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Abstract
Cardiovascular diseases, including cardiomyopathy and associated heart failure,
are the number one cause of death worldwide, but our ability to interfere with
these devastating diseases is limited. Cardiomyopathies, which are mainly due to
genetic causes, make a significant portion of heart failure. Current pharmacologi-
cal treatment of cardiovascular diseases focuses on symptoms rather than the
underlying cellular mechanisms, and the gaps in our understanding of cellular
mechanisms of the disease are profound. Elucidation of these mechanisms is a
central issue in cardiovascular biology and important for designing new treatment
for cardiovascular diseases. While significant progress has been made in using
in vitro systems in deciphering the mechanisms and finding innovative solutions
for cardiovascular disease treatment, including the use of induced pluripotent
stem cell (iPSC) derivatives, suitable in vivo models are more difficult to develop.
Among several different species, mouse models are rather inexpensive, easily
manipulatable, reproducible, physiologically representative of human disease,
and ethically acceptable. This chapter will provide a brief overview of genetics
of heart failure, largely focusing on genetically altered mouse models and experi-
mental approaches applicable to cardiovascular research.

List of Abbreviations

AD Autosomal dominant
AR Autosomal recessive
ARVC Arrhythmogenic right ventricular cardiomyopathy
BNP Brain natriuretic peptide
cKO Conditional knockout
CPVT Catecholaminergic polymorphic ventricular

tachycardia
CRISPR Clustered regularly interspaced short palindromic

repeats
CSRP3/Csrp3 (or MLP/Mlp) Cysteine-rich protein 3
CVD Cardiovascular disease
DCM Dilated cardiomyopathy
ECM Extracellular matrix
HCM Hypertrophic cardiomyopathy
KI Knock in
KO Knockout
LV Left ventricle
LVNC Left ventricular noncompaction
PGE Precision genetic engineering
PKA Protein kinase A
PLN/Pln Phospholamban
RCM Restrictive cardiomyopathy
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SR Sarcoplasmic reticulum
SRF Serum response factor
TALEN Transcription activator-like effector nucleases
ZFN Zinc finger nuclease

8.1 Introduction

According to the World Health Organization (WHO), cardiovascular disease (CVD)
is considered as the major cause of morbidity and mortality [1]. During the course of
the last decades, impressive achievements have been made in diagnosis and treat-
ment of cardiovascular disease, relying to a large extent on the use of experimental
animal models. Despite this, no permanent cures exist for the overwhelming major-
ity of cardiovascular diseases. As such, heart failure can only be treated by heart
transplantation, but only a very limited number of donor hearts are available and its
therapeutic potential is limited by the complications of long-term allograft
vasculopathy. Innovative therapies can be developed by tissue engineering, autolo-
gous and allogenic cell therapies, gene therapy and genome editing—but their
development depends to a large extent on extensive animal experimentation.

Human heart samples, either non-transplantable or end-stage failing, usually
obtained at the time of transplantation, are valuable for identifying underlying
disease causing molecular pathways, but their number is limited and they exhibit
significant variability due to differences in genetics, epigenetics, environment, and
different therapeutic regimens. Therefore, we need to develop preclinical testing for
relevant CVD models, including heart failure. The closer the heart or body weight of
the animal is in comparison to humans, the more similar are the hearts. Therefore,
large animal models, like nonhuman primates and dogs, are much more relevant, but
experimentations with these animals require extensive ethical considerations and are
expensive to perform, which limits their widespread use.

Rodent models, especially mice, are often used in CVD research since they are
easy to handle, have a short gestation time, are genetically manipulatable, and have
relatively low maintenance costs—making them much more suitable for high-
throughput screening. Despite phylogenetically quite distant from humans and
some pathophysiological features of disease, including electrophysiology, and
their response to pharmacological interventions being significantly different,
mouse models have become the method of choice in biomedical research during
the last decades.

8.2 Inherited Cardiomyopathies

Cardiomyopathies are a heterogenous group of myocardial diseases associated with
mechanical or electrical dysfunction that usually exhibit inappropriate ventricular
hypertrophy or dilation [2]. Primary cardiomyopathies are predominantly confined
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to the myocardium, while secondary cardiomyopathies result from systemic diseases
associated with heart failure. Major types of cardiomyopathy includes hypertrophic
cardiomyopathy (HCM), dilated cardiomyopathy (DCM), arrhythmogenic right
ventricular cardiomyopathy (ARVC), and restrictive cardiomyopathy (RCM).
Genetic mutations have been reported to account for a significant percentage of all
cardiomyopathies, and it is likely that a genetic component exists for all (figure).

• Hypertrophic cardiomyopathy (HCM) is characterized morphologically and
defined by a hypertrophied, nondilated left ventricle (LV) in the absence of
other systemic or cardiac diseases that are capable of producing the magnitude
of wall thickening evident (e.g., systemic hypertension, aortic valve stenosis).
About 60% of all HCM cases are due to mutations in genes encoding sarcomeric
proteins. The MYH7:p.R403Q mutation in the cardiac β-myosin heavy chain was
the first mutation shown to cause cardiomyopathy [3, 4].

• Dilated forms of cardiomyopathy (DCM) are characterized by ventricular cham-
ber enlargement and systolic dysfunction with normal LV wall thickness. About
35% of all DCM patients carry mutations in genes encoding sarcomeric or
cytoskeletal components.

• Arrhythmogenic right ventricular cardiomyopathy (ARVC) involves the right
ventricle predominantly with progressive loss of myocytes and fatty or fibrofatty
tissue replacement, resulting in regional (segmental) or global abnormalities.
About 50% of all ARVC cases can be traced back to mutations, especially in
genes encoding desmosomal components.

• Primary restrictive cardiomyopathy (RCM) is a rare form of heart disease and a
cause of heart failure that is characterized by normal or decreased volume of both
ventricles associated with biatrial enlargement, normal LV wall thickness and
atrioventricular (AV) valves, impaired ventricular filling with restrictive physiol-
ogy, and normal (or near normal) systolic function.

• Left ventricular noncompaction (LVNC) is a recently recognized congenital
cardiomyopathy characterized by adistinctive (“spongy”) morphological appear-
ance of the LV myocardium. Noncompaction involves predominantly the distal
(apical) portion of the LV chamber with deep intertrabecular recesses (sinusoids)
in communication with the ventricular cavity, resulting from an arrest in the
normal embryogenesis.

However, while the overwhelming majority of cardiomyopathies are autosomal
dominant, more complex modes of inheritance, such as homozygous, double hetero-
zygous, and compound heterozygous mutations, are existent which underlie reces-
sive, X-linked, or mitochondrial types of inheritance (Table 8.1). While a lot of
valuable information were gathered from careful clinical and genetic examination of
human subjects, significant molecular insights were revealed from the generation
and analysis of genetically altered mouse models.
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8.3 Overview of Genetic Interventions

Genetic engineering can be applied to create model animals that mimic human
conditions and gene therapy. Genetically modified mice are the most common
genetically engineered animal model and used to study heart disease, including
cardiomyopathies. Homologous recombination using a targeting vector that consists
of a modified version of the endogenous gene can change the gene or interest.
Furthermore, we can introduce different functional changes of a specific gene into
a mouse locus through gene targeting (Fig. 8.1).

8.3.1 Random Transgenesis

A transgenic mouse model can be generated by random insertion of a foreign DNA
sequence/fragment into the genome by random transgenesis. The insertion of the
foreign DNA usually results in a gain of function (expression of a new gene) or

Table 8.1 Most important genetic cardiomyopathies, prevalences, mode of inheritance, and
related genes

Disease Prevalence Inheritance Genes/structure

HCM 1:500 Mainly AD Sarcomere

DCM 1:500–
1:2000

Mainly AD, AR, mitochondrial,
X-linked

Sarcomere, cytoskeleton, signal
transduction
ECM

ARVC 1:2000–
1:5000

Desmosome

RCM Rare AD, AR, mitochondrial, X-linked Sarcomere (troponin)

LVNC Rare AD, AR, mitochondrial, X-linked DCM related

AD autosomal dominant, AR autosomal recessive, HCM hypertrophic cardiomyopathy, DCM
dilated cardiomyopathy, ECM extracellular matrix, ARVC arrhythmogenic right ventricular cardio-
myopathy, RCM restrictive cardiomyopathy, LVNC left ventricular noncompaction

Transcription
Factor

Promotor

Exon 1 2 3 4 5

3´ Untranslated
Region

Add/delete transcription
factor binding sites

Delete/mutate
promotor

Insert a constitutive or
inducible promotor

Disrupt gene (knockout)

Make a point mutation

Insert a new exon to
make gene fusion 

Fuse a
reporter gene

Delete/add a microRNA
control element

Fig. 8.1 Examples of various genetic changes that can be introduced into mice
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overexpression of endogenous genes. The classical method used for the generation
of transgenic mice is via pronuclear injection where a transgene is injected into a
fertilized mouse egg with subsequent random integration of the gene within the
mouse genome. These models are the simplest with very little molecular biology
work and require a relatively short development time. However, the biggest
disadvantages of this model come from the unpredictability of the location of
genomic integration and the number of inserted gene copies. Random insertion of
genetic elements into the mouse genome can lead to the misregulated expression of
essential genes. The inserted transgene may also be subjected to variegation and
positional effects, such as gene silencing, which may lead to altered phenotypic
outcomes.

8.3.2 Knockout (KO)

We can determine the function of a specific gene in an organism by creating a KO
rendering that specific gene nonfunctional and by inferring the differences between
the knockout organism and normal or wild-type littermate controls. The original
gene knockout technique was developed by Martin Evans, Oliver Smithies, and
Mario Capecchi [5–7]. It is necessary that we know the sequence of the gene to
create a KO organism. The traditional process of creating a KO organism starts with
constructing an appropriate plasmid where the mutant version of the gene of interest
is incorporated. The plasmid construct is engineered with an aim that the faulty
version of the gene will recombine with the target gene. Embryonic stem cells are
transfected with the plasmid, along with a “transgene” whose overexpression
indicates plasmid transfection, and screened by antibiotic selection (Fig. 8.2).
Recombination occurs in the region of that sequence within the gene, resulting in
the insertion of a faulty sequence to disrupt the gene. The targeted embryonic stem

1 2 3 4

4Neo

4Neo

Exons

Target Gene

Linearized Targeting vector

Homologous recombination

Geneticin (G418) Selection

Modified Allele

Fig. 8.2 The process of homologous recombination employed in mouse model development. A
gene KO model is generated where the neomycin selection cassette replaces part of the gene coding
sequence, rendering the gene nonfunctional (Adapted from Gama Sosa et al. [8])
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cells are inserted into early embryos, and chimeric organism is generated. Chimeric
animals are selectively bred to produce heterozygous animals which are needed to
obtain homozygous mutation carriers.

8.3.3 Conditional Knockout

In contrast, a conditional KO allows gene deletion in a tissue (e.g., liver, heart)- or
time-specific (a specific stage in development) manner. In tissue-specific conditional
KO, a gene is inactivated in target tissue(s) only; in all other tissues, the gene is fully
functional. A target gene can also be inactivated at particular time(s) of interest, e.g.,
mimicking adult-onset condition with more physiological responses and disease
relevance. Conditional KO animals are useful to study the role of individual genes
in living organisms; as in traditional gene knockout, embryonic death can occur from
a gene mutation. Conditional KO organism is most commonly created by
introducing short sequences called lox (locus of recombination) sites around the
gene of interest and introduced into the germline via the same mechanism as KO
(Fig. 8.3). This germline can then be crossed to another line containing Cre
recombinase, which is a viral enzyme that can recognize these sequences. This
system is inducible by tetracycline or by other means that activate transcription of
the Cre recombinase gene or by tamoxifen that activates transport of the Cre
recombinase protein to the nucleus. Activation of the system leads to either deletion
or inversion of the genes between the two lox sites, depending on their orientation.

8.3.4 Knock In (KI)

Gene KI is a targeted insertion involving one-for-one substitution of DNA sequence
information in a genetic locus. This technique usually relies on homologous recom-
bination for gene replacement. Embryonic stem cells with specific gene modification
are then implanted into a viable blastocyst, which will grow into a mature chimeric
mouse with some cells having the modifications introduced to the embryonic stem
cells. Subsequent offspring of the chimeric mouse will then have the gene KI
[9]. The first KI mouse model in heart failure research was described by
Geisterfer-Lowrance et al., where HCMwas generated by introducing Arg403!Gln
mutation into the α cardiac myosin heavy chain (MHC) mouse locus [10]. This
elegant study was a “proof-of-concept” showing that a specific mutation is the
underlying cause of a devastating human disease. Later on, this mouse model was
used to study the role of sarcomere mutations in the development of HCM and
successfully used in drug discovery where the beneficial effects of MYK-461 is
discovered [11]. We can design KI models where the transgene is introduced into the
permissive ROSA26 gene locus, which is well suited for gene overexpression and
speedy KI model development [12]. Reporter genes or any other genes of interest
can be introduced into ROSA26 gene locus.

A point mutation can be introduced in a single defined base pair location of a gene
of interest. The resulting model expresses a mutant protein instead of the wild type if
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the point mutation is in the coding sequence, but the expression pattern is
maintained. Point-mutant models have several potential applications including the
study of the causal role of mutations in human pathological conditions, in vivo
functionality of an enzyme active site, or protein binding site. Point mutations may
also be used as a complementary strategy or an alternative strategy to the more
common KO mouse model.

8.3.5 Precision Genetic Engineering (PGE)

PGE focuses on the development of site-directed modification methods in specific
DNA sequences to introduce new traits in the models. Zinc finger domains, a zinc
ion containing protein domain that can recognize specific DNA sequence, can be

X Cre

Y
Y

Cre

Y

Y

Mouse expressing Cre recombinase
gene controlled by a tissue-specific
promoter X

Mouse with gene Y
is inactivated by Cre
in tissue X

Mouse carrying conditional
(floxed) alleles of gene Y

Fig. 8.3 The Cre-loxP system is used extensively in mouse models for cell type- and tissue-
specific as well as temporally regulated genetic alteration. Mice that express Cre recombinase under
the control of a tissue-specific promoter are crossed with mice that constitutively express a “floxed”
genetic region, meaning that the region is flanked by loxP sites. Cre-mediated recombination
excises any region of DNA in between, leaving behind a single loxP site
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engineered to fuse with DNA cleavage domain to form zinc finger nucleases (ZFNs).
These engineered DNA-binding proteins that facilitate targeted editing of the
genome by creating double-strand breaks in DNA at specific sites [13]. Transcription
activator-like effector nucleases (TALEN) are other sets of chimeric nucleases
composed of programmable, sequence-specific DNA-binding modules fused with
nonspecific DNA cleavage domain, which can cut DNA at specific locations
[14]. ZFNs and TALENs enable homology-directed repair at specific genomic
locations after inducing DNA double-strand breaks. Recent development of
CRISPR/Cas9 system also allows us accurate and successful gene insertions with
ease [15]. The CRISPR/Cas system is a prokaryotic immune system that confers
resistance to foreign genetic elements [16]. We can manipulate cellular genome
specifically at a desired location—thus allowing existing genes to be removed—by
delivering the Cas9 nuclease complexed with a synthetic guide RNA (gRNA) into a
cell [17], and we can generate complete gene KO mice in a single step [18].

8.3.6 Tet-Off/Tet-On

Different antibiotics, e.g., tetracycline or its derivatives, can induce gene expression.
This method was first described by Professors Hermann Bujard and Manfred Gossen
at the University of Heidelberg in 1992 [19]. In this system, transcription is turned
on/off in the presence of an antibiotic in a reversible way, providing an advantage
over KO and KI where the gene inactivation is irreversible. A tetracycline response
element (TRE) is 7 repeats of a 19-nucleotide sequence, and this sequence is
recognized by tetracycline repressor (tetR). A tetracycline-controlled transactivator
(tTA) was developed by Gossen and Bujard by fusing tetR with the C-terminal
domain of VP16, an essential transcriptional activation domain from herpes simplex
virus. In this system, tet-inducible promoter is repressed by the presence of tetracy-
cline and known as Tet-Off. In a subsequent report, Gossen et al. [20] used random
mutagenesis to identify which amino acids of tetR are important for tetracycline-
dependent repression. Mutation of these residues created a reverse Tet repressor
(rTetR) which relies on the presence of tetracycline for transcription induction
(Tet-On).

8.3.7 Humanized Mouse Model

A humanized mouse is a biological model in which a mouse gene is replaced by
either a part of or the entire equivalent human gene. The human protein is expressed
in mouse in the same cells and tissues instead of the mouse protein. Humanized
mouse models are important tools for studying pathological conditions, preclinical
research, and compound efficacy in vivo to ensure translatability between various
human- and species-specific in vitro and in vivo models. The human protein is
expressed typically using the mouse promoter and regulatory regions to ensure
natural expression and maintain functionality of the protein. Humanized models
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provide a far better predictive tool to model human disease and efficacy testing of
therapeutic compounds over wild-type mice [21]. By replacing key murine genes
with their human counterparts, these models offer greater predictive ability that
enables us to increase the impact of research on human diseases, speed up drug
discovery, and reduce the time-to-market of new therapeutics.

8.3.8 Reporter Mouse Model

A reporter mouse model is a model in which a target gene is modified for the purpose
of monitoring its promoter activity. This is done through the replacement of coding
sequence of the gene with the coding sequence of a marker, such as green fluorescent
protein (GFP). Reporter mouse models can be used to monitor a target protein’s
expression, localization, and trafficking and are powerful tools to monitor transcrip-
tional activity of a promoter in vivo. We can also generate reporter models where we
avoid knocking out the endogenous gene and use polycistronic technology to couple
the expression of the reporter gene with the endogenous promoter, thus allowing
co-expression of both target and reporter genes [22].

8.4 Examples: Mouse Models of Cardiomyopathies

To describe a complete overview, listing the myriads of genetically altered mouse
models used in heart failure research, is beyond the scope of this review. Therefore,
we chose to highlight some of the models we think are probably most important in
identifying the roles of key proteins in cardiomyopathies (Fig. 8.4) (we apologize to
many authors who contributed to this exciting field but not being mentioned here).

8.4.1 Phospholamban (Pln)

One of the first genetically altered mouse models to study the importance of
individual proteins in myocardial contractility was the phospholamban knockout
model [23]. Phospholamban is an important regulator of Ca2+-ATPase in the cardiac
sarcoplasmic reticulum. This protein was first discovered by Arnold Martin Katz and
coworkers in 1974 [24] and is an integral membrane protein of 52 amino acids
encoded by PLN gene. Phospholamban is a substrate for the cAMP-dependent
protein kinase (PKA) in cardiac muscle. Although it functions as an inhibitor of
Ca2+-ATPase, phosphorylation by PKA relieves the inhibition. The mouse
phospholamban gene was cloned from 129/SvJ mouse. An internal HindIII fragment
was replaced by Xho I-Sal I fragment of the polyadenylation signal-deficient neo
gene from pMClneo. Embryonic stem cells were electroporated with this targeting
fragment. Phospholamban-targeted ES cells were injected into C57Bl/6 blastocysts
and transferred to pseudopregnant females. Heterozygous mutant mice were mated
to generate homozygous mutant. Phospholamban ablation in mice showed no gross
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developmental abnormalities, but mice exhibited enhanced myocardial performance.
The time to peak pressure and the time to half-relaxation were significantly shorter in
absence of phospholamban. These mice provided an attractive system for elucidation
of the regulatory effects of phospholamban on sarcoplasmic reticulum Ca2+-ATPase.

Phospholamban KO mice were crossbred with a well-characterized mouse model
of DCM, which harbors a deficiency in muscle-specific LIM protein (MLP; please
see also CSRP3 section). Phospholamban ablation led to a dramatic rescue of the
cardiomyopathy phenotype of MLP KO mice [25]. Later on, phospholamban KO
mice were also crossbred with TNF1.6 mice, which develop heart failure as a
consequence of cardiac-specific overexpression of tumor necrosis factor alpha
(TNF-α). The resulting offsprings with phospholamban ablation showed improved
calcium transients but not cardiac functions [26]. Phospholamban KO mice were
also crossbred with tropomyosin-mutant (α-TmE180G) mice, which mimic mutation
and features from human hypertrophic cardiomyopathy. The resulting progeny (PLN
KO/Tm180) displayed a rescued hypertrophic phenotype with improved morphol-
ogy and cardiac function [27]. More recent work showed that phospholamban
ablation in ryanodine receptor (RyR2)-mutant mice breaks spontaneous Ca2+

waves, which is a major cause of Ca2+-mediated arrhythmias [28]. A marked
increase in sarcoplasmic reticulum Ca2+ leaking was also observed. Despite

Fig. 8.4 Different cardiomyocyte proteins that were genetically altered in mouse models described
in this report. The corresponding mouse models generated to decipher the function and significance
are indicated
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increased Ca2+ leakage, phospholamban ablation in these mice protected against
catecholaminergic polymorphic ventricular tachycardia (CPVT) [28].

The PLN:p.R14del, highly prevalent in the Netherlands, is associated with severe
DCM and ARVC. Recently, iPS-derived cardiomyocytes from patients have been
successfully used to model this disease in the “petri dish” [29, 30]; however, suitable
in vivo models are also needed to develop novel cures for this otherwise lethal
disease.

8.4.2 Calcineurin (CaN)

Calcineurin is a heterodimer of a 58 to 64 kDa catalytic subunit, calcineurin A
(CnA), and a 19 kDa regulatory subunit, calcineurin B (CnB), well known as one of
the major four Ser/Thr phosphatases found in eukaryotic cells and implicated in
cardiac hypertrophy and associated heart failure. The role of calcineurin (CaN) in
cardiac hypertrophy was first described by Molkentin et al. in 1998 [31]. Transgenic
mice that express activated forms of calcineurin were generated by cloning a
constitutively active form of calcineurin A catalytic subunit with 50Sal I and 30Hin
DIII linkers into an expression vector containing α-MHC promoter. Similarly, mice
expressing human NF-AT3 were generated by cloning a DNA sequence encoding
amino acids 317–902 of human NF-AT3 into α-MHC expression vector. These
sequences were injected into fertilized oocytes, and resulting oocytes were trans-
ferred into the oviducts of pseudopregnant mice. Cardiac hypertrophy and heart
failure mimicking human heart disease were observed in the transgenic mice
expressing calcineurin and NF-AT3. More importantly, the authors showed that
pharmacologic agents that inhibit calcineurin activity block in vivo and in vitro
hypertrophy. Calcineurin A β-deficient animals (CnAβ�/�) have been generated;
the only phenotype reported is smaller hearts in comparison to their wild-type
littermate controls [32]. However, calcineurin also appears to be cardioprotective,
at least under conditions of ischemia reperfusion [33].

8.4.3 Titin (TTN)

Titin is important in the contraction of striated muscle tissue and connects Z line to
M line in sarcomere (for a brief review, please see Tabish et al. [34]). It functions as a
molecular spring and responsible for the passive elasticity of muscle. It is the largest
known protein with 244 individually folded domains [35]—and these domains
unfold when the protein is stretched and refold when the tension is removed
[36]. Gerull et al. first reported that titin mutations cause familial DCM in
autosomal-dominant fashion in 2002 [37]. Later on, it was shown in a large cohort
of subjects that truncating mutations in titin account up to 25% of all causes of
dilated cardiomyopathy [38]. These data have largely been confirmed by other
authors (for review Tabish et al. [34] and Marston et al. [39]). The first titin mutation
reported in mice arose spontaneously on C57BL/6 J background, causing muscular
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dystrophy with myositis [40]. A KI mouse model was generated with a previously
identified 2-bp insertion mutation. Homozygous mutation caused sarcomere forma-
tion defects in embryonic heart and was shown to be embryonically lethal [41]. Het-
erozygous mice were viable and showed normal cardiac morphology and function.
However, when these heterozygous mice were chronically exposed to angiotensin II,
they developed marked left ventricular dilatation with impaired fractional shortening
and diffused myocardial fibrosis—mimicking human DCM [41].

Titin mutation was recently (2014) added to human familial clinical genetic
testing of cardiomyopathies, which resulted in an additional 10% genetic diagnosis
of DCM [42]. Frameshift mutations in the titin gene are a major cause of DCM. A
proof-of-concept was established recently showing that disruption in the titin reading
frame due to truncating mutations can be restored by exon skipping. This
RNA-based strategy was shown to work in both patient cardiomyocytes and in
mouse heart with DCM, providing us with a potential treatment option for
DCM [43].

8.4.4 Myosin Binding Protein C 3 (Mybpc3)

Myosin binding protein C (MYBPC) is a crucial component of the sarcomere and an
important regulator of muscle function. While mutations in the cardiac isoform of
MYBPC (MYBPC3) are well-known causes of cardiomyopathies, such as HCM and
DCM, the underlying molecular mechanisms are not well understood. A variety of
MYBPC3 mutations have been studied in great detail and several corresponding
mouse models have been generated. Most MYBPC3 mutations may cause
haploinsufficiency, and with it, they may cause a primary increase in calcium
sensitivity that could explain major clinical features of HCM patients such as the
hypercontractile phenotype and the well-known secondary effects such as myofibril-
lar disarray, fibrosis, myocardial hypertrophy, and remodeling including
arrhythmogenesis. However, the presence of poison peptides, mutant sarcomeric
proteins that incorporate into myofibrils and act as dominant negative proteins, in
some cases cannot be fully excluded, and most probably other mechanisms are also
at play. Here we discuss various MYBPC3 mouse models and their implications in
cardiomyopathy.

MYBPC3 mutations causing human HCM were first reported in 1995
[44, 45]. Indeed HCM is a frequent disease, affecting 1:500 individuals [2], and
depending on the population analyzed, MYBPC3 mutations are found in up to
40–50% of the genotyped HCM patients [46]. To date more than 350 different
MYBPC3 mutations have been reported in patients with HCM[47]. In general,
MYBPC3 mutations are associated with a slightly lower penetrance (those with
disease-causing mutations that have clinical manifestations), with later onset of
disease, and with milder forms of disease progression in comparison to other
HCM-causing mutations located, for example, in the beta myosin heavy chain
(MYH7) gene [48, 49]. However this general statement may not necessarily be
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true for all MYBPC3 mutations, and indeed some MYBPC3 mutations are
associated with a poor prognosis.

Other MYBPC3 mutations primarily found in DCM patients have also been
reported, for example, the Asn948Thr missense mutation [50]. In addition, the
MYBPC3 Arg502Trp mutation with a frequency of about 2.4% is the most common
HCM-causing mutation among individuals of European descent in the USA
[51]. Other mutations may be prevalent in different European populations, such as
in the Netherlands, where three different founder mutations are present: (1) the
c.2373_2374insG MYBPC3 which is present in the great majority of HCM patients
(up to 8 to 25%) and where (2) the c.2864_2865delCT and (3) the c.2827C>T
mutations occur in about 5% of HCM patients each [52, 53]. Although MYBPC3
mutations are established as well-known causes of cardiomyopathy, the underlying
molecular mechanisms are not well defined. Genetically altered mouse models
provided significant new insights, which will be discussed in the next paragraphs.

To gain more insight into the underlying molecular mechanisms, Mybpc3 has
been deleted in genetically altered mouse models by two independent groups. Loss
of this protein is not associated with any embryonic lethality, and MYBPC3 also is
not essential for sarcomere formation, but its absence results in profound eccentric
hypertrophy in the homozygous animals [54, 55]. Hemodynamic analysis of the
mice where exons 1 and 2 have been deleted was performed by the Carrier group,
revealing the presence of normal contractility but severe diastolic defects. In addi-
tion, heterozygous animals develop septal hypertrophy, a hallmark of HCM
[54]. However, these animals were engineered such that they harbor a complete
ablation of the gene and therefore are useful to identify basic mechanisms, but the
overwhelming majority of human mutation carriers express mutant mRNAs and
probably proteins, which makes it difficult to relate these data directly to humans.

Therefore, in addition to the pure knockout models, wild-type and truncated
MYBPC3, which mimic a certain type of human mutations leading to the loss of
carboxyterminal domain including titin and myosin binding sites, were
overexpressed in mouse models. Overexpression of the truncated form, but not the
wild-type protein, led to the appearance of HCM features, including hypertrophy,
and an increase in calcium sensitivity [56]. Whereas abovementioned transgenes
were well expressed at the mRNA and protein levels, overexpression of a Mybpc3
mutant lacking only the myosin binding domain resulted in the expression of only
very modest levels of mutant protein (i.e., about 5%) which led to a mild hypertro-
phy and heart failure phenotype [57].

Two additional KI mouse models have been engineered to carry Mybpc3
mutations found in patients which affect titin and myosin binding. Interestingly,
animals homozygous for these mutations develop a DCM-like phenotype with
depressed contractility and hypertrophy [58]. Another KI mouse model was
generated such that the mutant protein did not contain the amino terminal myosin
binding domain. The mutant protein was readily integrated into the sarcomeres of
heterozygous and homozygous animals and was protein kinase A (PKA)
phosphorylatable, and no major structural defects of sarcomere were detected.
However, this mutation was associated with a significant increase in calcium
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sensitivity [59]. An additional mouse KI model, based on a G>A transition located
on the last nucleotide of exon 6 and which was found in a patient with HCM, has
been generated by Lucie Carrier’s group. Interestingly this mutation gives rise to
three different mRNAs: (1) missense mutation; (2) nonsense due to exon skipping,
frameshift, and premature stop codon; and (3) deletion/insertion as nonsense but
with additional partial retention of a downstream intron which restores the reading
frame and leads to an almost full-length protein. Homozygous animals develop
hypertrophy, interstitial fibrosis, and decreased myocardial function, whereas het-
erozygous animals do not have any obvious phenotype [60]. Additional genetically
altered mouse models have been generated to study MYBPC3 phosphorylation,
which will be discussed in the next part.

8.4.4.1 MYBPC3 Phosphorylation
Human MYBPC3 contains at least four phosphorylation sites that are localized
inside the myosin binding motif (serines 275, 284, 304, with an additional phos-
phorylation site not unequivocally identified) [61]); the mouse myosin binding motif
contains three to four sites (serines 273, 282, 302, (305)) [62–64]. These phosphor-
ylation sites have been studied in various transgenic mouse models; for example,
lines have been established where the phosphorylation sites (Ser273, Ser282, and
Ser302), along with two adjacent sites that could be potentially phosphorylated
(Thr272, Thr281), were converted to alanines. While overexpression of wild-type
MYBPC3 was able to rescue the MYBPC3 null phenotype, the
non-phosphorylatable MYBPC3 was not [65]. Transgenic mice with complete
deletion of phosphorylation motif “LAGAGRRTS” show an increase in cardiac
contractility and relaxation and an increase in the phosphorylation of the remaining
MYBPC3, troponin I, and phospholamban [66]. On the other hand, overexpression
of a phosphomimetic MYBPC3 in a Mybpc3 null background showed subtle
changes in sarcomeric ultrastructure characterized by increased distances between
the thick filaments, indicating that phosphomimetic MYBPC3 affects thick-thin
filament relationship. The loss of MYBPC3 phosphorylation has been observed in
failing human hearts, and strategies to increase its phosphorylation may have
cardioprotective effects [61, 67].

Although compelling evidences suggest that MYBPC3 phosphorylation
modulates contractility by controlling the proximity of the myosin heads to actin,
the precise molecular mechanism remains unclear (reviewed in [68]). MYBPC3
phosphorylation can abolish its ability to interact with the S2 region of the myosin
heavy chain in vitro, but it may enhance MYBPC3 interactions with the thin
filament. Alternatively, dephosphorylation results in strong binding of Mybpc3 to
the myosin head, probably preventing its force-generating interaction with actin
[67, 69]. However, recent data indicate that MYBPC3 may act synergistically with
the myosin regulatory light chain to enhance cross-bridge formation by altering the
interaction of the myosin head with actin. It may well be that this interaction depends
on phosphorylation of either Mybpc3 or regulatory light chain and may well be able
to provide another mechanism how phosphorylation of sarcomeric proteins may
affect protein-protein interactions and kinetics of force development [70]. Although
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it is well known that the distance between thick and thin filaments is a major
determinant of calcium sensitivity and the loss of MYBPC3 is associated with
increased calcium sensitivity, the precise molecular mechanism of how MYBPC3
phosphorylation affects this system is unknown. Part of this problem is that PKA
phosphorylation decreases calcium sensitivity via troponin I phosphorylation, which
leads to a decrease in troponin C calcium sensitivity. However Mybpc3 phosphory-
lation, which appears to decrease calcium sensitivity as well, has no effect on
interfilament spacing [70]. Further studies, based on various transgenic animals,
will certainly help to answer this question.

8.4.5 Cysteine-Rich Protein 3 (Csrp3/Mlp)

Cysteine-rich protein 3 (CSRP3) or muscle LIM protein (MLP) is a myogenic factor
and was first described in 1994 [71]. MLP is a LIM-only protein consisting of
194 amino acids that constitute two LIM domains, each followed by a glycine-rich
domain. Soon after its initial description, the protein became important in cardiovas-
cular research when it was demonstrated in 1997 [72] that Csrp3-deficient mice
developed hypertrophy followed by DCM later in life—at that time the first geneti-
cally altered organism reproducing this devastating disease. Perhaps even more
important was that human CSRP3 mutations were able to cause human forms of
cardiomyopathy [73–77]. The precise mechanisms by which CSRP3 mutations
cause these diseases are not fully elucidated yet. As mentioned before, additional
ablation of phospholamban (Pln) in Csrp3�/� mice exhibiting normal or enhanced
SR-calcium ATPase function [78] rescues the heart failure phenotype (i.e., no heart
failure in Pln and Csrp3 double KO mice; please see PLN section) [25]. It was also
shown that Csrp3�/�cardiomyocytes are defective in producing brain natriuretic
peptide (BNP), a sensitive cardiac mechanical load marker, when exposed to
mechanical stress but not to endothelin (Gq-coupling receptor agonist) or phenyl-
ephrine (α-adrenergic agonist), suggesting that the primary defect is not located in
the downstream pathway but in the initial sensing of the stretch stimulus [76]. Thus,
CSRP3 was suggested to be part of a macromolecular, cardiac mechanical stretch
sensor.

CSRP3 was found to be present in different cellular compartments, including the
sarcomeric Z-disc/I-band of different species such as drosophila [79], mouse
[72, 80–82], and humans [76]. It was also reported to be present in the costamere
(where β1-spectrin interacts with MLP) [83, 84], in the intercalated disc (where
N-RAP interacts with MLP) [85], and in the cytoplasm (actin) [71], as well as in the
nucleus [80]. However, Geier and coworkers found MLP mostly cytoplasmic and
not at the Z-disc [86]. Boateng and colleagues demonstrated quite elegantly that
CSRP3 in cardiac myocytes is present in two different molecular forms: the oligo-
meric form, which is present at the sarcolemma and the cytoskeleton, and the
monomeric form, which is exclusively located in the nucleus [80]. Interestingly,
after myocardial infarction and pressure overload, in both animal model and failing
human hearts, nuclear CSRP3 levels in the myocardium increased at the expense of
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nonnuclear form. In failing human hearts, almost no CSRP3 was detectable outside
the nucleus. Additional work by Boateng and coworkers provided stronger evidence
for nucleocytoplasmic shuttling of CSRP3 based on putative nuclear localization
signal (NLS) [87]. The possible role of NLS was first suggested by Fung et al. when
a clone with sequence homology of rat muscle LIM protein was isolated and
characterized from a human fetal heart cDNA library [88]. Significant insights on
the functional properties of nuclear CSRP3 were provided by using cell-penetrating
synthetic peptide containing the putative nuclear localization signal (RKYGPK) of
CSRP3—which inhibited any shuttling of endogenously synthesized CSRP3 to the
nucleus, thus documenting functionality of this NLS [87]. Inhibition of nuclear
translocation prevented the increased protein accumulation, usually seen with phen-
ylephrine treatment, in isolated cardiomyocytes, thus identifying an important role of
CSRP3 in controlling agonist-stimulated hypertrophy. Interestingly, cyclic strain of
myocytes with prior NLS treatment resulted in disarrayed sarcomeres—an observa-
tion that has also been made in cardiomyocytes of Csrp3 KO mice [71]. Inhibition of
nuclear shuttling during cyclic-mechanical strain prevents increased protein synthe-
sis and BNP expression, suggesting that CSRP3 is required for remodeling of
myofilaments and altered gene expression. A direct link between BNP gene expres-
sion and Csrp3 has been shown earlier [76], and research from other groups with
heterozygous Csrp3 KO mice with myocardial infarction suggest similar association
[82]. Although the functional significance of nuclear Csrp3, like myocyte hypertro-
phy following biomechanical stress, gene expression, and sarcomere assembly, has
been demonstrated in this study, more questions are arising. One of the most
important questions is how a small protein-adaptor molecule like MLP can exert
its actions in different cellular compartments including the nucleus. The
prohypertrophic phosphatase calcineurin has been previously identified as a cyto-
skeletal target/interacting partner of Csrp3 [82, 89, 90], and it was demonstrated that
CSRP3 at the Z-disc is necessary for calcineurin activation in cardiac myocytes
[82, 89, 90].

What are the nuclear targets of CSRP3 in cardiac myocytes? As CSRP3 does not
bind DNA directly, one could speculate that it interacts with DNA by stress-
responsive cardiac transcription factors like GATA4, GATA6, AP1, or serum
response factor (SRF). In fact, it was previously shown that CSRP2, which is closely
related to CSRP3, can bind GATAs and SRF and thereby enhance gene expression
in smooth muscle cells [91]. By linking different transcription factors, as shown by
the complex formation via protein-protein interaction between two LIM-domain
containing proteins [92], CSRP3 may integrate the activities of multiple nuclear
regulatory proteins in order to coordinate gene expression. It is also possible that
CSRP3 facilitates nucleocytoplasmic shuttling of its nonnuclear target calcineurin,
which has been shown to translocate to the nucleus in hypertrophied cardiac
myocytes [93]. Research on CSRP3 was predominantly focused on its cytoskeletal
function. Although the interaction of CSRP3 with different transcription factors,
such as MyoD, MRF4, and myogenin, was shown in skeletal myocytes [94], and
CSRP3 nuclear localization in right ventricular murine hypertrophy following
increased biomechanical stress [95], the functional significance of this NLS
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remained elusive until the report by Boateng and coworkers [87]. In this context, we
have previously shown that CSRP3 also interacts with the transcription factor
ZBTB17, which is important for survival signaling [96].

It should be noted that CSRP3 becomes acetylated within its NLS on position
K69 [81], a modification thought to affect calcium sensitivity, which may affect
CSRP3’s nucleocytoplasmic shuttling. It will be interesting to analyze the effects of
human CSRP3 mutations on its nuclear localization and analyze their ability to affect
specific genes, particularly of K69R mutation, found in an individual affected by
DCM and endocardial fibroelastosis [77]. Besides acetylation, other posttransla-
tional modifications such as phosphorylation, sumoylation, and/or
polyubiquitinylation may also affect CSRP3 function [97].

8.5 Conclusion

Due to many advantages over large animal models, mouse models are commonly
used in CV research, both in academia and big pharma. They a have a short life span,
which allows scientists to follow the natural course of disease at an accelerated pace.
More importantly, mice can be genetically modified, allowing for rapid establish-
ment of proof-of-principle that can later be extended to larger animal models.
Nevertheless, mice have disadvantages, such as being phylogenetically distant
from humans, and some physiological features and their response to pharmacologi-
cal treatments may not be comparable to humans. Therefore, translational aspects
and the value of genetically altered mice must be interpreted with caution. However,
genetically altered mouse models provided us with fundamental insights in cardiac
Ca2+ homeostasis/signaling (Pln), hypertrophism and survival signaling
(calcineurin), patho-mechanisms of general heart failure (Csrp3, Mlp), phosphory-
lation (Mybpc3), and potential routes to therapy (Ttn). Although we made significant
progress, more efforts are necessary to better understand the underlying molecular
mechanisms of heart failure and to exploit the knowledge for innovative therapies to
benefit the mankind.
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