like, the trypsin-likand the caspase-like activity, which
reside in the R5-, R2- and R1-subunit, respectivety the inner surface of the
3-subunit rings. Each peptidase preferentiallyvadsaafter different amino acids: The
peptidase of the 31-subunit cleaves after acidanmall hydrophobic amino acids, the
peptidase of the 32-subunit cuts after basic odldmdrophobic amino acids, while

the peptidase of the R5-subunit hydrolyzes the igepbond after hydrophobic

residues whether bulky or not. All three peptidasgvities can be measured using
fluorogenic substrates, which are specifically ¢éeh and release a fluorescent
reporter after cleavage, whose fluorescence catetermined. It is also possible to
inhibit the three activities with reversible orewersible proteasome inhibitors to
analyse the consequences of this blockage, e.gatemtial accumulation of a target

protein.

1.6 Mouse models withiM YBPC3 mutations

One of the major problems in understanding FHCH= the difficulty in obtaining
cardiac specimens from affected patients. Thusdtheslopment of animal models

has been started. The advantage of using murinelstids in the ease of genetic
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manipulation, short generation time and large nundfeoffspring. To modify the
mammalian genome, two distinct but complementarypr@ches have been

developed: the additive and the targeted transge(fég. 1.10).

A Additive transgenesis B Targeted transgenesis
Transgene DMNA is microinjected into the male  Isogenic transgene DMNA is infroduced into ES cells
pronucleus of a fertilised murine cocyte (e.9. by electroporation)
oo o g™
Injected oocyles are transferred lo a Drug selection is used and the surviving colonies
0.5-day pseudopregnant recipient mouse are%creened for the transgene 9
()"
/,J:k- ® ) _ P
& = e s D
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Characterised targeted cells are microinjected into
3. 5-day mouse blastocysts
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Figure 1.10: Additive and targeted transgenesis. AThe additive transgenesis based on th
microinjection of linear DNA sequences into theathosomes of fertilized eggs. The foreiDNA
must be integrated into the genome prior to thebtiog of the genetic material that precedes thast
cleavage, in order for the animal to be born wittopy of this new information in every cell. Insert
of the transgene is hereby random, andtipla copies of the transgene are added to thegsmbus
genetic materialB, The targeted transgenesis uses homologous recaimbita insert modified DN/
at a specific gene site leading to an inactivabormutation and subsequently generation ofreahé
deficient or with a mutation in that gene produthe modified DNA is hereby electroporated
embryonic stem (ES) cells and after subsequentti@mbeand screening procedures, these geneti
modified ES cells are microinjected into blastosy§idapted from Expert Reviews in Molecu
Mediciné® 2001 Cambridge University Press).

Until now, seven mouse models have been generatadhwcarry a MYBPC3
mutation. Out of them, three were created by additransgenesis. The first mouse

model expresses a mutant cMyBP-C lacking both thy@sm and titin binding
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domains (Yang et al., 1998), whereas the secondsencdel expresses a mutant
cMyBP-C lacking only the myosin binding site (Yaegal., 1999). The third mouse
model expresses a mutant cMyBP-C lacking the PKpeddent phosphorylation site
(Yang et al., 2001). In all three mouse models,tieisea-myosin heavy chainaf
MHC) promoter was used to drive cardiac-specifierexpression of the transgene.
By targeted transgenesis, four mouse models wererged. Two of them are
cMyBP-C knock-out mouse models: One is a functiocidlyBP-C knock-out, in
which exons 3 to 10 of the endogenous cMyBP-C wemaced by a neomycin
resistance gene (Hatrris et al., 2002). The othernveas generated by targeted deletion
of exons 1 and 2 of the mous4YBPC3 gene, which includes the transcription
initiation site, and is therefore a transcriptiokabck-out (Carrier et al., 2004). In the
third mouse model created by targeted transgentwsjnsertion of a neomycin
resistance gene into exon 30 resulted in skippfripis exon leading to a C-terminal
truncated cMyBP-C (McConnell et al., 1999; McCohredl al., 2001). Finally, the
fourth mouse model expresses a N-terminal truncaMgBP-C resulting from a

replacement of exons 3-6 by a neomycin resistaane @Witt et al., 2001).

The present cMyBP-C mouse models do not exactlgmmathuman mutation and can
therefore not be used to decipher the molecularham@sms involved in FHC. For
instance, the mouse model from McConnell et al99)Qvas created by inserting the
neomycin resistance gene into exon 30, whereaddteetiveM YBPC3 gene found in
family “NN” contains a mutation in the splice doreequence of intron 30 (Watkins
et al., 1995).
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1.7 Aim of the thesis

The aim of my thesis was to get insights into tr@etular mechanisms involved in
the regulation of cMyBP-C mutant levels in the exatof FHC. It has been recently
shown by adenoviral gene transfer of mutant hunfalNAs in cardiomyocytes that
truncated cMyBP-C proteins are rapidly and quatiély degraded by the UPS,
which was associated with an impairment of the WRtstion (Sarikas et al., 2005).
Therefore, | investigated whether truncated cMyBPaGtants are also subject to
degradation by the URS8 vivo and whether they alter this system. This was exadhi
in two new targeted cMyBP-C mouse models: the ggang M7t mouse model and
the cMyBP-C knock-in mouse model. Both models aaeeld on the same human
MYBPC3 point mutation, but were differently generatedeTthansgenic M7t mouse
model was created by additive transgenesis andesepts the appropriate mouse
model to verify the data obtained by Sarikas e{2005)in vivo, because the same
mutant cDNA construct was used for the generatioth® mouse line as well as for
the recombinant adenovirus. In contrast, the cM¥BRAock-in mouse model was
generated by targeted transgenesis, and the hggenoz mice of this model represent
the first mice, which mimic exactly a situation falin humans. The point mutation is
a G>A transition on the last nucleotide of exonrél a associated with a severe
phenotype and a poor prognosis in humans (Richarl.e2003). The molecular
consequences of this mutation were not known, éxbep mutant mRNA deleted of
exon 6 has been found in lymphocytes from one pa(idlegitimate transcription”)
(Andersen et al., 2004), which suggested an exippisig as a mechanism to produce

a PTC and protein truncation. However, no data wbtained from myocardial tissue.

My work consisted in the development of the tramsgd/7t mouse model, in the
characterization of its phenotype and in the amalysthe cMyBP-C expression at the
MRNA and protein level. Concerning the cMyBP-C Krat mouse model, which
was developed in Paris by Nicolas Vignier and LuCearier, | participated in the
analysis of the cMyBP-C expression at mRNA and ginotevels. In both mouse
models, | investigatedx vivo whether the mutant cMyBP-Cs were degraded by the
UPS andn vivo whether the mutants altered the function of siyitem. Then vivo

study included the use of so-called UPS reporteemvhich | initially evaluated to
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determine whether they were suitable to monitoldR& function in the heart. Due to
the obtained results in the cMyBP-C knock-in  mousedel, | additionally
investigated the involvement of NMD in the reguatiof the cMyBP-C mutants at
MRNA level.
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2 Material and Methods

2.1 Material

2.1.1 Chemicals

Acetone

Acrylamide/bis solution (29:1)
Adenosine 5'-triphosphate (ATP)
Agarose

alpha®’P-dCTP

Ammonium persulfate (APS)
Ampicillin trihydrate
AmpliTaq Gold® polymerase

Aqua ad iniectabilia

Bacto™ Agar

Bacto™ Tryptone

Bacto™ Yeast extract
Benzoyl-valyl-glycyl-arginyl-7-amino-4-methylcoumar
(Bz-Val-Gly-Arg-AMC)
Benzyloxycarbonyl-leucyl-leucyl-glutamyl-R-naphtylade
(Z-Leu-Leu-Glu-BNA)

Boric acid

Bovine serum albumin (BSA)

Bromphenol blue

2,3-butanedione monoxime (BDM)

Calcium chloride hexahydrate (Ca&®H,0)

Calf intestinal alkaline phosphatase (CIP)
with corresponding buffer

Collagenase type Il
Complete mini-proteases inhibitor cocktail

Merck
Bio-Rad
Sigma
Invitrogen

Amersham
Biosciences

Bio-Rad
Serva

Applied
Biosystems
Baxter GmbH
Becton Dickinson
Becton Dickinson
Becton Dickinson
Biomol

Biomol

Merck

Sigma
Merck

Sigma
Sigma
New England
Biolabs
Worthington

Rochagpiostics
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Coomassie Brilliant Blue G-250 reagent Bio-Rad
Cycloheximide Sigma
Disodium hydrogen phosphate dihydrate ANRO,-2H,0) Merck
DNA polymerase | large fragment (Klenow) New England
with corresponding buffer Biolabs
Deoxyribonucleotide triphosphate (ANTP) mix Applied
(dATP, dCTP, dGTP, dTTP) Biosystems
Depilatory cream elcamed Asid Bonz
Difco™ trypsin 250 Becton Dickinson
Dimethyl sulfoxide (DMSO) Sigma
Dithiothreitol (DTT) Sigma
DNA isolation reagent for genomic DNA AppliChem
Dulbecco's modified Eagle medium (DMEM) Gibco
with 4.5 g/L glucose and without pyruvate
ECL plus Western blotting detection system Amersham
Biosciences
Emetine Sigma
Epoxomicin Calbiochem
Ethidium bromide Fluka
Ethylenediaminetetraacetic acid (EDTA) Sigma
ExpressHyb Hybridization solution Becton Dickinson
Fetal bovine or calf serum (FBS or FCS) Biochrom
Gene Ruler™ 100 bp DNA ladder Fermentas
Glucose Sigma
Glycerol Merck
Glycine Roth
Hank's balanced salt solution (HBSS), calcium/magme-free  Gibco
Heparin sodium (Liquemirfé Roche
Horse serum Biochrom
Hydrochloric acid (HCI) Merck
4-(2-hydroxyethyl)piperazine-1-ethanesulfonic a@iEPES) Roth
Immunoglobulin G Sigma
Insulin/transferrin/selenium (ITS) Gibco
Isoflurane Abbott
Isotonic 0.9% sodium chloride solution Baxter GmbH
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Laminin

L-glutamine
Liberase Blendzyme 3

Lipofectamine™ 2000

Loading dye, 6x

M199 with Earl's salt and L-glutamine
Magnesium acetate tetrahydrate (MgeC®O)-4H,0)
Magnesium chloride hexahydrate (Mg®H,0)
Magnesium sulfate heptahydrate (MgSt,0)
MassRuler™ DNA ladder

Methanol

MG132

MG262

Milk powder

Minimum essential medium (MEM)
with Hank's salt and L-glutamine

Mowiol 4-88

Penicillin-streptomycin

Phosphate buffered saline (PBS)
Phosphocreatine
Phosphocreatinekinase

Ponceau S

Potassium chloride (KCI)

Potassium hydrogen carbonate (KH{LO
Potassium dihydrogen phosphate @grRIGy)
Power SYBR Green PCR Master Mix

Precision Plus Protein Standard™

Restriction enzyme®amHI, EcoRI, Ndel, Nhel, Sall, Sol,
Xhol) with corresponding buffers (containing 1x BSA)

Sodium chloride (NaCl)

Sodium dodecyl sulfate (SDS)
Sodium fluoride (NaF)

Sodium hydrogen carbonate (NaHgO

Roche
Diagnostics

Gibco

Roche
Diagnostics

Invitrogen
Fermentas
Gibco

Merck

Roth

Merck
Fermentas

J. T. Baker

Calbiochem

Biomol

Roth

Gibco

Hoechst
Gibco
Biochrom
Calbiochem
Sigma
Serva
Merck
Merck
Merck
Applied
Biosystems
Bio-Rad
New England
Biolabs
J. T. Baker
Roth
Merck
Merck

22



Material and Methods

Sodium hydroxide (NaOH) Merck
Succinyl-leucyl-leucyl-valyl-tyrosyl-7-amino-4-metltcoumarin  Calbiochem
(SUC-Leu-Leu-Val-Tyr-AMC)

SuperSigndl West Dura extended duration substrate Pierce

T4 DNA ligase with corresponding buffer New England
Biolabs

TagMarf Universal PCR Master Mix Applied
Biosystems

Taurine Merck

Tetramethylethylenediamine (TEMED) Bio-Rad

ToPro® Molecular Probes
Trishydroxymethylaminomethane (Tris) base Sigma

Tris hydrochloride (Tris-HCI) Promega
Trisodium citrate dihydrate Merck

Triton X-100 Sigma
Polyoxyethylene (20) sorbitan monolaurate (Twe2) Sigma

Ultrasound transmission gel

Caesar & Loretz

2.1.2 Chemicals with risk (R-) and safety (S-) phises

Acetone R: 11-36-66-67 S: 9-16-26
Acrylamide/bis solution R: 23/24/25-45-46-48 SIFBB39-45-60
ATP R: - S:22-24/25

APS R: 8-22-36/37/38-42/43  S: 22-24-26-37
Bromphenol blue R: - S:22-24/25
BDM R: - S:22-24/25
Calcium chloride R: 36 S:22-24/25
hexahydrate

Coomassie Brilliant Blue
G-250 reagent

R: 20/21/22-34-68

S: 26-36/37/39-45

Cycloheximide R: 28-52/53-61-68 S: 45-53
Disodium hydrogen R: - S:22-24/25
phosphate dihydrate

DMSO R: 36/37/38 S: 23-26-36
DTT R: 22-36/37/38 S: 26-36
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DNA isolation reagent for
genomic DNA

ECL plus Western blotting
detection system

Emetine
Epoxomicin
Ethidium bromide
EDTA

Glycine
Hydrochloric acid

Magnesium acetate
tetrahydrate

Methanol
MG132
PBS
Ponceau S

Potassium chloride
SDS

Sodium fluoride
Sodium hydroxide
Taurine

TEMED

Tris base

Tris hydrochloride
Triton X-100

2.1.3 Antibodies

Anti-cMyBP-C

(COC1-domains), polyclonal

Anti-a-actinin

(clone EA-53), monoclonal

Anti-c-myc, monoclonal

R: 20/21/22-32

R: 11-19-36/37-40-66

R: 28-36/37/38
R: 36/38

R: 23-68
R: 36-52/53

R: -

R: 34-37
R: -

R: 11-23/24/25-39
R: 11-36/38
R: -

R: 36/37/38-51/53

R: -

R: 22-36/38

R: 25-32-36/38
R: 35

R: 36/37/38

R: 11-20/22-34
R: 36/37/38

R: 36/37/38

R: 22-41-51/53

S: 24/25

S: 16-23-36/37

S: 26-28-36/37-45
S: 26
S: 36/37-45
S: 26-61
S: 22-24/25
S: 26-36/37/39-45
S: 22-24/25

S: 7-16-36/37-45
S: 24/25-26-29
S: 22-24/25

S: 2-25-26-29/56-37-46-
57-60-64

S: 22-24/25
S: 22-24/25

S: 22-36-45

S: 26-37/39-45
S: 26-36
S: 16-26-36/37/39-45-60

S: 26-36

S: 26-36
S: 26-36/39-61

Mathias Gautel, King's College London,

London

Sigma

Invitrogen
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Anti-titin-Z1, polyclonal Siegfried Labeitylannheim University,
Mannheim

Anti-ubiquitin (P4D1), monoclonal Santa Cruz Bidteology

Anti-GFP (FL), polyclonal Santa Cruz Biotechnology

Alexa Fluof® 488 anti-mouse 1gG Molecular Probes

Alexa Fluof® 546 anti-rabbit IgG Molecular Probes

Anti-rabbit 1IgG Sigma

Cy3 conjugate

Anti-rabbit IgG peroxidase conjugate Sigma and Dian

Anti-mouse IgG peroxidase conjugate Dianova

2.1.4 Bacterial strain

Escherichia coli (DH10B) cells Invitrogen

2.1.5 Kits

QIAGEN Plasmid Maxi Kit Qiagen

QIAquick gel extraction kit Qiagen

QIAquick PCR purification kit Qiagen

Rediprime™ Il kit Amersham Biosciences
Extract-N-Amp™ Tissue PCR Kit Sigma

SV Total RNA Isolation Kit Promega

SuperScript™ Il First-Strand Synthesis Invitrogen
System for RT-PCR

2.1.6 Oligonucleotides

All primers and probes were designed using the @&rilxpress software or the
Primer3 program, which is online available, andcphased from the MWG Biotech
AG.
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2.1.7 Consumable material

Blotting paper (Whatman 3MM)
Cell scraper

Cell strainer

Coverslips [ 10 mm)

Cuvettes (10 x 4 x 45 mm)
Culture flasks (T75)

Culture plates (6-well)

Culture plates (12-well)

Falcon tubes (15 and 50 ml)
Glassware

Hypodermic needles (Stericar.20)

Insulin syringes
(BD Plastipak™ U-40 1 ml)

Lab-Tek™ chambers

Latex gloves

Microscope slides

Micro tubes (1.5, 2.0 ml)
Multiple well plates (96-wells)
Nitrile gloves

Nitrocellulose membrane
(Protrar? BA 85)

Nylon membrane (Hybond N+)
PCR tubes

Pipette tips
(for 10, 100 and 1000 pl pipettes)

Phospho Imager plates

Serological pipettes (2, 5, 10 and 25 ml)
Serological pipettes (10 ml, wide tip)

Sterile filter (0.22 pm)

Schleicher & Schuell
Sarstedt AG & Co.
Becton Dickinson

Glaswarenfabrik Karl Hecht KG

Sarstedt AG & Co.
Sarstedt AG & Co.
Greiner Bio-One GmbH
Nalge Nunc International

Sarstedt AG & Co.

Schott Duran

Braun
Becton Dickinson

Nalge Nunc International
Paul Hartmann AG
Paul Marienfeld GmbH
Sarstedt AG & Co.
Sarstedt AG & Co.
Ansell
Schleicher & Schuell

Amersham Biosciences
Sarstedt AG & Co.
Sarstedt AG & Co.

Fuiji
Sarsi€aig Co.
Becton Ditson
Sarstedt AG & Co.
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2.1.8 Laboratory equipment

Accu-jet pipetting aid
Analytical balance (GENIUS)
Benchtop centrifuge

Blotting system (Mini Trans-BlStcell)

Centrifuge (5810 R)
Chemie GenilfsBio imaging system
with Gene Tools software

Electrophoresis system (Sub-Cell GT)

Electrophoresis system

(Mini PROTEAN® 3 electrophoresis cell)

Ice machine

Incubators (B 5050 E and Hera cell 240)

Incubator shaker (C25 classic)
Magnetic stirrer (IKAMAG’ RCT)
Microplate reader (Tecan Safiye
Microcentrifuge (5415 R)
Microscope (Axiovert 25)

Microscope (Axiovert 200 M) with a

40x-oil objective and with a LSM 5
image system

Microwave

Neubauer chamber

PCR cycler (GeneAnThbPCR system
9700)

PCR sprint thermal cycler
pH-meter

Phospho Imager system (FLA-3000)

Pipettes (10, 100, 1000 pl)
Portable balance (Scout™ Pro)
Power supply

Precision balance (Precision Advanced)

Rectal thermometer

Spectrophotometer (Smart Spec™ 3000)

Brand GmbH

Sartorius AG

Sarstedt AG & Co.
Bio-Rad

Eppendorf AG
Syngene

Bio-Rad
Bio-Rad

Scotsman
Heraeusunmeents
New Brunswick Sdient
Janke & Kunkel GmbH
Tecan
Eppendorf AG
Zeiss
Zeiss

Sharp
Glaswarenfabrik Karl Hecht KG
Applied Biosystems

Thermo Hybaid
Knick GmbH
Fuiji
Eppendorf AG
Ohaus
Bio-Rad
Ohaus
Physitemp
Bio-Rad
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Sterile work bench (Lamin Air HB 2448) Heraeus fastents
Surgical instruments Karl Hammacher GmbH

Tagman ABI Prism 7900HT sequence Applied Biosystems
detection system with ABI 7900HT SDS

2.2 software

Tissue Lyser Qiagen
Thermomixer comfort Eppendorf AG
Ultra-pure water system Milli-Q plus Millipore
Ultrasonograph Visual Sonics

(Visual Sonics Vevo 77) with a
30-MHz central frequency transducer

Vortexer (Vibrofix VF1) Janke & Kunkel GmbH
Water bath GFL

2.1.9 Animal models

The investigations conform to the guide for theecand use of laboratory animals
published by the NIH (Publication No. 85-23, reds©85).

2.1.9.1 The M7t mouse model

The transgenic M7t mouse model was developed inkidiagnby me. It was generated
by microinjection of a targeted cDNA construct (F2gl) in the pronucleus of single-
cell mouse embryos. The generation was authorigegtidoBehorde flr Wissenschaft
und Gesundheit der Freien und Hansestadt Hambuggd204).

Not | Not |

[I a-MHC promoterl I Myc-M7t-cMyBP-C

B al oa2a3 Sv40
Poly(A)

Figure 2.1: Schematic illustration of the transgend construct of the M7t mice. The transgen
contains the mouse:-MHC promoter, the human Myc-M7t-cMyBP-C cDNAnd the SVA4l
polyadenylation signal. Restriction sites usedifansgene excision are indicated.
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Three different plasmids were used to get the tacgeDNA construct:

1. The pMT-Myc-M7t plasmid, which contains the codisgquence for the
human M7t-cMyBP-C cDNA deleted of exon 6 and a @nepitope in the
5’-end of the cDNA. This plasmid was developed lugie Carrier in Paris to
create the recombinant adenovirus expressing thec-MEt-cMyBP-C
(Sarikas et al., 2005).

2. The pUC18-Mae-¥plasmid, which contains the C-terminal part of theuse
a-MHC-promoter, which is required for the heart-gpecexpression of the
transgene. This plasmid was kindly given by Stéfagelhardt (University of
Wirzburg, Rudolf-Virchow Center, DFG Research Ceffdve Experimental
Biomedicine, Wrzburg).

3. The pBlue-MHC-B plasmid, from which the N-terminal part of the meus
a-MHC-promoter was isolated. This plasmid was alseery by Stefan

Engelhardt.

At first, all three plasmids, which contain the aaipn resistance gene, were
transformed into chemically competent Eschericbia(©H10B) cells by heat shock
After plating the transformation mixtures on amiliizicontaining Luria-Bertani (LB)

agar plates (1.5% agar and 100 pg/ml ampicillibBamedium (1% tryptone, 0.5%
yeast extract, 1% NaCl, pH 7.4)) and subsequenbaiton overnight at 37 °C, single
bacterial colonies from each transformation werzutated in ampicillin-containing
LB-medium and incubated overnight at 37 °C undetatign. DNAs were then

isolated and purified according to the instructimanual of the QIAGEN Plasmid
Maxi Kit. DNA concentration of each maxi preparatiovas determined with a
spectrophotometer by measuring the absorbance veavalength of 260 nm and
assuming that 1 unit of absorbance correspond® togbof DNA. Absorbance was
also determined at the wavelength of 280 nm andatie Ao/ A2g0 Was calculated to

check for protein contamination.

To obtain the targeted cDNA construct (Fig. 2.l following cloning strategy was
performed (summarized in Fig. 2.2): The plasmid pMyc-M7t was digested with
the restriction enzymdshel, Xhol und Ndel to isolate the insert Myc-M7t-cMyBP-C,
the plasmid pUC-Maezivas cut with the restriction enzyrBamHI to isolate the C-
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terminal (Cter) part of the-MHC-promoter (in the following named pUC-Mae), and
the plasmid pBlue-MHC-3was digested with the restriction enzynigel und Sall

to isolate the N-terminal (Nter) part of theMHC- promoter (in the following named
pBlue-MHC). All digestions were performed in appriage buffers (containing 1x
BSA) overnight at 37 °C and then separated by re@phbresis on 1% agarose gels
(1% agarose and Ogdlg/ml ethidium bromide in TBE buffer (45 mM Tris leasA5
mM boric acid, 1 mM EDTA, pH 8.0). The corresporgliftagments were excised
from the gels and the contained DNAs were extraeatedl purified according to the
instruction manual of the QIAquick gel extraction. K he isolated DNA fragments
were checked on a 1% agarose gel and DNA conciemisalvere determined with a
MassRuler™ DNA ladder, which was also loaded ongitle A Klenow-reaction was
performed at 25 °C for 15 min with the isolated Myi@t-cMyBP-C and the isolated
pUC-Mae using the DNA polymerase | large fragmeKteiiow, 5 U/ul) in
corresponding 1x buffer containing 33 UM dNTPs.i¢ reaction was stopped by
adding 10 mM EDTA and heating at 75 °C for 20 nidNAs were then extracted and
purified with the QIAquick PCR purification kit, dnDNA concentrations were
determined with the MassRuler™ DNA ladder on a l18arase gel. Following
Klenow reaction, pUC-Mae was dephosphorylated usiiregcalf intestinal alkaline
phosphatase (CIP, 1 U/ul) in corresponding bufted7a°C for 30 min. Reaction was
stopped by adding 10 mM EDTA and heating at 65 6C 5 min. DNA was
extracted and purified with the QIAquick PCR puwdiion kit, and DNA
concentration was determined as described abiovbe next step, Myc-M7t-cMyBP-
C (insert) was ligated in pUC-Mae (vector) by usand:3 vector to insert ratio and
the T4 DNA ligase (400 U/ul) in corresponding 1xfbu Ligation was performed
overnight at 14 °C. The ligation reaction was tfarmeed into chemically competent
Escherichia coli (DH10B) cells by heat shoekd then plated on ampicillin-
containing LB agar plates. After incubation ovehtigat 37 °C, single bacterial
colonies were incubated in ampicillin-containing -bi22dium overnight at 37 °C
under agitation. DNA was isolated and purified adotg to the instruction manual of
the QIAGEN Plasmid Maxi Kit. Positive pUC-M7t-clamdidentified by digestion
with the restriction enzymda3amH| and Xhol) were cut with the restriction enzymes
Ndel and Sall in an appropriate buffer (containing 1x BSA) awght at 37 °C to
isolate the part Ctex-MHC-promoter + Myc-M7t-cMyBP-C. After separatiory b

electrophoresis on a 0.8% agarose gel, the comespugp fragment was excised from
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the gel, and the contained DNA was extracted andfigai according to the
instruction manual of the QIAquick gel extraction. K his freshly isolated fragment
was ligated in the isolated pBlue-MHC as descriledve. Following transformation,
DNA amplification and purification were also perfowed as described above.

A B
Xhol
BamHI / Sall
Myc-M7t-cMyBP-C
3.8 kb
R,AR
Nhel
Ndel
BamHI  cter- a -MHC-
Ndel
promoter
1.1kb
C D
sall Notl BamHI / Sall
R,AR
Myc-M7t-
Cter- a -MHC- | pBlue-MHC-R, cMyBP-C
promoter 3.8kb
Notl
Ndel
Ndel  Nter- a -MHC- BamHI  Cter- a -MHC-
promoter promoter
4.3 kb 1.1 kb

Figure 2.2: Cloning strategy to create the M7t mous model. A, The plasmid pMT-Myavi7t was

cut with the restriction enzymeldhel, Xhol und Ndel to isolate the insert Myc-M7t-cMyBP-C

Afterwards, a Klenow-reaction was performed with tholated Myc-M7t-cMyBP-CB, The plasmid

pUC-Mae-3 was cut with the restriction enzynBamH]I to isolate the C-terminal part (Cteof the

a-MHC-promoter (pUC-Mae). Afterwards, a Klenow-raantwas performed with the isolated pUC-

Mae followed by a dephosphorylatio@, The plasmid pBlue-MHC-f3was cut with the restrictic

enzymedNdel und Sall to isolate the N-terminal (Nter) part of theMHC- promoter (pBlue-MHC)D,

Myc-M7t-cMyBP-C was ligated in pUC-Mae. Positive @tM7t-clones were cut with the restricti
enzymesNdel and Sall to isolate the part Ctet--MHC-promoter + Myc-M7t-cMyBP-CThis isolatec

part was then ligated in the isolated pBlue-MH@#b the final cDNA construct (Fig. 2.3).
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The final construct pBlue-MHC-prom-Myc-M7t-cMyBP-C (Fig. 2.3) was checked
on a 0.8% agarose gel, and DNA concentration wesdeed with the MassRuler™
DNA ladder.

BamHI
Xhol / Sall /

Hindlll /
EcoRI/BamHI_( 45 kb

Spel / Notl

Scal

Myc-M7t-cMyBPC

3.8kb
BamHI /

pBlue- a-MHC-prom-Myc-M7t-cMyBP-C Spel / Notl

2:082 kb 12.6 kb

Nter-a-MHC-
Probe promoter
Cter-a-MHC- 4.3 kb
promoter
.1 kb

Sfol
\
0.528 kb

EcoRl
0.044 kb

3.740 kb

BamHI
0.560 kb

Ndel

EcoRlI

Figure 2.3: Final construct pBluea-MHC-prom-Myc-M7t-cMyBP-C. This DNA construct wa
linearized with the restriction enzymist| to isolate the fragment containing tedViIHC-promoterand
the Myc-M7t-cMyBP-C cDNA for the microinjection. The probe used for the Seut blot (2.2.1.1
is indicated.

To isolate the transgenic construct (Fig. 2.1) tfe microinjection, pBlue-MHC-

prom-Myc-M7t-cMyBP-C (Fig. 2.3) was linearized omight at 37 °C with the
restriction enzyméotl. The corresponding fragment-MHC-promoter + Myc-M7t-

cMyBP-C) was excised from a 0.8% agarose gel (wittzmlding ethidium bromide)
and purified using the QIAquick gel extraction Kithe purified plasmid was given to
Irm Hermans-Borgmeyer (Centre for Molecular Neuotdigy Hamburg, Hamburg),
who performed the microinjection of the cDNA intioet pronucleus of single-cell

C57BIXCBA mouse embryos.

To obtain the probe for the Southern blot (2.2,1tH¢ final construct pBlue-MHC-
prom-Myc-M7t-cMyBP-C (Fig. 2.3) was digested witietrestriction enzymescoRI
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andSfol in an appropriate buffer overnight at 37 °C. Toeresponding fragment was
excised from a 0.8% agarose gel and purified usiegQIAquick gel extraction Kkit.
Probe concentration was determined with the MassRuUIDNA ladder on a 1%

agarose gel.

2.1.9.2 The cMyBP-C knock-in mouse model

The cMyBP-C knock-in mouse model was developedainshy Nicolas Vignier and
Lucie Carrier. The G>A transition on the last notide of exon 6 was introduced in

mice by gene targeting using the Cre/lox systemepécted in Figure 2.4.

Msc |

5 EcoR V Eco47R Nil s
WT TH]
E1 E6 E7 E15
5’ G>A 3
*
TV lector pescs-| (I HH | [H{Jrector peses]
EL E6 E7 E15
Nco | Nco | BamH | BamH |
5 Kpn | Kpn | G>A Sph1|Sph Sphl 3
*
HR | Hi— SRR HI
El E6 E7 E15
Nco | Nco | BamH |
5’ Kpn | Kpn | G>A Sphl 3’
I 0 |
{0 Hi
Kl | B
EL E6 ' E7 E15

Figure 2.4: Targeting strategy for the cMyBP-C knock-in mouse mdel. WT, schematic structul
of the mouseMYBPC3 gene from exon 1 (E1) to exon 15 (E15); TV, targevector containing th
G>A transition on the last nucleotide of exon 6)(B6d the selection cassefterpes simplex viru
thymidine kinase (HSVtk), pGK-neomycin (pGK-nedgriked by twdoxP sites (black arrows); HF
allele obtained after homologous recombination TriLAembryonic stem cells; Kl, targeted floxedt
knock-in allele.

The targeting vector containing a 12.5-kb insers vabtained in several steps. A
8105-bp fragment containing the 5’-part of the neolMs'BPC3 gene, which covers
1747-bp upstream of exon 1 up to exon 15, was médaby long-range polymerase
chain reaction (PCR) and cloning from a FIX Il geno library derived from a
129/Svj mouse strain, and then cloned into the e&lpt® Il KS+ vector. The G>A
transition on the last nucleotide of exon 6 wasaigid by site-directed mutagenesis
on a 258-bp PCR fragment, which was then cloneal timt ECo47RI- Nsil sites. The
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linearized targeting vector, which contained thetation and a selection cassette
composed of the neomycin resistance and herpeslesinmirus thymidine kinase
genes flanked by twéoxP sites, was electroporated into AT1 embryonic stefts
and proceeded for homologous recombination (Buatoai., 2003). Genomic DNA
was extracted from G418 resistant clones and sedeby long-range PCR to check
for 5’ and 3’ homologous recombination. Two clonéth the correct recombination
event were used to obtain germ-line transmittingnelnas (Buchou et al., 2003). One
chimeric mouse was obtained and crossed with akBlagss wild-type mouse to
check for germline transmission. Two heterozygddgBP-C knock-in females were
crossed with a CD1 Sycp1-Cre transgenic male, waigitessed the recombinase Cre
under the control of the Sycp-1 promoter (Vidalagét 1998). After Cre-mediated
recombination, on&xP site remained in the DNA, which resulted in a p4knger
PCR fragment. Heterozygous offsprings were furthackcrossed to Black-swiss
mice. Pups were born in the expected Mendeliamgatf wild-type, heterozygous
and homozygous cMyBP-C knock-in mice. Both hetegozys and homozygous
cMyBP-C knock-in mice appeared normal and were lgialp to two years. Further

characterization of this mouse model will be présérn the results.

2.1.9.3 The cMyBP-C knock-out mouse model

The cMyBP-C knock-out mouse model, developed byid &arrier in Paris, is a
transcriptional knock-out (Carrier et al., 2004)whs generated by targeted deletion
of exons 1 and 2 of the mous4YBPC3 gene, which included the transcription
initiation site. In homozygous cMyBP-C knock-outcej no cMyBP-C mRNA and
protein were detected, validating the gene inatitma These mice develop eccentric
left ventricular (LV) hypertrophy with decreasedadtional shortening and a
significant increase of the LV mass to body weigttio at the age of 3-4 months (mo)
compared to corresponding wild-type mice. In additihistological examination at
this age exhibited myocardial disarray, increasmtefrstitial fibrosis and calcification

in the fibrotic areas.
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2.1.9.4 The UG"®V-GFP mouse model

The UB"®Y-GFP mouse model was kindly given by Nico Danturitciobiology
and Tumor Biology Center, Karolinska Institute, &oolm). This mouse model
expresses an Jb°Y-GFP reporter protein, which is a N-terminal ubfguimutant
(Ub®™®) in frame with an green fluorescent protein (GRR)Y which is widely
expressed at high levels by a chimeric cytomegalsvimmediate early (CMV-IE)

enhancer and a chick@ractin promoter (Lindsten et al., 2003) (Fig. 2.5).

CMV-IE Chicken B-actin Grev SV40
enhancer  promoter PA site
. U || GFP
Aflll Xmnl

Figure 2.5: Schematic illustration of the transgerd construct of the Ub®’®Y-GFP mice. The
transgene contains the CMV-IE enhancer, the chigkactin promoter, the UB®"-GFP open readin
frame and the SV40 polyadenylation signal. Resbncsites used for transgene excision are indic
(adapted from Lindsten et akp03).

Ub®"®Y-GFP transcripts were present in different tissuéth predominant expression
in skeletal muscle, heart, testis and cerebelldime N-terminal-linked ubiquitin
molecule serves as an acceptor for polyubiquitaired) through the canonical Lys48
and the less common Lys29. The G76V substituticevemts the removal of this
ubiquitin by cellular ubiquitin C-terminal hydrokes, leading to efficient
ubiquitination and proteasomal degradation of the®’®'-GFP fusion protein.
Therefore, no GFP-fluorescence in any of the tissuas obtained in cryosections
from adult U5"®'-GFP mice by fluorescence microscopy under normatiitions. In
contrast, after treatment with different proteasonhibitors, pronounced
accumulation of the UH®Y-GFP reporter was visualized in primary fibroblaats
neonatal cardiomyocytes. The intraperitonéap.) injection of the proteasome
inhibitor MG262 (5 pmol/kg) in adult U8°Y-GFP mice resulted in a detectable GFP
fluorescence in the liver, small intestine, pansrd&&dney and to a lower extent in the
lung and spleen. No fluorescent cells could be eskin the brain, heart and skeletal

muscles (Lindsten et al., 2003).
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2.1.9.5 The GFPdgn mouse model

The GFPdgn mouse model was kindly provided by XwaMang (Cardiovascular
Research Institute, University of South Dakota $ttad Medicine, South Dakota).
This mouse model was engineered by fusion of th& @gron, which is a consensus
ubiquitination signal sequence, to the C-terminuthe coding sequence of the GFP
(Kumarapeli et al., 2005). This modified GFP (GFRdgas placed behind a hybrid
promoter composed of the human CMV-IE enhancertl@ahicker-actin promoter
along with its first intron and in front of the faibpB-globin poly-adenylation site (Fig.
2.6).

Saf | EcoRI EcoRl  Pstl
|aTe

LcMV-IE| p-actin prom l l‘GFPdgn cDNA/Poly-AF
P
/

\

Figure 2.6: Schematic illustration of the transgend construct of the GFPdgn miceThe transgeni
construct consists of the CMV-IE enhancer, the laidg-actin promoter, th&FPdgn cDNA ope
reading frame and the polyadenylation sequence/{Rpfrom the rabbit3-globin gene. The Zrey
boxes represent noncoding exons of the chigkantin promoterRestriction sites used for transge
excision are indicated (adapted from Kumarapedil e2005).

GFPdgn transcripts were expressed in all major irgbhe GFPdgn protein was
detected by Western blot in the heart under nocoatlitions. Proteasome inhibition
with different proteasome inhibitors caused marketease of the GFPdgn protein in
isolated adult cardiomyocytes analyzed by Westéwh dr fluorescence microscopy.
Systemic proteasomal inhibition by intravenous.)iimjection of MG262 (5 pmol/kg)
in adult GFPdgn mice revealed increased GFPdgreiprdévels in all examined
organs (including the heart) analyzed by Westemt lor confocal microscopy

(Kumarapeli et al., 2005).
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2.2 Methods

2.2.1 Genotyping

2.2.1.1 Genotyping by Southern Blot

Genomic DNA was extracted from mouse tails accgrdinthe instruction manual of
the DNA isolation reagent for genomic DNA, excdpittthe DNA was dissolved in
TE buffer (1 M Tris-HCI, 0.5 M EDTA, pH 7.4) instdaof 8 mM NaOH. Extracted
DNA was digested overnight with the restriction yne EcoR | at 37 °C and then
separated by electrophoresis at 130 V on a 0.8%Yosg@el for 4.5 h. Afterwards, the
gel was first treated with 0.25 M HCI for 15 min depurinate the DNA fragments
and then with 0.4 M NaOH for 15 min to denature BA. The DNA-gel was
transferred overnight to a positively charged nyloembrane by capillary action
under alkaline conditions (0.4 M NaOH). The driedmbrane was exposed overnight
to a hybridization probe at 68 °C in a hybridizatisolution (ExpressHyb™). The
probe (see 2.1.1.and Fig. 2.3) was labeled before wits*’P-dCTP by random
primer labeling using the Rediprime™ Il kit. Aftarashing (75 mM NaCl, 7.5 mM
sodium citrate, 1% SDS, pH 7.0), the membrane wpesed overnight to a Phospho-
Imager plate. The pattern of hybridization was &lmed using a Phospho-Imager-

System.

2.2.1.2 Genotyping by PCR

Genomic DNA was extracted and amplified from mouais according to the
instruction manual of the Extract-N-Amp™ Tissue PRR PCR amplification was

performed using the cycling parameters specifiedidhle 2.1 and the primers listed
in Table 2.2.
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Table 2.1: PCR cycling parameters for genotyping by?CR.

PCR step Temperature (°C) Time (min:sec) Cycles
Initial denaturation 94 5:00 1
Denaturation 94 0:30
Annealing 1 l[i)neepizsned;nga%?ergt.)zu)se 0:30 11
Elongation 72 1:00
Denaturation 94 0:30
Annealing 2 ﬁ)neep(esnedgnﬁaz?erg‘_’gse 0:30 24
Elongation 72 1:00
Final elongation 72 7:00 1
Final hold 4 indefinitely
Table 2.2: Primer list for genotyping.
Mouse line  Primer name Primer sequence (5’-3) AT 1/2 (°C)
M7t M7t-F GCCAGTCTCAGCCTTTAGCA 60/55
M7t-R CCAGCAATGACTGCGTAAGA
cMyBP-C GKlcasF GTCTGGTCTTGTGGTCTT 55/50
knock-in GKl cas R GCATTTCGTTCACACCTC
ULSTV.GEP TG5-1 (s) CCTACAGCTCCTGGGCAACGT 65/60

Ub/G76V/-2 TCGACCAAGCTTCCCCACCAC

GFPdgn-F GCGATGCCACCTACGGCAAGC
GFPdgn 70/65

GFPdgn-R GTGGTCGGCGAGCTGCACGCT

AT means annealing temperature (see Table 2.1).

The amplified DNA was loaded on a 1% agarose det. Gene Ruler™ 100 bp DNA
Ladder was used as molecular weight marker. Gebémaas recorded with the

Chemie GenilfsBio Imaging System.
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2.2.2 Organ extraction

Organ extraction was authorized by the BehdrdeSioziales, Familie, Gesundheit
und Verbraucherschutz der Freien und Hansestadtbhi@m(Org 370). Mice were
sacrificed by cervical dislocation in light G@nesthesia and weighted. After median
thoracotomy, the hearts were extracted, rinsedatonic 0.9% NaCl solution, dried
and weighted. After removing the atria, the veniac weights were determined. If
needed other organs like lung, liver and kidneyenaso excised and their weights
noted. After weighing, tissues were frozen in lgjnitrogen and stored at -80 °C until
utilization. To equally portion the ventricles fatifferent preparations, frozen
ventricles were powdered with a steel mortar imitignitrogen. The tissue powder

was mainly divided in three portions and also stae-80 °C until utilization.

2.2.3 RNA analysis

2.2.3.1 RNA isolation

Total RNA was extracted from ~ 30 mg frozen tispoevder (see 2.2.2) or 3.3 x°10
cultured and treated isolated neonatal mouse aakaioytes (see 2.2.5.1) according
to the instruction manual of the SV Total RNA Idma Kit. Total RNA was stored at

-80 °C until further utilization.

2.2.3.2 RNA concentration determination

RNA concentration was determined with a spectromineter by measuring the
absorbance at a wavelength of 260 nm and assurhaiglt unit of absorbance

corresponds to 40 pg of RNA. Absorbance was alserniéned at the wavelength of
280 nm, and the ratioz8y/A2so Wwas calculated to test for protein contamination.
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2.2.3.3 Reverse transcription (RT)

Total RNA (100 ng from cell preparations and 100 g 1 pg from tissue
preparations) was reverse transcribed into cDNAgusiligo(dT)s according to the
instruction manual of the SuperScript™ Il Firdgte®id Synthesis System for RT-
PCR. For the amplification of the cMyBP-C pre-mRNRT was performed using
random hexamers instead of oligo(dT)s.

2.2.3.4 Classical RT-PCR

To analyze the expression of the transgene in tierivbuse model, corresponding
cDNAs were amplified according to the instructiomnmual of the Extract-N-Amp™
Tissue PCR Kit with the exception that 1 ul cDNAsaapplied instead of 4 pl. The
same cycling parameters as specified in Table 2r& wsed and the used primers are
listed in Table 2.3.

Table 2.3: Primer list for classical RT-PCR in theM7t mouse model.

Mouse line Primer name Primer sequence (5’-3’) AT 1/2 (°C)

M7t Myc-M7t-F TGGAGCTAGCATGGAGCAAA 60/55
Myc-M7t-R  CAGGCCGTACTTGTTGCTG

AT means annealing temperature (see Table 2.1).

The amplified cDNA was loaded on a 1% agarose Deé Gene Ruler™ 100 bp
DNA Ladder was used as molecular weight marker. iGalges were recorded with

the Chemie GenidsBio Imaging System.

To analyze the different cMyBP-C mRNA species ia tMyBP-C knock-in mouse
model, corresponding cDNAs were amplified accordimghe instruction manual of
the AmpliTaq Gol& polymerase using the cycling parameters specifieflable 2.1

and the primers listed in Table 2.4.
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Table 2.4: Primer list for classical RT-PCR in thecMyBP-C knock-in mouse model.
Mouse line Primer name Primer sequence (5’-3) AT 1/2 (°C)

cMyBP-C Cprot ex 4-5 (F) GACCGTGGGCGGCAGCATTG
knock-in  Cprot ex 8-9 (R) TGGCTGTCACTGGTTCTCCG

AT means annealing temperature (see Table 2.1).

65/60

The amplified PCR-products were visualized in thme way as described above.

2.2.3.5 Quantitative RT-PCR

The quantitative RT-PCRs were performed on the TadiMABI Prism® 7900HT
sequence detection system using specific Tad\aobes or SYBR Green (Fig. 2.7).
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Figure 2.7: Quantitative RT-PCR using specific TagMain® probes or SYBR® Green. A, The
TagMarf probe is designed to anneal to a specific sequehttee template between the forward
reverse primers. The probe has a high-energy dyeetk reporter at its 5-end and a l@nergy
molecule termed quencher at itse3id. When the probe is intact and excited by at lsgturce, th
reporter’'s emission is suppressed by the quencharrasult of the close proximity of the dy@ghen
the probe is cleaved by the 5-exonuclease activitythe polymerase, the distance betw the
reporter and quencher increases causing the traofsémergy to stop. The fluorescent emission el
reporter increases and is directly proportionathi® amplification factorB, SYBR® Green is a dy
that unspecifically intercalate in doubleaaded DNA. This intercalation induces a fluores
emission. After the PCR reaction, a melting curvelgsis is required to differentiate betwe
mismatched PCR products (e.g. primer dimers) amtegi®y matchedfragments (adapted from t
Takara Bio USA websi)e

For all RT-PCRs, glyceraldehyde-3-phosphate delggirase (GAPDH) was used as
an endogenous control to normalize the quantiicatbf the target mRNAs for

difference in the amount of cDNA added to each tieac(primers and probe see
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Table 2.5). For the quantitative determinationradf transgene expression in the M7t
mouse model, the corresponding cDNAs were dilutdd Band amplified using the
primer pair and the probe specified in Table 2.6 #re TagMafl Universal PCR
Master Mix. The used PCR program is shown in Table

Table 2.5: GAPDH primer and probe sequences for qugtitative RT-PCR.
Primer/Probe name Primer/Probe sequence (5-3’)

GAPDH-F ATGTTCCAGTATGACTCCACTCACG
GAPDH-R GAAGACACCAGTAGACTCCACGACA
GAPDH probe AAGCCCATCACCATCTTCCAGGAGCGAGA

The probe hathe fluorescent reporter 6-carboxy-fluorescein (BAdtlits 5’end and th
guencher 6-carboxy-tetramethyl-rhodamine (TAMRAj&8-end.

Table 2.6: Primer and probe sequences for quantitate RT-PCR in the M7t
mouse model (1).

Mouse line Primer/Probe name Primer/Probe sequence (5’-3’)

hM7t (F) GGACCAGGCGGTGTTCAA
M7t hM7t (R) AGGTGTGACGTCGTCAATGG
hM7t probe TGTCCCACATCGGGCGGGTC
The probe has the fluorescent reporter FAM at’itsriel and the quencher TAMRA

its 3'-end.

Table 2.7: PCR program for quantitative RT-PCR using the
relative quantification method and the TagMarf’ Universal
PCR Master Mix.

Stage  Temperature (°C) Time (min:sec) cycles

Stage 1 50 02:00 1

Stage 2 95 10:00 1
95 00:15

Stage 3 45
60 01:00

To analyze the ratio of transgenic to endogenougBfMC mRNA in the M7t mouse
model, corresponding cDNAs (diluted 1:10) were afigal with the primer pair and
probes depicted in Table 2.8 and the PCR prograwisin Table 2.7.
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Table 2.8: Primer and probe sequences for quantitate RT-PCR in the M7t mouse model (ll).

Mouse line Primer/Probe name Primer/Probe sequence (5’-3)

hM7t ex 5-7 (F) AATGGGTGGACCTGAGCA
M7t hM7t ex 5-7 (R) GGCTGATAGGAGGTCCAGGT
Hum ex 5-7 probe CCAGCAAGAGGCCATGGGCA
Mus ex 6 probe TCACAGATGCTCAGACCACTTCTGCTG

The probes have the fluorescent reporter FAM at tieend and the quencher TAMRA at th
3’-end.

For the quantitative determination of total cMyBR¥RNA in the cMyBP-C knock-
in mouse model, the cDNAs were diluted 1:10 and|i®eg using the Power SYBR
Green PCR Master Mix. PCR primers and cycling patans are shown in Table 2.9

and 2.10, respectively.

Table 2.9: Primer sequences for quantitative deterination of total cMyBP-C
MRNA level in the cMyBP-C knock-in mouse model.

Mouse line Primer name Primer sequence (5’-3’)

. Cprotex2-3F GATGCGAGCCCTGATGAC
cMyBP-C knock-in
Cprot ex 2-3 R GACTTGAGACACTTTCTTCC

Table 2.10: PCR program for quantitative RTPCR using the
absolute quantification method and the Power SYBR Green
PCR Master Mix.

Stage  Temperature (°C) Time (min:sec) cycles

Stage 1 95 10:00 1
95 00:15

Stage 2 45
60 01:00
95 00:15

Stage 3 60 00:15 1
95 00:15

For amplification of the cMyBP-C pre-mRNA, quantit®@ RT-PCR was performed

in the same way as described above, but with tinegpmpair shown in Table 2.11.
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Table 2.11: Primer sequences for quantitative detenination of cMyBP-C pre-
MRNA levels in the cMyBP-C knock-in mouse model.

Mouse line Primer name Primer sequence (5’-3)

. CprotintlF GCAAGTTCCATCTGGCTCTT
cMyBP-C knock-in _
Cprotint2 R  GCGAGGTCAGCAAGCTCTTA

For the quantitative determination of the nonsemskmissense cMyBP-C mRNAs in
the cMyBP-C knock-in mouse model, the cDNAs weraitdd 1:10 and amplified
using the TagMah Universal PCR Master Mix and the primers and psotiepicted
in Table 2.12. The used PCR program is shown ineTa4.

Table 2.12: Primer and probe sequences for quantitve determination of nonsense an
missense MRNA levels in the cMyBP-C mouse model.

Mouse line Primer/probe Primer/Probe sequence (5-3’)
(mMRNA species) name

cMyBP-C Spe del 6 F TGGACCTGAGCAGCAAAGTG
knock-in Spe del 6 R GGTCCAGGTCTCCAGAACCA
(nonsense)  gpe del 6 probe  ~ CCAGCAAGAGGCCA

cMyBP-C Spe WTMF GTGTCTACCAAGGACAAATTTGACA
knock-in Spe del 6 R GGTCCAGGTCTCCAGAACCA
(missense)  gpe M probe CTCACTGTCCATAAGG

The probes for the determination of the nonsengengsissense mRNA have the fluorescent rep:
FAM and VIC, respectively, at their nd. The probe for the nonsense mRNA has the qee
TAMRA at its 3'-end, whereas the probe for the missense mRNA hasfuorescent quencher wi
a minor groove binder (MGB) at its 3’-end.

All analyses were performed in triplicates with thaftware ABI 7900HT SDS 2.2.
The mRNA amount was quantified according to the garative Ct method with the
24% formula. The Cvaluesof GAPDH (endogenous control) were subtracted from
the Ct values of the target gemeCt). The mean oACtof the reference (mainly WT
or DMSO-treated controls) was then subtracted feath single\Ct resulting in the

AACtvalue. The formula2*“' provides the amount of mRNA in every sample.
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2.2.4 Protein analysis

2.2.4.1 Protein extraction

For Western blot analysis, about 30-50 mg tisswedeo (see 2.2.2) were mixed with
5 volumes of lysis buffer | (3% SDS, 30 mM Tris eapH 8.8, 5 mM EDTA, 30 mM
NaF, 10% glycerol) and homogenized with the Tiskyser twice for 30 sec at a
frequency of 30 Hz. After centrifugation (13200 rpb® min, room temperature), the
supernatant was collected and its concentration dedsrmined as described in the
next chapter. For protein extraction from cultusdls, 100 pl lysis buffer 11 (500
mM NaCl, 1% Triton X-100, 1 mM EDTA, 1 mM DTT, 50vhTris-HCI, pH 7.4, 1
tablet complete mini-proteases inhibitor cocktéar (10 ml buffer)) were added to
~ 3.3 x 16cultured isolated neonatal mouse cardiomyocytes ?s2.5.1) or isolated
adult mouse cardiomyocytes (2.2.5.3). After homagaion by pipetting up and
down, the homogenate was centrifuged at 13200 gorhG min at room temperature.
The supernatant was collected and its concentraticas determined. For
measurement of the 20S activity, about 30-50 mguéspowder (see 2.2.2) were
mixed with five volumes of lysis buffer Il (1 tadtl complete mini-proteases inhibitor
cocktail dissolved in 10 ml aqua ad iniectabiliajter three cycles of freezing (in
liquid nitrogen) and thawing (at room temperatuteg samples were homogenized
with the Tissue Lyser as described above. Aftetrdfagation (13200 rpm, 30 min, 4

°C), the supernatant was collected and its conatoitr was determined.

2.2.4.2 Determination of the protein concentration

The protein concentration was determinedttey Bradford protein assay, which is a
dye-binding assay in which a differential color rba of a dye occurs in response to
various concentrations of protein (Bradford, 197Bnr determination, 5 pl of
supernatant of protein samples were added to 7951V NaOH. After admixture of
200 pl CoomassfeBrilliant Blue G-250 reagent and incubation atmotemperature
for 5 min, the absorbance at 595 nm was measurdld avispectrophotometer.
Subtraction of the blank value (800 pl 0.1 M NaQHisi200 pl CoomassieBrilliant
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Blue G-250 reagent) and comparison to a standarangnoglobulin G) curve
provided a relative measurement of protein conaéintr. Each protein concentration

determination was performed in duplicates.

2.2.4.3 Western blot analysis

Either 7.5 pg (tissue) or 20 pg (cells) of proteiare adjusted to Laemmli buffer
composition (2% SDS, 10% glycerol, 10 mM Tris bagsd, 6.8, 100 mM DTT and
0.01% bromphenol blue), denatured by heating at®%or 5 min and subsequently
separated on 10% or 15% (depending on the targeeip)y polyacrylamide gels
(running gel composition: 375 mM Tris base, pH 868% or 15% acrylamide/bis
solution (29:1), 0.1% SDS, 0.1% APS, 0.03% TEMExcking gel composition:
125 mM Tris base, pH 6.8, 5% acrylamide/bis soluti29:1), 0.1% SDS, 0.1% APS,
0.08% TEMED) by gel electrophoresis. Electroph@egas carried out first at 80 V
for 10 min and then at 150 V as long as neededkrtrephoresis buffer (25 mM Tris
base, 192 mM glycine, 0.1% SDS) using the Mini €aat3 electrophoresis system.
The Precision Plus Protein Standard™ was used &scolar weight marker. After
separation, the proteins were transferred ontaracaellulose membrane at 300 mA
for 90 min in transfer buffer (50 mM Tris base, 38M glycine, 0.1% SDS, 20%
methanol) using the Mini Trans-Blot cell system.tekivards, the membrane was
stained with Ponceau S to visualize the transfepredeins. After 3 times washing
with TBS-T buffer (100 mM Tris base, pH 7.5, 150 MMACI, 0.1% Tween 20), the
membrane was blocked in 5% milk solution (milk p@wdch TBS-T buffer) for 1 h at
room temperature and then, after repeated washnmogbated with the primary
antibody (Table 2.13) overnight at 4 °Bfter 3 times washing with TBS-T buffer,
themembrane was then incubated with the secondargaahti(Table 2.13) for 1 h at
room temperature. After a final washing with TBShuffer, the membrane was
incubated with a detection reagent according toiis&ruction manual of the ECL
Plus Western blotting detection system for tissteparations or the SuperSighal
West Dura extended duration substrate for cell gmamwns. The produced
chemiluminescent signal was detected with the CeeBgniu$ Bio Imaging System

and quantified with the Gene Tools software.
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Table 2.13: Antibodies list for Western blot analysis.

Investigated Primary dilution Secondary antibody dilution

protein antibody

cMyBP-C CoC1 1:1000 anti-rabbit IgG 1:6000
peroxidase conjugate

Ubiquitinated  Ubiquitin 1:2000 anti-mouse IgG 1:20000

proteins peroxidase conjugate

GFP GFP 1:2000 anti-rabbit IgG 1:10000

peroxidase conjugate

The primary antibodies were diluted in TBS-T buffehereas the secondary antibodies were diluted in
5% milk solution.

2.2.4.4 Measurement of the 20S proteasome activiie

As described in the introduction, the 20S proteasdhig. 1.8) contains 3 peptidase
activities: the chymotrypsin-like, the trypsin-lilkend the caspase-like activity. All 3
activities can be determined by measurement ofrdkmence generated from

enzymatic cleavage of fluorogenic substrates (Zig).

Peptidas of the

) 20S proteasome
Fluorogenic substrate AA-AA-AA-FR > AA-AA-AA RS

Figure 2.7: Enzymatic reaction during degradation ly the 20S proteasomeTo measure th
different activities of the 20S proteasome, specffuorogenic substratesere used, which a
composd of a chain of amino acids (AA) and a fluoresceyorter (FR). After cleavage of the

substrates by a specific peptidase, the fluoresgmrter is released, whose fluorescence ca
measured.

The method to measure the 20S proteasome actiwtissadapted from (Ludwig et
al., 2005)). For determination, 3@ of protein (2.2.4.1) were incubated in the dark
for 1 h at 37 °C in an incubation buffer (225 mMsHHCI, pH 8.2, 45 mM KCI, 7.5
mM Mg(CH3COO)-4H,0, 7.5 mM MgC}-6H,0, 1.1 mM DTT) containing an ATP
regenerating system (6 mM ATP, 5 mM phosphocreatin2 U phosphocreatine-
kinase) and a specific fluorogenic substrate (Takld).
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Table 2.14: Fluorogenic substrates used to measuttee activities of the 20S proteasome.

20S activity Fluorogenic substrate Concentration (M)

Succinyl-leucyl-leucyl-valyl-
tyrosyl-7-amino-4-methylcoumarin 60
(SUC-Leu-Leu-Val-Tyr-AMC)

Benzoyl-valyl-glycyl-arginyl-7-

Trypsin-like activity —amino-4-methylcoumarin 20
(Bz-Val-Gly-Arg-AMC)
Benzyloxycarbonyl-leucyl-leucyl-

Caspase-like activity glutamyl-B-naphtylamide 200
(Z-Leu-Leu-Glu-BNA)

Chymotrypsin-like
activity

For each activity of the 20S proteasome, a speéificrogenic substrate was used. The indici
concentrations were determined in preliminary tests

Released fluorescence of the fluorescent reportnino-4-methylcoumarin (AMC)
andp-naphtylamide fNA) was measured using the TECAN Sdfingicroplate reader
at an excitation wavelength of 380 and 350 nm, getgygely, and an emission
wavelength of 460 and 450 nm, respectively. Eaohpéawas measured in triplicates.
The mean of the blank (incubation buffer argDiHwas subtracted from the mean of

each sample triplicate.

In preliminary experiments, the substrate-dependewt protein amount-dependent
response of this method was tested for the chypsimyike activity. To investigate

the substrate-dependent response, 10 pg of pratere incubated in incubation

buffer with different concentrations of the fluosogc substrate, whereas different
amounts of protein were incubated in incubatiorfdyutontaining 60 uM fluorogenic

substrate to examine the protein amount-dependspbnse (Fig. 2.8).
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Figure 2.8: Substrate- and protein amount-dependentresponse of the chymotrypsirike
activity. A, Ten pg of protein were incubated for 1 h in incidoatbuffers with different
concentrations of the fluorogenic substrate (SUQ-Leu-Val-Tyr-AMC). B, Different amounts ¢
protein were incubated for 1 h in incubation buffentaining 60 pM fluorogenic substrate (SUC-Leu-
Leu-Val-Tyr-AMC). For A and B, released fluorescengas measured at arcitation wavelength ¢
380 nm and an emission wavelength of 460 nm.

In both experiments, an almost linear increase hef fluorescence intensity was
observed. With regard to the substrate-dependspbnse, it seems that the system is
saturated when high concentrations of fluorogeniosgate (200 pM) were used.
Finally, the sensitivity of this system to MG132reversible proteasome inhibitor,
was investigated. Ten pg of protein were incubatethcubation buffers containing
60 uM fluorogenic substrate and different concdimng of MG132 (Fig. 2.9).

20000y
150004 u
100004

50004

activity (RFU)

Chymotrypsin-like

Bu;‘fe'ry 01 1 10
MG132 (M)

Figure 2.9: MG132 sensitivity of the chymotrypsindike activity. Ten pg of protein were incubated
for 1 h in incubation buffers containing 60 pM ftogenic substrate (SUC-Leu-Leu-Val-Tyr-AMC)
and different concentrations of MG132. Releasedréiacence was measured at anitation
wavelength of 380 nm and an emission waveleng#66fnm.

An inhibition of the proteasome started at a MGt8Acentration of 0.5 uM and the

50% inhibitory concentration (kJ was 1.08 uM. A MG132 concentration of 10 pM

resulted in an almost complete blockage of thegaisaime.
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2.2.5 Cell isolation

2.2.5.1 Neonatal mouse cardiomyocytes

Neonatal mouse cardiomyocytes (NMCM) were isoldtedh at least 19 1-4 d-old
mice according to a procedure adapted from (Lawgetital., 2005). Organ extraction
from neonatal mice was authorized by the Behdrdeéstiziales, Familie, Gesundheit
und Verbraucherschutz der Freien und Hansestadbtia@n{Org 366). Neonatal mice
were sacrificed by cervical dislocation. Mouse vietgs were removed aseptically,
kept in a C&'/Mg**-free HBSS on ice, washed, minced into small fragie HBSS,
and incubated overnight at 4 °C in 0.5 mg/ml trggldBSS. This trypsin predigestion
was followed by five rounds of digestion with 240ntJ collagenase type Il in HBSS
solution at 37 °C for 9 min. Cells were collectedan equal volume of cold dark
medium (DMEM:M199 3:1, 10% horse serum, 5% FCS, 10@nl penicillin-
streptomycin, 1 mM HEPES, pH 7.4). The resultingtome was centrifuged twice
(8 and 5 min) at 600 rpm at room temperature amdctlls were resuspended in
20-25 ml of dark medium. To exclude nonmuscle celie isolated cells were pre-
plated twice in T75 flasks at 37 °C and 10% @@ 75 min. All unattached cells,
which were mainly cardiomyocytes, were transfetr@d Falcon tube and spinned
again twice aB20 rpm for 5 min at room temperature before theyencounted using
a Neubauer chamber. NMCM were plated on laminirtemb&.01 mg/ml; in 1x PBS)
12-well dishes at a density of *Léells/cnt and incubated at 37 °C and 10% G

4 d in the dark medium before treatment (see 4.2.6.

2.2.5.2 Adult mouse ventricular myocytes

Adult mouse ventricular myocytes (AMVM) were is@dtfrom 3-4 mo-old mice.
Heparinised (20000 U/kg) mice were sacrificed byvical dislocation in light CQ@
anesthesia. After median thoracotomy, hearts wexeised, mounted on a
temperature-controlled modified Langendorff perbusiapparatus and retrogradely
perfused through the aorta with a’Gree modified Tyrode’s solution (113 mM
NacCl, 4.7 mM KCI, 0.6 mM KHPQy, 0.6 mM NaHPO,-2H,0, 1.2 mM MgSQ-7H,0,
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12 mM NaHCQ, 10 mM KHCG;, 10 mM HEPES, pH 7.4, 30 mM taurine, 5.5 mM
glucose, 10 mM 2,3-butanedione monoxime (BDM)) at'@ for 8 min at 3 ml/min.
This perfusion buffer was then switched to a digasbuffer containing the modified
Tyrode’s solution, 12.5 puM Cagdnd 0.1 mg/ml Liberase Blendzyme 3 at 37 °C for
9-10 min. The ventricles were excised, minced vioticeps and dissociated by gentle
pipetting. The collagenase activity was stoppedth® addition of 10% FBS, and
CaCl was stepwise reintroduced up to a concentratioh wiM. After resuspending
and counting with a Neubauer chamber, the isolag$ were plated on laminin-
coated (0.01 mg/ml in 1x PBS) Lab-Tek™ chambersaverslips at a density of
20000 cells/ml in 1.8 mM CGéplating medium (MEM supplemented with Hanks’
salts and 2 mM glutamine, 100 U/ml penicillin-st@pycin, 5% FBS, 10 mM BDM).
After 2 h pre-plating, the cells were either usedniediately for immunofluorescence
analysis (see 2.2.7) or further cultured for treaimin culture medium (MEM
supplemented with Hanks’ salts and 2 mM glutamingé,mg/ml BSA, 10 mM BDM,
1% insulin/transferrin/selenium, 100 U/ml penicifstreptomycin) at 37 °C and
5% CQ.

2.2.5.3 Mouse fibroblasts

Fibroblasts were isolated from a 9 mo-old ¥-GFP mouse. The mouse was
sacrificed by cervical dislocation in light G@nesthesia. After median thoracotomy,
a piece of the subcutis was excised, minced artdredl in a culture medium (DMEM
(4.5 g/l glucose), 10% FCS, 100 U/ml penicillinegttomycin, 1% glutamine) in a
T75 flask at 37 °C and 5% GOAfter 6 d, the medium was changed and the
fibroblasts were further cultured. When 90% coniicee was reached, the fibroblasts
were detached from the flask with a trypsin sohut{0.25% trypsin in HEPES/EDTA
buffer) and split 1 to 2.
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2.2.6 Treatments

2.2.6.1 Treatment of NMCM

After 4 d of culture in dark medium (see 2.2.5the medium was removed and
NMCM were treated with 10 uM MG132 for the timeslicated in the results or with
500 nM epoxomicin (irreversible proteasome inhifitor 4 h in 0.1% DMSO-
containing dark medium at 37 °C and 10% ,Cior proteasome inhibition. For
nonsense-mediated mMRNA decay (NMD) inhibition, ttedls were treated with
100 pg/ml cycloheximide (CHX) or 300 pg/ml emetine ill% DMSO-containing
dark medium for 4 h at 37 °C and 10% £ ®otal RNAs or proteins were extracted
from NMCM as described in 2.2.3.1 or 2.2.4.1, resipely.

2.2.6.2 Treatment of AMVM

After pre-plating, AMVM isolated either from a trsgenic M7t mouse or a
homozygous cMyBP-C knock-in mouse were treated WithuM MG2132 in culture
medium (see 2.2.5.2) for 15 h at 37 °C and 5%,.C&terwards proteins were
extracted as described in 2.2.4.1. AMVM isolatednfr U°"®-GFP mice were
treated with 10 uM MG132, 100 nM MG262 (reversipteasome inhibitor) or
500 nM epoxomicin in culture medium for 20 h at°8 and 5% CQ Fluorescence
was analyzed by confocal microscopy using a Zeisvert 200 M microscope with
a 40x-oil objective. Confocal images were record@ti a Zeiss LSM 5 Image system.
AMVM isolated from GFPdgn mice were treated withu® or 10 pM MG132 in
culture medium for 15 h at 37 °C and 5% LC®luorescence was analyzed in the

same way as described above.

2.2.6.3 Treatment of fibroblasts

Cultured fibroblasts were plated on Lab-Tek™ chammbaend treated either with

epoxomicin in a concentration of 5 nM, 50 nM, 500 ar 5 pM or with MG262 in a
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concentration of 1 nM, 10 nM, 100 nM or 1 uM orhvi1G132 in a concentration of
0.1 uM, 1 uM or 10 pM in 0.1% DMSO-containing cuumedium (2.2.5.3) for 15 h
at 37 °C and 5% C£ Fluorescence was analyzed by confocal microscsiyg a

Zeiss Axiovert 200 M microscope with a 40x-oil atfjge. Confocal images were

recorded with a Zeiss LSM 5 Image system.

2.2.6.4 Treatment of mice

Systemic application of the reversible proteasontebitor MG262 was performed
either by i.p. injection (9 umol/kg in a 60% DMSGa@BI-solution) or by i.v. injection
into the lateral tail vein (5 pmol/kg in a 38% DM3ACI-solution). The application
was authorized by the Behérde fiur Wissenschaft Gedundheit der Freien und
Hansestadt Hamburg (Org 72/04). Heart and liverewexcised 24 h after i.p.
injection and 17 h after i.v. injection as desadibe 2.2.2 and further analyzed by
direct fluorescence microscopy using a Zeiss Axib28 microscope and/or Western
blot. Systemic inhibition of NMD was performed bybgutaneous (s.c.) injection of
cycloheximide (120 mg/kg in a 60% DMSO-NaCl-soladian the neck fold. The s.c.
injection was repeated once per hour four timeg. Adarts were excised 30 min after
the last injection as described in 2.2.2. Total RM#s isolated as described in 2.2.3.1.
All applications were performed by using hypodermeedles and insulin syringes.

As controls, mice were injected with a 60% or 38¥$D-NaCl-solution.

2.2.7 Transfection

Transfection of the final construct pBlueMHC-prom-Myc-M7t-cMyBP-C (Fig. 2.3)
into isolated neonatal rat cardiomyocytes (NRCMhjclh were kindly prepared by
Hiroshi Naito, was performed according to the imstion manual of Lipofectamine™

2000. Immunofluorescence analysis (2.2.8) was mM&deafter transfection.
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2.2.8 Immunofluorescence analysis

AMVM or transfected NRCM were rinsed twice in 1x $Bnd fixed for 7 min at
-20 °C in methanol/acetone (20/80). After washing ix PBS, cells were
permeabilized for 1 h at room temperature in sofutA (0.5% Triton X-100,
1% BSA, 10% FCS in 1x PBS). After washing in saaotB (0.5% Triton X-100,
1% BSA in 1x PBS), cells were incubated for 40 mirroom temperature with the
primary antibodies diluted in solution B (anti-cMyBC (1:500), anta-actinin
(1:200), anti-c-myc (1:500), anti-titin-Z1 (1:200%ells were rinsed twice in solution
B and then incubated for 45 min at room temperadmeck in the dark with secondary
antibodies diluted in solution B (anti-rabbit Ig3e&a 546-conjugated (1:400), anti-
mouse IgG Alexa 488-conjugated (1:400), anti-raldpiz Cy3-conjugated (1:100)).
For nuclear staining, cells were incubated withM. ToPro3 for 10 min, rinsed three
times with 1x PBS and then fixed with Mowiol 4-83uorescence was analyzed by
confocal microscopy using a Zeiss Axiovert 200 Mcroscope with a 40x-oll
objective. Confocal images were recorded with &Z&iSM 5 Image system.

2.2.9 Echocardiography

Transthoracic echocardiography was performed usingisual Sonics Vevo 770
ultrasonograph with a 30-MHz central frequency sdarcer. Anesthesia of mice with
volatile isoflurane was induced at a concentratdn3% and then maintained at
0.5-1% by a face mask. The mice were laid on aedeatatform in the supine
position with all legs taped to ECG electrodes faart rate monitoring. Body
temperature was monitored via a rectal thermonatdrmaintained at 36-38 °C. The
chest was carefully shaved using a depilatory creafterwards, the mice were
placed in a left lateral decubitus position andewarmed ultrasound transmission gel
was spread over the chest. Two-dimensionally gulEledy™ (ECG-based kilohertz
visualization)-mode images were recorded from t@gternal short axis view at the
mid-papillary muscle level. During examination, tleeel of volatile anesthesia was
guided on the basis of the heart rate, which shdwdd close to physiology

(500 beats/min). All examinations were recordedtaliy and stored for subsequent
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off-line analysis. The left ventricular (LV) inteahdiameter (LVID), the LV posterior
wall (LVPW) and the interventricular septum (IVS)idkness were determined in
both end-diastolic (d) and end-systolic (s) frar{félg. 2.10). The end-diastole was
defined as the maximal LV diastolic dimension andoadingly, the end-systole was
defined as the minimal LV diameter in the same theaile. The fractional shortening
in % was calculated as ((LVIDd (mm) - LVIDs (mm)LYIDd (mm)) x 100. The left
ventricular mass (LVM) in mg was calculated as (([D¥ (mm) + LVPWd (mm) +
IVSd (mm)¥ — LVIDd (mm)’) x 1.055 mg/mr in which 1.055 mg/mrhis the
density of the myocardium (Gardin et al., 1995)e Hmalysis was made by 2 persons,
who were unaware of the genotype during analydis.fihal data are presented as the
mean of measurements obtained by both observers.

Figure 2.10: Echocardiographic analysis.The left venticular internal diameter (LVID), the le
ventricular posterior wall (LVPW) and the interveatilar septum (IVS) were determindtbm
EKV™-mode images, which were recorded from the @eraal short axis view at the midpillary
muscle level. Parameters were determined in bothsgstolic (s; left picture) and end-diastolic
(d; right picture) frames.

2.2.10 Statistical analysis

Data are presented as meantSEM. Statistical arsalysee performed using the
unpaired Student’s t-test. Spearman correlation lsng@r regression analyses were
performed to assess the relationship between hgpésgt, ubiquitination and
degradation in the homozygous cMyBP-C knock-in &ndck-out mice. Analyses
were performed using a commercial software (Gragh®attware, Inc.). A value of
P<0.05 was considered significant.
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3 Results

3.1 Generation and characterization of targeted cMBP-C

mouse models

Sarikas et al. (2005) showed by adenoviral genestea in isolated neonatal rat
cardiomyocytes (NRCM) that truncated cMyBP-Cs aapidly and quantitatively
degraded by the UPS and lead to an impairment isf diistem. To answer the
guestion whether this is also the casevivo, two new targeted cMyBP-C mouse
models were generated: the M7t mouse model anaNh@P-C knock-in mouse
model. Both models are based on the same huvdBPC3 point mutation. This
mutation corresponds to a G>A transition on the fascleotide of exon 6 and is
associated with a severe phenotype and a poor gsggm humans (Richard et al.,
2003). The mutation is included in the general eosss sequence for donor splice
sites (AG| GTRAGT,; (Zhang et al., 2003), which in turn suggesimplex molecular
mechanisms. The mutation is expected to produckerei. missense MRNA
(containing the G>A transition), which should leada 150-kDa mutant full-length
cMyBP-C protein (E256K), or a nonsense mRNA (skagpof exon 6), which should
lead to a 32-kDa C-terminal truncated cMyBP-C protdue to a premature
termination codon (PTC) in exon 9, or both (Fid.)3.

G>A

cene 15—

O\

G>A PTC
MRNA 5 | 6 |7]8] 9 | 5 [7]8] 9
Missense Nonsense
Protein Full-length mutant (E256K) Truncated mutant
(150 kDa) (32 kDa)

Figure 3.1: Schematic structure of the consequence$ the G>A transition. The point mutatiorin
exon 6 is expected to result in two different mREpeies and two different proteins. PTC me
premature termination codon.
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3.1.1 Generation and characterization of the M7t mase model

3.1.1.1 Generation of the M7t mouse model

The M7t mouse model was generated by microinjeatfcancDNA construct (Fig. 2.1)

in the pronucleus of single-cell mouse embryos i(addtransgenesis). The cDNA

construct contained the mouséMHC-promoter and the human Myc-M7t-cMyBP-C
cDNA deleted of exon 6. Therefore, the M7t mouselehavas expected to express a
32-kDa truncated cMyBP-C protein in a heart-speaifianner. Nineteen days after
the microinjection 23 pups were born, and tail Biep were taken 3 weeks (wk) after
their birth. By Southern blot analysis three trarsg animals were identified (Fig.

3.2).

e

Figure 3.2: Southern blot analysis of the M7t mousemodel. Southern blot was performed
genomic DNA extracted from mouse tails and digestéH EcoRI. Three transgenic pug$G) were
found.

To establish the mouse line, the three transgamias (founders) were crossed with
C57BI/6J wild-type mice.

3.1.1.2 Genotyping

Genotypes of transgenic M7t (M7t-TG) and wild-typéT) mice were determined by
PCR from genomic tail DNA. The forward and revepseners were located at the
junction between exons 1 and 2 and in exon 2 ofhilmman Myc-M7t-cMyBP-C
cDNA, respectively, and were therefore specifictfa transgene. PCR products were

loaded on a 1% agarose gel (Fig. 3.3).
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MW _ TG TG TG WT

PTC
Hum Aex6 Myc1| 2 [3][4] 5 [7]/g9]

231 bp

Figure 3.3: Genotyping of the M7t mouse model by PR. PCR was performed on genomic -
DNA from M7t-TG (TG) and WT mice. As a negative tah (-), water was added instead of DN
MW stands for the 100-bp molecular weight markdre [bcation of the used primers (black arro
is indicated in the scheme on the right.

The expected fragment for the transgene at 231dgpaobtained only in the M7t-TG

mice.

3.1.1.3 Molecular characterization at the mRNA levie

To analyze whether the transgene is expressedeanBRNA level, total RNA was

isolated from frozen ventricles of one M7t-TG antedNT mouse of each founder
line at 6-8 wk of age. Each RNA was reverse trahsdrto cDNA. In addition, one

approach without adding the reverse transcriptaa® performed to detect potential
genomic contamination. The cDNAs were amplified dgssical RT-PCR using

transgene-specific primers located in the Myc-sagaeeand in exon 2 of the human
Myc-M7t-cMyBP-C cDNA. The PCR products were loadeta 1% agarose gel (Fig.
3.4).

TG WT

F2 F3 F1 F3 F1 F2
MW +RT -RT +RT -RT +RT -RT +RT -T +RT -RT +RT -RT

217 bp Cad

PTC

1
Hum Aex6 Myc1| 2 [ 3]4] 5 [7]g]9]

Figure 3.4: Qualitative analysis of the transgenexpression at the mRNA level in the M7t-TG
mice. Total RNA isolated from ventricles of 1 M7t-TG (T@pnd 1 WT mousef each founder lin
(F1, F2 and F3) was reverse transcribed (+RT) tdl&DApproaches without adding the reve
transcriptase are indicated aBRT PCR was performed using the primers indicatedhe schem
below (black arrows). MW stands for the 100-bp roolar weight marker.

The expected 217-bp PCR fragment for the transgeseobtained only in the M7t-

TG mice. Genomic contamination was present intalté RNA preparations, but in
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all three cases the amplified fragments from thd -damples were clearly less

abundant than in the +RT samples.

To quantify the amount of the transgenic mRNA ire tthree founder lines, a
quantitative RT-PCR was performed using the TadMaethod (see 2.2.3.5). Total
RNA was isolated from ventricles of three M7t-TGemiof founder lines 1 and 2 (6-
13 wk-old) and of one M7t-TG mouse of founder I1B1¢7 wk-old). In founder line 3
only one transgene-positive pup was born. Each RMA reverse transcribed three
times and each cDNA was amplified three times bwngjtative RT-PCR using
transgene-specific primers and a specific probachvivere located in the exons 16
and 17 and at the junction between exons 16 araf flye human Myc-M7t-cMyBP-
C cDNA, respectively. As an internal standard, ghatdehyde-3-phosphate
dehydrogenase (GAPDH) was used. The different espe levels of the transgene
in the three founder lines are shown in Fig. 3.5.

2.01

=
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|

T

M7t cMyBP-C
MRNA level (AU)
|_\

e

0.5 o
3 3 1
0.0 Line 1 Line 2 Line 3

Hum Aex6 | 12 [1311415]16[17] 18 |
S O

Figure 3.5: Quantitative analysis of the transgenexpression at the mRNA level in the M7fFG
founder lines. Total RNA isolated from ventricles of 3 M7t-TG mio&éfounder lines 1 and 2 and of 1
M7t-TG mouse of founder line 3 was reverse trabgctito cONA. Transcrigd cDNA was amplifie(
by quantitative RT-PCR using transgene-specifianprs (black arrows) and proHecalized a:
indicated in the scheme below. GAPDH was used atogamous controlBars represent tt
mean+SEM. The number of animals is indicated inbidues.

Based on these results, the founder line 2 wasdumrstablished, because this line

showed the highest transgene expression.

To determine the level of overexpression of thendgene in comparison to the
endogenous cMyBP-C in founder line 2, a quantiatRT-PCR analysis was
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performed in three WT and M7t-TG mice using primesated in exons 5 and 7 of
cMyBP-C cDNA (recognizing both human and mouse) vl different probes. One
probe was located in exon 6 of mouse cMyBP-C cDNA was therefore specific for
the endogenous cMyBP-C. The other probe matchedtlgxthe junction between
exons 5 and 7 of human Myc-M7t-cMyBP-C cDNA, whishonly present in the
transgene. The efficiency of the two different P@Rctions should be the same,
because the identical primer pair was used. Tha#) PCR reactions should be
comparable, and in Fig. 3.6 the results are sunz@diand related all to the cMyBP-C

expression in the WT mice.
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Figure 3.6: Quantitative analysis of the transgenexpression at the mRNA level icomparison to
endogenous cMyBP-C in the M7t-TG miceTotal RNA isolated from ventricles of thr&¥T and
M7t-TG (TG) mice was reverse transcribed to cDNAmarkcriled cDNA was amplified b
guantitative RT-PCR using prime¢slack arrows; recognizing both human and mousée) specific
probes as indicated in the scheme below. GAPDH wsxsl as endogenous control. Valuesewer
related to the cMyBP-C expression of the WT. Bamesent the mean+SENIhe number of anima

is indicated in the bars.

The endogenous cMyBP-C mRNA level was similar in Ad M7t-TG mice. The
ratio of transgenic to endogenous cMyBP-C mRNA @W#&3 in the M7t-TG mice.
Taken the endogenous and the transgenic cMyBP-@&&sipn together, the level of
total cMyBP-C mRNA was 2-fold higher in the M7t-TrGice than in the WT mice.
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3.1.1.4 Molecular characterization at the proteinével

The expression of the endogenous and transgeni@PMy at the protein level was
analyzed by Western blot using an antibody thabgeizes both the full-length and
the truncated isoforms (Fig. 3.7). The analysis pagormed on myocardial tissue

from M7t-TG and WT mice at the age of 9 mo (n=6).
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Figure 3.7: Determination of the cMyBP-C protein epression in the M7t-TG mice.Proteins wert
extracted from ventricles of 9 mo-old WT and M7t-TGG) mice. On the left, a Westeblot stainec
with an antibody directed against the COC1-domainsMyBP-C, which recognizes both the full-
length and truncated protein, is shown. Below ésabrresponding Ponceau. MW stands for molec
weight marker. On the right, bars represerg tjuantitative analysis normalized to Ponceau
related to WT. Data are expressed as mean+SEMndimber of animals is indicated in the bars.

The level of full-length cMyBP-C protein was similaetween WT and M7t-TG mice.
The truncated protein at 32 kDa was not detectgdesiing that it is either translated

at a very low level or highly unstable.

To examine whether the final cDNA construct (Fig3)2 which was used for the
microinjection, resulted in principle in the Myc-M@MyBP-C protein, NRCM were
transfected with the final cDNA construct usingolfigctamine and double-stained

with anti-myc- and anti-titin-antibodies 48 h afteansfection (Fig. 3.8).
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— — " —

20 pm 20um 20 pm

Figure 3.8: Immunofluorescence analysis of neonataht cardiomyocytes transfected with the
final transgenic Myc-M7t-cMyBP-C cDNA construct. Neonatal rat cardiomyocytesvere
transfected with the final cDNA construct (Fig. R.Borty-eight hours after transfectiocglls were
double-stained with an anti-myc-antibody, which hodetect the transgene (green), and an anti-
titin-Z1-antibody, which is directed against the-ddmain of titin (red) and therefore showing the Z-
band Scale bars represent 20 |

A titin-striation was observed indicating that #mamined cells were cardiomyocytes.
By scanning four coverslips, only one myc-positNRCM was found (Fig. 3.8). This
indicated that in principle the transgene was ingqrotein level. The low level of
transgene expression is compatible with i) the wedwn low transfection efficiency
in primary cardiomyocytes, ii) the use of tedMHC-promoter, which is less strong

than the most frequently used CMV promoter andthig§ assumption that truncated

proteins are subject to rapid degradation by th&8 UP

Finally, cardiomyocytes were isolated from an adlift-TG mouse and stained either
with antibodies directed against cMyBP-C aadctinin to analyze whether the
sarcomere is normally organized or with an anti4agtibody, which should detect
the transgene (Fig. 3.9).

Figure 3.9: Immunofluorescence analysis of the sapmere structure in M7t-TG mice.
Cardiomyocytes were isolated from an adult M@-mouse and stained with antibodies dire:
against cMyBP-C (red) and-actinin (green). Nuclei were stained with ToPtqBlue). Scale bai
represent 15 um and 5 pm in the full cell and enhlgher magnification, respectively.
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The classical alternation efactinin (Z-band) and cMyBP-C (A-band doublets) was
revealed in the M7t-TG mouse indicating a corregaaization of the sarcomere. No
myc-positive cardiomyocyte was found, which was patible with data obtained by
Western blot (Fig. 3.7).

3.1.1.5 Functional characterization
To investigate whether the transgene expression ags®ciated with a cardiac
phenotype, echocardiography was performed eachhmantVT and M7t-TG mice

(n=8) at the age of 9 to 24 mo. The main parametietise echocardiography analysis
are depicted in Fig. 3.10.
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Figure 3.10: Transthoracic echocardiography in WT ad M7t-TG mice. Cardiac functon was
evaluated every month between 9 to 24 mo of Bgsults were plotted in black for the WT (4 ma

4 females) and in red for the M7t-TG (4 males, dhdkes). Comparison was assessed for each time
point by Student’s t-test. d and s indicate diastahd systole, respectively. IVS stands fo
interventricular septum thickness, LVPW for leftntsgcular posterior wall thickness, LVID for left
ventricular internal diameter, FS for fractionabgiening, LVM for leftventricular mass and BW fi
body weight.

Both the interventricular septum and the left vientar (LV) posterior wall thickness
decreased with age and were similar between WTMIAETG mice. This together
with a similar LV mass to body weight ratio (comgérto WT) indicated that the
M7t-TG mice did not develop LV hypertrophy. The lisMernal diameter in diastole
and systole increased with age and was similar detwWwVT and M7t-TG mice.
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Therefore, the M7t-TG mice did not develop LV diat The fractional shortening
decreased with age and was also similar betweenaWdfM7t-TG mice. Thus, no
cardiac dysfunction or morphological abnormalityswedbserved in the M7t-TG mice
up to the age of 24 mo. The echocardiographic aislyas stopped at the age of 24
mo, because some of the mice died or had to kedkille to the occurrence of tumors.
Thus, only five M7t-TG and five WT mice could beagexined at the end, and in these

remaining animals the recording was difficult, hesmthe mice were very fat.

In addition, the ventricular weight to body weighatio (VW/BW) was determined
after sacrifice from hearts of 9 mo-old WT and MG mice (Fig. 3.11).

4+ *k*k **

VW/BW (mg/g)

9

8

17

WT TG WT TG WT TG
Male Female All

Figure 3.11: Ventricular weight to body weight ratio in WT and M7t-TG mice. The \entricular
weight to body weight ratigvW/BW) was determined in 9 mo-old WT and M7t-TG (T@ice. Bars
represent the meantSEM withP%0.01 and ***<0.001 vs. WT mice, Student’s t-teshe numbe
of animals is indicated in the bars.

Unexpectedly, the VW/BW was significantly lower 4%) in the M7t-TG vs. WT
mice. This decrease in VW/BW resulted from a desgdavW in the M7t-TG mice,
whereas the BW was similar between WT and M7t-T@GemT herefore, the M7t-TG
mice and particularly the males developed LV atsoph
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3.1.2 Generation and characterization of the cMyBRE knock-in

mouse model

3.1.2.1 Generation of the cMyBP-C knock-in mouse naie!

This mouse model was developed by Nicolas Vigniet aucie Carrier in Paris. It

was generated by the targeted knock-in of the GaAsition (on the last nucleotide
of exon 6) in the genomic DNA using the Cre/loxteys (see 2.1.1.2). The cMyBP-C
knock-in mice were expected to produce a missenddaa nonsense mRNA leading
to the 150-kDa mutant full-length cMyBP-C proteia266K) and/or the 32-kDa C-

terminal truncated protein, respectively (Fig. 3.1)

3.1.2.2 Genotyping

Genotypes of wild-type (WT), heterozygous (Het) dmnozygous (KI) cMyBP-C
knock-in mice were determined by PCR from genonait DNA using primers
located in intron 7 of th1YBPC3 gene. PCR products were loaded on a 1% agarose
gel (Fig. 3.12).

215 b
121 bp

Figure 3.12: Genotyping of the cMyBP-C knock-in moge model by PCRPCR was performed ¢
genomic tail DNA from WT, Het and KI mice using imers located in intron 7 of tHdYBPC3 gene.
As a negative control (-), water was added instea®NA. MW stands for the 10Bp moleculal
weight marker.

In the WT mice, the expected 121-bp fragment wdained, whereas in the Kl mice,
which still have 1oxP site (see 2.1.1.2), a 94-bp longer PCR fragmelh-{ip) was

amplified. Both PCR fragments were obtained inHie¢ mice.
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3.1.2.3 Molecular characterization at the mRNA levie

The level of total cMyBP-C transcripts was deteredinn 3 mo-old WT, Het and KI
mice by quantitative RT-PCR using the SYBRreen strategy (see 2.2.3.5) and
primers located in exons 2 and 3 of the mouse cMgBEDNA, i.e. upstream of the
mutation (Fig. 3.13).
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Figure 3.13: Determination of the level of total cMBP-C mRNAs in the cMyBP-C knock-in
mouse model.The level of total cMyBP-C transcripts was analyze® mo-old WT, Het and KI
mice by quantitative RT-PCR using the SYBRBreen strategy and primers located in exons 23and
of the mouse cMyBP-C cDNA. Bars represent the me& with *** P<0.001 vs WT, Student™:
t-test. The number of animals is indicated in the barsis Tdnalysis was performed by Nico
Vianier.

Statistical analysis revealed that the amount @il wMyBP-C mRNAs was 52% and

78% lower in the Het and Kl mice, respectivelycampared with WT.

To analyze whether the decrease in total cMyBP-GuraaRNAs results from a
decrease in the level of pre-mRNA, guantitative RIR was performed in 6-10 wk-
old WT, Het and Kl mice using the SYBRGreen strategy and primers located in
introns 1 and 2 of thB1YBPC3 gene (Fig. 3.14).
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Figure 3.14: Determination of the level of cMyBP-Core-mRNA in the cMyBP-C knock-in mouse
model. The level of cMyBP-C pre-mRNA was analyzed in 6MKk-old WT, Het and Klmice by
quantitative RT-PCR using the SYBRGreen strategy and primers located in introns d 2aof the
MYBPC3 gent. Bars represent the meSEM. The number of animals is indicated in the &

The amount of cMyBP-C pre-mRNA did not differ beemethe three groups, which
indicated that the markedly lower total cMyBP-C mRIvels in the Het and Ki
mice did not result from a lower transcription ei#incy. To exclude genomic
contamination, similar experiments were performetdheout adding the reverse

transcriptase. No amplification was obtained (chetashown).

By classical RT-PCR using primers around the momatthe expected fragment at
363 bp was obtained in the WT mice, two differeRMAs (at 363 bp and 245 bp) in
the KI mice and only one fragment at 363 bp inHe¢ mice (Fig. 3.15).

WT 4| 5 |6 |7]89]

G>A

P'II'C
Nons 4| 5 [7]g9]

Figure 3.15: Determination of the different cMyBP-C mRNA species in the cMyBP-C knock-in
mouse model.The different cMyBP-C mRNA species were analyze&Onwk-old WT, Het and K
mice by classical RT-PCR using primers (black agpas indicated in the scheme on the right (r
means missense MRNA and nons nonsense mMRNA). MWdstfor the 10@p molecular weighk
marker.

Restriction analysis (performed by Nicolas Vigniendicated that the 363-bp
fragment in the Het mice represented both the WA the missense mMRNA. Cloning
and sequencing (performed by Nicolas Vignier) of p¢bducts revealed that the

363-bp product contained the missense mMRNA an@4bebp fragment the nonsense
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MRNA deleted of exon 6. The level of nonsense mRiNA& estimated to bg of the
total MRNA species in the KI mice (Fig. 3.15). Tlba level may explain, why no
nonsense MRNA fragment was observed in the Het,mibech also contained the
WT allele. By nested RT-PCR using primers arourgrtiutation, the 245-bp product
could indeed be amplified in one out of three HatenfFig. 3.16).

Het

363 bp

245 bp

Figure 3.16: Determination of the nonsense mRNA inhe Het mice. The different cMyBPE
MRNA species were analyzed in 60 wk-old Het micenbgted classical RT-PCR using primess
indicated in the scheme in Fig. 3.15. MW standdtier100-bp molecular weight marker.

The presence of the nonsense mMRNA in one out eéthiet mice was confirmed by
guantitative RT-PCR using primers located in exéramd 7 of the cMyBP-C cDNA
and a TagMaf probe, which exactly matches the junction betweems 5 and 7 and
is therefore specific for the nonsense mMRNA (data shown). As expected,

amplification was never found in WT, but in all Klice.
3.1.2.4 Molecular characterization at the proteinével
It was investigated whether the point mutation ediéead to the full-length mutant
(150-kDa) and the truncated (32-kDa) cMyBP-C prot&V/estern blot analyses were

performed using an antibody directed against the XE@omains of cMyBP-C, which
recognizes both mutants (Fig. 3.17).
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Figure 3.17: Determination of the cMyBP-C protein &pression in the cMyBP-C knock-inmouse
model. Proteins were extracted from ventricles of 60 ol-WT, Het and KI mice. On the le
representative Western blots stained with an adtilsrected against the COC1-domains of cMyBP-
are shown. Below each blot is the correspondingc€am MW stands for molecular weight marl

On the right, bars represent the quantitative @malgormalized to Ponceau and related to WT. Data
are expressed as mean+SEM with P#0.001 vs. WT, Student'stést. The number of animals
indicated in the bars.

The full-length cMyBP-C protein was detected intbtite Het and Kl mice, but the
truncated protein at 32 kDa was not. Quantitativalysis revealed a 21% and 90%
reduction of the full-length protein amount in tHet and Kl mice, respectively, as
compared to WT mice. In the Het mice, the band6Caand 100 kDa were likely

degradation products.

Cardiomyocytes were isolated from adult WT, Het d&dmice and stained with
antibodies directed against cMyBP-C anehctinin to analyze whether the low
amount of full-length cMyBP-C, especially in the Kiice, was associated with

sarcomeric disorganization (Fig. 3.18).
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Figure 3.18: Immunofluorescence analysis of cMyBP-@ cardiomyocytes of cMyBP-C knockin
mice. Cardiomyocytes were isolated from adult WT, Het &idmice and stained with antibodi
directed against cMyBP-C (red) anehctinin (green). Nuclei were stained with ToPtqBlue). The
lower part of each panel corresponds to the enttke the upper part to a 10x magnification. St
bars represent 20 um and 2 um in full cells arttiénl Ox-magnification, respectively.

In Kl cardiomyocytes, cMyBP-C protein was almost mietected. In contrast-
actinin appeared normal, suggesting correct orgéioiz of the sarcomere. In both
WT and Het cardiomyocytes, the classical altermatd a-actinin (Z-band) and

cMyBP-C (A-band doublets) was revealed.

3.1.2.5 Functional characterization

The characterization of mouse cardiac function wasie by Nicolas Vignier.
Transthoracic echocardiography was performed &2 &nd 18 mo of age in WT, Het
and Kl mice. No major differences were obtainedMeein Het and WT during all
postnatal windows (data not shown), but eccentri¢ hypertrophy (LVH)
accompanied by a reduced FS was identified in themkce (Fig. 3.19 A).

Histological examination confirmed enlargement dietLV and exhibited

72



Results

accumulation of interstitial fibrosis in the KI ne@dFig. 3.19 B and C). The heart to
body weight ratio (HW/BW) was 34% higher in theidice as compared to WT (Fig.
3.19 D). In contrast, no changes in both myocandiaiphology and HW/BW were
observed in the Het mice. The cardiomyocyte aredcutated as cardiomyocyte
length x width, was 41% and 4% greater in Kl and IHece, respectively, as
compared to WT (data not shown). The mRNA levehygpertrophic markersp¢
myosin heavy chainB(MHC), a-skeletal actin, brain natriuretic peptide (BNPpan
atrial natriuretic peptide (ANP)) was 8- to 14-fd¢idyher in the KI mice as compared
to WT. In contrast, the Het mice exhibited justighd, not significant increase ip+
MHC mRNA (data not shown).
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Figure 3.19: Determination of the cardiac phenotypén the cMyBP-C knock-in mouse model. A
Transthoracic echocardiography was evaluated 22 2nd 18 mo of age WT and Kl mice. Resul
were plotted in black for the WT (8 males, 7 fersaland in red for the Kl (8 males, 7 femals
Differences were assessed by two-way ANOVA with f8omoni post-tests with **P<0.001 vs. WT
d indicates diastole. LVPW stands fteft ventricular posterior wall thickness, LVID fdeft
ventricular internal diameter, FS for fractionabdkning.B, Transversal ventricular sections of W
Het and Kl mice stained with Sirius Red. Bar = &m5. C, Detail of a transversal section stihwith
Sirius Red. Bar = 10 unD, The HW/BW was calculated of 3 nad WT, Het and Kl mice. Bai
represent the mean+SEM witRP<£0.05 vs. WT, Student’s t-test. Thember of animals is indicated
the bars. All analyses were performed by Nicolagniér.
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3.1.3 Summary

The major findings of this chapter are the follogrin

In M7t-TG compared to WT mice, the level of totdyBP-C mRNA was 2-
fold higher, but the level of full-length cMyBP-Gqtein was similar and the
truncated protein was not detected. The hearts @6 mice did not show
signs of cardiac dysfunction or hypertrophy, bugxpectedly cardiac atrophy,
particularly in the male M7t-TG mice. The absentéhe truncated cMyBP-C
protein is compatible with an involvement of the®Jid the M7t-TG mice.

In the KI mice, the total amount of cMyBP-C mRNA damprotein was
markedly lower compared to WT. In the Het mice, tiogal amount of
cMyBP-C mRNA was 50% lower than in WT, and a slighait significant
decrease of the full-length cMyBP-C protein wasdetd compared to WT. In
both KI and Het mice, the truncated protein was detected. The Kl mice
developed eccentric LVH with reduced FS, whereasL¥él and cardiac
dysfunction were observed in the Het mice. These slaow that the cMyBP-
C knock-in mouse model is more related to changjgeeamRNA level and
suggest that the NMD is likely involved in the dadmtion of the nonsense
MRNA in the Kl and Het mice. Additionally, the URSuld be involved in the
degradation of the full-length mutant cMyBP-C pmtand the truncated

protein.
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3.2 Analysis of the UPS involvemendx vivo

As mentioned above, the absence of the truncatgdiprin both the M7t-TG and the
Kl mice and the quite low level of the full-lengthutant in the KI mice could be due
to a rapid degradation by the UPS as shown befdter gene transfer in
cardiomyocytes (Sarikas et al., 2005). Thus, cangliacytes were isolated from
neonatal and adult mice, cultured and treated witlerent proteasome inhibitors.
After treatment, extracted proteins were analyzgdWestern blot to investigate
whether the treatment resulted in the detectiotheftruncated mutant in both M7t-

TG and KI mice and/or an increase of the full-léngtutant in the KI mice.

3.2.1 Inhibition of the UPS in M7t-TG mice

Cardiomyocytes were isolated from neonatal M7t-T@emand treated with the
reversible proteasome inhibitor MG132 (10 pM) faffedent times (Fig. 3.20).

Afterwards, proteins were extracted and analyzetMegtern blot using the antibody
directed against the COC1-domains of cMyBP-C, whiebognizes both the full-
length and the truncated proteins. To confirm thiekition of the UPS, a second
membrane with the same loading was stained withamiibody directed against

ubiquitin.
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Figure 3.20: Effect of the reversible UPS inhibition on the cMyB-C amount in cardiomyocytes

of neonatal M7t-TG mice. Cardiomyocytes were isolated from neonatal NI@-(TG) mice anc
treated with 10 uM MG132 for the indicated periodbe left blot was stained with antibody
directed against ubiquitin. The right blot was stal with an antibody directed against the COC1-
domains of cMyBP-C, i.e. both cMyBP-C isoforms a@bble recognized. The first lane corresponds to
the molecular weight marker (MW). Below each bfothe corresponding Ponceau.

The inhibition of the UPS by MG132 was confirmed by accumulation of
ubiquitinated proteins. But unexpectedly, the tresit with MG132 did not reveal the
truncated protein at 32 kDa. The amount of thelargth cMyBP-C did not change
until 4 h of treatment, but decreased after 6 ahth Beatment. The reason for this is

not known, but could be related to the beginningmdptosis.

Similar results were obtained by treating neoneaatiiomyocytes of M7t-TG mice
with the irreversible proteasome inhibitor epoxami&00 nM) for 4 h (Fig. 3.21).
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Epoxomicin 500 nM, 4 h:
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Figure 3.21: Effect of the irreversible UPS inhibition on the cMyBP-C amount in neonatal
cardiomyocytes of M7t-TG mice.Cardiomyocytes were isolated from neonatal M@&-(TG) mice
and cultured in the absence (-) or preseft) of 500 nM epoxomicin for 4 h. The left blpas staine:
with an antibody directed against ubiquitin. Thghti blot was stained with an antibody direc
against the COC1-domains of cMyBP-C, i.e. both clRyB isoforms could be recognizethe first
lane corresponds to the molecular weight mar¢dkV). Below each blot is the correspond
Ponceau.

Epoxomicin treatment effectively inhibited the UBS indicated by an accumulation
of ubiquitinated proteins, but did not result ir tthetection of the truncated protein at
32 kDa. The amount of the full-length cMyBP-C piotelid not change by the
treatment.

Cardiomyocytes were also isolated from adult M7t-T&ce and cultured in the
absence or presence of 10 uM MG132 for 15 h. Thmebed proteins were analyzed
in the same way as above. The UPS inhibition didraeeal the truncated protein

(data not shown).

In Fig. 3.20 and 3.21, diffuse bands at ~50 kDaewatained. To investigate the
identity of these bands, proteins were extractechfdifferent preparations (cultured
neonatal and adult cardiomyocytes and whole vdegflicand analyzed by Western

blot. The blots were stained with the antibody clied against the COC1-domains of
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cMyBP-C and with an antibody directed agaimstctinin to test whether these bands
are cMyBP-C-related or not (Fig. 3.22).

coCc1 a-actinin
NMCM AMCM Tissue M NMCM AMCM Tissue M
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Figure 3.22: Comparison of cMyBP-C protein levels in different potein preparations. Proteins
were extracted from cultured neonatal or adwlbuse cardiomyocytes (NMCM and AMCI
respectively) or from ventricles (tissue). Westblot analysis was performed using either an antit
directed against the COC1-domains of cMyBP-C (peftt) or an antibody directed agaimsactinin
(right part). Inthe M lane, pure NMCM culture medium was loadadtHe middle of the blot tt
molecular weight marker is shown.

The diffuse bands at ~ 50 kDa were detected witih lamtibodies, but only in the
NMCM preparations and in the NMCM culture mediundigating that these bands
derive from components of this culture mediumerestingly, the level of cMyBP-C
was lower in neonatal than in adult cardiomyocy@se of the AMCM samples (the
first one) was obviously degraded: The antibodea&d against the COC1-domains
of cMyBP-C could only detect a degradation prodattlow molecular weight,
whereas no signal was detected with the antibosyctdid againsi-actinin.

3.2.2 Inhibition of the UPS in KI mice

Cardiomyocytes were isolated from neonatal Kl naod treated with the reversible
proteasome inhibitor MG132 (10 uM) for 2 h (Fig23). Afterwards, the extracted

proteins were analyzed in the same way as descigoéde M7t-TG mice.
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Figure 3.23: Effect of the reversible UPS inhibition on the cMyB-C amount in neonatal
cardiomyocytes of KI mice. A,Cardiomyocytes were isolated from neonatal KI miod aultured ir
the absence (-) or presence (+) of 10 pM MG132fbr The leftblot was stained with an antibo
directed against ubiquitin. The right blot was 1s¢ai with the antibody directed against the COC1-
domains of cMyBP-C. MW stands for the molecular giei marker Below each blot is th
corresponding PonceaB, Quantitative analysis of the full-length cMyBP+normalized to Ponce:
and related to DMS@eated NMCM. Bars represent the mean+SEM. The murobexperiments i
indicated in the bars.

The ubiquitinated proteins accumulated after treatnwith MG132 confirming the
inhibition of the UPS. However, despite succes$#&lS inhibition, the truncated
protein was not detected. Quantitative analysigofdifferent experiments showed no
increase in the amount of the full-length mutamt@in after UPS inhibition.

Similar experiments were performed by treating m¢alncardiomyocytes of KI mice

with the irreversible proteasome inhibitor epoxami00 nM) for 4 h (Fig. 3.24).
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Figure 3.24: Effect of the irreversible UPS inhibition on the cMyBP-C ampunt in neonatal
cardiomyocytes of KI mice. A,Cardiomyocytes were isolated from neonatal KI miond aultured ir
the absence )-or presence (+) of 500 nM epoxomicin (epox) fdr.4rhe left blot was stained with
antibody directed against ubiquitin. The right bhlas stained with the antibody directed agafhst
COC1-domains of cMyBP-C. MW stands for the molecwieight marker Below each blot is th
corresponding PonceaB, Quantitative analysis of the full-length cMyBP+normalized to Ponce:
and related to DMS@reated NMCM. Bars represent the meantSEM. The murobexperiments |
indicated in the bar

Epoxomicin effectively blocked the UPS as confirmey the accumulation of
ubiquitinated proteins, but did not reveal the tated protein. Quantitative analysis
of three different experiments showed no increaséheé amount of the full-length

mutant protein after UPS inhibition.

Cardiomyocytes were also isolated from adult Kleménd cultured in the absence or
presence of 10 uM MG132 for 15 h. Extracted prateiere analyzed in the same
way as above. The truncated protein was not deteafter proteasome inhibition
(data not shown).
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3.2.3 Summary

In contrast to the study of Sarikas et al. (2003, inhibition of the proteasome with
both a reversible and an irreversible inhibitor dalther reveal the truncated protein
nor increased the level of the full-length proteim both M7t-TG and Ki

cardiomyocytes. Thus, these data failed to showdesmie for a major UPS

involvement in the M7t-TG or KI micex vivo.
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3.3 Investigation of the UPS functionn vivo

3.3.1 Investigation of ubiquitination and degradaton in myocardial

tissue of M7t-TG and KI mice

Despite these negative results it was possiblettieat/PS function was altered by the
presence of the mutants. Thus, the function of A& was investigated at the level of
both ubiquitination and degradation in myocardissue from M7t-TG and Kl mice
(Fig. 3.25).

(1) Ubiquitination (2) Degradation
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Figure 3.25: Investigation of the UPS function.The level of ubiquitination was investigated
determining the steady-state levels of ubiquitidaf@oteins usig an antibody directed agair
ubiquitin. The level of degradation was analyzednbgasuring the three different 20S proteaso
activities (chymotrypsin-like, trypsin-like and gase-like activity) using for each activity a siiieci
fluorogenic substrate (see 2.2.4.4).

3.3.1.1 Investigation of ubiquitination and degrad#on in the M7t-TG mice

In the M7t-TG mice, the UPS function was investghin 9 mo-old mice. The

steady-state levels of ubiquitinated proteins am in Fig. 3.26.
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Figure 3.26: Investigation of ubiquitination in the M7t-TG mice. A, Proteins were extracted frc
ventricles of 9 mo-old WT and M7t-TG (TG) mice. Thiets were stained with an antitly directec
against ubiquitin. MW stands for the molecular vitimarker Below each blot is the correspond
Ponceau.B, Quantitative analysis normalized to Ponceau. Bemresent the mean+SEMhe
number of animals is indicated in the bars.

The antibody directed against ubiquitin is ablelétect ubiquitin, mono-ubiquitinated
and poly-ubiquitinated proteins resulting in theital pattern of various bands
represented in Fig. 3.26 A. For both males and lesndahe pattern of ubiquitinated
proteins was similar between WT and M7t-TG miceaitative analysis did not
reveal major differences between the groups.
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For investigation of the UPS at the level of degtamh, the chymotrypsin-like
activity was measured in the M7t-TG mice (Fig. 3.27

250007
20000

15000 ——

Chymotrypsin-like
activity (RFU)

10000+
5000+
8
0 WT TG

Figure 3.27: Investigation of the chymotrypsin-likeactivity of the 20S proteasome in the M7t-TG
mice. The chymotrypsin-like activity was measured in 9-ahd WT and M7tTG (TG) mice. Bar:
represent the mean+SEM. Number of animals is ineécan the bars.

The chymotrypsin-like activity of the 20S proteagowas not significantly altered in

the M7t-TG mice as compared to WT.

3.3.1.2 Investigation of ubiquitination and degrad&on in the KI and KO mice

In the KI mice, the UPS function was investigateohf birth to 50 wk of age and
compared to the corresponding WT mice. To provedhdJPS alteration, if present,
is cMyBP-C-dependent, also the KO mouse model, lwldoes not express any
cMyBP-C, was analyzed in the same way. The detextioim of the steady-state levels
of ubiquitinated proteins was investigated by Ka$ultan (for the KI mice) and
Daniel Englmann (for the KO mice). Ventricular miois from Kl, KO and
corresponding WT mice were extracted for each fwiat (O (birth), 2, 4, 6, 9, 13, 27
and 50 wk of age) and analyzed by Western blot G28).

84



Results

A
13 wk
WT KO
o [[ - -
Lun
G 2
ga
o]
> U — b S
STTVICE 1V [N pppap—p———
B
2.501 - \W/T
g 2.251 —— K|
Q
4§ 2.001
% ;D? 1.751
£ 150];* T
c
£ 1.25
&
'_g 1.00+ &
0.75 L] L] L] L] L] L] L] L] L] L] L] L
0 5 1015 20 25 30 35 40 45 50 55
Age (wk)
2.507 *k* =g WT
_% 2.257 —— KO
§ 2.001
SAp—
8 <3( 1.75 Sk
w —1.501 ;
=
g_ 1.251
o 1.001 0
)
075 T T T T T T T T T T T 1
0 5 10 1520 25 30 35 40 45 50 55

Age (wk)

Figure 3.28: Investigation of ubiquitination in the KI and KO mi ce. Ventricular proteins wert
extracted fronKl, KO and corresponding WT micé, A representativélot (13 wkitime point in the
KO mice) stained with an antibody directed againtsguitin is shown. Below is the correspond
PonceauB, Representativéime courses of the steady-state levelsmuitinated proteins in Kl an
KO mice related to WT are shown witP<0.05, **P<0.01 and **¥<0.001 vs. WT, Student stest.
These analyses were performed by Karim Sultan eardeDEnglmann.

In Fig. 3.28 A, the ubiquiti

nation pattern for thd wk-time point of the KO mice is

representatively shown. With the known limitatiafsquantifying Western blots for

many samples a few statements can be made witlideoct for the representative

time courses of the steady-state levels of ubialitid proteins in KI and KO mice,
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shown in Fig. 3.28 B. First, the steady-state lewal ubiquitinated proteins stayed
overall elevated during development for both Kl a@ mice. Second, the average
steady-state level of ubiquitinated proteins wa%o2fhd 53% higher in Kl and KO
mice, respectively, as compared to their respediMe In particular in the Kl mice,
there was no clear cut increase in the steady-Eaéts of ubiquitinated proteins in

50 wk-old mice compared to neonatal mice.

All three 20S proteasome activities were measumetlyiosolic protein extracts from
the same mice as above, i.e. 8 KI, KO and correfipgnWT mice were analyzed
(Fig. 3.29-3.31).
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Figure 3.29:Investigation of the chymotrypsin-like activity in the KI, KO and corresponding WT
mice. Ventricular cytosolic proteins were extracted frainKl, KO and respective WT mic

Representativéime courses of the chymotrypsin-like activityl@ted to WT) are shown withP<0.05
and **P<0.01vs. WT, Student’s t-test.
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In KI compared to WT mice, the chymotrypsin-likeigity was already increased by
19% at birth. At 13 wk of age, the chymotrypsirelilactivity was elevated by 69%
and remained highly elevated (>50%) until the aig&Cowk. In KO compared to WT

mice, the chymotrypsin-like activity was not altéra birth, but increased by 27% at
the age of 2 wk. A >50% greater chymotrypsin-likéaty was observed at the age

of 6 wk and remained until the age of 50 wk.
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Figure 3.30:Investigation of the trypsin-like activity in the KI, KO and corresponding WT mice.
Ventricular cytosolic proteins were extracted fr8nkKl, KO and respective WT mice. Representative

time courses of the trypsin-like activity (relatedWT) are shown withP<0.05 and *P<0.01vs. WT,
Student’s t-test.

The trypsin-like activity was not significantly afed at birth and until the age of 6 wk
in Kl vs. WT mice. An elevated trypsin-like actiyiby 77% and 121% was observed
in 13 and 50 wk-old KI mice, respectively, compatedVT. In KO compared to WT
mice, the trypsin-like activity was not alteredoath, but increased by 35% at the age
of 2 to 13 wk. An almost 2-fold greater trypsindilactivity was observed in 50 wk-
old KO vs. WT mice.
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Figure 3.31:Investigation of the caspase-like activity in the K KO and corresponding WT mice.
Ventricular cytosolic proteins were extracted fr8niKl, KO and respective WT mice. Representative

time courses of the caspase-like activity (relatedWVT) are shown with P<0.05, **P<0.01 anc
*** P<0.001vs. WT, Student’s t-test.

Like the chymotrypsin-like activity, the caspadeeliactivity was elevated (+24%) at
birth in KI vs. WT mice. At the age of 2 wk, an alst 2-fold greater caspase-like
activity was observed. From 6 to 50 wk of age,dhgpase-like activity was increased
by >50%. In KO compared to WT mice, the caspase-diktivity was not altered at

birth. At the age of 2 wk, the caspase-like actiwitas 18% greater and increased
continuously during development. At the age of 3Q the caspase-like activity was

more than 2-fold greater in KO vs. WT mice.

It was then investigated whether there are corogiat between the degree of
hypertrophy, the steady-state levels of ubiquigdgproteins and the 20S proteasome
activities in the KI, KO and corresponding WT midarst, the correlation between
the steady-state levels of ubiquitinated proteingl she degree of hypertrophy,
determined by the HW/BW, was evaluated (Fig. 3.32).
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Figure 3.32: Correlation between the steady-state levels of ubidfinated proteins and the
degree of hypertrophy in KI and KO mice. The steady-state level of ubiquitinated proteins wa
plotted against the HW/BW and checked for correfatiusing the ngmarametric correlatio
(Spearman =) test.

No correlation could be seen in KI, KO and corresfing WT mice concerning these
examined parameters. This means that the steaigylstels of ubiquitinated proteins

did not increase with the degree of hypertrophyioe versa.

Next, the correlation between the 20S proteasonmwitees and the degree of

hypertrophy was analyzed (Fig. 3.33).
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Figure 3.33:Correlation between the 20S proteasome activitiemnd the degree othypertrophy in
Kl and KO mice. All three 20S proteasome activities were plottediagt the HW/BWand checke
for correlation using the nonparametric correlaipearman =r) test.

As expected, no correlation was found between hyenotrypsin-like and caspase-
like activities and the HW/BW in the WT mice. Jbgttween the trypsin-like activity
and the HW/BW a positive correlation was foundhia WT mice (from the KO line),
which is not explainable. In both KI and KO micke tthymotrypsin-like activity was
positively correlated to the degree of hypertrophg, the chymotrypsin-like activity
was high, when the HW/BW was high. Only in the Kice) a positive correlation
between the caspase-like activity and the HW/BW widsained, whereas no
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significant correlation between these 2 parameteas found in the KO mice.

Between the trypsin-like activity and the degreehgpertrophy, no correlation was
found in both Kl and KO mice.

Finally, the correlation between the steady-statels of ubiquitinated proteins and
the 20S proteasome actvities was evaluated (R3¢).3.
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Figure 3.34: Correlation between the steady-state levels of uhidtinated proteins and the 20S
proteasome activities in KI and KO mice.The steadystate level of ubiquitinated proteins was plot
against all three 20S proteasome activitasal checked for correlation using the nonparam
correlation (Spearman =r) test.
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As expected, no correlation was found between tibedy-state level of ubiquitinated
proteins and all three 20S proteasome activitideenNVT mice. Only in the KO mice,
the steady-state levels of ubiquitinated proteimsretated inversely with the
chymotrypsin-like and the trypsin-like activity,ei. the steady-state levels of
ubiquitinated proteins were low, when the two atigg were high or vice versa. No
correlation was found in the Kl mice concerningsengyarameters. Between the
steady-state levels of ubiquitinated proteins ahé taspase-like activity, no
correlation was observed in both KI and KO mice.

3.3.2 Investigation of the UPS reporter mouse model

Crossing mutant cMyBP-C mice with the so-called UBsorter mice should provide
the opportunity to monitor the UPS functionvivo. Two different UPS reporter mice
were investigated: the GF°Y-GFP mice (Lindsten et al. 2003; see 2.1.1.4) &ed t
GFPdgn mice (Kumarapeli et al. 2005; see 2.1.B&)h mouse models ubiquitously
express a modified green fluorescent protein (GR&) is constitutively targeted for
proteasomal degradation. This GFP reporter pragbiould be degraded at normal
UPS function. Administration of proteasome inhibst@hould result in a substantial
accumulation of GFP, which could be investigated \Bgstern blot or direct

fluorescence microscopy. Similarly, an impairmenhthe UPS by cMyBP-C mutants
should also lead to increased GFP levels. Firstjag investigated whether the two
mouse models were suitable to monitor the UPS fomah the heart.

3.3.2.1 Investigation of the UB"®Y-GFP mouse model

Genotypes of transgenldh®’®-GFP and corresponding WT mice were determined
by PCR from genomic tail DNA using primeshich were specific for the transgene.

PCR products were loaded on a 1% agarose gel3R3§).
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Figure 3.35: Genotyping of theUb®"®'-GFP mouse model by PCR.PCR was performed ¢
genomic tail DNA from transgenidh®’®-GFP (UG) and WT mice using transgene-specific primers.
MW stands for the 100-bp molecular weight marker.

The expected 400 bp-fragment for the transgeneongsamplified in the transgenic
Ub®"*Y-GFP mice.

Fibroblasts were isolated from subcutis biopsiesanfadult UG"®Y-GFP mouse,
propagated for several weeks, platedLab-Tek™ chamber slides and treated with
different proteasome inhibitors for 15 h. The reuge proteasome inhibitor MG132
was used in a concentration of 0.1 uM, 1 uM or M) the reversible proteasome
inhibitor MG262 in a concentration of 1 nM, 10 nKQ0 nM or 1 pM and the

irreversible proteasome inhibitor epoxomicin inamcentration of 5 nM, 50 nM, 500

nM or 5 uM. Afterwards, the GFP fluorescence weaayaed by confocal microscopy
(Fig. 3.36).
Control 132100 n MB132 1000 nM MG4.32 10060 nM

- =

Figure 3.36: Direct fluorescence micrographs of trated fibroblasts from an adult Ub®"®V-GFP
mouse.Fibroblasts were untreated (control) or treatetth wie proteasome inhibito MG132, MG26:
or epoxomicin (po) in the indicated concentrations. Confocal insageere recorded after 15
treatment with a Zeiss LSM 5 Image system usingiaszAxiovert 200 M microscope.
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Without proteasome inhibition, no GFP-positive diblasts could be found, which
proved that the reporter was rapidly degraded bydRS under normal conditions. In
contrast, after proteasome inhibition an increabeGBP-positive fibroblasts was
observed in a concentration-dependent manner. Wassfound with all 3 inhibitors;

the inhibition by MG262 and epoxomicin was moregnbthan by MG132.

To analyze whether proteasome inhibition lead$i¢éosame effect in cardiomyocytes,
cardiomyocytes were isolated from aduli®’®'-GFP mice, plated on laminin-coated
Lab-Tek™ chamber slides and treated with 10 puM M&1BO0 nM MG262 or

500 nM epoxomicin for 20 h. Afterwards, GFP-postivod-shaped cardiomyocytes

were counted under the confocal microscope (F&¥)3.

G262.100 nM po 500 nM

Rk
Wy

Ry - X

Figure 3.37: Direct fluorescence micrographs of trated cardiomyocytes from adultUb®’®V-GFP
mice. Cardiomyocytes were untreated (control) or treatéth the proteasome inhibitors MG1:
MG262 or epoxomicin (epo) in thedicated concentrations. Confocal images wererdszbafter 2(
h treatment with a Zeiss LSM 5 Image sytem usiZgias Axiovert 200 M microscope.

GFP-positive cells were found in the untreated icangocytes, and the number of
GFP-positive cardiomyocytes did not increase affes inhibition. This suggests that
the adult cardiomyocytes were exposed to stresagligolation and responded with a
stress-induced GFP accumulation already visiblaout proteasome inhibition.

Finally, 9 umol/kg MG262, which is a high dose (dsaten et al., 2003), was injected
intraperitoneally (i.p.) into an adultb®’®"-GFP mouse. As a control, a 60% DMSO-
NaCl-solution (vehicle) was i.p. injected into @&sed UIF"®'-GFP mouse. Both mice

were killed 24 h after injection, and the liver ahdart were examined by direct

fluorescence microscopy (Fig. 3.38).
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Liver Heart
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Figure 3.38: Direct fluorescence micrographs of tsues from treated adultUb®"®'-GFP mice.
MG262 (9 pmol/kg) or vehicle only (60% DMSO-NaChstion; control)were injected i.p. into adtc

Ub®™-GFP mice. Direct fluorescence micrographs were takemfboth liver and heart 24 h af
injection.

No GFP-fluorescence was detected in the contrel iand heartwhich indicated that
the reporter was rapidly degraded by the UPS. Adteteasome inhibition by MG262,
a GFPRfluorescence was obtained in the liver, but nahim heart. Moreover, proteins

were extracted from the heart and liver of thesatéd mice and analyzed by Western
blot using an antibody directed against ubiquikig(3.39).

Heart Liver
MG262i.p. (umol/kg): 0 9 0 9

Ubiquitinated
proteins

Figure 3.39:Ubiquitination in treated adult Ub®®-GFP mice Proteins were extracted from bc
heart and liver of adulub®’®Y-GFP micetreated i.p. with MG262 (9 pmol/kg) or vehicle p
(60% DMSO-NacCl-solution)The blot was stained with an antibody directed mgtaibiquitin.

First, the Western blot analysis showed that tleadst-state level of ubiquitinated
proteins was much higher in the liver than in thearh under normal conditions.

Second, no increase in the amount of ubiquitingteteins was observed in the heart
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after treatment. This suggests that the conceotrati MG262 that reached the heart
after i.p. injection was insufficient to inhibitélproteasome. This would explain why
no GFP fluorescence was visualized by fluoresceniceoscopy in the heart of the
MG262-treated UB"®'-GFP mouse. In contrast, a strong increase in téalg-state
level of ubiquitinated proteins was revealed in likier of the MG262-treated mouse
compared to the control, which was in line with tegong GFP-accumulation

examined by the fluorescence microscopy.

3.3.2.2 Investigation of the GFPdgn mouse model

Genotypes of transgeni@FPdgnand corresponding WT mice were determined by
PCR from genomic tail DNA using primerghich were specific for the transgene.

PCR products were loaded on a 1% agarose gel3HEQ).

MW WT  GD GD

500 bp

Figure 3.40: Genotyping of the GFPdgn mouse modelybPCR. PCR was performed on genor
tail DNA from transgenidcGFPdgn(GD) and WT mice using transgene-specific prim&fsVv stands
for the 100-bp molecular weight marker.

The expected 500 bp-fragment for the transgeneoltened only in the transgenic
GFPdgn mice.

To analyze whether cardiomyocytes from adult GFPagre are useful foex vivo
studies of the UPS function, cardiomyocytes weotated from adulGFPdgn mice,
plated on laminin-coatetlab-Tek™ chamber slides and treated with 5 and W0 p
MG132. After 15 h incubation, the cells were anatyzy confocal microscopy to
check for accumulation of GFP-positive cells aftesteasome inhibition (Fig. 3.41).
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G132 10 M

Figure 3.41: Direct fluorescence micrographs of trated cardiomyocytes from adult GFPdgn
mice. Cardiomyocytes were untreated (control) or treatéd the proteasome inhibitor MG132 in t
indicated concentrations. Confocal images wererdsxb after 15 h treatment with a Zeiss LSN
Imagel system using a Zeiss Axiovert 200 M micr@sco

Like in the cardiomyocytes isolated from th&°"°Y-GFP mice,GFP-positive cells
were found already in the untreated cardiomyocigelated from GFPdgn mice, and
the number of GFP-positive cardiomyocytes did marease after UPS inhibition.
This was the second time that adult cardiomyocgmmmed to be stress-sensitive
during isolation, and they are therefore maybe thet best tool for treatment with
proteasome inhibitors. Thus, the experiment wasatgal in cardiomyocytes isolated
from neonatal GFPdgn mice, which are less subjectexiress during isolation. The
cells were treated with 10 uMG132 for 2, 8 and 24 h, and proteins were extrhcte
and analyzed by Western blot using antibodies tick@gainst ubiquitin and GFP
(Fig. 3.42 A). Furthermore, the chymotrypsin-likaiaty of the 20S proteasome was
measured (Fig. 3.42 B).
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Figure 3.42: Ubiquitination, GFP-accumulation and @iymotrypsin-like activity in cardiomyocytes
from neonatal GFPdgn mice A, Proteins were extracted from cardiomyocytes isdlfitem neonats
GFPdgn mice andreated with 10 uM MG132 for 2, 8 or 24 hhe left blot was stained with ¢
antibody directed against ubiquitin, the right blath an antibody directed against GFP. The fiaste
of the right blot represents the molecular weightker. Below each blot iki¢ corresponding Ponce:
B, The chymotrypsin-like activity of the 20S proteasomasmeasured ira cystolic protein extrac
from the cardiomyocytes described in A

Densitometric analysis of the Western blots revaleé’-fold increase of the steady-
state level of ubiquitinated proteins and a 9-folctease of the GFP level after 24 h-
treatment with MG132 compared to control. By memsuthe chymotrypsin-like
activity, a decrease by 89% after 24 h treatmerst @@ained vs. control. These data
proved that the proteasome was blocked by MG132tzatdhis inhibition resulted in
a GFP accumulation. Therefore, cardiomyocytes tsdlrom neonatal mice appear

to be a useful tool foex vivo investigations of the UPS function.

Finally, it was evaluated whether systemic injettiof MG262 inhibited the
proteasomean vivo. MG262 (5 umol/kg) was intravenously (i.v.) injedtinto one
adult GFPdgn mouse. As a control, a 60% DMSO-Natlt®n (vehicle) was i.v.

injected into a second GFPdgn mouse. Both mice sa&caficed 17 h after injection,
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and the heart and liver were excised. Extractedepr® were examined by Western
blot using antibodies directed against ubiquitid &FP (Fig. 3.43).

Ubiquitin GFP
Heart Liver Heart Liver +
MG262i.v. (umol/kg): 0 5 0 5 0 5 0 5

Figure 3.43: Ubiquitination and GFP-accumulation intissue from treated adult GFPdgn mice
Proteins were extracted from both heart and livieadult GFPdgnmice treated i.v. with MG26:
(5 umol/kg) or vehicle only (60% DMSO-NaCl-solutjorThe left blot was stained with an antibc
directed against ubiquitin, the right blot with antibody directed against GFP. The first lane af
right blot repreents the molecular weight marker. The last langhefright blot was loaded wi
proteins extracted from neonatal rat cardiomyocitiested with a GFRncoding virus and served a
positive control for GFP. Below each blot is theresponding Ponceau.

First, this Western blot analysis showed again tteg steady-state levels of
ubiquitinated proteins are much higher in the litlean in the heart under normal
conditions. Second, systemic proteasomal inhibitiesulted in increased levels of
ubiquitinated proteins and GFP, both in the head the liver. Unexpectedly, the
GFP-antibody detected several bands around 29 tkidabands in the heart samples
and even three bands in the liver samples. Theomefg this is not known at the

moment.

3.3.3 Investigation of the UPS function in the Kl ad KO mice
crossed with UIF"°Y-GFP mice

In chapter 3.3.1.1, an alteration of the UPS at l#nesl of ubiquitination and
degradation was found in the KI and KO mice. Ussmgall fluorogenic substrates,
which are degraded by the 20S proteasome in aruitib@tion-independent manner,
allows detecting alterations in the proteolytic naties, but will fail to detect

alterations at any other level of the UPS. An apphp which allows monitoring the

99



Results

function of the UPS in an ubiquitination-depender@nnerand in the whole animal
(in vivo), was to cross the KI and KO mice with the§-GFP mice, which express
a reporter protein with a tag for efficient degriaala by the UPS. To investigate
whether an alteration or even an impairment ofldR& by the cMyBP-C mutants was
present, the steady-state levels of ubiquitinateteps and GFP were determined by

Western blot and the 20S proteasome activities werasured.

3.3.3.1 Investigation of the UPS function in the Kmice crossed with U§"®V-GFP

mice

Proteins were extracted from ventricles of very Wa x Ub°"°Y-GFP (age ~ 79 wk,
two males and females) and Kl x ¥/B-GFP (age ~ 62 wk, four males and females)

mice and analyzed by Western blot using an antilatdedcted against GFP (Fig. 3.44).

4.5 *
T KI _ 4.0
2 3.5-
: & < 3.01
GFP |25 L ——— — . i — — 3 25
£ 2.01
— Q
- B 1.5-
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- o -+
5 057 4
0.0
WT Kl

Figure 3.44: Determination of the GFP level in ventricles of WTand Kl mice crossed with
Ub®"®-GFP mice. Proteins were extracted from ventriclesWsT and Kl mice crossed with UH®-
GFP mice On the left, a blot stained with an antibody diegl against GFP is showmhhe first lane
represents the molecular weight marker (MW). Beisthe corresponding Ponceau. On the right, the
quantitative analysis normalized to Ponceau andtedl to WT is shown. Bars represent t
mean+SEM with P<0.05 vs. WT, Student’s t-test. The number of alsnsindicated in the bars.

A 3.6-fold increase of the GFP level was found lie I x UE°"®-GFP mice
compared to WT indicating an impairment of the URSwas then investigated
whether the GFP-accumulation was associated wehgds in the steady-state levels
of ubiquitinated proteins. A blot with the samedoay was stained with an antibody
directed against ubiquitin (Fig. 3.45).
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Figure 3.45: Ubiquitination in ventricles of WT and K| mice crossed with US"®Y-GFP mice.
Proteins were extracted from ventriclesWsT and Kl mice crossed with \§5°Y-GFP mice On the
left, a blot stained with an antibody directed againsquikin is shown The first lane represents t
molecular weight marker (MW). Below is the corresgimg Ponceau. On the right, thaagptitative
analysis normalized to Ponceau and related to W3h@wvn. Bars represent the meSEM with
*** P<0.001 vs. WT, Student’s t-test. The number of alsrs indicated in the bars.

The steady-state levels of ubiquitinated proteimsenelevated in the Kl x (°-
GFP mice as compared to WT mice. Quantitative amaklhowed a 2.6-fold increase
in the amountof ubiquitinated proteins. Thus, the UPS was altesg the
ubiquitination level in old KI x UB"®V-GFP mice.

To examine whether there is also an alteratiorhefUPS at the degradation level in

these old mice, all three 20S proteasome actiwtier® measured in the same animals
as above (Fig. 3.46).
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Figure 3.46:The 20S proteasome activities in ventricles of WTral KI mice crossed with UE"®V-
GFP mice. Proteins were extracted from ventriclesWfT and Kl mice crossed with V.GFP
mice. The 20S proteasome activities were measured usingifiepeftuorogenic substrates. Ba
represent the meantSEM. The number of animalglisated in the bars.
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All three 20S proteasome activities had a tendeade elevated in old Kl x U®"-
GFP vs. WT mice, but the elevations were not siggnift. Thus, no significant
alteration of the UPS was detected at the deg@métivel in old KI x U5"®V-GFP

mice.

3.3.3.2 Investigation of the UPS function in the KOmice crossed with UG-
GFP mice

Proteins were extracted from very old WT xU-GFP (age ~ 83 wk, all females)
and KO x US"®Y-GFP (age ~ 77 wk, all females) mice and analyzeWkstern blot
using an antibody directed against GFP (Fig. 3.47).
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Figure 3.47: Determination of the GFP level in ventricles of WTand KO mice crossed witl
Ub®"®Y-GFP mice. Proteins were extracted from ventriclessT and KOmice crossed with U§°"-
GFPmice On the left, a blot stained with an antibody dieel against GFP is showiihe first lane
represents the molecular weight marker (MW). Belewhe corresponding Ponceau. On the right, the
guantitative analysis normalized to Ponceau andtedl to WT is shown. Barsepresent th
meanzSEM. The number of animals is indicated inbidues.

The GFP protein level was increased (1.5-fold)lghkO x Ub®"®V-GFP mice vs. WT
mice, but not significantly. As in Fig. 3.48)e GFP-antibody detected unexpectedly

two bands around 29 kDa. The reason for this iknotvn at the moment.

To investigate whether this increase was associai#tdchanges in the steady-state
level of ubiquitinated proteins, a blot with themsa loading was stained with an

antibody directed against ubiquitin (Fig. 3.48).
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Figure 3.48: Ubiquitination in ventricles of WT and KO mice crossed with U"®-GFP mice.
Proteins were extracted from ventriclesWsT and KO mice crossed with GB"-GFP mice. On the
left, a blot stained with an antibody directed againstuitin is shown The first lane represents t
molecular weight marker (MW). Below is the corresging Ponceau. On the right, theagtitative
analysis normalized to Ponceau and related to W3hawn. Bars represent the meS&EM with
*** P<0.001 vs. WT, Student’s t-test. The number of afgrs indicated in the bars.

The level of ubiquitinated proteins was 2-fold hegtin old KO x US"®V-GFP mice
vs. WT mice. Thus, like in the old KI x GF°"-GFP mice, the UPS was altered at the
ubiquitination level in old KO x UB®Y- GFP mice.

Finally, all three 20S proteasome activities wereasured in the same animals as

above to analyze whether there is also an alteraifothe UPS at the degradation
level (Fig. 3.49).
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Figure 3.49: The 20S proteasome activities in ventricles of WT and ® mice crossed with
Ub®"®V-GFP mice. Proteins were extracted from ventriclessT and KOmice crossed with U°"-
GFP mice. The20S proteasome activities were measured usingfispdluorogenic subsates. Bar:
represent the mean+SEM witP<£0.05 vs. WT, Student’s t-te3the number of animals is indicated
the bars.

All three 20S proteasome activities tended to lp@éi in old KO x UG"®-GFP mice
as compared to WT, but only the chymotrypsin-likgvaty was significantly higher.
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3.3.4 Summary

The major findings of this chapter are the follogrin

The M7t-TG mice did not exhibit alterations in tlseeady-state level of
ubiquitinated proteins or in the 20S proteasomeriéiets, indicating that the
UPS function was overall unchanged.

The KI and KO mice exhibited increased steady-datels of ubiquitinated
proteins and 20S proteasome activities.

The chymotrypsin-like activity, which is the mai®2 proteasome activity,
was positively correlated with the degree of hyygtty in both KI and KO
mice. In contrast, the steady-state levels of ubitpied proteins did not
correlate with the degree of hypertrophy. Thus, ocoeld speculate that the
increase in the chymotrypsin-like activity with theacreased degree of
hypertrophy prevents further increases in the ststmte levels of
ubiquitinated proteins. Accordingly, the chymotrypkke activity was
negatively correlated with the steady-state levellmquitinated proteins in
the KO mice.

Crossing of KI and KO mice with UPS reporter mi@veg further support for
alterations at the level of ubiquitination and @efation in old animals. In old
Kl and KO mice, the 20S proteasome activities jigstded to be higher,
whereas the steady-state levels of ubiquitinatedeprs were significantly
increased. The level of GFP protein was also irsgéan old Kl and KO mice,
but only significantly in old KI mice. These dataggests that a likely age-
dependent exhaustion of the proteasome may patecipn the greater

accumulation of ubiquitinated proteins and GFP.
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3.4 Investigation of the nonsense-mediated MRNA da&g

3.4.1 Investigation of the nonsense-mediated mRNAeday in the Ki
and Het mice

The experiments described in chapter 3.2.2 fadegrdvide evidence that the level of
cMyBP-C mutants is regulated at the protein lemethie KI mice. UPS inhibition did
neither reveal the truncated protein nor incredsecamount of the full-length mutant
protein. On the other hand, the 78% decrease iartf@nt of total cMyBP-C mRNA
in the KI mice (3.1.2.3) suggested that a stromgliaion for the cMyBP-C mutants
existed at the mRNA level. Thus, the nonsense-nediimRNA decay (NMD; 1.5.1),
which is assumed to play a key role in cell quattntrol by removal of PTC-
containing nonsense mMRNAs, was investigated irkihend also in the Het mice, in
which the nonsense mRNA was randomly detected. NddEurswhen the PTC is
located more than 50-55 nt upstream of the last-@xn junction (Nagy and Maquat,
1998). In KI and Het mice, the PTC is located im@e® within the nonsense mRNA
and is therefore more than 55 nt upstream of tbiejlenction between exons 34 and
35. Because NMD requires a pioneer round of trénslan mammalian cells, it can
be prevented by translation inhibitors like cyclwingde (CHX) or emetine (see
1.5.1). Therefore, cardiomyocytes were isolatednfroeonatal WT and Kl mice,
cultured and treated with CHX (100 pg/ml; Fig. 3.5 emetine (300 pg/ml;
Fig. 3.51) for 4 h. After treatment, total RNA wiaslated and analyzed by classical
and quantitative RT-PCR. The level of total cMyBRr@nscripts was determined by
quantitative RT-PCR using the SYBR5reen strategy and primers located in exons 2
and 3 of the cMyBP-C cDNA. The level of nonsense NARwas analyzed by
quantitative RT-PCR using primers located in exbrand 7 of the cMyBP-C cDNA
and a TagMah probe, which matches the junction between exorm % and is
therefore specific for the nonsense mMRNA. The lesklmissense mRNA was
determined by quantitative RT-PCR using primersaied in exons 6 and 7 of the
cMyBP-C cDNA and a specific TaqgM&mrobe located at the junction between exons
6 and 7 matching the G>A transition.
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Fig. 3.50: Effect of NMD inhibition by CHX on the mRNA level in cardiomyocytesof neonatal
WT and KI mice. Cardiomyocytes were isolated from neonatal WT léhthice, cultured and treate
with CHX (100 pg/ml) or 0.1% DMSO for 4 W, The different cMyBP€ mRNA species wel
determined by classical RT-PCR using primers (bktkws) asndicated in the scheme on the ri
(miss means missense MRNA and nons nonsense mRWA/).stands for the 100p moleculal
weight markerB, The level of total cMyBP-C mRNA was determined hyagtitative RTPCR using
the SYBF Green strategy and primers located in exons 23a@d Thelevel of nonsense mRNA wi
determined by quantitative RFER using primers (black arrows) and probe as atditin the schen
below. Bars represent the mean+SEM wittP£9.01 vs. DMSO-treated cells, Studenttegt. The
number of preparations is indicated in the bargs€ranalyses were performed by Nicolas Vignier.

The basal level of total cMyBP-C transcripts wa80% lower in Kl than in WT
cardiomyocytes (Fig. 3.50 A and B), which was corapke to the data obtained in
adult hearts (Fig. 3.13). CHX treatment did nonsdigantly affect the level of total
cMyBP-C mRNA in both WT and Kl cardiomyocytes (Fig.50 A and B), but
increased the amount of the nonsense mRNA 2.5kiidkd cells (Fig. 3.50 C).
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Fig. 3.51: Effect of NMD inhibition by emetine on he mRNA level in cardiomyocytes of neonatal
WT and KI mice. Cardiomyocytes were isolated from neonatal WT khrhice, cultured and treated
with emetine (300 pg/ml; emet) or 0.1% DMSO for.4Ah The different cMyBPE mRNA specie
were determined by classical FPIGR using primers (black arrows) as indicated & sbheme (mis
means missense and nons nonsense MRNA). MW stantisef 100-bp molecular weight markeé,
The level of total cMyBP-C mRNA was determined hiagtitative RT-PCR using the SYBRGreen
strategy and primers located in exons 2 an€,3The level of missense mMRNA was determined by
guantitative RT-PCR using primers (black arrows) arobe as indicated in the schereThe level

of nonsense MRNA was determined by quantitativeP®&ER using primers (black arrows) and probe
as indicated in the scheme. On the left, ampliicaturvesof nonsense and GAPDH mRNA ¢
shown. On the right, the statistical analysis igspnted. Bars represent the meantSEM

*** P<(0.01 vs. DMSO-treated cells, Studentt®gt. The number of preparations is indicated &
bars.
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Emetine did not change the level of total cMyBP-RMA in WT cells, but increased

the level of total cMyBP-C transcripts 4-fold in Klells (Fig. 3.51 A and B).

Quantitative analysis of the nonsense mMRNA leveKincells revealed a 7-fold

increase after treatment with emetine as compardadMSO (Fig. 3.51 D), whereas
the missense mMRNA level was not significantly cleghgfter treatment (Fig. 3.51 C).
Both CHX and emetine treatment seemed to decré@sentssense mRNA level as
determined by the classical RT-PCR (Fig. 3.50 A &gl 3.51 A). However, this

effect was likely due to a competition in the PC#aation, because the specific
TagMarf assay showed that emetine rather increased treemsis mRNA level than

decreased it (Fig. 3.51 C).

To analyze whether NMD is also involved in the @egtion of the nonsense mMRNA
in vivo, CHX (120 mg/kg) or DMSO were 4 times (once peumcubcutaneously
injected in 3 WT, Het and KI mice. The animals wsaerificed 30 min after the last
injection. Total RNA was isolated from the ventegland analyzed by qualitative and
quantitative RT-PCR (Fig. 3.52).
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Fig. 3.52: Effect of NMD inhibition on the mRNA lewel in ventricles of CHX+reated WT, Het
and KI mice. WT, Het and KI mice were subcutaneoustjected with CHX (120 mg/kg, 4 time
once a hour) or 60% DMSO-NaCl-solution. Total vientiar RNA was then isolated, The different
cMyBP-C mRNA species were determined by nestedsidasRTPCR using primers (black arrow
as indicated in the scheme on the right (miss meassense mMRNA and nons nonsense mRNA).
stands for the 100-bp molecular weight marBeThe level of total cMyBRE mRNA was determine
by quantitative RT-PCR using the SYBRreen strategy and primers located in exons 2a6d The
level of missense mMRNA was determined by quant#@aRTPCR using primers (black arrows) &
probe as indicated in the scheme beldy. The level of nonsense RNA was determined b
qguantitative RTPCR using primers (black arrows) and probe as &tditin the scheme below. Bi
represent the mean+SEM witRP<0.05 vs. DMSO-treated mice affdP<0.001 vs. DMSQreated He
mice, Student’s t-test. The number of animalsd&ated in the bars.
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In vivo treatment with CHX did not significantly affectetiievel of total cMyBP-C
transcripts in the WT and Het mice, but inducedeadéncy towards an increase
(P=0.09) in the KI mice (Fig. 3.52 A and B). Quartiita analysis of the nonsense
MRNA level revealed a 4-fold increase in the Kl an@-fold increase in the Het mice
after treatment with CHX as compared to the DMSgatied mice (Fig. 3.52 D). Like
in cells, the level of the missense mMRNA was natngjed by CHX in the Kl (Fig.
3.52 C). Surprisingly, the missense mMRNA was ndeatable in the Het mice by
TagMarf analysis, which would suggest that its level was/Mow compared to the
WT mRNA (Fig. 3.52 C).

3.4.2 Summary
The major findings of this chapter are the follogrin
* NMD inhibition stabilized the nonsense mRNA levekells andn vivo.

* The missense mMRNA level was not changed by théniesa with NMD

inhibitors.

Thus, these data suggest that the low level ofarses mMRNA in cells anih vivo is
attributed to NMD in KI and Het mice.
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4 Discussion

The goal of this thesis was to investigate molecuteechanisms regulating the
expression of cMyBP-C mutants in FHC. Only two papeave analyzed so far the
consequences of cMyBP-C mutations in FHC-patiemtd,in both cases the truncated
cMyBP-C proteins were not detected although therrahe mRNAs were present
(Rottbauer et al., 1997; Moolman et al., 2000).hds been recently shown by
adenoviral gene transfer of human mutant cDNAsircardiomyocytes that truncated
cMyBP-C proteins were rapidly and quantitativelygaeled by the UPS, which was
associated with an impairment of the proteolytipagaty of the UPS (Sarikas et al.,
2005). In addition, it was proposed that this impant leads or contributes
subsequently to cardiac hypertrophy. The main questudied in this thesis was
whether truncated cMyBP-C proteins are also sulifgctegradation by the UPS&
vivo and whether this alters the function of the UPI$%e @nalyses were performed in
two new targeted cMyBP-C mouse models: the M7t raouedel and the cMyBP-C

knock-in mouse model.

The transgenic M7t mouse model was generated wfisadly express in the heart a
human truncated cMyBP-C. The Myc-M7t-cMyBP-C isaedell of exon 6 leading to a
premature termination codon in exon 9. The plasmidch contains the sequence for
this transgene, was already used before by Saskaal. (2005) to create the
recombinant adenovirus expressing the Myc-M7t-cMNBPThus, the M7t mouse
model represents the appropriateivo model with regard to thex vivo experiments
from Sarikas et al. (2005). But the transgenic Méuse model is of limited value for
directly comparing the consequences of FHC-causiugations, because it is not
exactly mimicking the situation found in humans.G-Hatients are heterozygous for
the mutation, whereas the M7t-TG mice express taesgene in addition to two
healthy alleles. Therefore, to investigate the madlEr mechanisms of FHC in a
genomic context as close to the human situatiopoasible, the cMyBP-C knock-in
mouse model was developed. This mouse model wasrafed by targeted knock-in
of the G>A transition on the last nucleotide of @oand was expected to express the
missense and/or nonsense mMRNA and the correspopaitgjns.
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The expected 32-kDa truncated protein in both ttvé &hd the cMyBP-C knock-in
mouse model is not only lacking the titin and mypdsinding sites but also the MyBP-
C motif, which contains the myosin subfragment &dmg site and the three
phosphorylation sites. Previous interaction studiage shown that small cMyBP-C
mutants do not interact with-MHC and suggested that in particular the C-terinina
domains are important for the correct localizatmincMyBP-C in the sarcomere
(Gruen and Gautel, 1999; Flavigny et al., 2003)usTht was assumed that due to its
structural and functional deficits the truncatedtpin would be rapidly recognized
and degraded by the UPS in both the M7t and theBfMg knock-in mouse model.

The fundamental assumptions for the M7t mouse moaeé the following: i) the

truncated protein is not or at a low level presemier normal conditions due to its
rapid degradation by the UPS, ii) the truncatedtginois detectable after UPS
inhibition, iii) impairment of the UPS occurs latelife and iv) cardiac hypertrophy

occurs late in life, possibly due to an impairmeiithe UPS.

The fundamental assumptions for the cMyBP-C knaockrdouse model were the
following: i) the missense as well as the nonsefes®n 6 skipped) mRNAs are
expressed, ii) the full-length E256K protein isg@et, but the truncated protein not or
only at a low level due to its rapid degradationtivy UPS, iii) inhibition of the UPS
results in the detection of the truncated proteih,impairment of the UPS occurs
early in life in the KI and later in the Het micadav) cardiac hypertrophy occurs

early in life in the Kl and later in the Het mice.

Hypothesis 1: Truncated cMyBP-C proteins are rapidy and quantitatively
degraded by the UPS.

In the M7t-TG mice, the truncated protein was dei@aeither by Western blot nor
by immunofluorescence analysis, despite the presehthe transgene at mRNA level.
In the same way, the truncated protein was notctetan both the Het and Kl mice.
These findings support the data obtained by adeslayene transfer of the Myc-M7t-
cMyBP-C cDNA in cardiomyocytes (Sarikas et al., 2D@nd in human myocardial
tissue of FHC-patients with other frameshift mwuas (Rottbauer et al., 1997;
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Moolman et al., 2000), in which the truncated cMyBRroteins were hardly or not
detected. Similar observations were also made itraasgenic mouse model
expressing a mutant cMyBP-C lacking the myosin inigaite (MyBP-C.mut2-mice;
(Yang et al., 1999). Despite high expression legélhe transgene at the mRNA level
(1.5- to 5-fold of endogenous cMyBP-C), the levéltlee truncated MyBP-C.mut2

protein was very low.

In the Het and Kl mice, a strong regulation of #tdyBP-C mutant levels was
observed already at the transcriptional level. Tevel of total cMyBP-C transcripts
was reduced by 52% and 78% in the Het and Kl nmgspectively, compared to WT.
The level of nonsense MRNA was calculated to be %f 22%) in the KI mice
and therefore only low level of truncated protetuld result. Similar levels of mutant
cMyBP-C transcripts as in the KI and Het mice wel#ained in mice bearing a
neomycin resistance gene inserted in exon 30 d¥tfi8PC3 gene (McConnell et al.,
1999; McConnell et al., 2001). The insertion resilin the skipping of exon 30 and
the production of a PTC. The level of cMyBP-C tianss was reduced by 50% and
~86% in heterozygous cMyBPYC (expressing mutant and WT mRNA) and
homozygous cMyBP-& (expressing only mutant mRNA) mice, respectively. |
contrast to the KI mice, the truncated (only 15 kdbaaller than full-length) protein
was detected in myofilament extracts in homozyganMyBP-C’t mice and
represented 9.5% of the cMyBP-C amount found in Wite (McConnell et al.,
1999). Interestingly, truncated cMyBP-C in totabtain homogenates of cMyBP.C
mice was only 2.3% of the amount found in analog®3 extracts. Thus,
myofilament protein preparations should be analyirethe KI mice to increase the
sensitivity and detect the truncated protein. Bubpbly even this approach will fail
to detect the truncated protein in the Kl mice.c8ir14% mutant transcripts lead to
~10% truncated protein in myofilament extracts dxfIyBP-Cf’t mice, the ~7%
nonsense MRNA in the Kl mice are expected to raautt5% truncated protein in
myofilament extracts or even less, because it hes t® be considered that the
truncated protein in the cMyBPYGnice is only 15 kDa smaller than the WT protein
and therefore expected to be more stable and anadtithan the truncated protein
resulting from the nonsense mMRNA in the Kl micetie Het mice, it will be even
more difficult to detect the truncated protein, dese the nonsense mMRNA is even

less expressed than in the KI mice.
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Taken together, both the data in the M7t and cMy¥BRRock-in mouse models are
compatible with the notion that truncated cMyBP+Gtpins are rapidly degraded by
the UPS.

To analyze directly whether the UPS was indeedlireebin the degradation of the
truncated protein, NMCM of M7t-TG and Kl mice weasmlated and treated with a
reversible or an irreversible proteasome inhibiliowas expected that the proteasome
inhibtion resulted in the accumulation and detecid the truncated protein. But in
contrast to the study of Sarikas et al. (2005% thas not the case, despite the proof
for proteasome inhibition by the accumulation ofquitinated proteins. Thus, these
data failed to show evidence for a major UPS ingolent in the degradation of

truncated proteinex vivo.

The discrepancy to the cell culture data is mayWmagnable by several facts. First, it
has to be noted that by adenoviral gene transfeaidiomyocytes markedly higher
levels of mutant mMRNAs are reachable than in tranggmice for two reasons. First,
the CMV promoter is stronger than theMHC promoter used for the M7t-TG mice
or the endogenous cMyBP-C promoter. Second, adextorfection leads to several
copies of adeno-genomes in the infected cells. B&t®mes also clear by the fact that
the truncated proteins were detectable by Westetnrbthe adenovirally transfected
cardiomyocytes already without proteasome inhibit{®arikas et al., 2005). In the
M7t-TG mice, the level of mutant mMRNA was quite lovhen compared to the
adenoviral approach or even to the similar transgelyBP-C.mut2-mice. Related to
the considerations from above, it is not reallypsising that the proteasome inhibition
in KI NMCM did not reveal the truncated protein tiotal protein extracts, because
even with proteasome inhibition the level of thiotein was likely very low. A
second point is that the conditions, in which txpeziments were performed, are
maybe not yet fully matured. For instance, the \&fesblot analysis was performed
on Triton X-100-extracts isolated from treated NMCM an attempt to increase
sensitivity, it could be helpful to analyze ratimeyofilament protein preparations like
it was done by McConnell et al. (1999) for the cNBB" mice and by Yang et al.
(1999) for the MyBP-C.mut2-mice. In addition, priotéractions from nuclear extract
and nuclear pellet should be analyzed, becauseewiops study showed that

proteasome inhibition could lead to translocatibpmteins into specific subnuclear
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compartments (Sano et al., 2007). A third poinpeeglly for the M7t-TG mice, is
that cardiomyocytes derived from neonatal mice may be the optimal model to
study the involvement of the UPS. According to ipnetary experiments with a
number of transgenic constructs, the group aroeffdey Robbins found that 1-2 mo
is the earliest age, at which the maximal amounitasfsgenic protein is present in the
hearts (Yang et al., 1998). Thus, low expressigrltewill have further decreased the

sensitivity of the experiments performed in themagal M7t-Tg mice.

In contrast to the truncated protein, the full-tgmgrotein was detected in total protein
extracts of M7t-TG, Het and KI mice. The level odegenous cMyBP-C protein was
not changed in the M7t-TG vs. WT mice, which wadine with the data obtained for
the MyBP-C.mut2-mice (Yang et al., 1999). In thet Klexpressing wild-type and
E256K protein) and KI (expressing only E256K projeanice, the level of full-length
cMyBP-C protein was reduced by 21% and 90%, respdygt compared to WT. Thus,
the estimated ~15%4 of 22%) missense MRNA resulted in 10% full-lengthtant
protein in total protein extracts of Kl mice. In affament protein preparations, the
level of the E256K protein would be probably eveghler. The E256K protein only
differs from the WT through one amino acid and é¢f@re this protein is likely near-

normal and has not to be degraded by the proteasome

In conclusion, these data failed to provide dimdtlence that the UPS is involved in
the degradation of truncated cMyBP-C proteins, they also did not provide
evidence against it. The results could indicaté tir UPS only plays a role, when the
cell is overwhelmed with mutant cMyBP-C proteins iasvas the case for the
adenoviral infection. Actually, the UPS remains thest likely involved system and

the performed analyses were just not sensitive ginta detect the truncated proteins.

Hypothesis 2: The degradation of the truncated pragins by the UPS is associated

with an impairment of this system.

Although the data failed to show evidence for arBUiiolvement in the degradation
of the truncated protein, the UPS function was stigated in M7t-TG and KI mice to
analyze whether the UPS was altered by the pres#nte truncated protein. In the
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M7t-TG mice, the UPS function was neither alterédha ubiquitination nor at the
degradation level. Thus, there was a discrepantvydas thesén vivo data and thex
vivo data of Sarikas et al. (2005), who showed thatiR& function was impaired by
the truncated proteins. The discrepancy is likglgia based on the strong difference
of the transgene expression at the mRNA level. Bgnaviral gene transfer huge
amounts of mutant mRNA are reached that are trtsla truncated proteins, which
in turn have to be degraded by the UPS. It is w@ticeivable that this finally leads to
exhaustion of this system and to accumulation agdremate formation of the
truncated proteins. In contrast, there is a rethgidow expression of the mutant
MRNA in the M7t-TG mice, and the UPS is appareatile to get completely rid of
the nascent truncated proteins. By measuring thmaetrypsin-like activity in 9-mo-
old M7t-TG mice a slight, but not significant inese was found vs. WT mice. This
could be a sign that there are indeed more proteibe degraded in the M7t-TG mice,
namely the truncated ones, and this induces a cosapmy increase in the

proteasome activity.

In KI mice, the UPS function was investigated frdoimth to 50 wk of age in
myocardial tissue. In the same way, KO mice, wlielhved as a “negative control”
for cMyBP-C, were examined to analyze whether aemidl UPS alteration is
cMyBP-C-dependent. The data provided evidencetligatJPS was indeed altered at
the level of ubiquitination and degradation in b&thand KO mice. Several aspects
have to be pointed out. First, the proteolytic\atiés of the UPS were not impaired;
in contrast, all three activities were significgnthcreased up to the age of 50 wk. It
was originally expected that the truncated proteithe Kl and Het mice is rapidly
and quantitatively degraded by the UPS, which m tuas expected to be associated
with an impairment of this system. But due to tiw®rgy regulation already at the
transcriptional level, only very low levels of treated protein are being produced in
these mice. These low levels are likely not in aifian to impair the proteasome.
However, the degradation pathway was activatedoth KI and KO mice. Previous
studies showetoth an increase (Depre et al., 2006) and a dex(@asikamoto et al.,
2006) in proteasome activity during cardiac hymgtry in animal models, as well as

increases in gene expression of proteins regulatied)PS (Razeghi et al., 2006).
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Why, despite increased proteasome activities, tbady-state levels of ubiquitinated
proteins were still elevated in both KI and KO mignains elusive. Using small
fluorogenic substrates, which are degraded by @& @oteasome in a ubiquitination-
independent manner, allows to detect alteratiorthenproteolytic activities, but will
fail to detect alterations at any other level of #HPS such as availability of free
ubiquitin, polyubiquitination and recognition byeti9S subunit, which is responsible
for the deubiquitination, unfolding and channelioigthe targeted proteins into the
20S core. For instance, the unfolding and changetequires ATP. Thus, if an
excessive demand on the UPS proceeds with enemggtide, there is not enough
ATP for this step. Actually, HCM is known to be asmted with myocardial energy
depletion: It was proposed that sarcomeric HCM mnmta lead to an increased
energy demand owing to inefficient sarcomeric ATHlization. This increased
demand compromises the capacity of the cardiomgotyt maintain free energy
levels sufficient for contraction and critical hoosatic functions like the Gare-
uptake (Ashrafian et al., 2003). In a mouse modehtwasarcoplasmic amyloidosis,
which develops concentric cardiac hypertrophy withastolic malfunction,
ubiquitinated proteins were progressively increaseldereby all three proteasomal
activities were significantly elevated like in tKé and KO mice (Chen et al., 2005).
The cause of proteasomal malfunction was an ingefft delivery of substrate
proteins into the 20S proteasome and depletiorepfdomponents of the 19S subunit.
Furthermore,n explanted hearts from patients with idiopathlateéd cardiomyopathy,
a downregulation of the deubiquitinating enzymegéptidase-T and ubiquitin-fusion
degradation system-1 (UFD-1) has been observedchwim conjunction with
unchanged proteasomal subunit levels and protedsactigity resulted in massive
storage of ubiquitinated proteins and in autophagit death (Kostin et al., 2003).
They conclude that a disturbed balance betweergl fdte of ubiquitination and
inadequate degradation of ubiquitinated proteiny m@ntribute to autophagic cell
death. Preliminary determination of the ubiquitiartmoxyl-terminal hydrolase L1
(UCHL-1), a deubiquitinating enzyme, revealed adtercy to a decrease at
transcriptional level in 9 wk-old KI mice, but fagr analyses are needed. However,
accumulation of ubiquitinated proteins is a verynooon phenomenon in human
hearts with dilated or ischemic cardiomyopathiesgih et al., 2003; Weekes et al.,
2003) and in other diseases, such as neurodegerediorders (Ciechanover and
Brundin, 2003), cystic fibrosis or metabolic disersl (Golab et al., 2004n addition,
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increased ubiquitin gene expression was obtainedilated and ischemic human

failing hearts (Yang et al., 2000).

An approach, which allowed to monitor the degramatibby the UPS in an
ubiquitination-dependent manner, was the crossbrgdzetween the Kl and KO mice
and the UB"®-GFP mice, which express a reporter protein witlag for efficient
degradation by the UPS. As expected from the pusvitata, the steady-state levels of
ubiquitinated proteins were strongly increasedathlihe old Kl (79 wk) and KO (83
wk) mice crossed with U8®'-GFP mice compared to corresponding WT mice. Only
the chymotrypsin-like activity was still significy elevated in the KO x UH®"-
GFP mice, whereas the two other activities andhénkl x U5°"®Y-GFP mice all three
activities showed just a tendency to be elevatedpaved to corresponding WT mice.
It should be noted that the age of the examinesisexd mice was much higher than 50
wk, which represented the last investigated timatgoom the previous study above.
Thus, the fact that the proteolytic activities we highly elevated anymore could
indicate that the 20S proteasome is not anymore @blcompensate for increased
demand in old age. It was reported that the proteasactivity is declining with age
and that the loss in proteasome activity duringn@gilepends at least on three
different mechanisms: decreased overall proteascoment, alterations and/or
replacement of proteasome subunits and formatianhbitory cross-linked proteins
(Carrard et al., 2002).

Examination of KI and KO mouse lines crossed whk tU"°Y-GFP mouse line
gave the unique opportunity to determine the fumctf the UPS in a specific manner.
In contrast to the determination of steady-statel&eof ubiquitinated proteins, which
monitors the balance between ubiquitination onoie hand and deubiquitination and
degradation on the other hand, the level of 195GFP protein indicates specifically
the degradation rate (Lindsten et al., 2003). Thisecause the J5°V-GFP protein is
a direct target of the UPS, i.e. an accumulatioth protein indicates a problem in
its degradation. The GFP levels were 3.6-fold highethe KI x UF"®-GFP mice
and only 1.5-fold higher (n.s.) in the KO x ®B-GFP mice compared to
corresponding WT mice. This difference in GFP-iase could indicate a specific
defect in the KI mice. A likely reason is the pnese of low level of mutant cMyBP-C,

which in addition to hypertrophic and other damageoteins keeps the UPS more
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busy in these old mice. Interestingly, in a polygiiine disease modeflossed with

Ub®"®Y.GFP mice, a significant increase in reporter proteas also observed late in
disease (Bowman et al., 2005). But the basis faor iticrease was explained by a
corresponding increase in BY-GFP mRNA. Anin vitro assay showed normal
(slightly increased) 20S activity, which confirmétat the increase in reporter protein
did not result from a reduction of proteasome dgtivThus, the expression of
Ub®"®Y-GFP at transcriptional level should be determiimethe old KI and KO mice

crossed with UB"®V-GFP mice.

In conclusion, the increases in 20S proteasomeitesi and in the steady-state level
of ubiquitinated proteins over the entire life sperboth Kl and KO mice provided
clear evidence that the UPS is altered in the Bedrboth mouse lines. Most of these
alterations appear to be part of the general pagjyoielated to the massive cardiac
hypertrophy present in both mouse strains and &aordance with published data in
other animal models of cardiac hypertrophy. Whettiex presence of truncated
cMyBP-C proteins or their respective transcriptaypbn own pathogenic role (the
initial hypothesis) remains to be further studi8dme evidence, however, supports
this notion. First, the chymotrypsin-like activitgnded to be increased in 9-mo-old
M7t-TG mice (without any hypertrophy). Second, tected negative correlation
between chymotrypsin-like activity and steady-stateel of ubiquitinated proteins
was present in KO, but absent in KI mice. And fipathe increase in U§%V-GFP
protein was much stronger (formally only presentpid K| crossed with the f5°Y-
GFP mice than in respective KO mice. Further arayare needed to clarify this

guestion.

Hypothesis 3: UPSimpairment leads or contributes subsequently to catiac

hypertrophy.

It was originally expected that UPS impairment kad contributes subsequently to
cardiac hypertrophy in the M7t-TG, Het and KI mic&herefore, the cardiac
phenotype was investigated in these mice. By imrfluoescence analysis of M7t-
TG AMVM the classical alternation of endogenous &RyC (A-band) and-actinin

(Z-line) was obtained, which indicated a normal ceareric organization. In
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comparison, despite normal levels of endogenousBiME, significant changes in
the structure and ultrastructure of the heart vestident in the MyBP-C.mut2 mice
lacking the myosin binding site (Yang et al., 199%)ese changes were likely caused
by the presence of the truncated protein, althoghs expressed at a low level.

The M7t-TG mice also did not exhibit significantrdiac abnormalities when
analyzed by transthoracic echocardiography. Neitral-thickening nor dilatation of
the left ventricle nor impaired cardiac functiorefgrmined by the FS) was found up
to the age of two years. A really striking obselatwas the decreased VW/BW
(-14%) in the M7t-TG mice at the age of 9 mo. Tigniicance was caused by the
male mice, which exhibited a highly significant cesse of the VW/BW (-18%),
whereas the female mice just showed a tendencyrdisveadecrease (-9%). The lower
VW/BW did not result from a higher BW in the M7t-T@ice, but indeed from a
lower VW. Interestingly, transgenic mice expressatyuncated cardiac troponin T
(cTnT) also exhibited a decreased HW/BW (-23%)W3. mice (Tardiff et al., 1998).
Full dissection of the heart and determinationtd individual chamber weight-to-
BW-ratios in cTnT mice showed that the decreaseeist mass was restricted to the
left ventricle. Surprisingly, a small, but signdiat increase in atrial size was observed.
The decrease in cardiac mass was due to a primasydf cardiomyocytes and a
decrease in cardiomyocyte cell size. These exammatvere not performed in the
M7t-TG mice, but should be done in the future tenidfy the reason for the decreased
cardiac mass. Actually, nine independent foundegsewgenerated with the cTnT-
truncation construct, but only three of them expeesthe transgene at the protein
level, and even then at low levels (<5%). Northbtat analysis showed that the
transgene was expressed at high mRNA levels. Tiediags are suggestive of UPS

involvement.

Immunofluorescence analysis of AMVM indicated amal sarcomeric organization
in the KI mice. However, the Kl mice exhibited myte and eccentric LV
hypertrophy with reduced FS and interstitial fibsost the age of 3 mo. The HW/BW
ratio was already increased at birth (data not sho@®imilar results were obtained in
the cMyBP-¢' mice, which exhibited neonatal onset of a proguessililated
cardiomyopathy with ventricular dysfunction, whicbntinued throughout life and

was accompanied by progressive compensatory LV rirgpdy (McConnell et al.,
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1999). At 2-3 mo of age histological abnormalitiesluding myocyte hypertrophy,
myofibrillar disarray, interstitial fibrosis and styophic calcification were observed in
the cMyBP-C“mice. In contrast, the Het mice did not develop hypertrophy up to
the age of 18 mo, but exhibited slight myocyte hinephy and a higher, not
significant level of3.-MHC mRNA at the age of 3 mo. In comparison, atdge of 12
mo only 32% of the cMyBP-€ mice had developed a cardiac hypertrophy
(McConnell et al., 2001). In >30-mo-old cMyBF"-*Canice, LVAW and LVPW were
significantly greater than in WT mice, and sigrafit increases in hypertrophic
markers (ANP and BNP) were found. Histological et derived from >30-mo-old
cMyBP-C** mice demonstrated myocyte hypertrophy, interstitfddrosis and
myofibrillar disarray in 50% of mutant animals. Hewver, cardiac function in >30-
mo-old cMyBP-C‘,‘+ mice was indistinguishable from that of respectW& mice.

Taken together, the hypothesis that alterationsthe UPS contribute to the
development of hypertrophy in cMyBP-C transgenicerntould not be substantiated.
In case of Kl and KO mice, this is likely due t@tmassive cardiac phenotype due to
the complete absence (KO) or large reduction (KI)cMyBP-C protein. The
absence/reduction in cMyBP-C protein by itself ikely a strong trigger for
hypertrophy, overriding any further contribution kother factors. It should be
mentioned in this respect that it is quite surpgsthat the KO mice survive the
absence of one of the major sarcormeric proteiadl.atloreover, one may argue that
the similarly severe phenotype in Kl mice, expmegsat least 10% of missense
cMyBP-C could be related to the affection of theSJmBut this idea needs further
studies. On the other hand, the atrophy in M7t-T@enctould argue for just the
opposite, namely that the stimulation of the preteaal degradation machinery in
9-mo-old animals was causally related to atrophyt. tBis remains speculative at this

point.

NMD is involved in the regulation of cMyBP-C mutantlevels in KI and Het mice.

Characterization of the cMyBP-C knock-in mouse niadgealed that the level of
total cMyBP-C mature-mRNA, but not of the pre-mRNRas markedly reduced in

both KI and Het mice compared to WT mice suggesérgpecific regulation at the
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level of processing pre-mRNAs to mature-mRNAs. Aown pathway that
specifically eliminates nonsense mMRNAs is the NNNMD is activated in mRNAs
that contain a PTC located >50-55 nt upstream @fldist exon-exon junction (Nagy
and Maquat, 1998). In the KI and Het mice, the H¥docated in exon 9 in the
nonsense MRNA and therefore far upstream of thiguastion between exons 34-35
suggesting an involvement of the NMD. Indeed, twiffetently acting NMD
inhibitors, CHX and emetine, markedly increased Il of the nonsense mMRNA,
but not of the missense MRNA in KI NMCM. This sgietly for the nonsense
MRNA fits with the rule that NMD only targets alamt mRNAs containing a PTC.
More importantly, CHX treatmenin vivo resulted as well in increased levels of
nonsense mMRNA in the KI and Het mice indicating thMD is operational in the
intact whole animal heart. The reduction in miseemikRNA points to an additional
mechanism, which is not yet known. As already nwer@d above, similar expression
levels of mutant cMyBP-C transcripts as in the Ktlddet mice were obtained in the
cMyBP-C"and cMyBP-¢" mice. The presence of a PTC together with the naiyke
reduced levels of total cMyBP-C mRNA suggest a NMiolvement in these mice

like in the KI and Het mice.

Taken together, an important new result from tretadies is that NMD participates
in the regulation of pathological cMyBP-C transtsin the whole animal. On the
basis of the results obtained previously (Sarikad.e2005) a model can be proposed
that involves a two-step quality control. Transtsipre degraded by the NMD if they
comply with the NMD rules (PTC >50-55 nt upstreahthe last exon-exon junction)
and the UPS comes into play if truncated proterasaing produced. The latter is the
main degradation system in cases where a cDNAaseapressed that is devoid of an

exon-intron structure.

The lack of cMyBP-C is probably the main cause of ypertrophy, which in turn

activates the 20S proteasome activities.

As discussed above the present results suggeghthahenotype in Het, Kl and also
KO mice is mainly attributed to an insufficient anmb of normal cMyBP-C. The

expression of endogenous cMyBP-C was not alterdiaeitM7t-TG mice compared to
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WT mice and probably therefore these mice did mektbp cardiac hypertrophy up to
the age of two years. The Het mice expressed 79%ehgth cMyBP-C (mutant and
normal) compared to WT mice and did not develogliearhypertrophy up to 18 mo
of age. But the reduced level of cMyBP-C proteigetther with myocyte hypertrophy,
the increased (not significant) level fMHC mRNA at 3 mo of age and the
published data in the >30-mo-old cMyBF@ice suggest that myocyte hypertrophy
precedes LV hypertrophy and that the Het mice dellelop cardiac hypertrophy later
in life. Therefore, examination of >18 mo-old Heiceis absolutely necessary.

In contrast to the M7t-TG and Het mice, Kl and K@endid not express any normal
cMyBP-C and exhibited an increased HW/BW alreadyigth suggesting lack of
cMyBP-C as the disease mechanism leading to hypérgt The Kl mice expressed
of course 10% full-length E256K protein, but whethke E256K mutant has a

function at all remains at the moment elusive.

If the sarcomere function would be altered or imghidue the insufficient amount of
cMyBP-C, the heart may try to compensate the foneli deficits by increased
myocyte growth resulting in cardiac hypertropéWhen cardiac function remains
inadequate despite growth, other pathways areyliketivated, as evidenced by an
altered gene expression (ANP, BNP, 3-MHC), myodgath (apoptosis) and fibrosis.
In general, he UPS is involved in a broad range of cellularhpatys, such as
apoptosis (Breitschopf et al., 2000; Li and Douw)@0 cell cycle (King et al., 1996),
cell differentiation (Helin, 1998) and immune arttess response (Palombella et al.,
1994; Rock et al.,, 1994). In addition, rmmber of key regulatory pathways that
promote cardiac hypertrophy are either targets mmponents of the UPS. For
instance, ti has been reported that several signaling proteurch as3-catenin and
calcineurin, which mediate cardiac growth (inclglipathological hypertrophy), are
degraded by the UPS (Glickman and Ciechanover, ;2008t al., 2004). Thus, the
UPS was likely activated in response to hypertrophKl and KO mice and the
increase in proteolytic activities was likely a qoensatory mechanism against further
development of hypertrophy: the 20S proteasome egbnkore to get rid of the
hypertrophic, hypertrophy-promoting and proapoptoproteins. This was also
indicated by the positive correlation between chigspin-like activity and

hypertrophy, which was observed in both Kl and K@en
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Thus, these data as well as several recent otindiest(Depre et al., 2006; Razeghi et
al., 2006) are compatible with the idea that cardigypertrophy is generally
accompanied by alterations in the UPS, mainly engbnse of increased turnover rate.
Our observation that the steady-state level of wibrgpted proteins did not correlate
with the degree of cardiac hypertrophy (in both d&ldd KO mice) argues for the
notion that the system normally reacts to incregsetkin load by increased activity
to keep the steady-state level constant. Accordinglnegative correlation existed
between chymotrypsin activity and the level of witiimated proteins in the KO mice.
In other words, the better the proteasome works,|dlver the steady-state level of
ubiquitinated proteins. Interestingly, this cortela was absent in Kl mice,
suggesting a specific defect as discussed abovenWhterpreting these data, it is
important to keep in mind that the tests for preteae activity are performed vitro,

i.e. in the absence of any potentially inhibitingnicated protein, whereas the steady-

state level of ubiquitinated proteins is determiimethein vivo situation.

Outlook

For the future, some investigations and treatmargs/et outstanding for the M7t-TG,
Kl and Het mice. First, further experiments shoogddesigned to stabilize and detect
the truncated protein. In the M7t-TG mice, the UB3ikely involved in the rapid
degradation of the truncated protein, althougloiild not be substantiated under the
used conditions. The i.v.-injection of MG132 or gpmicin in adult (older than 2 mo)
M7t-TG mice followed by Western blot analysis of efilament protein preparations
may result in the detection of the truncated proté contrast, NMD inhibition is
likely useless in the M7t-TG mice: NMD is likely nieesponsible for the low levels of
transgenic mMRNA, because it requires at least rbnn{Zhang et al., 1998) and is
therefore inactive towards transgenically expresf®dAs. A cross between the M7t-
TG and KO mice would result in mice, which expressy one functional cMyBP-C
allele and the NMD-resistant transgene. In cont@site M7t-TG mice, these crossed
mice would mimic the human situation and would lebpbly better suitable to
investigate the UPS involvemeamtvivo for the following reasons: i) NMD cannot act,
which leads to a stable expression of the transggnmRNA level and ii) the

endogenous cMyBP-C amount at mMRNA and protein lexlld be reduced (due to
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the heterozygous state for cMyBP-C). To detecttthecated protein in the Kl and
Het mice, the best approach may be to inhibit NMDg. by siRNA-mediated
knockdown of SMG-1 or Upfl (NMD key proteins), foived by blockage of the
proteasome by i.v.-injection of MG132 and final lgses of myofilament protein
preparations by Western blot. This strategy is ameful to detect the truncated
protein, but it will not rescue the phenotype ia Kl mice. As already mentioned, the
truncated protein is not only lacking the myosird d@itin binding site but also the
MyBP-C motif with the 3 phosphorylation sites, aadherefore probably not able to
play a beneficial structural or functional role. ¢ontrast to NMD inhibition, the
treatment with gentamicin, an aminoglycoside, oCRZ4 could be useful to rescue
the mutant phenotype in the KI mice. Suppressioth@fPTC in the nonsense mRNA
would lead to a mutant almost full-length cMyBP-@tein. Whether this protein
would have structural and functional propertiealbis difficult to say, because it is at

least missing the exon 6, which leads to a franfieshi

A second point, which should be investigated infthare, is the UPS function in the
Het mice. The Het mice did not develop cardiac hypphy up to 18 mo of age and
therefore no altered UPS function is expected.Baybe there is already a tendency
towards an increase in both ubiquitination and aégtion at this age, which proceeds
with age.

Finally, it would be interesting to investigate tsigess response in the M7t-TG and
Het mice. A striking characteristic of FHC in hursas its preference to cause sudden
death, oftentimes during significant cardiac stiesmight on by exercise (Maron et
al., 1980; Maron et al., 1996). But in general, thigoratory mouse is a sedentary
animal in a minimally stressful environment. Coligd regimens have been therefore
established to stress mice physically or pharmagicddly: mice can be subject to
swimming (Kaplan et al., 1994; James et al., 1998)eadmill exercise (Fewell et al.,
1997; James et al., 1998) or to chronic isoprotdrigriusion (Kudej et al., 1997). It is
expected that phenotypes that may not be preseestabecome apparent under these
controlled stress regimens. For instance, althdbghtransgenic MyBP-C.mut2 mice
appeared overtly healthy, they were significantympromised in their exercise
capacity and exhibited decreased heart rates ponsg to the treadmill exercise

(Yang et al.,, 1999). Thus, it should be investigatghether under significant
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conditions of stress overt cardiovascular abnotiealimight become apparent in the
M7t-TG and Het mice.

Potential therapeutic approaches

When considering therapeutic interventions, important to keep in mind that FHC
is, in the vast majority, an autosomal-dominanteds®, i.e. it occurs at the
heterozygous state. This is different from the neouosodels for yet incompletely

understood reasons.

Assuming that the (partial) absence is the mairseaaf hypertrophy in cMyBP-C
mutations, putative therapeutic approaches shomhdad increasing the amount of
full-length cMyBP-C protein. An estimated 70% ofetil65 knownMYBPC3
mutations (Richard et al., 2006; Alcalai et al.p2Pshould result in a PTC located
>50-55 nt upstream of the last exon-exon junctiot therefore involve NMD. Up to
date, only two papers have analyzed the consegsieatdrameshift MYBPC3
mutations in human myocardial tissue (Rottbaued.etl997; Moolman et al., 2000).
In one patient, an insertion of a single guaningulted in a newly created splice
donor site in exon 25 and a PTC in exon 26 (Moolreaal., 2000). The level of
nonsense MRNA was 2-fold lower than the WT mRNAhis patient suggesting the
involvement of NMD. In general, NMD is a qualityrdool of the cell and prevents
the production of nonfunctional or potentially hdwmn truncated proteins
(Frischmeyer and Dietz, 1999; Maquat, 2004). Howegeme truncated proteins
deleted for the C-terminal domains have been redotb support normal cell
functions (Sheppard et al., 1994; Kerr et al., 2001 the case that a mutant protein
retains residual activity that can partially retaimrmal protein function, NMD might
augment the original defects (Cali and Anderso®81®&insworth, 2005). Thus, the
selective inhibition of NMD may provide a novel &gy to rescue the mutant
phenotype in PTC-related diseases, in which theamiygrotein shows no dominant-
negative effect and compensates for the missinlaelfunctions. For example,
wortmannin, an inhibitor of the PI3-kinase-relafgdtein SMG-1 that phosphorylates
Upfl during NMD (Rehwinkel et al., 2006), or siRNAediated knockdown of SMG-
1 or Upfl restored the level of PTC-containing agén VIa2 mRNA and rescued the
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phenotype in fibroblasts of a patient with Ullridisease (Usuki et al., 2004; Usuki et
al., 2006). But in this context it has to be notkdt it is not known what kinds of
deleterious side effects may arise from a NMD iittlah in humans. For instance,
otherwise innocuous, recessive PTC-related mutatioarried in heterozygous
condition as part of an individual’s genetic loaallktl cause unpredictable, adverse
side effects. In addition, the accumulation of na@tinRNAs could cause adverse side

effects.

Other studies have shown that treatment with aniycogides can also rescue the
mutant phenotype in PTC-related diseases by algpvanPTC read-through, thus
permitting the synthesis of a near-normal protéloward et al., 1996; Barton-Davis
et al., 1999). Aminoglycosides bind to the decodiitg of ribosomes and promote the
incorporation of an amino acid at the PTC by a fuegnate aminoacylated transfer
(Y)RNA (Rospert et al., 2005). They have been diyeased in human patients to
suppress PTCs within transcripts associated wihicyibrosis (Kuzmiak and Maquat,
2006). Unfortunately, long-term use of these aatibs in humans can cause
nephrotoxicity and ototoxicity. The recent devel@gmnof a new drug, PTC124,
which promotes amino acid incorporation at PTCs any unknown mechanism
(Ainsworth, 2005) and which did not evoke kidneiuiee or deafness in phase | of

safety trials, is a promising perspective.

Whether UPS inhibition is a useful strategy to prevhypertrophy, is depending on
the cMyBP-C mutation. If the cMyBP-C mutation rdsuln a nonsense mRNA
containing a PTC located <50-55 nt upstream otdabeexon-exon junction and leads
to the production of a truncated protein, whichairet residual activity, UPS
inhibition would result in an useful stabilizatiasf this protein. The proteasome
inhibitor bortezomib is already in clinical use fibre therapy of multiple myeloma
(Richardson and Anderson, 2003) and, until noweappto have a favorable safety

profile that does not include cardiac toxicity.
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5 Summary

Mutations in the MYBPC3 gene encoding cardiac myosin-binding protein-C
(cMyBP-C) are frequent causes of familial hyperhiopcardiomyopathy (FHC).
MYBPC3 mutations mainly result in a frameshift and a pame termination codon
(PTC). However, truncated cMyBP-C mutants were teatable in myocardial tissue
of FHC patients with frameshift mutations. Receaiadusing adenoviral gene transfer
in cultured cardiomyocytes showed that truncateyBR+C proteins are rapidly and
quantitatively degraded by the ubiquitin-proteas@ystem (UPS). Furthermore, they
suggested that the rapid degradation of truncdiydB®-C mutants saturates the UPS
function which, by itself, could play a role in ciog hypertrophy. It was the aim of
the present thesis to investigate (1) whether tiRS Us also responsible for the
degradation of truncated cMyBP-C mutants in the lerenmimal and (2) whether
alterations of the UPS that may be secondary tove&suse by truncated cMyBP-C
mutants could play an own pathogenetic role in degelopment of myocardial
hypertrophyin vivo. As a model system the experiments focused on gBEMC
mutant that corresponds to a G>A transition onl&lsé nucleotide of exon 6 and has
been found to be associated with poor prognosigaitents. This mutation, when
introduced into an exogenous cMyBP-C cDNA, givesertio a largely truncated
mutant and, in the genomic context of the wholenahiis expected to result either in
a full-length, missense protein or a truncated gnotesulting from exon 6 skipping
and a PTC or both.

Two mouse models were developed and character@ed. is a transgenic model
expected to overexpress a myc-tagged cMyBP-C cDHBlated of exon 6 under the
control of thea-myosin heavy chain promoter. No cardiac hypertyppbut an
unexpected cardiac atrophy was observed in thesdeamc mice. The level of full-
length cMyBP-C protein was similar in transgenid avild-type (WT) mice, but the
truncated protein was undetectable, despite thsepoe of transgenic mRNA.
Whereas this observation is compatible with raggrddation of the truncated protein
by the UPS, inhibition of the proteasome in cultlcardiomyocytes did not result in
measurable amounts of truncated protein. Moreoxer,evidence was obtained

indicating alterations of the UPS, neither in terrof steady-state level of
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ubiquitinated proteins nor degradation activity.e$é data may point to alternative
mechanisms such as reduced translational efficieayputant mRNAs, but on the
basis of the formein vitro data involvement of the UPS still appears to betrilosly
and the apparent absence of the truncated protayn just reflect insufficient
sensitivity of the present assay conditions. Furéhx@eriments are necessary to solve

this issue.

The second mouse model was generated by targetexd-km of the G>A transition.
The homozygous (KI) mice developed myocyte andJefitricular hypertrophy with
reduced fractional shortening and interstitial dikis, whereas the heterozygous (Het)
mice developed only mild myocyte hypertrophy. Botissense and nonsense (exon 6
skipped) mRNAs were present, but the level of toMyBP-C mRNA was markedly
lower in the Het and KI mice vs. WT mice. Inhibitimf the nonsense-mediated
MRNA decay (NMD) in cardiomyocytes @m vivo increased the level of nonsense
MRNA several fold. The missense mMRNA level was acl@nged by treatment with
NMD inhibitors. The truncated protein was not degddn both the Kl and Het mice,
even after proteasome inhibition in cardiomyocytBise amount of the full-length
protein was 90% and 21% lower in the KI and Heteniespectively. These data
suggest that, in the whole animal and intact genarontext, the main regulation of
the mutant cMyBP-C takes already place at the mR&&l and partially involves
NMD.

To investigate the second hypothesis, namely thaamh cMyBP-C cause saturation
of the UPS, homozygous Kl mice were compared witmbzygous cMyBP-C
deficient mice (KO). The latter were not expectedhave any specific affection of the
UPS, because th#1YBPC3 gene was simply inactivated. Both models showed
marked cardiac hypertrophy and an increase intgedg-state level of ubiquitinated
proteins throughout the life span of the animais.pbrallel, the 20S proteasome
activities, measured by fluorogenic substrages/ivo, were greater and positively
correlated with the degree of hypertrophy. Wherdlas steady-state level of
ubiquitinated proteins was negatively correlatethvihe 20S proteasome activity in
KO, it was not in KI mice. To specifically monitdhe degradation capacity of the
UPS in vivo, KO and KI mice were crossed with a UPS report&use strain

expressing a green fluorescent protein (GFP) lirtked modified ubiquitin. In these
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mice, accumulation of GFP indicates compromised Whttion. Indeed, old Ki

mice showed 4-fold higher GFP levels than WT littates, but KO mice not or to a
lower extent. These data are compatible with theothesis that in the Kl mice the
UPS is specifically affected in addition to a mogeneral effect of cardiac

hypertrophy. But this interpretation needs furthapstantiation.

In conclusion, both the NMD and the UPS resultMdyBP-C haploinsufficiency, and
this is likely a major cause of cardiac hypertrophige data also suggest that cardiac
hypertrophy as such goes along with an increasgR®& activity, which is likely
compensatory and triggered by increased proteimot@r. The marked increase in
GFP in old KI crossed with the UPS reporter miceynia accordance with the initial
hypothesis, point to a specific impairment of teSJin mice which express truncated
cMyBP-C. These data contribute to an improved wstdading of the molecular
mechanisms of FHC associated with frameshift mongtiand maybe also to the

development of new therapeutic strategies.
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5 Zusammenfassung

Mutationen des MYBPC3 Gens, das kardiales Myosin-bindendes Protein-C
(cMyBP-C) kodiert, sind haufig Ursachen der faméid hypertrophen
Kardiomyopathie (FHC). Die meisteMYBPC3 Mutationen resultieren in einer
Verschiebung des Leserasters und einem vorzeifiggminatorcodon (PTC) und
lassen C-terminal trunkierte Proteine erwarten.nKierte cMyBP-C Proteine waren
jedoch nicht in messbaren Mengen im Myokardgewedre RHC-Patienten mit einer
Frameshift Mutation vorhanden. Eine kirzlich abpésssene Versuchsserie, in der
verschiedene cMyBP-C Proteine Uber einen adenewiradlnsatz in kultivierten
Kardiomyozyten Uberexprimiert wurden, hat gezeidfss trunkierte cMyBP-C
Proteine rasch und quantitativ durch das Ubigtitioteasom-System (UPS)
abgebaut werden. Ebenso lieBen die Daten darali€Seh, dass der rasche Abbau
der trunkierten cMyBP-C Proteine die proteolytisdbeistungsfahigkeit des UPS
beeintrachtigt, was an sich Hypertrophie verursachkénnte. Das Ziel dieser
Doktorarbeit war es zu untersuchen, ob (1) das &R® im ganzen Tier, also vivo,

fur den Abbau der trunkierten cMyBP-C Proteine wesertlich ist und (2)
Veranderungen des UPS, die zusatzlich zu seinemmiigéggem Gebrauch durch
trunkierte cMyBP-C Proteine auftreten konnten, edgene pathogene Rolle in der
Entwicklung myokardialer Hypertrophien vivo spielen. In dieser Doktorarbeit
wurden speziell die molekularen Auswirkungen eilfBPC3 Mutation untersucht,
die mit einer schlechten Prognose in FHC-Patieatehergeht. Es handelt sich dabei
um eine G>A Mutation an dem letzten Nukleotid de®rE6. Die Mutation hat ein
stark trunkiertes cMyBP-C Protein zur Folge, wemn ia eine exogene cMyBP-C
cDNA eingebracht wird. Wird die Mutation durch holmge Rekombination gezielt
in das Genom eingebracht, sollten entweder ein kingtes, mutiertes Protein oder
ein stark trunkiertes cMyBP-C Protein, welches Hulas Uberspringen von Exon 6
und dem Auftreten eines PTC in Exon 9 entsteht; bdile exprimiert werden.

Zwei Mausmodelle wurden entwickelt und charakterisi Ein Modell ist ein
transgenes Mausmodell, welches eine humane mycien@lcMyBP-C cDNA, in
welcher das Exon 6 entfernt wurde, herzspezifistieruder Kontrolle dea-Myosin-

Schwere-Kette-Promoter Uberexprimieren sollte. Esurde keine Kkardiale
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Hypertrophie, sondern unerwartet eine kardiale ptire in diesen transgenen Mausen
festgestellt. Die Expression des endogenen, ungtkurcMyBP-C Protein war
ahnlich in transgenen und Wildtyp (WT)-Mausen; tlamkierte cMyBP-C Protein
war jedoch nicht in nachweisbarer Menge vorhandswohl das Transgen auf
MRNA-Ebene exprimiert wurde. Wahrend dieses Ergebmi dem raschen Abbau
der trunkierten Proteine durch das UPS vereinliafiierte eine Hemmung des UPS
durch UPS-Inhibitoren nicht zu messbaren Mengen teskierten Proteins in
kultivierten Kardiomyozyten. Ebenso fand sich kélmweis fiir eine Veranderung
des UPS, weder in Bezug auf die Steady-State-Ligviguitinierter Proteine noch in
Bezug auf die 20S-Proteasom-Aktivitaten, welche mitfe von fluorogenen
Substratenex vivo gemessen wurden. Diese Ergebnisse kdnnten auhatiie
Mechanismen hinweisen, wie z.B. eine reduzierteJledionseffizienz von mutierten
MRNASs. Basierend auf den friheren Daten scheircjeaine Beteiligung des UPS
am wahrscheinlichsten, und die scheinbare Abwesedas trunkierten Proteins ist
wahrscheinlich eher auf eine unzureichende Seiaitiv zurickzufihren.

Weiterfihrende Experimente sind notwendig, um dieklaren.

Das zweite Mausmodell wurde durch gezieltes Eigamder G>A Mutation in das
Genom generiert. Die homozygoten (KI) Mause enteliga eine Myozyten- und
linksventrikulare Hypertrophie, eine reduzierte kezungsfraktion des linken
Ventrikels und interstitielle Fibrose, wahrend Heterozygoten (Het) Mause lediglich
eine leichte Myozyten-Hypertrophie zeigten. Es veusbwohl die Missense (G>A
Transition)- als auch die Nonsense (Uberspringem Egon 6)-mRNA in KI- und
Het-Mausen nachgewiesen; die Gesamtmenge an cMyBRRBIA war jedoch
deutlich geringer in KI- und Het-Mausen als in WTalen. Die Hemmung des
nonsense-vermittelten mRNA Abbaus (NMD) durch NMibibitoren erhohte die
Menge an Nonsense-mRNA mehrfach sowohl in kultieierKardiomyozyten als
auchin vivo. Die Menge an Missense-mRNA wurde durch die Behexgdmit NMD-
Inhibitoren nicht verandert. Das trunkierte cMyBPFZotein konnte selbst nach
Proteasom-Hemmung weder in den KI- noch in den Maisen nachgewiesen
werden. Die Menge an ungekirztem cMyBP-C Proteim wa 90% bzw. 21%
geringer in den KI- und Het-Mausen gegenuber WT-84#@u Diese Ergebnisse legen

nahe, dass die Regulierung der G>A Transition imzga Tier und im intakten
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genomischen Kontext hauptsachlich schon auf mRNArREstattfindet und teilweise
NMD mit einschlief3t.

Um der zweiten Hypothese nachzugehen, namlich tdaskierte cMyBP-C Proteine
eine Veranderung der UPS-Funktion hervorrufen, wenrddie KI-Mause mit
homozygoten cMyBP-C-defizienten (KO) Mausen velgtic. Beide Mausmodelle

zeigten eine deutliche kardiale Hypertrophie underi Anstieg der Steady-State-

Level ubiquitinierter Proteine Uber ihre gesamtddresdauer. Die 20S-Proteasom
Aktivitditen waren ebenso erhoht und korreliertensifpo mit dem Grad der
Hypertrophie. Wahrend die Steady-State-Level ultiigjerter Proteine in den KO-
Mausen negativ mit den 20S-Proteasom-Aktivitatemeti@rten, taten sie dies in den
KI-Méausen nicht. Um spezifisch die Abbau-LeisturegsdJPSin vivo zu verfolgen,

wurden die Kl- and KO-Mause mit UPS-Reportermaugehkreuzt. Diese UPS-
Reportermduse exprimieren ein grun fluoreszierenBestein (GFP), welches
wiederum mit einem mutierten Ubiquitinmolekil venolen ist. Eine GFP-
Akkumulierung wirde daher auf eine beeintrachtigigS-Funktion in diesen Mausen
hindeuten. In alten Kl-Mausen (gekreuzt mit den WHEportermausen) wurde
tatsachlich eine 4-fach hthere GFP-Menge detektreMergleich zu WT-Mausen; in
den KO-Mausen jedoch nicht bzw. in geringerem Au3maiese Ergebnisse sind
vereinbar mit der Annahme, dass das UPS in den &uddn spezifisch verandert ist,
und zwar zusatzlich zu einem generellen Auftretandialer Hypertrophie. Diese

Interpretation bendtigt jedoch weitere Analysen.

Zusammenfassend kann festgestellt werden, dasshéadeoNMD als auch das UPS
in einer cMyBP-C Haploinsuffizienz resultieren kdem die wiederum

wahrscheinlich eine Hauptursache fir kardiale Hiypphie darstellt. Die Ergebnisse
lassen ebenso vermuten, dass eine kardiale Hypkrroan sich mit einer

gesteigerten UPS-Aktivitat einhergeht, welche welesmlich kompensatorisch ist
und durch einen gesteigerten Protein-Umsatz ausigelidd. Der deutliche Anstieg
von GFP-Protein in den alten KI-Mausen (gekreuzt dein UPS-Reportermausen)
konnte, im Einklang mit der urspringlichen Hypotesauf eine spezifische
Beeintrachtigung des UPS in Mausen, die trunkiekgBP-C Proteine exprimieren,

hindeuten. Die Ergebnisse tragen zu einem verliess¥erstandnis der molekularen
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Mechanismen bei, die Uber Frameshift Mutationer-BIC fuhren, und ermdglichen

eventuell neue therapeutische Anséatze.
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7 Appendix

7.1 Abbreviations

AA
AMC
a-MHC
AMVM
ANP
APS
AT
ATP
AU
BAR
BDM
B-MHC
BNA
BNP

BSA
BW

°C
cAMP
cDNA
CHX
CMV-IE
Ct

cter
cTnT

Da
dCTP
DMEM

amino acids
7-amino-4-methylcoumarin
a-myosin heavy chain
adult mouse ventricular myocytes
atrial natriuretic peptide
ammonium persulfate

annealing temperature
adenosine 5'-triphosphate
arbitrary unit

2 adrenergic receptor
2,3-butanedione monoxime
B-myosin heavy chain
B-naphtylamide

brain natriuretic peptide

base pairs

bovine serum albumin

body weight

degree Celsius

cyclic adenosine monophosphate
complementary deoxyribonucleic acid
cycloheximide

cytomegalovirus immediate early
threshold cycle

COOH-terminus

cardiac troponin T

diastole

dalton

deoxycytidine triphosphate
Dulbecco’s modified Eagle medium
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DMSO
DNA
dNTP
DTT
El

E2

E3
ECG
ECL
EDTA
EF-2
e.g.
EJC
Emet
Epo
eRF
ES

et al.

FAM
FBS
FCS
FHC
Fig.
FN
FR
FS

GAPDH
GD
GFP

HBSS
HCM
HEPES

dimethyl sulfoxide
deoxyribonucleic acid
deoxynucleoside triphosphate
dithiothreitol

ubiquitin-activating enzyme
ubiquitin-conjugating enzyme
ubiquitin ligase enzyme
electrocardiogram

enhanced chemiluminescence
ethylenediaminetetraacetic acid
elongation factor 2

exempli gratia (for example)
exon junction complex
emetine

epoxomicin

eukaryotic release factor
embryonic stem

et alii (and others)

founder line
6-carboxy-fluorescein

fetal bovine serum

fetal calf serum

familial hypertrophic cardiomyopathy
figure

fibronectin

fluorescent reporter

fractional shortening

gram
glyceraldehyde-3-phosphate dehydrogenase
GFPdgn

green fluorescent protein
hours

Hank’s balanced salt solution
hypertrophic cardiomyopathy
4-(2-hydroxyethyl)piperazine-1-ethanesutfauid
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Het heterozygous cMyBP-C knock-in
HR homologous recombination
HSVitk herpes simplex virus thymidine kinase
hum human

HW heart weight

Hz hertz

ICso half maximal inhibitory concentration
Ie. id est (that is)

IgG immunoglobulin G

Inc. incorporation

I.p. intraperitonal

V. intravenous

IVS interventricular septum

kb kilobase

kDa kilodalton

kg kilogram

Kl homozygous cMyBP-C knock-in
KO homozygous cMyBP-C knock-out
LB Luria-Bertani

LMM light meromyosin

LSM laser scanning microscopy

LV left ventricular

LVH left ventricular hypertrophy

LVID left ventricular internal diameter
LVM left ventricular mass

LVPW left ventricular posterior wall

M molar

mA milliampere

MEM minimum essential medium

mg milligram

MGB minor groove binder

MHz megahertz

min minutes

ml milliliter

mM millimolar

149



Appendix

Mg microgram

ul microliter

UM micromolar

Miss missense

mo months

MW molecular weight (marker)

MRNA messenger ribonucleic acid
MyBP-C  myosin-binding protein-C
cMyBP-C cardiac myosin-binding protein-C

n number

ng nanogram

NIH National Institutes of Health
nm nanometer

nM nanomolar

NMCM neonatal mouse cardiomyocytes

NMD nonsense-mediated mMRNA decay
No. number
Nons nonsense

NRCM neonatal rat cardiomyocytes
nt nucleotides

Nter amino-terminus

oligo(dT) oligodeoxythymidylic acid

P probability

PA polyadenylation

PBS phosphate buffered saline
PCR polymerase chain reaction
pGK phosphoglycerate kinase
PKA protein kinase A (also known as cAMP-depengeaotein kinasg
PTC premature termination codon
r Spearmen value

RFU relative fluorescence unit
RNA ribonucleic acid

rpm rotation per minute

RT reverse transcription

S systole
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S2

S.C.
SDS
sec
SEM
SMG
Suc
SV40
Sycp-1
TAMRA
TBE
TBS-T
TE
TEMED
TG

Tris

TV

Ub

uG
UPF1-3
UPS

VS.
AW
wk
WT

subfragment 2

subcutaneous

sodium dodecyl sulfate

seconds

standard error of the mean
suppressor with morphogenetic effect on gaaital
succinyl

Simian vacuolating virus 40
synatonemal complex protein 1
6-carboxy-tetramethyl-rhodamine
Tris borate EDTA

Tris buffered saline with Twe8r20
Tris-HCI EDTA
tetramethylethylenediamine
transgenic M7t
Trishydroxymethylaminomethane
targeting vector

unit

ubiquitin

UL ®V-GFP

up-frameshift protein 1-3
ubiquitin-proteasome system
volt

versus

ventricular weight

weeks

wild-type
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7.2 Standardamino acid abbreviations

Alanine Ala A
Arginine Arg R
Asparagine Asn N
Aspartic acid Asp D
Cysteine Cys C
Glutamic acid Glu E
Glutamine Gln Q

Glycine Gly G
Histidine His H
Isoleucine lle 1

Leucine Leu L
Lysine Lys K

Methionine Met M
Phenylalanine Phe F

Proline Pro P
Serine Ser S
Threonine Thr T
Trypthophan Trp W
Tyrosine Tyr Y
Valine vVal VvV

7.3 Risk and safety phrases

Risk (R-) and safety (S-) phrases are an esseguideline for labeling dangerous

chemicals to ensure their safe use. R-phrasesaglisplgeneral description of the

physio-chemical, environmental and health hazafds substance. S-phrases provide

information on safe storage, handling, disposad{-fid and employee protection. R-

and S-phrases must be given if the preparationagmntat least one substance

classified as dangerous to man or the environmeifttbe preparation is otherwise

regarded as dangerous.
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R-phrases

R1:
R2:
R3:
R4:
R5:
R6:
R7:
R8:
R9:

R10:
R11:
R12:
R13:
R14:
R15:
R16:
R17:
R18:
R19:
R20:
R21:
R22:
R23:
R24:
R25:
R26:
R27:
R28:
R29:
R30:
R31:
R32:
R33:

Explosive when dry

Risk of explosion by shock, friction fire othet sources of ignition
Extreme risk of explosion by shock frictiorefior other sources of ignition
Forms very sensitive explosive metallic compsun
Heating may cause an explosion

Explosive with or without contact with air

May cause fire

Contact with combustible material may cause fir
Explosive when mixed with combustible material
Flammable

Highly flammable

Extremely flammable

Extremely flammable liquefied gas

Reacts violently with water

Contact with water liberates highly flammabéeses
Explosive when mixed with oxidizing substances
Spontaneously flammable in air

In use, may form flammable/explosive vaporraixture
May form explosive peroxides

Harmful by inhalation

Harmful in contact with skin

Harmful if swallowed

Toxic by inhalation

Toxic in contact with skin

Toxic if swallowed

Very toxic by inhalation

Very toxic in contact with skin

Very toxic if swallowed

Contact with water liberates toxic gas

Can become highly flammable in use

Contact with acids liberates toxic gas

Contact with acids liberates very toxic gas

Danger of cumulative effects
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R34:
R35:
R36:
R37:
R38:
R39:
R40:
R41.:
R42:
R43:
R44:
R45:
R46:
R47:
R48:
R49:
R50:
R51:
R52:
R53:
R54:
R55:
R56:
R57:
R58:
R59:
R60:
R61:
R62:
R63:
R64:
R65:
R66:
R67:

Causes burns

Causes severe burns

Irritating to eyes

Irritating to respiratory system

Irritating to skin

Danger of very serious irreversible effects
Possible risk of irreversible effects

Risk of serious damage to eyes

May cause sensitization by inhalation

May cause sensitization by skin contact

Risk of explosion if heated under confinement
May cause cancer

May cause heritable genetic damage

May cause birth defect

Danger of serious damage to health by proldreg@osure
May cause cancer by inhalation

Very toxic to aquatic organisms

Toxic to aquatic organisms

Harmful to aquatic organisms

May cause long-term adverse effects in tha@genvironment
Toxic to flora

Toxic to fauna

Toxic to soil organisms

Toxic to bees

May cause long-term adverse effects in thé&r@mment
Dangerous to the ozone layer

May impair fertility

May cause harm to the unborn child

Possible risk of impaired fertility

Possible risk of harm to the unborn child

May cause harm to breastfed babies

Harmful: may cause lung damage if swallowed
Repeated exposure may cause skin drynesaakircg

Vapors may cause drowsiness and dizziness
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R68: Possible risk of irreversible effects

S-phrases

S1: Keep locked up

S2: Keep out of reach of children

S3: Keep in a cool place

S4: Keep away from living quarters

S5: Keep contents under ... (appropriate liquid tepecified by the manufacturer)
S6: Keep under ... (inert gas to be specified byntaaufacturer)

S7: Keep container tightly closed

S8: Keep container dry

S9: Keep container in a well ventilated place

S12: Do not keep the container sealed

S13: Keep away from food, drink and animal feedingfs

S14: Keep away from ... (incompatible materials torakcated by the manufacturer)
S15: Keep away from heat

S16: Keep away from sources of ignition-No Smoking

S17: Keep away from combustible material

S18: Handle and open container with care

S20: When using do not eat or drink

S21: When using, do not smoke

S22: Do not breathe dust

S23: Do not breathe gas/fumes/vapor/spray (ap@tmwording to be specified by
manufacturer)

S24: Avoid contact with skin

S25: Avoid contact with eyes

S26: In case of contact with eyes, rinse immedjatéth plenty of water and see
medical advice

S27: Take off immediately all contaminated clothing

S28: After contact with skin, wash immediately witlenty of ... (to be specified by
The manufacturer)

S29: Do not empty into drains

S30: Never add water to this product

S33: Take precautionary measures against statihafiges
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S34: Avoid shock and friction

S35: This material and its container must be disgas in a safe way

S36: Wear suitable protective clothing

S37: Wear suitable gloves

S38: In case of insufficient ventilation, wear abie respiratory equipment

S39: Wear eye/face protection

S40: To clean the floor and all objects contamithatg this material use (to be
specified by the manufacturer)

S41: In case of fire and/or explosion do not bredtimes

S42: During fumigation/spraying wear suitable resjoiry equipment (appropriate
wording to be specified by the manufacturer)

S43: In case of fire, use ... (indicate in the spthe precise type of fire fighting
equipment. If water increases the risk, add "negerwater")

S44: If you feel unwell, seek medical advice (shbe/label where possible)

S45: In case of accident or if you feel unwell kseeedical advice immediately (show
the label where possible)

S46: If swallowed, seek medical advice immediageig show the container or label
S47: Keep at temperature not exceeding ... °Cetspecified by the manufacturer)
S48: Keep wetted with ... (appropriate materiddecspecified by the manufacturer)
S49: Keep only in the original container

S50: Do not mix with ... (to be specified by themagacturer)

S51: Use only in well-ventilated areas

S52: Not recommended for interior use on largeasa@rareas

S53: Avoid exposure - obtain special instructioafobe use

S54: Obtain the consent of pollution control auities before discharging to waste
water treatment plants

S55: Treat using the best available techniqueséehischarge into drains or the
Aquatic environment

S56: Do not discharge into drains or the environingispose to an authorized waste
collection point

S57: Use appropriate containment to avoid envirortele€ontamination

S58: To be disposed of as hazardous waste

S59: Refer to manufacturer/supplier for informatenrecovery/recycling

S60: This material and/or its container must bpabged of as hazardous waste
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S61: Avoid release to the environment. Refer taighénstructions / safety data sheet
S62: If swallowed, do not induce vomiting: seek mabladvice immediately and
Show the container label

S63: In case of accident by inhalation: remove aligto fresh air and keep at rest

S64: If swallowed, rinse mouth with water (onlyhe person is conscious)
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